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Abstract

Over the past few decades, heart disease remainis the leading cause of death
globally. Local myocardial delivery of cardiac therapies is a potential method to
improve the efficiency and expand the variety of cardiac therapies due to its capability
of providing high local concentrations with minimal systemic exposure. Recently,
our group has developed two epicardial (outer wall of the heart) delivery devices,
called "Therepi" and "fibRobot", that are implantable, replenishable and actuatable.
They have the potential to improve the efficiency of drug delivery by enabling the
capability of giving multiple dose of therapies with only one implantation surgery and
reducing the foreign body responses through mechanical oscillation. In this thesis, we
used different computational models (structural, drug diffusion, and fluid-structure
interaction) to characterize the therapeutic effect of these two devices on the heart.
We also used the validated computational models to evaluate iterative designs of each
device and purpose an optimization work-flow for these devices. The drug transport
model showed anisotropic diffusion in the myocardium with increasing diffusivity
along fiber orientation. Transmural penetration was slow in the model, taking over 5
days to diffuse through the left ventricular wall. Various design evaluations showed
that the transmural penetration speed can be improved by increasing the area of the
reservoir-epicardium interface. Seperately, in a the structural model, we showed that
"fibRobot " can provide 7% of strain on to its lower membrane during actuation. The
model also showed that, if higher strain is required in order to modulate the foreign
body response, we will need to either increase the actuation pressure, increase the
membrane radius, reduce the membrane thickness, or reduce the membrane stiffness.
In the future, we plan to couple these models to a multiphysics model to thoroughly
characterize the drug transport from our epicardial device to the heart.

Thesis Supervisor: Ellen Roche
Title: Assistant Professor
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Chapter 1

Introduction

Cardiovascular disease (CVD) is a group of disorders associated with the heart

and blood vessels. Although various cardiovascular therapies have made tremendous

impact on reducing the morbidity and mortality of CVD over the past few decades, it

is still the leading cause of death globally, causing over 17.5 million, or approximately

31%, of all deaths worldwide [11. Among CVD, heart disease is the primary pathology

(over 50%), causing over 630,000 deaths in America in 2016 [2]. Local myocardial

delivery (LMD) is a promising method to improve many different kinds of cardiac

therapies by reducing the systemic administration barriers and increasing concentra-

tion of drug on target regions. Over the past few decades, researchers have developed

various methods for local myocardial delivery, ranging from attaching drug-loaded

polymeric patches on the epicardium by open heart surgery [31 to extruding hydrogel

to the pericardium through a minimally invasive catheter f4] and injecting therapies

to the pericardial space through a minimally invasive robot [5].

Recently, our group has developed two devices for epicardial drug delivery, the

"Therepi" 161 and the "fibRobot" [7]. "Therepi" is a replenishable implanted epicar-

dial reservoir that can delivery multiscale cardiac therapies (drugs, growth factors,

and cells) to the heart via passive diffusion. Our study demonstrated functional

benefit in various cardiac indexes after multiple deliveries of mesenchymal stem cells

to the epicardium through the Therepi system. "fibRobot" is a related device that

can actively deliver therapies by means of pneumatic actuation. In addition, when
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actuated daily at low frequencies (1 Hz) for 5 minutes, the device is found to have

benefit for modulating foreign body response around the device-tissue interface. We

hypothesize that the benefit results from the mechanical oscillation which modulates

the biomechanics of the biotic-abiotic interface by perturbing fluid flow and cellular

activity in the peri-implant tissue and therefore interferes with the progression of the

foreign body responses [7].

In this thesis, I try to use computational modeling techniques to understand the

mechanisms behind the observed functional benefits of the in vivo studies and there-

fore guide the design optimization of these devices. The aims of this study are to:

1. Use diffusion tensor magnetic resonance imaging (DT-MRI or DTI) to track

the dynamic process of drug diffusion in the myocardium and use finite element

analysis (FEA) to characterize this diffusion process.

2. Use the validated FEA diffusion model to propose enhanced designs of the

Therepi.

3. Use FEA to characterize the mechanical effect of the fibRobot on the biotic-

abiotic interface.

4. Couple the structural model (FEA) with a fluid model (smooth particle hydro-

dynamics) to study the surrounding fluid flow effect resulting from the fibRobot.

An overview diagram of this thesis is shown in Fig. 1-1. In Chapter 2, I will review

a number of major heart diseases and their current treatments; current development

of epicardial drug delivery; the diffusion tensor imaging (DTI) technique, as well

as different studies of computational modeling of cardiac devices. In Chapter 3,

the anisotropic diffusion in the myocardium will be characterized and used to study

drug distribution of various Therepi designs on a subject-specific left ventricle finite

element model. In Chapter 4, the fibRobot will be modeled using both structural

and fluid-structural interaction analyses to investigate the mechanical effect of the

actuation on the biotic-abiotic interface. In Chapter 5, the future work of connecting

14



these two works and coupling the three physical processes in this type of epicardial

drug delivery will be discussed.
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2.1 Heart Disease

Over the past three decades, heart disease reminds the leading cause of death

in the United States, causing over 630,000 deaths in the United States in 2016 12].

Common heart diseases are coronary artery disease (CAD), arrhythmia, heart valve

disease, heart muscle disease (also known as cardiomyopathy), congenital heart dis-

ease, and heart failure (which can be caused by any of these conditions). Various

drugs have been developed to act as effective therapies for different kinds of heart

diseases. For example, Amiodarone is widely used to treat arrythmia; Angiotensin-

converting enzyme inhibitors, angiotensin II receptor blockers and Beta blockers can

reduce blood pressure for CAD and cardiomyopathy. Other drugs, such as Diuretics

(to reduce ventricular preload), Aspirin (for blood-thinning), and Digoxin (to increase

contraction) are also widely used to reduce the symptoms of heart failure. Other heart

diseases that are congenital or related to heart valves and structural heart diseases

normally require surgical intervention. However, post-surgery complications usually

need to be controlled with therapeutic treatments. Therefore, cardiovascular drugs

play an important role in reducing morbidity and mortality of heart diseases.

18



2.2 Local Myocardial Drug Delivery

Although various of drugs have been developed for cardiovascular diseases, they

are only effective when they are bounded/concentrated to the corresponding target

regions. Systemic administration impairs the effectiveness of these drugs significantly

due to systemic clearance, and off-target toxicities. Local myocardial delivery (LMD),

where drug is delivered directly to theart muscle, is a promising method to enhance

clinical benefit of these drugs. LMD methods can be classified into four categories:

(1) intrapericardial (IPC) delivery, (2) epicardial (EC) delivery, (3) intramyocardial

(IMC) delivery, and (4) intracoronary (IC) delivery [8].

Coronary Arteries

Intra-Pericardium

Pericar umn

icardiumn

Myocardium

Endocardium

Figure 2-1: Heart anatomy. LV left ventricle; RV = right ventricle.

Here we focus on epicardial delivery and will summarize the types of therapy,

delivery devices and outcomes in different EC delivery studies. Over the past three

19
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Figure 2-2: Different quantification techniques for drug distribution assessment. (a)
Fluorescence in situ hybridization (FISH) analysis showing newly formed cardiomy-
ocytes (desmin, red) [9]. (b) Immunohistochemical microscopy shows the transmural
distribution of epinephrine bound to adrenergic receptors after EC delivery [3]. (c)
Fluorescence microscopy images of the growth factor (Texas Red-FGF2) distribu-
tion in rat myocardium 110]. (d) Ex vivo stained for GFP (green) with DAPI (blue)
nuclear stain on a rat heart showing the intramyocardial graft (arrow head) [11].

decades, studies have tried to use EC delivery to administrate different therapies to

the heart, from anti-arrhythmic [12, 13, 14, 15] and inotropic [3, 16] drugs to growth

factors [17, 10] and stem cells 19, 11]. Besides looking at the indices of cardiac function,

most studies with drug administration [12, 13, 14, 15] use high-performance liquid

chromatography (HPLC) to quantify the content of drug in different regions of the

myocardium. More recently, immunostaining has been used to show the transmural

distribution of the drug in the myocardial wall [3], especially for studies involving

growth factors or stem cells [10, 11], see Fig. 2-2. Other methods such as growth

20



factor radioactivity quantification [10] and in vivo MRI tissue analysis [17] have also

been explored to assess the performance of EC delivery. Regarding the vehicles for EC

delivery, most of these studies used polyurethene-based or alginate-based polymeric

patches as the drug reservoirs for releasing the therapies. A more advanced device,

Osmotic Minipumps (Model 2ML4, Alzet Pharmaceuticals), was used by Pearlman

et al. [17] to deliver growth factors in a more controlled manner. Stem cells were

delivered directly via tissue cultured cell sheets. More recently, more sophisticated

EC delivery devices have been developed in which the drug reservoir can easily be

replenished and/or only require minimally invasive surgery, see Fig. 2-3(d-f).

(a) (b) (c)

LCA

(d) (e) (f)

Figure 2-3: Pericardial or epicardial delivery devices. EC delivery via (a) gelfoam

118], (b) alginate disk [3], and (c) poloxamer [3]. (d) Minimally invasive device for
epicardial hydrogel delivery [4]. (e) An implantable EC delivery device 119]. (f)
"Therepi", an replenishable implantable EC delivery device [201.
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Table 2.1: Epicardial Drug Delivery. (HPLC = high-performance liquid chromatog-
raphy; hESC = human embryonic stem cell

Study Therapy Delivery Method Drug Distribution
Assessment

Siden, 1992 Propranolol Polyurethane-silicone HPLC
[14] patch

Labhasetwar, Sotalol Polyurethane patch HPLC
1993 [12]

Labhasetwar, Sotalol Polyurethane patch HPLC
1994 [13]

Bolderman, Amiodarone Polyethylene glycol- HPLC
2011 [15] based hydrogel

* Epinephrine tis-

Maslov, Epinephrine Alginate disk sue concentration

2013 116] * Upregulation of
cAMP

Maslov, Epinephrine Alginate disk or Immunostaining
2014 [31 poloxamer

Pearlman, Growth fac- Osmotic minipumps *(MRI tissue evalu-
1995 [17] tor (VEGF) ation)

* Epifluorescence

Le, 2009 Growth Sodium alginate poly- imaging

[10 factor meric device * Radioactivity
quantification

Gerbine, hESC hESC-cardiac tissue Fluorescent imag-
2015 111] patches ing

Miyahara, Mesenchymal Cell sheet Fluorescence
2006 [9] stem cells in situ hybridiza-

tion (FISH)
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2.3 Diffusion Tensor Imaging

2.3.1 Basic physics of magnetic resonance imaging (MRI)

Magnetic resonance imaging (MRI) is based on the magnetic properties of hydro-

gen atoms to generate images of the anatomy. The hydrogen atoms are first aligned

by the strong primary magnetic field. Then radial frequency (RF) is applied by the

RF coils to interfere the alignment. The atoms return to their resting alignment

through various relaxation processes. During these processes, the atoms emit RF

signals which are measured by the RF coils and converted to different pixel intensi-

ties in order to form pictures. The two relaxation processes are TI and T2, which

are the relaxation modes in the longitudinal and transverse axes, respectively. More

specifically, T1 is the time it takes for the spinning atoms to realign with the primary

magnetic field after the RF pulse. T2 is the time it takes for the spinning atoms to

lose phrase coherence in the transverse axis after RF pulse. To identify different types

of tissue, different types of images can be generated by applying different sequences of

RF pulses. The two most common types of images are Ti-weighted and T2-weighted

images where the pixel intensity is predominately determine by TI relaxation in the

former sequence and the by T1 relaxation in the latter sequence.

2.3.2 Basic physics of diffusion tensor MRI

Diffusion tensor magnetic resonance imaging (DT-MRI or DTI) [21] is an imaging

technique that can detect the anisotropic diffusion of water in tissue. Therefore,

it can be used as a non-destructive method to reveal the microstructure and tissue

architecture, more specifically the fiber structure.

Diffusion imaging is based on the theory that water molecules have restricted

(anisotropic) diffusion inside the fiber instead of free (isotropic) diffusion which follows

the normal Brownian motion. Due to the tubular structure of the fiber, the water

molecules inside preferentially move along the fiber axis. By applying two identical

but opposite magnetic gradients sequentially to shift and reverse the spinning phase of

23



the proton, it is able to detect restriction diffusion in the gradient direction comparing

the signal intensity of the diffusion imaging to the baseline T2 weighted image. In

order to fully characterize diffusion in 3D space, we need a 3 x 3 tensor representing the

diffusion tensity in 9 directions, see below. By assuming the diffusion is transversely

isotropic, meaning the diffusion restriction in the plane perpendicular to the fiber axis

is isotropic, the tensor becomes symmetric and have only 6 independent components

(xx, xy, xz, yy, yz, zz). Thus, diffusion tensor imaging applies diffusion gradients in

the 6 directions of each voxel to get a 3 x 3 symmetric matrix. The primary eigenvector

of the matrix represent the fast diffusion direction. It has been shown in a cardiac-DTI

study that the primary and secondary eigenvectos align with the fiber and sheetlet

normal directions of the myocardium, respectively [22]. An example of cardiac-DTI

data and the different fiber structure directions are illustrated in Fig. 2-4.

xx

yx

zx

xy

yy

zy

xz

yz

zz

DTI data
(a)

300

-0

Cardiomyocyte
helix angle

Sheetlet
(b) s C

n

Endocardium Epicardium
(600) (-60')

Figure 2-4: Cardiac diffusion tensor imaging. (a) Cardiomyocyte helix angle across
the ventricular wall (adapted with permission from [23]). (b) Demonstration of car-
diomyocyte orientation and sheetlet orientation in the LV (adapted with permission
from 124]). c = fiber, s = sheetlet, n = sheetlet-normal.
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2.4 Computational Modeling for Cardiac Therapies

In recent years, computational modeling has been used to assist the design and

development of a wide range of medical devices. In fact, the Food and Drug Ad-

ministration (FDA) provides guidance on how to report the computational modeling

studies of medical devices [251. The field of cardiac medical devices, in particular,

has adopted various traditional computational modeling techniques including solid

mechanics (e.g. stent fatigue assessment 126]), fluid mechanics (e.g. evaluation of

blood flow after transcatheter aortic valve replacement [27]), and thermal propaga-

tion (e.g. evaluation of heat dissipation in ventricular assist devices [281). More

advanced models have used the fluid-structure interaction method to simulate tran-

scatheter aortic valve placement 129] and the electrophysiology of the heart to guide

arrhythmia ablation [301.

Simulations of drug release in the cardiovascular system are much less studied.

Since local myocardial delivery is relative new, to our knowledge, there is no previous

study modeling the transport of drug in the myocardium. The majority of previous

studies examined drug release in the vessels because of the prevalence of drug eluting

stent in the past decade. Hose et al. 131] used a thermal analogy to simulate diffusion

and advection of drug releasing from stents to vessels. Migliavacca et al. 1321 and

Horner et al. [33] used the same analogy in their models and included drug binding

to one or more specific receptors in the arterial wall. A more recent study further

improved the model by considering non-specific binding due to the trapping of drug

in the extracellular matrix 134]. In addition, Zunino et al. 1351 coupled the drug

release model in the arterial wall with the fluid dynamics model in the arterial lumen

in order to account for the contribution of drug releasing into the blood flow. Similar

advection-diffusion model have been used to study drug delivery in the trabecular

bone [36] and in the dermal layers [371.

Computational modeling, and the finite element (FE) method in particular, has

been widely used to study other mechanical devices for cardiac therapy. Jhun et al.

[38] created a simplified LV model to show that increasing passive epicardial con-
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straint effectively eliminated end-diastolic myofiber stress but also reduced ejection

fraction. The biventricular FE model investigating the Acorn CorCap Cardiac Sup-

port Device (CSD) also showed similar results f39]. The endocardial patch used in

the Dor procedure has been studied by Sun et al.[40] and Pantoja et al. [41] showing

that the Dor procedure can attenuate rnyofiber stress. The latter study also found

that the procedure induced residual stress in the border zone (compression) and the

remote region (tension).

FEA was also used to study more sophisticated ventricular restraint devices. Car-

rick et al. [42] showed the mechanical benefit of the Coaspsys, an epicardial restraint

device for mitral regurgitation, in their patient-specific model. More recently, the

FE model created by Park et al. 143] showed the mechanical effect of cardioplasty

wraps on a rat heart. They showed that a full film wrap significantly reduced the

ventricular compliance resulting in an elevated end-diastolic pressure and decreased

end-diastolic volume while the mesh wrap only slightly altered the mechanical prop-

erties comparing to the baseline. Sack et al. [44] used the four-chamber human heart

model to demonstrate the benefits of left ventricular assist device (LVAD) on left

ventricle (LV) stress reduction. However, the simulation predicted a less substantial

effect on right ventricle (RV) stress reduction which indicates a potential direction

for VAD improvement.
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3.1 Method

In order to characterize the diffusion properties of myocardium, we diffused gadoter-

ate meglumine (Dotarem), a Gadolinium-based MRI contrast enhance agent, to the

myocardium and used an MRI scanner to track the diffusion profile in real-time. A

4 x 4 cm2 block of myocardium was cut from a fresh explanted pig left ventricle all

the way through the ventricular wall. A 15 ml truncated test tube was attached

to the epicardium using adhesive (KEG-50 Starbond Flexible Thin CA Glue). 1 ml

Dotarem (0.5 M) mixed with 9 ml of saline was placed in the test tube reservoir.

The tissue block was immersed in saline. The whole setup, see Fig. 3-1(b), was

put into a Siemens Skyra 3T scanner (Siemens Healthineers, Erlangen, Germany) for

14 hours, with scans every 15 minutes. Since the T1 relaxation rate is proportional

to the Gadolinium (Gd) concentration, it can be used to calculate the relative Gd

concentration in different regions, given that the concentration inside the reservoir

is known (0.05 M). Thus, a TI map was also acquired every 15 minutes at the mid

cross-sectional plane in order to calculate the Gd concentration at the edge of the

diffusion profile. The Diffusion Tensor Magnetic Resonance Imaging (DTI) technique

was used to image the fiber orientation of the myocardial section.

We then used Mimics Research v.21 (Materialise NV, Leuven, Belgium) to recon-

struct the myocardial tissue block and the Gd diffusion profile at each time frame.

The fiber orientation map, which contained the primary eigenvector of each voxel

after post-processing the DTI data, was superimposed with the tissue geometry and

Gd profile, Fig. 3-2. The diffused distance was measured every hour along the fiber

direction and sheetlet direction at the epicardium. The diffusion distance was also

measured in the sheetlet normal direction, which is the transmural direction indicat-

ing how far the Gd penetrated through the myocardium, Fig. 3-3. In addition, we

used the TI map to find the concentration ratio between the diffusion edge and the

reservoir to be 0.065. This made the edge concentration, also the minimum detectable

concentration (MDC) to be 0.003 M. With these experimental measurements, the dif-

fusion coefficient (D), also known as diffusivity, in each direction was calculated based
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(b)

- Reservoir
(a)

Gd-DTPA

Tissue

Figure 3-1: Gadolinium diffusion setup. (a) A 4 x 4 cm 2 tissue block through the
wall was extract from the left ventricle. (b) A custom diffusion rig that was put into

the 3T MRI scanner. (c) A closer view of the interface between the epicardium and

the Gd reservoir.

on Fick's second law, see Equation 3.1. The diffusion coefficients calculated at every

hour are plotted in Fig. 3-3(d), showing that the they vary significantly in the first

5 hours and eventually converge to a stage that the sheetlet diffusivity ((D,)) and

the sheetlet normal diffusivity (Dr) are similar and are about 58% of the value in the

fiber diffusivity (Df). In other words, the fiber-to-cross-fiber diffusivity ratio is 0.58.

The diffusion coefficients at 14 hours were picked for the following simulations in this

study, as 0.8979, 0.5641, 0.4161 mm 2 /hr in the fiber, sheetlet normal and sheetlet

directions, respectively.

x
n(x, t) = noerf( ) (3.1)

2 vDt
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Figure 3-2: DTI reconstruction. (a) Reconstruction of the tissue geometry (red) and
Gadolinium profile (blue) at 14 hour from MRI. (b) Superimpose of the geometries
and the fiber structure. The latter is reconstructed from DTI data.

where no is the initial (reservoir) concentration, n is the local transient concentration,

t is diffusion time, x is diffusion distance, and erf is the complementary error function.

The diffusion finite element (FE) model was built using Abaqus 2018 (Dassault

Systemes, Velizy-Villacoublay, France) [45]. The reconstructed geometry was im-

ported from Mimics and discretized in Abaqus/CAE with 102339 tetrahedron ele-

ments (DC3D4). Next, following a previous study [46], the post-processed DTI data

was mapped to the FE model by assigning the orientation of the closest data point to

the integration points of each element as its local orientation using MATLAB (The

MathWorks, Inc., Natick, MA, USA). Details of the FE model setup are shown in Fig.

3-4. A thermal analogy as previously described 1311, with the governing Equation 3.2,

was used to simulate the diffusion process. Table 3.1 shows the direct comparison
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Figure 3-3: Diffusivity measurement. (a) The fiber direction (red) was aligned with
the dominated fibers at the epicardium and rotated 900 to get the sheetlet direction
(black). (b) The diffusion lengths in both directions were measured based on the
diffusion profile. Green dashed line indicates the fastest diffuision direction. (c) The
diffusion depth was measured as the diffusion length of the sheetlet normal direction
(green). (a-c) show the diffusion profile at 14 hours. (d) The diffusion coefficients in
the three directions were plotted against time.

between drug diffusion and thermal conduction. For most of the terms in thermal

conduction, a direct analogy can be found in drug diffusion except for specific heat

capacity. Here, we define it as the mass of drug to increase concentration in unit

mass of tissue by one unit of concentration, and was set to 1 [31]. Using Equation

3.3, the diffusivities were converted to thermal conductivities (mW/mm.K), resulting

in values of 2.49 x 10-13 (fiber), 1.16 x 10-13 (sheetlet), 1.57 x 10-13 (sheetlet normal).

These values along with specific heat capacity and density (1 x 10-9 T/mm 3) were as-

signed to the finite element (FE) model as the material properties of the myocardium.
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The Gd concentration (0.05 M) was converted to a temperature (0.0377 K) using

Equation 3.4 with a molecular weight of 753.861 g/mol for Dotarem. This was used

as a boundary condition applied to the interface between the Gd reservoir and the

epicardium. In this way, the reservoir is not explicitly modeled but rather we assumed

that it is big enough that the concentration inside does not change significantly over

the time we are modeling. The simulation was run using the Abaqus/Implicit solver.

The predicted diffusion lengths were compared with the experimental diffusion profile

measured from the MRI scans.

Table 3.1: Drug Diffusion vs Thermal Conduction

Drug Diffusion Thermal Conduction

n: Drug concentration (t/t) T: Temperature (K)

D: Drug diffusivity (mm2/s) a: Thermal diffusivity (mm 2/s)

p: Density (t/mm3 ) p: Density (t/mm3 )

C: Mass of drug to increase concentra- c: Specific heat capacity (mJ/t.K)
tion in unit mass of tissue by one unit
of concentration

K: Drug diffusion coefficient (t/mm.s) k: Thermal conductivity (mW/mm-K)

M: Drug mass (t) q: Heat (mJ)

I : Drug generation rate per unit vol- Q: Heat flux (mJ/s-mm 3)
ume (t/mm3 .S)

dT(x)
dx

k
a = -

pc

T =
p

where M is the molecular weight of the diffusing particles.

(3.2)

(3.3)

(3.4)
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Figure 3-4: Finite element model of Gadolinium diffusion in myocardium tissue block.
(a) 3D reconstruction and meshing of the myocardial tissue block. The surface marked
in red indicates the interface between the Gd reservoir and tissue. (b) DTI data
mapped on the FE model. (c-e) Fiber orientation at the epicardium (c), myocardium
(d), and endocardium (e), which show the transmurally varying characteristics of
myocardium structure.

Using a DTI dataset of a healthy pig left ventricle, a subject-specific FE model

of the LV was developed following the same work-flow as the tissue block study, see

Fig. 3-5. The calibrated diffusion coefficients were used in this study except that the

sheetlet and sheetlet normal diffusivity were set to equal values as the myocardium

is generally assumed to be transversely isotropic [47, 48, 49, 46]. One or multiple

reservoirs were attached to the free wall of the left ventricle and the diffusion process

were simulated up to 10 days, Fig. 3-6. Next we conducted a parameter study using

this single reservoir. We looked at the effects of changing size and changing orientation

on diffusion profile were explored. This study included models of three different sizes
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of circular reservoir interface (radius of 5, 10, and 15 mm) and a further study included

elliptical interfaces (15 and 7.5 mm in the long and short axes respectively) with the

long axis aligned, perpendicular, or neutral to the epicardial fiber orientation. For

multiple reservoirs, patterns of three to five circular reservoirs (radius of 7.5 mm)

were simulated to predict their effect on diffusion profiles over time.

base
(a) (b)

free walIl

Figure 3-5: The process of developing a subject-specific left ventricle finite element
model. The MRI data was (a) segmented in Mimics to identify the LV geometry and
(b) discretized in 3-Matic. The geometry was imported to Abaqus for meshing. (e)
Finally, MATLAB was used to map the DTI data (c - LV free wall, d - LV base) to
the FE mesh.
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Figure 3-6: An overview of the different design of
delivery. Single reservoir designs, where the size was

the drug reservoir for epicardial
changed (a-c), or the orientation

was changed (d-f). The long axis of the ellipse reservoir was either aligned (d),
perpendicular (e), or neutral (f) to the epicardial fiber orientation. The patterns and
spatial positioning of multiple reservoirs(g-i).
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Figure 3-7: A comparison of the Gd diffusion profile between FE prediction and MRI
measurement. (a) The predicted diffusion profile after 14 hours superimposed with
fiber orientation. (b) A comparison of the diffusion lengths between FE predictions
and MRI measurements. Counter plots of the predicted Gd concentration at different
time points (c -f) and their corresponding MRI profiles (g-j).

The FE prediction of Gd diffusion profiles are shown in Fig. 3-7 compared to

the experimental measured profiles reconstructed from MRI. The predicted profiles

are shown by truncating elements with temperature lower than 0.00245 K, which

corresponds to the minimum detectable Gd concentration (0.003 M) that was cal-

culated from the T1 map. After 14 hours of diffusion, the predicted profile at the

epicardium was an ellipse with the long axis following the epicardial fiber resulting

from the anisotropic diffusivities (D, : Df = 0.58). The predicted diffusion lengths in

the fiber and sheetlet directions were calculated and compared to the corresponding
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experimental measurements. According to Fig. 3-7(b), the FE model consistently

over predicted the diffusion lengths in both directions. This can also be seen in the

3D profiles in Fig. 3-7(c-j).

Looking at the results of the study where the size of the reservoir was varied,

all cases showed the anisotropic profile at the epicardium, Fig. 3-8. For all three

cases, the long axis of the elliptical profile followed the fiber orientation at day 1 but

gradually became more circumferential as diffusion progressed further. Comparing

with different sizes, the bigger the reservoir interface is, the further it can diffuse in

the same time. This is true not only in the fiber and sheetlet direction, but also in

the sheetlet normal direction, where the transmural penetration is much faster with

the 15 mm reservoir than the 5 mm, see Fig. 3-9.

1 Day

5mm
Reservoir

(b)

10mm
Reservoir

(c),

5 Day 10 Day
(g)

(h),

(i) Temperature (K)
+3.77*-02
+3.48e-02I+3.1l6e-02+2.89e-02
+2. 59e-02
+2.30e-02
+2.Ole-02
+1.71.-02
+1.42e-02
+1. 13e-02
+8.33e-03
+S.39e-03
+2.45e-03
+8. 33e- 10

(e)

(f)

15mm
Reservoir

Figure 3-8: Concentration counter plots of the predicted diffusion profiles at the
epicardium. The profiles after 1 day (a - c), 5 days (d -f), and 10 days (g - i) of
diffusion are shown for each of the three reservoir designs.
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Figure 3-9: Concentration counter plots of the predicted diffusion profiles at the LV
long axis and short axis planes. The profiles after 1 day (a - c), 5 days (d -f), and 10
days (g - i) of diffusion are shown for each of the three reservoir designs.

According to the results of the spatially varying models, see Fig. 3-10, the epicar-

dial diffusion profiles followed the shape of the reservoir after 1 day. After 5 days of

diffusion, the anisotropy of the profile increases in the fiber orientation while decreas-

ing in the perpendicular orientation. In the case with neutral orientation, the profile

still followed the elliptical shape but started to elongate along the fiber direction. The

transmural penetration was not significantly different between these three cases.

The results of the multiple reservoir study are shown in Fig. 3-11. Since the

distance between reservoirs was closer in the 5-reservoirs case than the other two

cases, the diffusion profiles merged between each other in the former case after 1 day

while the other two did not. After 5 days, the diffusion profiles of the 4 and 5-reservoir

cases covered almost the entire LV free wall. For all three cases, the diffusion could
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penetrate the wall after 5 days.

1 Day 5 Day
(a) (b) (C) (d)

(e) (f) (g) (h)

(i) (j) (k)()

Temperature (K)
+3.77e-02I+3.48e-02
+3. 18e-02+2.8%e-02c >
+2. 59e-02
+2.30e-02

+1.42e-02
+1. 13e-02

+8.33e-10

Figure 3-10: Diffusion profile predictions in the orientation study. Concentration
contour plots of the reservoirs that are aligned (a-d), across (e-h), or neutral to the
epicardial fiber orientation.
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Figure 3-11: Diffusion profile predictions in the multiple reservoir study. Concentra-
tion contour plots of the designs with 3 (a-d), 4 (e-h), or 5 (i-1) reservoirs.
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3.3 Discussion

Although the DTI technique is based on the theory that the diffusion of water

molecule is anisotropic in the myocardium, to our knowledge, there is no reported

work using it to study the drug diffusion pattern in myocardium. Gleason et al.

[50] used MRI to track the diffusion of Gadolinium, a MRI contrast agent, from the

pericardium to the myocardium. More recently, MnO-based nanoparticles, injected

systemically, were tested as an alternative MRI contest agent and potential drug

vehicle [51]. These studies show that cardiac MRI could be an important technique

to study the drug transport mechanism in the myocardium and also to improve the

precision and efficiency of local myocardial drug delivery.

In this study, we successfully used MRI to track the dynamic diffusion of Gadolin-

ium in myocardial tissue and used DTI to illustrate the fiber structure of the same tis-

sue. The Gd profile from MRI confirmed our hypothesis that diffusion in myocardium

is anisotropic and is faster along the fiber direction. The diffusion coefficients calcu-

lated by Fick's law showed that the diffusivity was increasing in both the fiber and

sheetlet normal directions while decreasing in the sheetlet direction overtime, espe-

cially in the first 5 hours. The variation could come from (i) the errors introduced

by manual measurements of diffusion lengths or (ii) from the segmentation of the Gd

profile. The segmentation was done by picking a pixel intensity range to threshold

the interested object. This can be difficult especially at the beginning of the study

because very little Gd had diffused into the tissue and the edge between Gd and non-

Gd tissue is hard to find due to high signal-to-noise ratio. Therefore, the diffusivity

calculated at a longer time point should be more accurate and the convergence shown

in Fig. 3-3(d) confirms this. Also, the sheetlet diffusivity decreased over time could

result from dehydration of the tissue after sitting inside the scanner for 14 hours. The

diffusivity was higher in the sheetlet normal direction than in the sheetlet direction.

This could result from the natural myocardium anisotropy since a recent DTI study

[24] has shown that the myocardium is entirely anisotropic rather than transversely

isotropic, which has been assumed in many previous cardiac simulations [47, 48, 49].
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The force applied by the large among of Dotarem solution on top of the tissue also

increased Gd transportation rate in the vertical (sheetlet normal) direction. This

gravity effect could also contribute to the difference of diffusivity in the two cross-

fiber directions. Therefore, in the LV simulations, the lower diffusivity (sheetlet) was

chosen as the cross-fiber diffusivity not only to increase the anisotropic effect but

also assuming that gravity factor has less effect on the sheetlet diffusivity. Another

factor that can change the magnitude of the diffusivity is the minimum detectable

concentration (MDC).

In the tissue block simulation, we have successfully converted the MRI-based 3D

geometry into an FE model and combined it with fiber orientation from the DTI data.

The model is able to show anisotropic diffusion as we hypothesized and confirmed with

the MRI images. The over predictions of the FE model may stem from the error of the

diffusivity which is discussed above. Moreover, the MDC is another determinant of

the FE predictions. In this study, MDC was found to be 3 mM. However, the MDC

of Dotarem in a 7 Tesla MRI machine was found to be 3.1 x 10-3 mM 1521, which is

3 orders of magnitude smaller than our MDC. If this much smaller MDC was used,

the diffusivities will slightly reduce but the minimum cut off in the concentration

contour plot will be reduced significantly, leading to further over prediction. In order

words, by increasing or reducing the MDC, the FE model can over or under predict

the diffusion profile, respectively. In addition, the mapping between the FE model

and DTI data could change the fiber structure in the simulation depending on the

DTI resolution as well as the FE mesh quality. This can also significantly affect the

diffusion profile prediction. Finally, and most importantly, the fastest diffusion axis

did not exactly align with the fiber direction as shown in Fig. 3-3(b). Therefore,

applying the fastest diffusivity along the fiber direction in the model will lead to

over prediction. Interestingly, the misalignment was also shown in the LV diffusion

models, 3-8. The transmurally varying structure of the fiber orientation might be

the reason for this misalignment but further investigations are needed to confirm this

hypothesis.

The discussion above elaborated that the diffusivity and the diffusivity ratio be-
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tween the fiber and cross-fiber direction highly depend on the image segmentation,

diffusion length measurement, and calculation of minimum detectable concentration.

Each of these factors has potential to introduce errors to the final diffusivity val-

ues. Therefore, we also conducted a sensitivity study of diffusivity on a simple cubic

model with transmurally varying local element orientation to guide how to adjust the

diffusion coefficient to match the experimentally measured drug diffusion profile, see

Appendix A.

Another interesting correlation we found in this study is the similarity between the

fiber-to-cross-fiber diffusivity ratio (DR) and the eigenvalue ratio (ER) from the DTI

data. For the tissue block, the DR is 0.58 and the ER is 0.54. The ER from the pig

LV DTI data, used in this study, is 0.61. Another rat heart DTI dataset, provided

by Irvin et al. 123], also shows a similar ER value of 0.57. Therefore, we believe

that there is a strong correlation between the diffusivity ratio and eigenvalue ratio.

The implications of this could be that future studies can calculate the diffusivity in

the fiber direction and use the ER from DTI data to interpret the diffusivity in the

cross-fiber directions.

According to the LV diffusion studies, which showed the diffusion profiles of various

reservoir designs, we found that the transmural penetration speed depended largely

on the area of the reservoir interface. Changing the orientation of the reservoir or

adding multiple reservoir did not have a significant effect. The shape and orientation

of the reservoir can be adjusted to change the diffusion length in the circumferential

and longitudinal directions to achieve desired diffusion profiles. The multiple reservoir

design can be used to increase the effective region of drug within the same amount of

time.

Although these LV models have successfully showed the anisotropic diffusion pro-

cess in myocardium, there are a few limitations in the models. First of all, constant

concentration was assumed in the reservoir which might not be representative espe-

cially for modeling the Therepi device where the reservoir is relative small benefiting

from its refill-able design feature. This issue can be addressed by applying time de-

pendent temperature boundary condition to the reservoir interface. The temperature
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changes can be calculated using Equation 3.2 with nodal heat flux values at the inter-

face. Temperature can be updated in each time increment by menas of the URDFIL

user subroutine in Abaqus. Another limitation comes from the fact that the model

did not consider the other drug transportation mechanisms (advection and binding)

that happens in the myocardium simultaneously with diffusion. According to the LV

simulations, the diffusion is slow, taking a number of days for the Gd to penetrate

through the ventricular wall. Convection, due to the blood flow in coronary arteries

and myocardial capillaries, is a relatively faster mechanism that might dominate the

drug transportation. It might also quickly drain the drug in the epicardium, which

has been shown in an in vivo study 131. Binding with proteins is another mecha-

nism that happens with drugs but not with contrast agent, and therefore was not

considered in our model. Both convection and binding are the mechanism that have

negative impact on the drug concentration in myocardium. Therefore, a simplified

approach to account for these factors could be to give a negative heat flux (Q) in the

myocardium to replicate a "global heat sink".

In conclusion, this is a work-flow that can be used to characterized the anisotropic

diffusion of different drugs in the myocardium. We also validated this which is signif-

icant as many of the previous drug transport modelslack validations [31, 32, 35, 34].

The DT-MRI technique could be a good technique to validate the diffusion model.

For simulating the drug transportation in the heart, other mechanisms such as blood

flow convection and drug binding with proteins need to be considered in the model.

Therefore, more in vivo studies delivering actual drugs might be required to charac-

terize the properties of these drug transport process.
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4.1 Method

Pressure = el Pressure mba

fist membrane convex membrane

Figure 4-1: An overview of "fibRobot". The design of the device (left) and the
actuation mechanism (right).

fibRobot is an actutable implanted device that can delivery drug locally while

alleviating implant-induced fibrosis. The device is made out of three TPU membranes,

the outer balloon, middle balloon and the lower membrane, each with thickness of

12 mil, 3 mil and 3 mil, respectively. (1 mil is defined as 0.001 inch.) The outer

and middle balloons form the actuation chamber that is connected to an actuation

catheter. The middle balloon and lower membrane can form either a drug reservoir

or a closed chamber depending on whether the lower membrane is porous or not. The

proposed mechanism of action of the device is shown in Fig. 4-1. When the actuation

reservoir is pressurized through the actuation catheter, the volume, of the chamber

increases, causing the middle balloon to invert and deflect downward (red arrows), see

Fig. 4-1(right). This subsequently causes the lower membrane to deflect downward.

Actuation therefore causes deflection and strain of the lower membrane, and results

in fluid flows at the tissue interface which affects cell adhesion and initiation of the

fibrotic response. By implanting the device subcutaneously a rat model, we have

experimentally shown that the device attenuated the progression of foreign body
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response [7]. Here, in order to elucidate the anti-fibrosis mechanism, we used finite

element simulation to evaluate the stress and strain provided by the device and used

fluid structure interaction technique to demonstrate the fluid flows surrounding the

lower membrane.

All simulations were conducted using Abaqus 2018 (Dassault Syst~mes, VWlizy-

Villacoublay, France) [45]. Since the fibRobot is made out of thin TPU sheets, shell

structural analysis was chosen for the simulation. The device was modeled as a 3D

surface geometry, which contains the outer balloon, the middle balloon and the lower

membrane, as shown in Fig. 4-2. The outer and middle balloons were half ellipsoids

with the same short axis (2.25 mm) and slightly different long axes, 4.5 mm and 4.4

mm, respectively. The lower membrane was a circular flat shell with radius of 2.5

mm. The corresponding thickness of each shell, as mentioned above, was assigned

along with a material model for each. All parts were meshed with 6625 four-node

shell elements (S4R). The dirichlet boundary condition was applied to the protruding

edge of the lower membrane and the rest of the structure were allowed to deform

freely. A 2 psi ramp loading was applied to the internal surface of the outer and

middle balloons for a duration of 500 ms. These boundary conditions were applied in

order to represent the setup of the device in the animal experiment where the device

was sutured on the tissue through the lower membrane edge and was actuated with

a cyclic pressure with magnitude of 2 psi and a frequency of 1 Hz.

In order to find a suitable material model for the TPU sheet, ASTM D638 uniaxial

tensile tests were performed with laser cut TPU specimens, both porous and non-

porous, on a ZwickRoell material testing machine. Using the material evaluation

function in Abaqus, four hyperelastic constitutive models (Neo-Hookean, Mooney-

Rivlin and Ogden 3rd order, Yeoh) were evaluated. The strain energy density function

of each model are shown in Equations 4.1 - 4.4, respectively. As shown in Fig. 4-3(c),

the Ogden 3rd order model has the best curve fitting performance and therefore was

used. The curve-fitted parameters are shown in Table 4.1

Neo-Hookean:

U = C10 (11 - 3) (4.1)
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(a) 12 mil
TPU

3 mil
TPU

2 psi

VT

Figure 4-2: Finite element model overview. (a) CAD drawing of the fibRobot with
indicated boundary conditions on outer balloon (red), middle balloon (white) and
lower membrane (green). (b) The FE mesh of fibRobot.

Mooney-Rivlin:

U = C1O(IJ - 3) + C01(12 - 3) (4.2)

where CIO and C01 are material parameters; i1 and 12 are the first and second

deviatoric strain invariants defined as:

S= J-3I1 = J- 3A + A2 + A3

I2 - J31I2= J 3AIA2+ A2A3+ A3A,

Ogden:
N

U= (AG + '+ ' - 3) (4.3)
i=1

where Ai are the deviatoric principal stretches Ai = J-3Aj; N, pai, and a are

materials parameters; pi is related to shear modulus as u = E .

Yeoh:

U = C10 (1 - 3) + C2o(1 1 - 3)2 + C30(1 - 3)3 (4.4)

where C10, C20, and C30 and material parameters.
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Figure 4-3: Evaluation of constitutive models for TPU. (a) Stress vs. strain curves of
porous and non-porous 3mil TPU samples. (b) Averaged stress vs. strain curves. (c)
Curve fitting of different hyperelastic model to the averaged non-porous stress curve.

Table 4.1: Curve-fitted parameters of Ogden 3rd order model

In order to validate the FE model, the actuation force of the device was measured

using the Instron 5944 material testing machine (Instron, MA, USA). The setting is

shown in Fig. 4-4. The actuation catheter was connected to a custom built pneumatic
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control box which can generate cyclic pressure to actuate the reservoir. As shown in

Fig. 4-4(c), the device was rotated 180' with the membrane edge adhered on top of

an acrylic holder. The thickness of the acrylic piece and the diameter of the hollow

cylinder were larger than the height and the diameter of the outer balloon which

allowed it to deform freely. The distance between the two Instron heads were fixed

a height slightly greater than the height of the acrylic piece to allow insertion. A

range of pressures (1 - 8 psi) were applied by the control box to actuate the device in

1 Hz. The actuation force was measured using a 50 N load cell. For the purpose of

recreating the same setup as in the in vivo study, we were mostly interested in the

pressure around 2 psi which is close to the lower limit of the control box capability.

Therefore, the pressure was also monitored with a pressure sensor (ArgoTrans Model

2 / Neonatal, Argon Medical Device Inc., TX, USA) at the connection, see Fig. 4-4, in

case there was any pressure fluctuation from the control box regulator or pressure loss

along the pipeline connections. LabVIEW 2017 (National Instruments Corporation,

TX, USA) was used both to manipulate the control box and to record data from the

pressure sensor.

Based on the FE model, we also created an FSI model using the smooth particle

hydrodynamics (SPH) technique to study the effect of surrounding flow during actua-

tion, see Fig. 4-5. A region of dimensions 20 x 20 x 5mm3 was created and filled with

8000 particles. The particles were assigned with the following properties, density of

9.96E-7 kg/mm3, bulk modulus of 2.094 GPa and dynamic viscosity of 3.56e-8 MPa.s

to represent interstitial fluid. Contact pairs were initiated between the shell structure

and the particles. Loading and boundary conditions of the shell were the same as the

structural analysis.

Since the main area of interest is the strain field of the lower membrane, the FE

model can be simplified as a clamped circular membrane with distributed pressure in

the transverse direction. In fact, this is a well known case in the field of shell theory

that has been studied over the past century with various analytical approximations

proposed [53]. In this study, we used the analytical approximation of a large deflection

plate proposed by Zhang [531 to do a parametric study. All design parameters were
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(b)
U

Electropneumatics and control

(c)

Figure 4-4: Setup for measuring actuation force. (a) An overview of the full setup.
(b) Custom control box that is connected to the actuation catheter. (c) The acrylic
holder for supporting the reservoir and ensuring that the lower functional membrane
was in contact with the upper cross-head.

Figure 4-5: FSI model with smooth particle hydrodynamics (SPH). Each solid element
is converted to 8 mesh free particles (left).
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set according to the lower membrane of the fibRobot expect for the material model,

which was assumed to be linear elastic with a Young's modulus of 15 MPa and a

Poisson's ratio of 0.35. The effect of loading pressure (q), size (a), thickness (h), and

material stiffness (E) of the membrane on the strain were evaluated. The details of

this analytical approximation is illustrated in the following text; based on the von

Karmdn plate theory [54], the strain-displacement relations of a edge-clamped circular

plate are given as follows:

N, - vNt du 1 (dw\ 2,== +1-()2 + eo (4.5)
Eh dr 2 dr

Nt VNr du
Et = E = + Eo (4.6)E h dr

where u, w are the displacement in the radial and tangential directions respec-

tively, a and h are the radius and thickness of the plate, and EO is the pre-stretch

strain.

As a clamped plate, the deflection is assumed to follow Equation 4.7 which satisfies

the boundary conditions of a clamped plate, w(O) = 0 and dw(O) = 0. The maximumdr

deflection (wo) and radial displacement (u) become Equation 4.8 and 4.9 derived with

the principle of virtual work.
T2

w=w0 (1- 2 (4-7)

3(a 2  1 W3 qa4
-( )(1+v)EOwo + (1+ -= (4.8)

4 h 2 Vh 2 6 4D

(5 - 3v)w2 w (10 - 2v)w (-7 + V)W2 7
U r + (v - 3)-r' + r' + r (4.9)

6a2a 4 3a6 6a 8
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4.2 Results

The real-time pressure monitoring shows that the control box initially overshoots

the input pressure by up to 100%. The higher the input pressure is, the smaller the

overshoot is. With the two low pressure regimes (1 and 2 psi) that were used in in vivo

studies, the initial overshoot is about 98.9% and 56.0%, respectively. The actuation

force measurements, up to an input pressure of 6 psi, shows an excellent match to

the computational results, as shown in Fig. 4-6(b). Thus, these results validate the

FE model. The real-time force measurements of different pressure regimes and their

corresponding FEA predictions are shown in Fig. 4-6(c,d).
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Figure 4-6: FE model validation. (a) A plot of receiving pressure vs. input pressure.
(b) FE predicted actuation force compared with experimental measurements. (c) and
(d) are the real-time cyclic actuation force measurements at the low and high regimes
of input pressure, respectively.

From the FEA results, Fig. 4-7, stress and strain are much higher in the inner
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balloon than the lower membrane. The stress concentration is around the buckling

regions in which the maximum in-plane strain can go up to 38%. For the lower

membrane, the strain (up to 7%) and stress (up to 2 MPa) are lower. The maximum

vertical deflection is predicted to be 0.38 mm. Comparing the results between non-

porous and porous membranes in Fig. 4-8, the later has slightly higher stress and

strain as it is less stiff showing from the tensile testing data, Fig. 4-3(b).

(a) Mises Stress
(MPa)
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Figure 4-7: Stress and strain predictions. (a) Von Mises stress contour plots for the
overall device, and the lower membrane (top-down and side views). (b) Maximum
in-plane strain for the overall device, and the lower membrane (top-down and side
views).

With the SPH technique, the model predicts the profile of the fluid movement,

with the maximum velocity of 17 mm/s when the lower membrane starts to deform.

This can be seen in Fig. 4-9.

Using the large deflection circular plate analytical approximation, we were able

to predict the deformation in the radial, vertical, and tangential directions along the
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Figure 4-8: Comparison of the FE results for porous and non-porous membrane. (a,
b) Von Mises stress prediction of the porous and non-porous membranes (top-down
view). (a, b) Maximum in-plane strain of the porous and non-porous membranes
(top-down view).
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Figure 4-9: Flow prediction by the smooth particle hydrodynamic model. The model
showing the direction and magnitude of fluid flow surrounding the fibRobot during
actuation

radial distance, see Fig. 4-10. In order to evaluate the performance of this approx-

imation, w and r were nondimensionalized as W = 1, W, = 2, and = . W is

the deflection-thickness ratio, where W < 0.05 is usually considered small deflection,
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and 0.1 < W, < 10 is considered large deflection. The analytical approximation was

compared with the numerical solution (FEA) using the W vs. plots. Two scenarios

were compared, shown in Fig. 4-10(a and b). The former was recreated from Zhang

[53] with W, of 0.95 and the latter was the lower membrane scenario with W,0 of

6.1. They show that the approximation is more accurate with lower W,,. For the

lower membrane, the analytical approximation shows that the maximum defection

(0.46 mm) is located at the center while the maximum radial displacement (0.0013

mm) is not. According to Equation 4.5 and 4.6, the maximum radial strain (near

the center), and maximum tangential strain (at the center) have similar magnitude

(0.281%) but are in different locations. The radial strain near the center (within 40%

of the maximum radius) is close to the maximum value (less than 5% difference).

The parametric study shows that pressure loading and radius size are both pos-

itively correlated to the deflection while material stiffness and membrane thickness

are both negatively correlated to the deflection. Similar trends are observed for the

maximum radial strain and tangential strain, see Fig. 4-11.

56



0 0.1 0.2 0.3 0.4 0.5 C

(C) 14j-

6 12

10

4

2

(b) 7

0

+25

3

0
2

0
.6 0.7 0.8 0.9 1

(d) . OQ

0.02B

0.027O.M

0.025

M 0024

0.022

0.021

0,02

25 0 0.5 1 1s
r (mm)

-Analytical
- - - - - Numerical (FEA)

*0

0.
0.

0~

0.
0.

0.
0.

0.

0.
0.

0.
0.

0.

0 0.1 0.2

2 25

0.3 OA

(e)..

0.02

W3 0.05

0.01

000

00

1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

02 1 15

(mm)

()(g) Cr ()t12

05 -10 .05

04F 40 det ra p (

0L3 0 f3 02s oi

02I 0.2 O_4 02

Plt fdmninesdfeto w ln ihdmninesrdu ocopar

0 0 2 42ol

0 0 0w

.2 -2 .2 -2 .2 -2

Figure 4-10: Analytical approximations for large deflection circular plates. (a, b)
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the analytical and numerical solutions. The plate parameters a, h, E, q are recreated

from Zhang 1531 in (a) and are set the same as the lower membrane of fibRobot in
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(et) along with radial distance (r) under the lower membrane condition. (f - e) The

corresponding contour plots of u, Er, and Et.
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4.3 Discussion

In this study, both the FE model and the FSI model have been successfully de-

veloped to evaluate the lower membrane strain and its surrounding fluid flows during

actuation of the fibRobot. The FE model was validated with experimental measure-

ment of actuation force. A large deflection plate analytical approximation was also

implemented to evaluate the effect of a range of design parameters on the membrane

strain.

The experimental measurements and computational prediction of actuation force

show an excellent agreement, Fig. 4-6. The FE model slightly under-predicted strain

at low actuation pressures (a 2 psi) and over-predicted at high actuation pressures

(- 8 psi). One limitation is that the geometry of the FE model is axisymmetric while

the results (deformation, stress, and strain fields) are not. This is due to buckling

that happens in the middle of the balloon. The solution of buckling is non-unique

and therefore the contact between the middle balloon and lower membrane does not

have to be in the center. This resulted in the asymmetric fields. Another concern

regarding the FE simulation is the choice of the TPU material model. The Ogden 3rd

order model had the best curve fitting result because it has higher order terms than

the Neo-Hookean and Money-Rivlin model. However, these higher order models are

prone to be unstable outside of a certain range of strain, which can be seen in the Yeoh

model in Fig. 4-3(c). With an actuation pressure of 2 psi, the maximum strain in

the lower membrane, 7%, falls inside the stable range of the Ogden model. However,

if design parameters were changed such that the strain increases significantly, a more

stable material model should be used.

The SPH model predicted the maximum flow velocity to be 17 mm/s which is

much high the interstitial fluid flow without actuation on (up to 0.004 mm/s) [551

but lower than the aortic blood flow (120 cm/s) [56]. This model should be validated

experimentally in the future. In vivo echocardiogram has been used to validate

SPH model of flows in the left ventricle [57]. However, the scale of the fibRobot is

much smaller which increases the difficulties of getting the high resolution in vivo
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measurements. An alternative would be to use Particle Image Velocimetry (PIV) to

measure the flow profile in an ex vivo setup.

In order to study the effect of strain on the fibrotic response of cells, we will

need to test the cells with different range of strains, provided by different designs of

the fibRobot. Therefore, a parametric study using computational modeling would

be useful to guide the design of the device to achieve a certain desired strain at the

lower membrane. Both the FE and FSI models were computationally expensive due

to the fact that buckling, contact, and multi-physics interactions are happening in the

model. In this study, by using the explicit/dynamic solver, the FE model took about

1.5 hours and the FSI model took about 6 hours with 16 processors. It is not ideal to

do parametric studies with these models. Here, we simplified the model to a circular

plate and further simplified it to an analytical approximation. As shown in 4-10, the

approximation gives a descent prediction on the deformation field. The analytical

maximum deflection (0.46 mm) is also comparable to the full FE model prediction

(0.38 mm) given that the structure and material model were both simplified in the

analytically approximation. The parametric study clearly shows the effect of different

design parameters on the maximum strain of the membrane. The original design of

the fibRobot provides 7% of the maximum strain which is lower than other studies

[58, 59, 60]. According to the parametric study, we could increase the actuation

pressure, increase the membrane radius, reduce the thickness, or use a softer material

to achieve higher strain.

Analytical confirm strain prediction, FE check fibrossve Experimental
Model Model Testing with Cells

numerical and analytical strains
do not match

maximum strain the lower membrane needs to achieve

Figure 4-12: Computational modeling assisted optimization work-flow for fibRobot.

As summarized in Chapter 2, finite element analysis can be very powerful on

60



medical device optimization, especially for mechanical devices [39, 42, 44]. With

the simplified geometry of the fibRobot and the analytical model, computational

analysis can have a great impact on the optimization process of fibRobot following

the proposed work-flow in Fig. 4-12. The iterations between the analytical and FE

models can be reduced by improving the accuracy of the analytical approximation,

for instance it can incorporate a hyperelastic rather than a linear elastic constitutive

model. On the other hand, the fluid-structure interaction model is also very important

for the design of the fibRobot especially for the porous-membrane version which can

deliver therapies while being actuated. Our in vivo study [71 showed that actuation

actually improved the drug delivery rate, see Fig. 4-13. To explicitly model the

drug transport from the device to the tissue environment can be quite challenging

resulting from the facts that (1) the pore diameter (10 micron) is much smaller than

the lower membrane diameter; (2) SPH does not support porous media flow. An

alternative would be to first use a micro-scale model to measure the flow resistance of

the porous membrane and subsequently use it in a macro-scale model to simulate the

porous media flow coupling with the structural shell membrane model. This multi-

scale fluid-structure model would be much more representative to the drug transport

behavior in the fibRobot.
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Figure 4-13: Enhanced pharmacokinetics through porous fibRobot with actuation
[7]. (a) Images from the In Vivo Imaging System (IVIS) at day 14 at 0 minutes,
30 minutes and 60 minutes showing the implanted actuation (regime 2) and control
groups. (b) Area under the curve at day 3, 8 and 14 for actuated and control groups
n=l-4/group/timepoint, Data are mean SD, *p<0.05. (c) Percentage increase of
actuation group over control at each timepoint n=1-4/group. Ctrl=control, Act=act,
AUC = area under curve.
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This thesis aimed to use computational modeling to support the design and devel-

opment of epicardial drug delivery devices. In Chapter 3, we combined finite element

simulation with diffusion tensor imaging to characterize the anisotropic diffusion in

the myocardium. The validated model was further used to evaluate the performance

of different Therepi designs by predicting their diffusion profiles over time. In Chapter

4, we used different modeling techniques, structural mechanics and smooth particle

hydrodynamics, to illustrate the mechanical effect and surrounding fluid flow interac-

tion which we hypothesize to interfere with the fibrosis process. We also conducted

a parametric study on various design parameters of the fibRobot using an analytical

model. This model combined with the high fidelity FE simulation is proposed to be

a potential framework to support the planning of future experimental studies and

optimize the design of the device.

As discussed in Chapter 3 and 4, there are a few limitations of this study which

are listed here. (1) Diffusion coefficients were calculated based on the assumptions

of fast diffusion following the fiber direction and minimum detectable concentration

were estimated from the T1 relaxation map. These resulted in over prediction of the

diffusion lengths in the model. Iterative parameter estimation through an inverse FE

model is needed to optimized the diffusion coefficient and therefore provide a better

match between the computational prediction and experimental data. (2) Advection

and binding of the drug were not considered in the subject-specific LV diffuison model.

Combining the three-phrase drug transport model [341 with our anisotropic diffusion

model will improve the fidelity of the simulation and therefore derive more useful

information to guide the optimization of the device design. (3) As a preliminary study,

the velocity prediction from the SPH model needs to be validated with experimental

data, preferentially from the particle image velocimetry technique. (4) The analytical

approximation under-predicted membrane strains compared to the FE solution due

to the simplifications of material model and assumptions of the plate-like deformed

shape. Deriving an analytical solution that incorporates a hyperelastic model with a

more realistic membrane-like deformed shape would improve the performance of the

parametric study and reduce the iteration between the using the analytical solution
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and the computational expansive numerical simulation.

With all of the these limitations being addressed, the future work would be to

couple multiple physics models (structural mechanics, fluid mechanics and drug trans-

port) that have been described in this thesis to a single simulation as pictured in Fig.

1-1. As mentioned in Chapter 4, the porous membrane version of the fibRobot is capa-

ble of mechanical stimulating while delivering therapies. A fully coupled multiphysics

model will achieve a much more realistic description of the drug transport process in

the fibRobot and therefore give more efficient guidance for design optimization.

In many different industries, computational modeling is a crucial scientific tool

that is involved in their daily design and development work-flow to get innovative

products [61]. Medical device designers have started to embrace this tool in the past

decade 162]. According to this thesis and other previous works discussed in Section

2.4, computational modeling has the potential to reduce, if not replace, the needs

of a lot physical experiments, which are expensive and time consuming. Like many

of the other previous works, there are some difficulties in actually incorporating the

numerical simulations into the iterative design process. First of all, the generation

of the FE models is not automatic and therefore manually creating large number of

different designs for virtual testing is still very time consuming. Secondly, there are

numerous design possibilities and it is not possible to test all of them even through

virtual prototyping. Therefore, we need feedback criteria to guide the changes of the

computational model. Last but not least, there are a number to assumptions and

simplifications applied to the model which affect its accuracy. Essentially, compu-

tational modeling is trying to use numerical method to describe the physics happen

in the object and predict its behavior. It is difficult, if not impossible, to capture

all the physics happening in a device. Thus, in order to make the most benefit out

of these modeling techniques, it is important to identify the region of interest and

find a balance between accuracy and computational feasibility. With rapid advance

of computing technology, such as parallel computing, GPU computing, and cloud

storage, the capability of building high fidelity multiphysics fully coupled models will

be increased drastically and eventually benefit the design of medical devices.
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Appendix A

Diffusion Coefficient Sensitivity Study

Since the diffusivity calculation was based on manually measured diffusion lengths

and a ID diffusion assumption was made while using Fick's second law, various er-

rors could be introduced to the calculation of the diffusivity value. Thus, a sensitivity

study was also conducted in order to understand the effect of the anisotropic diffusiv-

ity on the predicted concentration profile. As shown in Fig. A-1, a simple rectangle

model (20 x 20 x 2.5 mm3 ) with transmurally varying local orientation, which mimics

the cardiac fiber orientation, was created. A circular reservoir interface with radius

of 5 mm was created on the "epicardium", where the local orientation is -60* with

respect to the top of the rectangle. The temperature boundary condition at the in-

terface was set to be 0.221 K (representing a concentration of 0.1201 M drug analog)

and the fiber (DF) diffusion coefficients was set to 2.778 x 10-14 mW/(mm.k). The

fiber-crossfiber diffusivity ratio (R) was assumed to be the eigenvalue ratio (0.566)

calculated from rat heart DTI provided by Teh et al. 1231. As a result, the cross-fiber

diffusivity became 1.572 x 10-14 mW/(mm.k). All these values were calculated from

an ex vivo study where CT contrast agent phosphomolybdic (PMA) was delivered

on a rat heart. The PMA diffusion profile was collected from a pICT100 microCT

scanner (Scanco Medical, Wangen-Bruttisellen, Switzerland). The measurements of

the diffusion coefficient were calculated following the method described in Chapter 3.

With this baseline model, diffusivity ratio (R) was reduced by either decreasing the

DCF (Study Set 1) or increasing the DF (Study Set 2), see Table A.1. Results of
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each study are shown in Fig. A-2 and Fig. A-3, respectively.

The study shows that (1) transmural diffusion decreases when cross-fiber diffusiv-

ity decreases; (2) the anisotropic profile is less discernible in the endocardium and the

epicardium due to the transmurally varying fiber orientation;(3) as fiber diffusivity

increases, the drug concentration in the center is decreased but the concentration in

the border is increased.

These results can be used as a guidance on how to adjust the diffusivity in the

fiber and cross-fiber directions so as to have a better match of the predicted diffusion

profile with the MRI data.

Table A.1: Sensitivity study sets

68

Study Sets Test No. R DF (mW/(mm.k)) DCF (mW/(mm.k))

Study 1 1 0.566 2.778E-14 1.572E-14

Study 1 2 0.283 2.778E-14 0.786E-14

Study 1 3 0.141 2.778E-14 0.393E-14

Study 2 1 0.566 2.778E-14 1.572E-14

Study 2 4 0.283 5.556E-14 1.572E-14

Study 2 5 0.141 11.11E-14 1.572E-14



(a) (b) +60*
(endocardium)

-6 0*
(epicardium) \

(c)

Fb0,

Crofber

Figure A-1: An overview of the diffusion coefficient sensitivity study. (a) A block
with five different layers, each with its own local element orientation mimicking the
transmurally varying fiber orientation in the myocardium. (b) The details of the
orientation in each layer, varying from -600 (yellow) to 60' (Green), with respect to
the top. (c) The results are shown in the second last layer (top right) away from the
reservoir and the mid-transmural plane (bottom right).
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Figure A-2: Concentration predictions of study 1. (a) Concentration contour plots
on the mid-transmural plane at 11, 48 and 120 hours. From the left to right columns
are Test 1, 2, and 3 as per Table A.1. (b - d) Path plots of concentration along
the cross-fiber direction on the second last layer. The counter plot on that layer at
120 hours are also shown in the sub-figure with red arrow indicating the path plot
direction. (e - g) Similar path plots but along the fiber direction. DCF = diffusion
coefficient in the cross-fiber direction.
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Figure A-3: Concentration predictions of study 2. (a) Concentration contour plots
on the mid-transmural plane at 11, 48 and 120 hours. From the left to right columns
are Test 1, 4, and 5 as per Table A.1. (b - d) Path plots of concentration along
the cross-fiber direction on the second last layer. The counter plot on that layer at
120 hours are also shown in the sub-figure with red arrow indicating the path plot
direction. (e - g) Similar path plots but along the fiber direction. DF = diffusion
coefficient in the fiber direction
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