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Abstract

The treatment of ischaemic arterial disease has improved substantially in recent decades largely
due to the inclusion of local delivery of anti-restenotic drugs in percutaneous intervention. To
perform drug delivery without an implant, a drug-coated balloon (DCB) is inflated endovascu-
larly for a one-time drug transfer from its coating to the target artery upon contact, serving as
an alternative or complementary therapy to drug-eluting stents. While this therapy may avoid
the potential complications of implants, namely in-stent restenosis and thrombosis, its greatest
challenge is providing sufficient drug delivery and subsequent retention in the tissue without sus-
tained release from a permanent drug reservoir. The mechanisms of drug delivery from DCBs
are not completely understood, and the literature lacks models that describe the mechanics and
drug release parts of the problem simultaneously. Aiming to improve this understanding, this
work proposes modelling efforts towards an in silico simulation framework of simultaneous
DCB deployment and drug delivery that studies procedural parameters such as inflation pres-
sure, inflation duration, and drug loading and their effect on drug delivery performance.

First, the foundation for the modelling assumptions is set with a drug delivery problem con-
sidering an idealised 2D-axisymmetric multilayered arterial wall and a prescribed set of bound-
ary conditions to represent the DCB’s role. Then, a more realistic geometrical representation
of a DCB is proposed based on the specifications of a DCB that has undergone clinical trials,
along with the modelling of the inflation procedure and drug release from the coating. Ulti-
mately, the two previous models are combined, culminating in a novel multiphysics simula-
tion of DCB deployment that includes time-dependent structural mechanics, contact interaction,
transmural filtration, and drug transport and retention simultaneously. All models are imple-
mented in COMSOL Multiphysics® based on the finite element method. Results are assessed
throughout the simulation of DCB deployment and 28-day follow-up, evaluating safety and ef-
ficacy indicators common to preclinical testing (drug content and receptor saturation) from the
spatiotemporal drug distribution.

Although further studies and experimental data are still required to improve the model vali-
dation and achieve clinical utility, this work demonstrates the potential of in silico modelling as a
powerful tool to complement traditional methods of medical device testing. The valuable mech-
anistic insights obtained can enhance the design process of DCBs and improve drug-delivery

therapies, substantially reduce development costs, and expedite the technology.
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"An absurd extravagance of energy"
—Sir Arthur Conan Doyle, The Valley of Fear



Chapter 1
Introduction

Engineering as a science relies deeply on the ability to mathematically represent physical pro-
cesses. These creative representations, referred to as "models", come in different formats and de-
grees of abstraction, with their characteristics being intimately associated with the phenomenon
of interest and the application at hand. In essence, "all models are wrong" as they are simplified
and flawed representations of reality, "but some are useful". This aphorism, attributed to George
E. P. Box in [[1], acknowledges the importance of devising simple, pragmatic, yet representative
models. While inherently limited, models can have remarkably useful applications. Mathemati-
cal models are particularly useful in scenarios where real-world experimentation is inconvenient
or prohibitively difficult e.g. due to financial or ethical reasons.

Biomedical Engineering especially benefits from modelling, since the design process of its
technological solutions is both costly and potentially life-threatening. New technologies in this
field go through the progressive stages of preclinical and clinical testing. Typically, preclinical
testing employs the traditional in vivo, ex vivo, and in vitro techniques, conducted on models
that are living animals, tissue excised from their usual biological surroundings, and isolated
microorganisms or cells, respectively, before moving into humans. Meanwhile, "in silico" is
a pseudo-Latin term for a computational environment, where virtual simulations of mathemat-
ical models can be carried out. In silico models can provide insights into understanding the
performance and enhancing the design of medical devices, as an emerging alternative to trial-
and-error practices and hypothesis testing, from the safety and convenience of a computational
simulation. This is crucial, as it can (I) expedite the development of new life-saving techniques,
(IT) minimise premature clinical testing involving human lives, and (III) reduce costs substan-
tially, considering that every experiment and device iteration has an associated cost. Therefore,
this work is motivated by the potential of in silico modelling to reduce and refine the process of

medical device development.
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1.1 The clinical problem and the evolution of the technology

Ischaemic heart disease is the primary cause of death worldwide, accounting for about 9 million
deaths globally in 2019, according to the World Health Organization [2]. The most common
type of this condition is when a coronary artery — a small blood vessel located around the heart
and responsible for its irrigation — becomes dangerously narrowed due to fatty plaque build-up
(atherosclerosis), leading to insufficient blood supply and ultimately to cardiac death.
Accordingly, one of the most common medical procedures worldwide is a particular treat-
ment of coronary artery disease, called percutaneous coronary intervention (PCI) [3]]. It is an
endovascular procedure. That is, the artery disease is reached from the inside of the vessel. In
the last fifty years, remarkable progress has been made in endovascular treatment techniques.
The historical progress of the technology of endovascular intervention has been extensively de-
scribed in the literature [3H9]. Notably, the evolution of the technology overlaps the clinical
problem, since the progressive introduction of treatment modalities provoked new iatrogenic
complications — which, in turn, demanded further innovative solutions. A chronological sum-
mary is provided for contextualisation, culminating in an implantless treatment alternative for

endovascular drug delivery.

Balloon angioplasty

Since 1977, when the advent of minimally invasive procedures revolutionised the treatment of
cardiovascular diseases [3l], a substantial and continuous evolution has taken place in the field
of interventional cardiology and medical devices technology [10]. At first, the main way to
promote the widening of a narrowed artery (revascularisation) was to insert a flexible wire-like
device (catheter) through a small incision in the patient, navigate it via the circulatory system,
and inflate a balloon at the site of the abnormal narrowing (stenosis). This repair, known as
balloon angioplasty (from Greek "angio", vessel; and "plastos", moulded), would diminish the
lipidic blockage and restore the proper size of the channel (lumen) for blood to flow.

However, it was observed that the balloon procedure was followed by acute elastic recoil of
the newly widened artery, compromising more than 10% of the vessel lumen [11]. Moreover, the
commonly provoked barotrauma resulted in exuberant growth and migration of smooth muscle
cells towards the arterial lumen, forming a new layer of tissue (neointimal hyperplasia). The
recurrence of luminal narrowing greater than 50%, defined as the phenomenon of restenosis,
shortened the effectiveness of this solution and in many cases demanded repeated revascularisa-
tion procedures on the same target lesion [12]. These two issues — acute recoil and restenosis
— proved a major drawback of this minimally invasive treatment modality and stimulated the

pursuit and discovery of novel technologies and techniques.
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Bare-metal stents

The stenting technique, introduced in 1986, consisted of the implantation of an intravascular
metallic scaffold to provide mechanical support to the artery post-balloon dilatation (Figure
[[.T). This tubular device, named "stent", is delivered through the same minimally invasive
procedure using a catheter. The stent concept was perceived at that time as the specific solution
for the problem of acute vessel occlusion, successfully reducing the frequency and the severity
of restenosis [13]].

Figure 1.1: Schematic illustration of a typical percutaneous coronary intervention: catheter
insertion into a narrowed coronary artery, then balloon dilatation followed by stent deployment.
Adapted from [14].

Like most novel technologies, the first iterations of stents were flawed and unaware of com-
plex outcomes. Above all, the severe vascular trauma caused by stent deployment often triggered
an excessive healing and immunological response, and the presence of a foreign body, metal-
lic and uncovered, configured an environment highly susceptible to platelet aggregation and clot
formation (thrombogenic) [5]. Although stenting is a “minimally invasive” technique, this refers
to the method of percutaneous introduction of the devices; these, however, remain considerably
invasive to the vessel targeted for treatment [4]. To mitigate the risk of thrombosis after hav-
ing a stent, dual antiplatelet therapy (DAPT) was administered. DAPT is the regular use of a
concoction of medication to control platelet behaviour, inhibiting platelet aggregation and clot
formation. However, since platelets are responsible for counteracting bleeding, this temporary
platelet debilitation dramatically increases the severity of potential bleeding events. Moreover,
while on DAPT the patient is rendered unsuitable for undergoing surgical operations. Although
effective, reliance on DAPT posed considerable risks for the patient and often created a lengthy,

even lifelong, dependency in fear of late stent thrombosis.



CHAPTER 1. INTRODUCTION 4

Stenting also created a new medical-induced disease: in-stent restenosis (ISR). As a result of
deployment damage, neointimal hyperplasia continuously re-narrowed the lumen and restricted
blood flow inside the stent. Thus, reverting the beneficial state achieved with the interventional
procedure. Nevertheless, the adoption of stents in the field of angioplasty has been considered
an advance [3]].

Solving the initial stenosis of the vessel via implantation of a stent proved more challenging.
The complex cascade of biological events triggering restenosis is out of the scope of this work.
A detailed discussion on this subject is provided in [15]. The anticipated rate of repeat revas-
cularisation procedures as 30—-50% was deemed unacceptable, and a solution was urged [16].

Reasonably, the technology advanced to tackle this problem.

Drug-eluting stents

The main leap in stent technology happened in 1999 when the inclusion of drugs to be eluted
from the stent surface drastically inhibited the body’s inflammatory response and neointimal
hyperplasia after stenting [[17]. The addition of this functionality, initially through the use of a
polymeric coating embedded with antiproliferative drugs, set the stage for a new generation of
devices named drug-eluting stents (DESs).

Precursor DESs CYPHER (Cordis) and TAXUS (Boston Scientific) represented the first
generation of this technology in the early 2000s with considerable success [7, [18]. The anti-
restenotic drugs, mainly sirolimus and paclitaxel, were incorporated within the stent platform
and programmed to be released slowly over a few weeks after deployment. This addressed the
important issue of the disproportional inflammatory response and exuberant cell proliferation
after stent implantation, decreasing the body’s initial rejection of the foreign implanted device
and the long-term re-narrowing of the vessel. With time, further technological development has
allowed the use of more biocompatible materials for stents and better-designed stent struts and
manufacturing processes, incrementally improving their clinical performance. Stainless steel
was replaced by titanium and cobalt-based alloys, and the decrease in strut size was shown to
be a tendency [19]. The stent problem became divisible into several parts: structural scaffold
(backbone), drug vehicle (coating) and drug elution (therapeutics release). Remarkably, stent
design grew in complexity, having now the need to understand and control the entwined events
of drug release and polymer behaviour [20]. Controlled drug release became a critical part of
DES design to meet the requirements of delivering the drug at an adequate rate and magnitude
to avoid both toxicity and ineffectiveness [21]. Initially, durable polymer coatings were used to
carry the drug in the DES but were found to provoke inflammatory responses and delay healing.
The technology then moved onto degradable polymer or even polymer-free coatings, largely
eliminating these complications [3]. With the advent of second-generation DESs, the technology
became more mature and rapidly established the standard for the treatment of coronary artery
disease. Newer stents, such as XIENCE (Abbott) and SYNERGY (Boston Scientific), became



CHAPTER 1. INTRODUCTION 5

great examples of problem-solving through technological innovation. Compared with bare-
metal stents, DESs consistently lowered the occurrence of restenosis from about 30% to less
than 10% [3]. Recent studies report the ISR rate of modern DESs as 1-2% [22]. But, despite
the many improvements, ISR and late stent thrombosis have not been eliminated and remain an
unsolved problem affecting hundreds of thousands of patients annually, especially for complex
disease [22] 23]].

A remarkable initiative to eliminate long-term exposure to polymers in the vascular environ-
ment is the design of polymer-free stents. For example, BioFreedom (Biosensors) is a pharma-
cological stent with drugs embedded in its abluminal microstructured surface [24]. The absence
of polymer allows an exceptionally short DAPT duration (one month), decreasing delayed reen-
dothelialisation and the likeliness of potential bleeding events. Consequently, the enhancement
of post-implantation healing speed dramatically improved the outcome of the treatment of dia-
betic or high-risk-of-bleeding patients [25].

The long-term issues associated with the permanence of a permanent implant led the tech-
nology to attempt an ambitious concept — a stent that completely disappears after the lesion is

treated.

Bioresorbable stents

A bold innovative step in stent evolution has been the design of bioresorbable stents (also known
as "absorbable stents" or “bioresorbable vascular scaffolds”) as an alternative to permanent
stents. These stents are programmed to dissolve and completely disappear from the blood ves-
sel after the disease is treated. Ideally, this type of temporary implant would provide the early
scaffolding benefits of stenting while avoiding its potential long-term complications, overcom-
ing the irreversible aspect of the procedure. This technological pursuit is particularly important,
given the potential benefits to the patient of a stent that disappears: decrease of late adverse
events such as ISR and late stent thrombosis, compatibility with computed tomography and
magnetic resonance imaging, paediatric use on growing arteries, reduced disturbance of blood
flow, shorter dependence on antiplatelet therapy, potential of future unimpeded revascularisa-
tion procedures, and restoration of endothelial function and vasomotion [35, [26-28]]. Although
potentially promising and relevant, this technology still has some way to go before being widely
accepted in clinical practice. A major challenge is that the structural scaffold made of degradable
polymer or metallic alloy must balance several design properties, such as programmed degrada-
tion, decomposition by-products, controlled drug release, deliverability, biocompatibility, radial
strength, conformability, drug-eluting capacity, radiopacity, etc. [3,29]. The technical feasibil-
ity of bioresorbable stents is out of the scope of the present work; nonetheless, it brings attention

to implantless alternatives of endovascular therapy.
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Lesion preparation

Beyond implanting medical devices, considering the disease of the artery segment to be treated,
referred to as the "lesion", is critical for the outcome of the interventional procedure [30]. Its
condition is often severe, including fatty and calcified plaque deposits. For brevity, lesion prepa-
ration is the process of clearing the lesion site endovascularly. It is an interventional strategy
aimed at facilitating the operation of a medical device and improving its outcome. In general,
lesion preparation pre-dilates the stenosed artery via plain balloon angioplasty and removes the
bulk of the plaque burden (atherectomy). A plethora of minimally invasive techniques is avail-
able for clearing the lesion. For instance, standard semi-compliant balloons, specialty balloons
(scoring, cutting, non-compliant), atheroablation, and lithotripsy [22} 23]]. Intravascular ultra-
sound (IVUS) provides a means of scanning the interior of the lesion to guide the procedure.

The urge for lesion preparation was motivated, to some extent, by the problem of ISR. When
a stented lesion undergoes repeated revascularisation, therapeutic strategies are contemplated.
Deploying a second stent overlapping the first stent has been common practice. However, multi-
ple metallic stent layers are associated with a progressively higher risk of recurrent ISR, and thus
must be avoided [22]. This indicates a finite number of irreversible interventional procedures in
a given lesion. As ultimately suggested by Shlofmitz et al. [23], the best way to address ISR in
DESs is to prevent it.

Therapeutic guidelines are suggested depending on the outcome of lesion preparation [30]].
The decision of whether to implant a stent or not in a new coronary lesion, treated for the first
time (de novo), precedes a quantitative evaluation based on residual restenosis and flow limi-
tation. "Suboptimal" lesion preparation is characterised by angiographic results with residual
stenosis > 30% of lumen area and fractional flow reserve < (0.80. This outcome leads to the
implantation of a stent, even called a "stent bail-out" because of the dire circumstances. Oth-
erwise, if "optimal" lesion preparation is achieved, it is recommended that no stent is used.
Notwithstanding, a dose of an antiproliferative drug is still desired to suppress the neointimal
hyperplasia induced by the interventional procedure. The technology has advanced to provide
an implantless modality of endovascular drug delivery. After all, the avoidance of long-term
complications of implants — permanent or transient — may be accomplished by not having an
implant at all.

Recapitulating, several treatment strategies have been developed over the years, ranging from
balloon angioplasty to the placement of therapeutic vascular scaffolds, with each procedure
having its own set of limitations. Despite significant advances, several severe complications
still affect this procedure performed millions of times worldwide each year, particularly the
re-narrowing of the artery (restenosis) and clot formation (thrombosis) [6} 22, 31]. While the
former may often be treated with further revascularisation procedures, the latter is potentially
fatal without warning. This provides sufficient motivation to investigate the development of

alternative treatment strategies.
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Drug-coated balloons

The last technology presented in this Chapter is an alternative to deliver drugs to arteries without
an implant and will be the focus of the subsequent modelling endeavours.

A drug-coated balloon (DCB) is a minimally invasive medical device designed to provide
a one-time localised delivery of anti-restenotic drugs to the arterial wall on contact. The DCB
is homologous to the angioplasty balloon, as it is a balloon of polymeric material designed
to be inflated endovascularly. However, as the name implies, the DCB is coated with a drug
formulation. The function of the DCB is solely drug delivery, instead of mechanical dilation to
restore vessel patency as with the plain angioplasty balloon. Figure [I.2]illustrates the principle
of the DCB. Once the lesion site is accessed via percutaneous procedure, the device is inflated
for about one minute to transfer the drug from its coating to the target artery segment on contact.
After that short time window, the balloon is deflated, and the balloon catheter is withdrawn from

the body. Ultimately, only the drug delivered remains in the treated artery.

Figure 1.2: Schematic illustration of endovascular DCB deployment and localised drug delivery
in a coronary artery, followed by drug retention in the arterial wall. Notably, the vessel depicted
was already patent due to lesion preparation before the drug delivery. Adapted from [[14].

These devices are routinely used as an alternative strategy to treat arterial disease when
localised drug delivery is desired but without a permanent implant [32]. For example, in the
treatment of delicate and complex geometries such as small vessels (of lumen diameter < 3.0
mm) and bifurcation lesions, where stenting is particularly challenging [30]. While this technol-
ogy might avoid long-term complications associated with stents, it lacks the mechanical support
and sustained drug release from permanent implants. The short contact duration between the
DCB and the artery must be sufficient to transfer the required drug dose — which, once deliv-

ered, must be retained for weeks within the arterial wall for its therapeutic purpose [33, 34].
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Therefore, there are challenges to understanding the mechanisms governing drug delivery from
the device and the subsequent pharmacokinetics in the arterial tissue.

The DCB was initially conceived for use in peripheral arteries, where stent implantation led
to poor outcomes due to severe and varied biomechanical stresses [35]. There, it served as a
complement to the technique of plain angioplasty. Pioneer studies worked towards providing
preliminary evidence of a clinical benefit of DCB for coronary artery use [36]]. Then, its useful-
ness became also evident in the pharmacological treatment of already stented vessels troubled
with ISR [37]. Its main advantage was the ability to provide favourable results without repeated
implantation adding a new stent layer [38]. Since then, the efficacy and safety of DCBs for
de novo lesions have also been proved [39, 40]. Currently, DCBs are an established treatment
modality for remediating recurring ISR and some types of de novo lesions [22]]. The possibility
of DCB-only intervention is promising in the field of PCI.

In the beginning, the first DCBs preferred lipophilic drugs, such as paclitaxel, due to their
relative ease of delivery and retention in the vessel wall. As the technology developed, sirolimus
and its analogues (the "-limus" drugs) have been introduced to DCBs, based on the evidence that
the drug has a better efficacy-safety profile than paclitaxel and also following the trend of DESs,
in which sirolimus is the default pharmacotherapy [30, 41]]. The choice of drug was enabled,
to a great extent, by the development of supporting substances (under the names of excipient,
binder, carrier, or matrix) and also improved balloon techniques (such as folding and pleating),
which tackled the problem of DCBs losing a considerable part of their drug loading en route to
the lesion site [42]]. Due to the cytostatic mechanism of -limus drugs, they necessitate longer
persistence in tissue [43] and every greater technical effort is required to deliver and sustain it in
the arterial wall of the treated lesion.

DCBs offer important opportunities for safer, simplified, and repeatable treatments. Due to
the absence of implantation with a DCB-only procedure, the intervention provokes less arterial
disturbance and has a relatively low biological impact [38]]. The vascular trauma caused by the
balloon procedure is less severe, thus not critically damaging the endothelium and triggering the
excessive healing and immunological response often observed post-stent deployment. More-
over, the lack of persisting inflammatory stimuli and foreign structure considerably reduces the
risk of thrombosis and hence the length of DAPT required, greatly favouring patients at high
bleeding risk [30]. The sole use of a DCB over a stent has the advantage of allowing the ves-
sel to remodel in the future, as blood flow is undisturbed and vasomotion is unrestricted [44].
All these aspects contribute towards the indicators of complete vascular healing and reducing
adverse events. The use of DCBs as an alternative to stents in several cases is motivated by
some technological and therapeutic limitations of stents, such as poor outcome in small vessel
disease, the possibility of incomplete apposition, long duration of DAPT (with an increase in
both thrombotic and haemorrhagic risk), treatment failure leading to ISR and late stent throm-

bosis, and multiple stent layering when treating ISR resulting in excessive stiffening and threat
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of injury to the ends of the vessel [38]].

According to a recent report of the International DCB Consensus Group, every PCI should
aim at using the DCB-only strategy [30]. Notably, lesion preparation has been essential for doing
SO 45]]. Depending on its outcome, the decision is made on whether to use a DCB or
stent. When lesion preparation is deemed satisfactory, a balloon is enough to solve the stenosis;
otherwise, a stent should be placed. Reference interventional cardiologists estimated that in
70% of the time a sole DCB should be enough, and in 30% a stent would be necessary [44]].
In summary, the DCB is a situational and selective technology and should be used accordingly.
That is, it is a complementary tool expected to be employed in indications where DES have
limitations. While there are factors favouring each of the therapies, having alternatives that
cover a wider range of clinical conditions is highly valuable.

To obtain the certification of the Conformité Européenne (CE) or U.S. Food and Drug Ad-
ministration (FDA), devices are progressively tested and compared in preclinical, then clinical
non-inferiority and superiority comparisons with existing, more established, techniques. Most
commercially available DCBs have only the CE mark, treat ISR or small vessel disease, and
feature paclitaxel as the therapeutic agent [30]. Initially, there was only solid evidence of the
superiority of DCB for the treatment of ISR and small vessel disease. New trials are shedding
light on the efficacy and safety of DCBs and there is growing evidence that a variety of clinical

situations, including de novo lesions, may benefit from a DCB-only approach [46], 47].

Figure 1.3: Illustration of the AGENT™ Drug-Coated Balloon (Boston Scientific). It is the first
FDA-approved DCB for endovascular therapy of coronary artery disease. Adapted from [48]].

Recently, on the 1% of March 2024, the first DCB was approved for use in coronary artery
disease in the USA [49]]. A series of randomised trials provided the required clinical evidence to
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convince both the FDA and the clinical community of the utility of DCBs in coronary application
[50].

The DCB is a pharmacotherapy technology of increasing importance [S1]. Its early chal-
lenges are being overcome and improvements in DCBs are synergistic with advances in imaging,
lesion preparation, pharmacology, excipients, and balloon design [44), 52]. Drug delivery from
DCBs notably needs to be different than from DESs — and there is still a critical need to im-
prove the understanding of the underlying factors and pharmacokinetics governing the efficacy
and safety of DCBs [53]. This provides the motivation for the study and use of mathematical
modelling and computational simulation approaches to complement the current in vitro and in
vivo experimentation, which are still useful and indispensable but may lack mechanistic under-
standing and lead to inefficient design development.

Specifically, this thesis aims to understand how the procedural and design parameters of the
DCB, e.g. inflation pressure, inflation duration, and drug load, may influence the performance
of drug delivery during the short time window of deployment and the subsequent long-term
retention in the arterial tissue. The modelling literature of endovascular drug delivery is pre-
sented progressively in Chapter 2] Currently, the computational literature lacks models capable
of depicting the inherently simultaneous aspects of the DCB problem — inflation-induced defor-
mation and drug delivery upon contact. To address this knowledge gap, the sequential objectives
of the work are to develop in silico models of endovascular drug delivery in an arterial wall, the
DCB device and its inflation procedure, and the combination of the previous models to describe
the DCB deployment procedure and drug delivery in a novel simultaneous fashion. The poten-
tial impact of the work will be elaborated throughout the forthcoming Chapters. Concisely, it is
to improve the mechanistic understanding of DCBs and thus allow more informed decisions on

the development of this technology.

1.2 Outline of Thesis

This Thesis is structured in the following sequence of Chapters:

Chapter 1 introduced the context of modelling and endovascular medical device technology.
Chapter 2 exemplifies existing modelling approaches for endovascular drug delivery devices and
unmet needs. Chapter 3 presents the arterial wall model devised, as an idealised artery segment
subjected to a prescribed drug influx. Chapter 4 presents the DCB model devised, utilising a
drug release test performed in the industry for parameter calibration and preliminary validation.
Chapter 5 combines the models from the previous Chapters to represent DCB deployment into
an arterial wall. Structural and contact mechanics are added to the artery model. The notable
multiphysics model devised involves the simultaneous simulation of deformation, contact, drug
transfer, and subsequent drug transport and retention in tissue. Chapter 6 provides concluding

remarks.



Chapter 2

In silico modelling of endovascular drug

delivery

This Chapter aims to provide an overview of the relevant modelling works that provided the

foundation for this Thesis, instead of an exhaustive review of the literature.

2.1 A historical perspective

Studies of endovascular drug delivery date back to 1990, when Edelman, Adams, and Karnovsky
[54] considered the delivery of heparin as a prospective means to suppress smooth muscle cell
proliferation in endothelial injury in rats. Initial attempts with heparin were frustrated in terms
of clinical success — but built much of the theoretical foundation for the future of the tech-
nology, particularly for paclitaxel and sirolimus and its analogues. The advances in the field
of controlled-release technologies depend on the mechanistic understanding of drug transport
and retention properties in the tissue, i.e. pharmacokinetics. Before endovascular drug delivery
was a consolidated clinical technique, early experimental works illuminated the principles and
mechanisms of pharmacokinetics. In particular, Creel, Lovich, and Edelman [S5] appreciated
the effect of reversible drug binding competing with the forward motion of transmural advec-
tion, due to the physiological pressure gradient across the arterial wall, and the simultaneous
diffusive transport. Therefore, drug mobility via diffusion and advection is resumed only after
dissociation from binding sites. This provided a remarkably vivid description of the multifaceted
mechanisms of drug transport and retention in tissue, which later became increasingly imple-
mented as numerical models in in silico form. Still, vascular pharmacokinetics studies generally
consisted of harvesting arteries at sequential times for quantifying the total drug deposition,
greatly limiting their possible insights.

Models of endovascular drug delivery have been proposed ever since with varied complexity
[7,56]. According to McGinty et al. [21], simpler mathematical models could have analytical
solutions and provide useful insights into drug release from devices and penetration in the tis-

11
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sue. However, more sophisticated models may ultimately be required to characterise complex
situations. Concerning model geometry, for instance, the simplest unidimensional (1D) mod-
els can represent a unidimensional path of drug concentration through the arterial wall; two-
dimensional (2D) can represent a cross-section of an artery; 2D-axisymmetric can represent
a cylindrical, idealised vessel; and three-dimensional (3D) can represent complex geometries
with great detail and inhomogeneity. Likewise, drug transport mechanisms can be modelled
with varied complexity.

In the precursor computational modelling study, in 1996, Lovich and Edelman [57] con-
sidered a 1D diffusion-only problem to represent the transport of heparin radially through an
arterial wall, in the context of treating coronary artery disease. Results strongly suggested that
hydrophilic drugs require a form of sustained release to maintain therapeutic levels in tissue and
are unfeasible for single-dose localised delivery, such as from a drug-coated balloon (DCB).
Also, the discussion provided in this work demonstrates the valuable advantages of augmenting
experiments with simulation, allowing for mechanistic interpretation with spatial resolution and
sparing a "tremendous" number of costly animal experiments.

In silico modelling efforts have been prolific in parallel to the clinical progress, considering
that the first experience of drug-eluting stent (DES) implantation in human coronary arteries
dates from 1999, as reported in Sousa et al. [17]. Notably, initial modelling efforts have been
almost exclusively for DESs, since this technology has been en vogue since its adoption prior to
DCBs. Although DES models are not the focus of the present work, they built the foundation
for its modelling assumptions and thus deserve mentioning.

A subsequent modelling example from 2001, Hwang, Wu, and Edelman [58]], considered a
2D cross-sectional artery ring, representing the transport of paclitaxel via a diffusion-advection
equation. Here, the "physiological transport forces" causing transmural filtration were regarded
with the advective term in the governing equation of drug transport. Drug release from a stent
was modelled as a simplified drug flux, spatially distributed to represent the stent strut disposi-
tion over the endothelial interface. The geometrical structure of the stent was not depicted in the
model.

The theoretical foundation for pharmacokinetics was developed over the years. Initially,
Levin et al. [S9] provided an in-depth investigation of how the antiproliferative drugs sirolimus
and paclitaxel interact with the arterial tissue. Then, Zunino [60]] proposed a simplified binding
behaviour derived from the drug availability in tissue (constant equilibrium), on a 2D diffusion-
advection model. Later, in 2009 Tzafriri, Levin, and Edelman [61] described drug binding to
cell receptors in more detail, including a non-linear, saturable, and reversible reaction term in
the governing equation of drug distribution. This study provided several pertinent conclusions,
drawn from the modelling simplicity of a 1D diffusion-reaction problem. First, it concluded
that saturable binding must be accounted for to capture the distribution behaviour of sirolimus

and paclitaxel. Since then, there has been a modelling distinction between drug phases — free
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and bound. The form of the reaction term that denotes the binding rate, i.e. the transformation
between phases, varied in the literature [7]. Second, it related the penetration and retention
success of drug types (namely sirolimus and paclitaxel over heparin) to their pharmacological
parameters. Third, it acknowledged the promising endovascular drug delivery modality of the
DCB but warned of the absence of a clear mechanistic understanding of its pharmacokinetics.
The DCB delivers a large drug dose over a short time, which is referred to as a "bolus infusion".
After the modelling insights obtained on drug binding, it became evident that a bolus infusion
may rapidly saturate the target receptors — and the drug excess may be washed away in free
phase. This question illustrates a main challenge in the design of controlled drug release.

Increasing sophistication, in 2014 Bozsak et al. [62] employed 2D-axisymmetry to represent
the cylindrical features of the arterial wall as a straight tubular geometry, depicting the intima
and media layers. An idealised stent was included in this model, half-embedded in the artery,
as a series of equally-spaced round struts (resembling disconnected rings in a 2D-axisymmetric
perspective). In the interest of drug delivery, these struts were surrounded by a domain to repre-
sent a non-erodible drug-embedded coating. The coating and adjacent artery were connected via
continuity of concentration, permitting a continuous diffusive drug flow between domains. This
modelling work featured diffusion-advection-reaction equations, considering a single mode of
drug binding in the reaction term.

Building upon the latter, in 2020 Escuer et al. [63] represented DES deployment on a 2D-
axisymmetric multilayered arterial wall, depicting the intima, media, and adventitia. Drug trans-
port followed diffusion-advection-reaction equations and the process of drug binding was im-
plemented as two separate phases, to account for drug binding to both cellular and non-cellular
receptors in the tissue e.g. extracellular matrix and interstitial tissue, as recommended in Tzafriri
et al. [64] and McGinty and Pontrelli [[65]. Remarkably, their model incorporated a sophisticated
description of arterial structural mechanics, defined on a layer-specific basis. Simplified steady-
state fluid dynamics of blood in the lumen (haemodynamics) were also included. Although not
simultaneously, multiple physics were included in this model, where the stationary simulations
of deformation, fluid dynamics, and transmural filtration precede a time-dependent simulation

of drug transport.
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2.2 Existing approaches for drug-coated balloons

The aforementioned examples illustrated a progressive advance in modelling complexity for the
relevant physics of interest: drug transport and retention, transmural filtration, and structural
mechanics.

It is noticeable throughout the modelling literature of endovascular drug delivery that, re-
gardless of the simulated scenario e.g. bolus release or sustained reservoir, similar governing
equations have been used to describe the drug distribution in the arterial tissue, only by adapt-
ing drug-specific parameters and boundary conditions. Early studies [S3, 57, 161]], emphasised
that the principles and mechanisms of drug transport and retention — pharmacokinetics — are
defined as individual physicochemical properties of the combination of a given therapeutic com-
pound and tissue. These assumptions have been considered adequate for modelling the arterial
distribution of small hydrophobic drugs e.g. paclitaxel and rapamycin once delivered to the
target arterial tissue by a device, and should apply to other similar therapeutic compounds and
local drug delivery systems. Therefore, this motivates the same pharmacokinetics principles
used for DESs to be considered for modelling DCBs, namely drug distribution calculated via
diffusion-advection-reaction equations, considering the mode of release and tissue penetration
and distribution as distinct parts of the problem. Next, the focus is on the existing modelling
approaches for DCB.

Kolachalama et al. [66] examined the pharmacokinetics of zotarolimus, aiming to improve
the understanding of the mechanisms of tissue uptake and retention after delivery via DCB.
This study combined animal studies, bench-top experiments, and computational modelling —
the full trio. This permitted the estimation of important parameters for characterising the model
e.g. diffusion coefficients and binding rates. Drug release kinetics were measured by inflating
balloons in a solution medium (whole blood), then translating the results to time-dependent
exponential expressions of drug mass released per balloon surface area, and flux, obtained from

its derivative:

My(t) = A(1—e*7)

L dMy(t) kA 2.2

My dt My

e—k t

Jo(t) =

where A and k were empirically estimated via exponential curve fitting, and My, is the molar
mass of the drug.

The drug flux derived empirically was exported to the in silico model and applied as a bound-
ary condition to the inner surface of a homogeneous 2D ring representing an artery. The appli-
cation time was intended to match the delivery duration of a DCB. Afterwards, the boundary
condition was replaced by either a zero-flux or a perfect sink condition, to observe the effect of

luminal drug wash-off. This work revealed key insights into bolus release behaviour. One was
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that the magnitude of drug uptake depends on the duration of delivery, i.e. the time the DCB
stays in contact with the vessel. Another was that subsequent drug transport and retention in tis-
sue depend on diffusion and binding parameters, respectively. The zero-flux condition showed
better results, supporting the argument that coating adhering to the wall surface may act as a
shield against luminal drug wash-off. However, caution must be taken on this evidence since
pressure gradients, transmural filtration, and multiple artery layers were absent in the model and
should influence this behaviour. Finally, an efficient DCB therapy was deemed bound by (I)
a need for delivering a large amount of drug within a short period and (II) the nature of drug
binding in tissue.

Similarly, Anbalakan et al. [67] modelled DCB drug delivery in an idealised 2D artery using
a prescribed flux according to an exponential function. The drug release behaviour was mea-
sured experimentally using a different sirolimus-coated balloon inflated and in a much harsher
solution medium (acetonitrile). Besides the temporary drug flux, a temporary increase of trans-
mural pressure during DCB application was proposed. While the artery was assumed rigid in
this model, i.e. structural mechanics were absent, this increase should affect transmural filtra-
tion. The effect of different disease types hindering both diffusive and advective drug transport
was also probed.

Tzafriri et al. [68] asserted the modelling principles for DCB delivery and persistence in
the tissue, including the mechanism of coating adhesion. Patches of drug adhered to the artery
during DCB application should experience dissolution, of declining magnitude over time, via
diffusion then penetrate the arterial wall according to the usual mechanisms. Despite consistent
simulation results, using a 1D model, the behaviour of coating adhesion was still insufficiently
understood. Much of the existing knowledge was based on DESs, which is not synonymous with
DCBs. As DCBs inherently lack sustained release from a permanent reservoir, understanding
the drug transfer from the coating is crucial for perceiving the requirements for adequate drug
levels throughout the therapeutic window.

The DCB drug transfer mechanisms were investigated deeper in Tzafriri et al. [69], by as-
sessing the role of contact stress during balloon angioplasty in silico using a 2D-axisymmetric
balloon and artery model. The balloon geometry mimicked a commercial device and the arterial
tissue was represented as an idealised single-layer tube. Despite not calculating the spatiotem-
poral distribution of drug over the model geometries, the contact pressure along the balloon-
tissue interface was correlated with surface drug deposition maps from animal studies, partly
for investigating the behaviour of coating adhesion. The balloon deformation was described
phenomenologically using a hyperelastic Arruda-Boyce material model. The contact mechanics
between the pair and the artery material model (third-order Mooney Rivlin) were derived from
Shukla et al. [[70].

Modelling studies became increasingly interested in the contact interaction between the DCB

and the arterial wall. More recently, Stratakos et al. [71] investigated balloon contact pressure
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in great detail with a complex 3D DCB geometry featuring a complete folding and unfolding
procedure. The focus was on structural mechanics; the drug delivery part of the problem was
left untouched. As mentioned in this study, several balloon inflation and deployment models of
increasing complexity have been developed over the years, but largely in the context of plain
angioplasty or stent deployment.

Escuer, Fensterseifer Schmidt, et al. [/2] provided a comprehensive in silico comparison
between DCBs and DESs, in a 2D-axisymmetric multilayered arterial wall with layer-specific
properties. This work highlighted the key differences in drug release profiles between the modal-
ities and how that may affect the therapeutic indicators of safety and efficacy. The cases differed
in terms of drug source: a domain with an initial drug concentration for the DES model versus
a temporary boundary condition of drug influx for the DCB. In both cases, drug transport and
retention in the tissue were governed by diffusion-advection-reaction equations, featuring non-
linear, reversible, and saturable binding. Different drug flux expressions and delivery durations
were probed, based on the empirical expressions from [66] and Anbalakan et al. [67]. Due to
the use of vastly different experimental approaches in the aforementioned studies, their result-
ing expressions for drug released per surface area differ dramatically, as illustrated in Figure
Still, the DCB model lacked a geometrical representation of the DCB itself and relied on
such prescribed expressions. Importantly, it also appreciated the potential effect of increased

pressure during DCB application on the early flow-mediated transport and late drug retention
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Figure 2.1: Comparison of empirically estimated exponential expressions for drug mass released
per balloon surface area from a DCB inflated in a solution medium.

Although devices are often tested during preclinical stages in healthy animal models, the
end user is a diseased patient; thus, the disease must, to some extent, be considered. Recent
models incorporated disease in the context of DCBs. Colombo et al. [[73] created a 3D artery

geometry incorporating homogeneous disease, emphasising that drug diffusion is significantly
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hindered through calcified plaque. Procedural aspects such as inflation time and multiple DCB
applications were probed. The interaction between the drug delivery device and the vessel was
simplified as an imposed boundary condition of drug flux, without representing the DCB. The
integration of structural mechanics in the 3D setting was suggested as a potential feature in
future works, to depict the deformation caused by DCB applications.

Sarifuddin and Mandal [74] characterised heterogeneous disease in a cross-sectional patient-
specific artery, obtained from virtual histology IVUS imaging, and performed drug transport
simulations. Drug delivery was simulated with a boundary condition of drug flux, also without
including a geometrical representation of the DCB.

In conclusion, the importance of these two key studies must be emphasised, as they provide
the theoretical and modelling foundations for the present work. The potential contribution of this
thesis is to create a multiphysics representation of DCB deployment and drug delivery, apply-
ing the theoretical foundation of endovascular drug transport and retention described in Tzafriri,
Levin, and Edelman [61]] and building upon the computational modelling implementation of
Escuer et al. [63]]. The resulting model simulation shall replicate the drug delivery procedure
of a DCB in a time-dependent fashion, accounting for all physics of the problem simultane-
ously. Concisely, Figure 2.2 summarises the main features of the DCB problem. Most of the
principles were derived from previous modelling literature for DESs, which did not consider a
time-dependent deforming artery geometry. Since the DCB delivery is characterised by a short
period combining acute deformation and drug transfer, the deployment step will be an important

focus of the modelling efforts of the present work.
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Figure 2.2: Diagram of the main features of modelling DCB deployment. Each of these parts
will be explained progressively in the subsequent Chapters.
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2.3 The proposed modelling endeavour

In silico modelling has evolved considerably over this relatively short time, considering that
the first modelling study dates from 1996 [57]. Most in silico models reported in the relevant
literature are based on a continuum modelling approach, which traditionally describes physical
phenomena through deterministic mathematical expressions defined over continuous intervals.
The finite element method is widely used for the numerical solution of these, calculating the
model governing equations over discretised parts of its geometry and combining their infor-
mation usually to form spatiotemporal behaviours e.g. drug transport, fluid flow, and structural
deformation. Occasionally, continuum modelling is combined with discrete modelling in a com-
plementary way [75]].

Propelled by the massive increase in computational power over the years [76l], numerical
models became capable of performing more computationally demanding simulations, such as
the simultaneous simulation of multiple interdependent physics, referred to as "multiphysics".
The key structures of the problem, i.e. the arterial wall and the drug delivery device, have
been progressively represented with increased sophistication [56]. Models evolved until 3D
patient-specific artery geometries, diffusion-advection-reaction equations, and even considering
inhomogeneous atherosclerotic disease. Despite all these advances, there is still no DCB model
that incorporates simultaneous deformation and drug delivery.

Therefore, the general aim of this work is to develop a novel in silico model of DCB that
depicts the two inherent aspects of the DCB — deformation and drug delivery — simultaneously.
It will be used as a tool to assess DCB technology, improving on the limitations of previous DCB
modelling literature, which are particularly limited to either the deformation or the drug delivery
part of the problem.

The specific objectives of this work are as follows:

(I) Create detailed geometrical representations for the key entities of the problem of interest:
the DCB and the arterial wall

(II) Represent the procedure of DCB deployment into the arterial wall, describing the simul-

taneous multiphysics aspects of the contact interaction

(III) Calculate the spatiotemporal drug distribution over the DCB coating and the arterial wall,

featuring state-of-the-art drug transport and retention mechanisms
(IV) Calibrate the model using in vitro and/or in vivo experimental data available

(V) Validate the model by predicting results comparable to preclinical and clinical data avail-
able

Using a continuum modelling approach, the proposed model will produce a fully time-

dependent multiphysics simulation of the DCB deployment procedure into a multilayered ar-
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terial wall. The model will be based on a set of refined modelling assumptions provided by
the aforementioned references in this Chapter, and focus on a DCB-only approach for de novo
coronary artery intervention.

DCBs are still very much under investigation. To date, there are plenty of technical problems,
challenges, and understudied factors of DCBs [52}153]. Medical device companies are spending
money developing these devices, and they are not always successful [[77]. In silico models can
elucidate their shortcomings and, as emphasised in Tzafriri and Edelman [78]], can help further
drive innovation at a reduced cost. This work is motivated by the challenge of modelling the
complex interaction between the DCB and the arterial wall, and by the prospects of in silico

models to improve the next generations of devices.



Chapter 3

Modelling endovascular drug delivery

from drug-coated balloons

This Chapter presents the basic modelling assumptions of endovascular drug delivery in an
idealised artery. The model aims to describe (I) the brief and localised drug delivery from
a DCB, and (II) the long-term spatiotemporal distribution of the drug delivered in the target
vessel following the procedure. The arterial wall is modelled as a 2D-axisymmetric geometry,
representing a wet porous structure composed of multiple layers (intima, media, and adventitia)
separated by semi-permeable membranes. It is pressurised internally by blood flow, propelling
fluid flow through the arterial wall (transmural filtration).

The artery geometry is assumed rigid, and thus solid mechanics are not considered in this
model. This is consistent with previous modelling works focussed on the problem of drug
distribution [62, 166,67, 72]]. Similarly to these, drug traverses the artery layers according to the
transport mechanisms of diffusion and advection, and is simultaneously retained by reversible
binding reactions. The combination of drug transport and retention physics and transmural
filtration physics configures a multiphysics model.

A crucial aspect of modelling the DCB is depicting the time window of the DCB procedure
— when the device delivers part of its drug load to the target vessel on contact. Prior literature
has simplified the simulation of drug delivery from DCBs using a flux expression [[66, 67]. The
behaviour of drug release from a DCB was obtained experimentally and fitted to an exponential
function of flux. Active for a short duration, this prescribed flux expression provided a simplified
representation of the drug transfer from the DCB in the simulation of drug delivery without
modelling the device itself.

The present model is related to the previous modelling study in [72]. Authorship and sub-
stantial contribution in this previous work must be recognised. In summary, it proposed an in
silico comparison of the rapid delivery from a DCB versus the sustained release from a DES,
considering a rigid multilayered arterial wall built as a 2D-axisymmetric geometry. Drug deliv-

ery from the DCB was represented using the aforementioned approach of prescribed drug flux.
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This Chapter builds upon the DCB model of [72].

Outline

Firstly, this Chapter presents the set-up of an idealised arterial wall geometry, followed by
the definition of the drug transport and retention physics within its model domains and at its
boundaries. Once the behaviour of drug is established, the source of drug is then introduced —
proposing a simplified representation of drug delivery from the DCB as a temporary drug flux
expression. The model is solved computationally using a finite element method framework. Key
drug quantities, such as drug release profile, drug content, and receptor saturation, are presented
and assessed in the simulation results while investigating the influence of procedural parameters.
Finally, a discussion is provided on the significance of the results, simplifying assumptions, and

the path towards modelling a more realistic representation of the DCB deployment procedure.
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3.1 Model geometry

To represent the environment of endovascular drug delivery, this Chapter proposes an idealised
model of the multilayered arterial wall. Notably, this model does not feature a geometrical

representation of the DCB.

3.1.1 Lumen simplification

The lumen is the internal channel of the artery where blood flows. The effect of blood motion
within the lumen, called "haemodynamics", is an important part of the problem of endovascu-
lar drug delivery, mainly because (I) it pressurises the arterial wall and (II) acts as a drug sink,
washing off the superficial drug. However, due to the complexity of pulsatile and transient blood
flow, simulating haemodynamics is computationally intensive and may detract the modelling ef-
forts from its focus — drug distribution in the arterial wall. Previous computational studies have
proposed simplifying assumptions, such as neglecting pulsatile flow in the lumen, considering
blood as a Newtonian fluid, and calculating steady-state fluid dynamics [62, 63]]. Over time, in
silico observations prompted further simplifications.

According to the study in Escuer et al. [72]], where blood flow is modelled as steady-state
Navier-Stokes equations in a straight idealised artery geometry, the pressure distribution along
the lumen-wall interface is approximately constant. Furthermore, Vijayaratnam et al. [79] ver-
ified the rapid superficial drug wash-off at the lumen interface. Motivated by the observations
above, a simplification of the lumen that regards (I) and (II) is proposed. In line with the sim-
plifying assumptions of [[72]] and [80], the effects of luminal blood flow are approximated by a
constant pressure (ppy,) and a constant drug concentration (¢, = 0), respectively representing
the luminal blood pressure and drug sink, defined over the lumen-wall interface. Under these
assumptions, there is no need to model blood flow coupled with drug transport physics in the
lumen. As a consequence, disregarding the lumen as a domain in the model geometry greatly

reduces the complexity of haemodynamics and drug transport physics in the model.

3.1.2 Model domains

The arterial wall model was then designed as a straight and tubular geometry composed of three
concentric layers. It represents a segment of a blood vessel that will be subjected to drug delivery
from a DCB. The motivation for considering an idealised artery is that these devices are tested
preclinically in healthy animal models [81]. The generative process of the model geometry is
depicted in Figure [3.1}
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Figure 3.1: Schematic of the arterial wall model. From left to right, the labels indicate (a) the
starting 2D-axisymmetric geometry, (b) the resultant revolved geometry, and (c) the resultant
mirrored geometry. The magnified insets highlight the intima, media, and adventitia domains
composing the multilayer structure of the wall, listed in Table[3.1] Due to the lumen simplifica-
tion, the hollow part of the tubular geometry is not regarded as a domain.

The geometrical idealisations of the lumen and arterial wall enabled the use of two modelling

strategies:

Two-dimensional (2D) axisymmetry A rectangular geometry with delimited domains is the
starting point of the 2D-axisymmetric model. Once rotated around the axis of radial sym-
metry (I'ym, ), it forms a hollowed and multilayered structure. Therefore, the model
geometry is symmetric around the axis I'sy, ,, following the radial direction. The 2D-
axisymmetric model geometry is defined employing a cylindrical coordinate system, i.e.
in radial (r) and longitudinal (z) coordinates, similarly to in [62, 83]).
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Longitudinal mirroring The geometry is replicated over a line of longitudinal symmetry (I'gyr, »)
producing a longer structure with the full artery length desired. Therefore, the model ge-
ometry is symmetric over the line L'y, ., following the longitudinal direction. More in-
formation on the modelling assumptions that enable longitudinal mirroring is available in

[72]. This procedure aims to ultimately reduce computational costs by about half.

The multilayer aspect is a distinctive part of the arterial wall model, depicted in detail in
the insets of Figure The arterial wall geometry is composed of separate regions, referred
to as "domains", representing each one of the arterial layers — intima (£2;,.), media (£eq),
and adventitia (£2,4,). This permits the modelling descriptions in this Chapter, concerning drug
transport and retention physics, to be considered on a layer-specific basis over the composite
geometry. There are three domains in total, as illustrated in Figure and listed in Table

Table 3.1: Summary of the model domains.

Domain name Description

Qine Intima layer of arterial wall
Qmed Media layer of arterial wall
Qadv Adventitia layer of arterial wall

3.1.3 Model boundaries

Special attention is required at the edges of the domains, which are referred to as "boundaries".
The behaviour at the boundaries must be explicitly defined to provide cohesion between all the
physics simulated within the domains. The relevant boundaries of the model geometry, where
boundary conditions will be assigned, are identified in Figure [3.2]and listed in Table [3.2]

Table 3.2: Summary of the model boundaries.

Boundary name Description

Loym, r Axis of radial symmetry

Loym, = Line of longitudinal symmetry

et de Denuded endothelium

et in Intact endothelium

el Internal elastic lamina

IggL External elastic lamina

[ periv Perivascular end

I’:Vyarﬂ . Mirroring extremity of arterial wall

[yal Proximal extremity of arterial wall
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Figure 3.2: Definition of relevant boundaries in the model geometry. The magnified inset depicts
the arterial wall and its elastic laminae, ['1g; and I'ggr , which separate the layers. Notation refers

to Table @

The domains and boundaries listed in Tables[3.1]and[3.2] will be referenced in the subsequent

sections where the multiphysics phenomena are defined.

3.1.4 Model dimensions

The idealised blood vessel segment resembles the physiological dimensions of a human distal

left anterior descending coronary artery (LAD), which is a small blood vessel responsible for

supplying blood to the left side of the heart muscle [84]]. At this point, it is crucial to emphasise

that this model represents

a healthy artery completely absent of atherosclerotic disease or nar-
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rowing (stenosis). This mimics the preclinical scenario, where the medical devices are tested in
healthy animal models.

In preclinical testing of DCB in animal models, a segment of the tested artery is harvested
at varied time points after the procedure for the measurement of drug distribution. The excised
segment includes a middle therapeutic domain, where drug mass is quantified, and proximal
and distal appendant segments, which are disregarded for the measurement. The definition of
artery segment and therapeutic domain lengths in the in silico model, as highlighted in blue in
Figure[3.3] is based on referential preclinical experiments. Therefore, the total segment must be
sufficiently long to capture the unrestricted distribution of drug and allow posterior comparisons
between simulation and experimental results for validation. Table [3.3] displays the complete

model dimensions.

Figure 3.3: Schematic overview of the arterial wall model dimensions. The therapeutic domain
is highlighted in blue. The magnified inset depicts the thicknesses of each of the arterial layers.
Due to axisymmetry, some dimensions appear halved. Notation refers to Table@
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Table 3.3: Summary of arterial wall model dimensions.

Parameter Description Value Reference
Aium Diameter of artery lumen 2.25 mm [63]
Lyatl Total length of artery segment 30 mm Estimated
4 Length of therapeutic artery segment 15mm  Estimated
CET, ge Length of denuded endothelium segment 12 mm [72]
Oint Thickness of intima layer 0.0l mm [63]
Omed Thickness of media layer 0.5mm  [63]
Oady Thickness of adventitia layer 0.4mm [63]
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Drug transport and retention

This work aims to represent the delivery of a therapeutic agent from a medical device, the DCB,
and its subsequent distribution in the arterial tissue. The therapeutic agent considered in this
model is the antiproliferative drug sirolimus, also known as rapamycin. It will be simply referred
to as the "drug". Since the current modelling efforts are focussed on the drug delivery and spatial
distribution processes, the effect of the drug on the arterial tissue, for example, cell proliferation
and tissue remodelling, is beyond the scope of this work. The reader may refer to McQueen
et al. [85] and [8O] for approaches that consider the effect of the drug.

Fundamentally, the model studies the distribution of three spatiotemporal variables, ¢(r, z, t),
b*(r, z,t), and b™(r, z, t), over the model domains. These represent drug concentrations, assum-
ing that the drug may coexist in free (c) and bound phases, distinctively bound to specific (b%)
and non-specific (b™) binding sites. The free drug is allowed to move via diffusion, spreading
over domains driven by the gradient of concentration, and via advection, being simultaneously
carried away by fluid flow due to transmural filtration through the porous arterial wall. In con-
trast, the bound drug is deprived of mobility and is fixed in space. A more detailed explanation
of the binding process is provided in Section[3.4]

In summary, drug distribution in the arterial wall is modelled as a transport of diluted species
phenomenon governed by three mechanisms — diffusion, advection, and reaction — combined
depending on the model domain (Table [3.4). The domains are connected with boundary condi-
tions, enabling the interchange of fluid and solute (drug) between domains. These are described
in detail, respectively, in Sections [3.3.2]and [3.6]

Table 3.4: Summary of the drug transport and retention mechanisms in each model domain.

Domain Mechanisms

Qin Diffusion-Advection
Qmed Diffusion-Advection-Reaction
Qaav Diffusion-Advection

At the beginning of the time-dependent simulation, i.e. at ¢ = 0 s, all arterial wall domains

are assumed to be empty of drug:

c=0 in
c=0;=0; 0™ =0 in Qped (3.1.1)
c=0 in Qugy.

The following Sections describe the behaviour of drug transport and retention, firstly within

model domains and then at its boundaries via boundary conditions.
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3.2 Diffusion

Diffusion is the first drug transport mechanism assumed in the arterial wall. Diffusion, as a
transport phenomenon, governs the spread of a particular substance through a medium. Its rate
depends on the gradient of concentration and a coefficient of proportionality in that medium,

named diffusion coefficient.

3.2.1 Layer-specific diffusion coefficients

It is assumed that drug diffusion may behave differently in each layer of the arterial wall and
according to its direction. Generically, the layer-specific diffusion coefficient can be described
in tensor form as:

Di r 0 . .
D, = ( 0’ 5 ) for i = {int, med, adv}, (3.2.1)

where ¢ denotes each of the artery layers, and r and z are the radial and longitudinal coordinates.

Based on previous modelling works considering multilayered vessels [63, [72], diffusive
transport is assumed to behave with equal magnitude in the radial and longitudinal directions
in the intima (€2;,,) and adventitia (§2,4y) layers. Therefore, a single isotropic diffusion coeffi-
cient is considered there, i.e. Diy » = Din » = Dine and Dygy, » = Daay, » = Daay-

Distinctively, diffusive transport in the media layer ({2,,eq) is assumed to be governed by an
anisotropic diffusion coefficient. This implies different magnitudes of diffusion in the radial and
longitudinal directions, i.e. Dyed. r 7 Dmed, »» due to the effect of fibre orientation of smooth
muscle cells on the transport of drug as observed in [59]]. Table [3.5]summarises the parameters

used in the modelling of drug transport within artery layers via diffusion.

Table 3.5: Summary of model parameters relevant to drug transport via diffusion. All drug-
related parameters refer to sirolimus as the therapeutic agent.

Parameter Description Value Reference
Dine Diffusion coefficient in intima 1.67 - 107" m%s [62]
Dined. Radial diffusion coefficient in media 7 - 1072 m%/s [39]
Dined. » Longitudinal diffusion coefficient in media 4 - 107! m?%/s [59]
Daay Diffusion coefficient in adventitia 4 - 1072 m?/s [63]

Based on a continuum modelling approach, the arterial wall model simulates the behaviour
of drug concentrations over space and time by calculating partial differential equations over a
finite element mesh. These are the governing equations of drug transport and retention, defined

on a layer-specific basis as:
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* Diffusion-advection equations in the intima:

oc

azv-(Dich — u'c) in Qi

* Diffusion-advection-reaction equations in the media:

dc

an-(Dmech — u*c)—R iI’lQmed,

* Diffusion-advection equations in the adventitia:

Oc

an-(DadeC - u*c) inQadv.
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(3.2.2)

(3.2.3)

(3.24)

The next Sections present the mechanisms of advection and reaction and elaborate on the

meaning of the terms u* and R in the Equations above. Combined with diffusion, these mech-

anisms will produce the governing equations of drug transport and retention in the arterial wall

model.
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3.3 Advection

Advection is the second mechanism of drug transport assumed in the arterial wall. It represents
the transport of the drug, as a diluted solute, due to the motion of a fluid. In the current model,

the advective transport of drug in the arterial wall stems from the concept of transmural filtration.

3.3.1 Transmural filtration

The arterial wall is often modelled as a wet porous material subjected to pressure constraints.
As pressurised blood flows in the lumen, part of the fluid — plasma — is continuously driven
perpendicular to the flow direction through the permeable artery layers. This phenomenon is
named transmural filtration (from Latin "trans", through; and "murus", wall), and it facilitates
the transport of substances radially outwards through the arterial wall. In this model, this flow

is assumed to be governed by Darcy’s Law.

Darcy’s Law

Darcy’s Law generally states that the fluid flow across a wet porous medium is driven by its

pressure gradient:

u=- "1 (vp+f), (3.3.1)

Hplasma

where the transmural convective field (u) is proportional to the gradient of the transmural pres-
sure field (Vp), plus an external force (f), if present. Proportionality is given by the relation be-
tween the layer-specific porous medium permeability (r;) and dynamic fluid viscosity (fplasma)-
The constant x; quantifies the ease of passage of the transmural fluid through the respective
porous medium, ¢ = {int, med, adv} in the current multilayered model, and will be referred to
as Darcy permeability to distinguish it from other constants. The transmural convective field is
defined in all layers of the arterial wall. Remarkably, the negative sign in Equation [3.3.T| means

that fluid flow is propelled towards the direction of pressure drop.

Convective field

The main output of Darcy’s Law calculations is the transmural convective field, u(r, z, t), which
is derived from the transmural pressure field, p(r, z,t). It contains the direction and magnitude
of the fluid flow velocity of transmural filtration over the entire arterial wall, in the radial and
longitudinal directions. Its utility in the current modelling problem is to inform the advective
contribution towards drug transport over the arterial wall throughout the simulation. Effectively,
advection represents the drug carried by the fluid flow of plasma filtration through the porous

wall. The convective field u may be presented in a general vector form in terms of its radial and
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longitudinal components, underlining the directional character of convection:

u= (ur uz> in €;, for 7 = {int, med, adv}. (3.3.2)

3.3.2 Boundary conditions on fluid flow

Transmural filtration within the arterial wall domains is characterised by the constraints of its
surroundings. In the current model, these are modelled as boundary conditions pressure and
fluid flux. These boundary conditions are presented next, categorised based on their boundary
of effect.

Denuded/intact endothelium

The deployment of endovascular devices such as angioplasty balloons, stents, and to a lesser
extent imaging guide wires, causes damage to the lining of the arterial wall. In the most extreme
cases, the endothelial layer of cells is completely removed — a process referred to as endothe-
lial denudation. The complete or even partial denudation of the endothelium alters the barrier
function of the arterial wall and increases permeability substantially until the endothelium fully
recovers [86]. In this work, in line with other modelling literature [62, 63]], the region of the
arterial wall that the balloon contacts has been assumed to be denuded, effectively increasing
plasma filtration rates and drug clearance. This determined the choice of boundary conditions
as presented in the subsequent modelling.

Based on the approach of previous modelling works [63, 72, [82]], the lumen-wall interface
is divided into two zones: the denuded (I'gr ¢.) and intact (I'gr in) endothelia. The denuded
endothelium (I'gr, 4.) represents the region affected by the percutaneous intervention, where the
superficial layer of endothelium cells is assumed to be completely removed. Due to the lack
of a protective barrier, continuity of pressure is prescribed to this boundary. Considering the
transient DCB therapy, this region is either affected by the DCB deployment or is exposed to
the blood flow in the lumen. The internal surface of the artery is named "luminal” as it faces
the lumen. It is constrained by blood pressure, which, under normal circumstances, stems from
complex haemodynamics. However, disregarding pulsatile blood flow allows an idealised model
to use steady-state or even constant values for luminal pressure constraints, as described earlier.

Following the previous modelling assumption of [67] and [/2], the pressure behaviour over

I'kr, ¢e 1s modelled as a transient multistep boundary condition of pressure, defined as:

PDCB 0<t <ty
DET, de = (3.3.3)
Prum t Z tO)

where ppcp 1s an estimate of the temporary pressure exerted by DCB inflation on the arterial

wall, pium s the luminal blood pressure, and ¢ is the duration of the DCB drug delivery. The
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value of ¢ is estimated as 60 seconds, based on typical usage of DCBs in coronary intervention
[32].

On the other hand, the intact endothelium (I'gr ;,) represents a region unaffected by the
DCB deployment. It is the remaining length of the lumen-wall interface farther away from the
intervention site, and it can fulfil its usual protective purpose of mediating the transmission of
pressure from the lumen. The intact endothelium is described as a semi-permeable barrier ac-
cording to the Kedem-Katchalsky equations [87], and the fluid flux across it, J, gr, is presented

as:

JvET = Lp, ET (APET, in) on I'er, in, (3.3.4)

where L, gr is the hydraulic conductivity of the intact endothelium, and Apgr i, is the pres-
sure difference across the respective boundary. Since the endothelium separates the lumen and
intima, the pressure difference is defined over its length as Apgr. in = Prum — Pint-

Remarkably, the effect of blood pressure on the intact endothelium is modelled as a fluid
flux boundary condition (in units of velocity) rather than a pressure boundary condition as in the

denuded counterpart.

Perivascular end

There is known to be a pressure gradient across the vascular wall, from the luminal side, where
blood is flowing, to its external surface, named "perivascular", which is constrained by in-
trathoracic pressure. Similarly to the lumen simplification of pulsatile blood flow, disregarding
inspiratory-expiratory cycles also allows the perivascular pressure constraint to be idealised as a
constant value of magnitude derived from physiological values (pperiy = 30 mmHg, as in [88])).
Together, the set of luminal and perivascular pressure constraints represents the pressurised vas-
cular environment where a coronary artery resides. That provides the baseline of the transmural
pressure gradient along the simulation: an idealised constant pressure load py,,, = 100 mmHg
acting on the denuded endothelium, and ppiy = 30 mmHg acting on the perivascular end, emu-

lating a physiologically realistic pressure drop of 70 mmHg across the arterial wall.

Elastic laminae

Transmural filtration is a process assumed to occur in the entire arterial wall. The behaviour of
the transmural velocity field between the artery layers is mediated by two thin barriers, named
elastic laminae. They act as semi-permeable membranes separating the intima and media (in-
ternal elastic lamina, IEL, at I'ig;) and the media and adventitia (external elastic lamina, EEL,

at I'ggr). In the current model, the effect of the elastic laminae is described with a set of fluid
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fluxes, Jy gL and J, ggr, according to the Kedem-Katchalsky equations:

J, =1 A on[
6L = Lp eL (ApeL) IEL (3.3.9)

JyveeL = Ly, ger (Apeer) on ['ggy,

where L, g1 and L ggp are the hydraulic conductivities of the IEL and EEL membranes, respec-
tively; and Apg and Apggp are the pressure differences across each membrane. For example,
the pressure difference across the IEL is calculated using the pressure values from the intima
(pine) and media (ppeq), immediately adjacent to the lamina, as Apg. = pine — Pmed- Effectively,
the flux boundary conditions of the elastic laminae produce pressure discontinuities across the
transmural pressure field of the multilayer arterial wall.

In a more general way, the Kedem-Katchalsky equation of flux through a semi-permeable

barrier can be described as:
Jv,i = Lp,i (Apz) on FZ‘, (336)

where J, ; is the fluid flux across a boundary of arbitrary name i, L, ; is its hydraulic conduc-
tivity, and Ap; = paown — DPup- In the model, three boundaries are modelled as semi-permeable
membranes (the intact endothelium and elastic laminae), so that ¢ = {ET, in; I[EL; EEL}. The
subscripts "down" and "up" denote the pressure field values downstream and upstream of that
respective boundary, i.e. immediately before and after it in the positive radial direction. The
resulting flux J, ;, given in units of velocity, has spatiotemporal-dependent values over its re-
spective boundary since (I) pressure is distributed unequally over the model geometry and (II)
dynamic stimuli may disturb the pressure fields along the simulation. The parameters for the
fluid fluxes across the membranes are listed in Table 3.7

For a greater understanding of the concept of hydraulic conductivity, this constant may be
defined for each elastic laminae as

Rmed

Lp, IEL = ———7 on g
Mplasma hEL (3 3 7)
Rady
Lp, EEL = —— on I'ggr,
Mplasma hEL

where Kpeq and k,qy are the Darcy permeability values for the corresponding layers, fipiasma 18 the
dynamic fluid viscosity, and hgg is the approximate thickness of an elastic lamina, in line with
[89]. This relation derives from the representation of a thin barrier of thickness hg; as permeable
as the upstream domain. Despite the use of a thickness value, the present model represents the

elastic laminae as boundary conditions without geometrical features.
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Remaining constraints

Additionally, sufficient boundary conditions must be assigned to the longitudinal extremities of
the arterial wall to properly enclose its domains. These are located where the artery meets the
line of longitudinal symmetry (F;;*}ﬂ’ ,) and at the upstream and downstream ends of the artery

(I'¥alh), Both boundaries are regarded with the imposition of a zero-flow condition, expressed as:

—n-u=0 on 'V apd ¥t (3.3.8)

sym, z ext

where n is the unit outward normal vector to the corresponding boundary, and u is the local
advective velocity. In chorus with previous modelling works, the geometry length is chosen
such that the upstream and downstream ends are sufficiently far from the therapeutic domain
that they do not impact the results of the simulation [83]. Moreover, the behaviour of transmural
fluid flow is assumed symmetric over the middle line of symmetry, following the longitudinal

mirroring procedure [72].

3.3.3 Lag coefficients

After defining the baseline advective field over the arterial wall, calculated with Darcy’s Law,
considerations are made on the solute transport in wet porous media. To distinguish the effect
of layer-specific properties on advection, the model uses constant and layer-specific advective
multipliers that are named "lag coefficients". This approach is based on the previous modelling
works [63] and [72]. In summary, lag coefficients attempt to account for the effects of hindrance
and porosity of the arterial tissue on the advective drug transport through its multilayered struc-
ture. Hindrance represents possible friction between the drug molecules and the porous medium
(none if = 1), while porosity refers to its fraction of void space (none if = 0). Equation [3.3.9]

defines these coefficients on a layer-specific basis:

lag, = for i = {int, med, adv}, (3.3.9)

i
where +; is the hindrance coefficient, and ¢; is the porosity of a given layer 7.
The layer-specific lag coefficients are constants that amplify the transmural advective field
u, leading to an updated transmural advective field renamed as u*. Equation [3.3.10] generalises

this procedure:

u" = ulag;
in €, for 7 = {int, med, adv}. (3.3.10)
= (ur lag, wu, lagi>

Table [3.6 summarises the set of boundary conditions of pressure and flow constraining the
multilayered arterial wall, and Table [3.7|summarises the parameters utilised in the simulation of

transmural filtration.
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Table 3.6: Summary of boundary conditions concerning transmural filtration. The transient
boundary condition, presented in Equation [3.3.3] is indicated as "condition during drug delivery
/ condition after drug delivery".

Type Expression Boundary
Pressure  ppce / Pum  LET de
Flow Jy ET PeTin
Flow Jy. IEL ML

Flow Jv, BEL [eeL
Pressure  Pperiv Tperiv
Zero-flow —m-u=0 Ty,

Zero-flow —n-u=0 TIWl

In conclusion, the main output of the modelling of transmural filtration physics is the ad-
vective field u* — which is used to inform the advective term of the governing equations of
drug transport and retention. Advection is a complementary mechanism in the process of drug
distribution in the arterial wall following DCB therapy and essentially depends on pressure con-
straints between the ends of the arterial wall. It is expected that the high-pressure inflation of
a DCB temporarily affects the pressure value at the contacting region, denoted in the model as
the denuded endothelium (I'gr ¢e). This was modelled by employing the multistep boundary
condition expressed in Equation [3.3.3] The magnitude of this pressure, ppcg, is @ major topic of
discussion in this work and is featured in Section
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Table 3.7: Summary of parameters for the modelling of transmural filtration.
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Parameter Description Value Reference
p Density of wet arterial tissue 0.983 g/ ml [64]
[plasma Dynamic viscosity of plasma 7.2 - 107* Pas [60]
Kint Darcy permeability in intima 2.2 - 10716 m? [88]]
Kmed Darcy permeability in media 2.0 - 107¥ m? [60]
Kady Darcy permeability in adventitia 2.0 - 107¥ m? [90]
Plum Physiological luminal pressure 100 mmHg [88]]
PDCB DCB deployment pressure 8 atm [67]
to DCB deployment duration 60 s [32]
Dperiv Physiological perivascular pressure 30 mmHg [88]]
hEL Thickness of elastic lamina 1.263 pm Estimated
L, et Hydraulic conductivity of endothelium 2.2 - 1072 m?s/kg [62]
" Hydraulic conductivity of IEL 2.2 -10°m?s/kg [62]
Ly, grL Hydraulic conductivity of EEL 22 -10°m?s/kg [63]
Yint Hindrance coefficient of intima 1 [63]]
Ymed Hindrance coefficient of media 0.845 [63]
Vadv Hindrance coefficient of adventitia 1 [63]]
Oint Porosity of intima 0.983 [88]]
ODmed Porosity of media 0.258 [88]]
QDady Porosity of adventitia 0.85 [157]
lag; Lag coefficient of intima 1.0173 Calculated
lag, .4 Lag coefficient of media 3.38 Calculated
lag, ., Lag coefficient of adventitia 1.1765 Calculated
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3.4 Reaction

While the drug is transported through the multilayer wall via diffusion and advection, it is as-
sumed to behave as a ligant and be retained by the drug receptors in the tissue in a process named
"drug binding" [91]. In chorus with contemporary modelling works, drug binding is modelled
as a two-phase, non-linear, reversible, and saturable process [7, 161} [78]. This is implemented
in silico with the inclusion of a reaction rate R to the drug transport equation. The term R is

composed of the formation rates of specific and non-specific bound drug concentrations:

o op
_ 9, 9 41
B= 3+ 30 (3.4.1)

each defined as:

ob*
E = kgn ¢ (bfnax - bs) - k;ff b*
(3.4.2)
Ob"s
|G = et ) — kg

The main features of drug binding in this model are synthesised below:

Two-phase The antiproliferative drugs used in DCBs are designed to halt smooth muscle cell
proliferation in the arterial tissue — this represents the therapeutic purpose of drug deliv-
ery. In the model, drug binding creates two new spatiotemporal variables of interest, b* and
b™, defined over part of the arterial wall. Respectively, they represent the two ways drug
may bind: to drug receptors within cells (generating drug in specifically-bound phase, %)
and to interstitial tissue and extracellular matrix sites (generating drug in non-specifically-
bound phase, b™).

Reversible Each rate of Equation|3.4.1|represents the net transformation of drug between phases.
They may have positive or negative values, contributing to the evolution of free drug con-
centration in a reversible fashion. For instance, if the rate %—T is positive (for i = {s, ns}),
drug concentration will be transformed from free to that respective bound drug phase, i.e.,
subtracted from free and added to bound phase. If the rate is negative, drug concentra-
tion will be transformed from bound to free drug phase, i.e., subtracted from bound and
added to free phase. The rate of drug binding is composed of two parts: "binding-on"
and "binding-off". They are identified respectively as the positive and negative terms in

Equation [3.4.2] The balance between the two determines the net behaviour of binding.

Non-linear The pace at which the drug binds to the binding sites depends on the local availabil-
ity of free drug as well as the current bound drug concentration. This non-linear depen-

dency is indicated by the product of both the free and bound drug concentrations, ¢ and
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b, in the "binding-on" part of the binding rates. In contrast, the drug unbinding process
is solely dependent on the current amount of bound drug, indicated in the "binding-off"

terms.

Saturable The model assumes the existence of a finite number of drug receptors in the arterial
tissue; thus capable of capturing a limited amount of drug particles at a given moment.
This behaviour is incorporated by imposing a ceiling for the binding-on rate in the binding
equations. Notably, drug binding stops when the bound drug concentration b’ reaches a
maximum value, defined as the binding site density b’ (for i = {s, ns}). Then, the term

in brackets (b’ , —b') becomes null, which, due to multiplication by zero, causes the entire

binding on rate to be nullified. In this scenario, the binding-off term will likely dominate

the expression, resulting in a negative rate.

Binding site location

The antiproliferative effect of sirolimus on inhibiting the cascade of biological events provoked
by vascular injury is attributed to the binding of drug to the FKBP12 receptor, resulting in
the inhibition of mTOR signalling, and thus cell proliferation [64, |80]. Therefore, supplying
drug to these specific receptors represents the main target of the pharmacological therapy post-
endovascular intervention. These relevant drug receptors are located within smooth muscle cells,
which are the principal constituent of the media layer. Therefore, vascular pharmacotherapies
target smooth muscle cells in the media [57]. While it is acknowledged that drug binding should
also happen, to cellular and non-cellular (non-specific) components, in all layers of the arterial
wall, the majority of the binding is expected to occur in the media layer. Based on a simplifying
assumption in line with the multilayered works of [63], [72], [80], the current model considers
that drug binding happens exclusively in the media domain (£2eq)-

Table [3.§]lists the parameters required to characterise drug binding in the model.

Table 3.8: Summary of model parameters relevant to drug retention via binding reactions. All
drug-related parameters refer to sirolimus as the therapeutic agent.

Parameter Description Value Reference
[ Specific binding-on rate 800 m*/(mol s)  [92]
[ Specific binding-off rate 1.6 - 107* /s [61]
bk Specific binding site density 0.0033 mol/m*®  [64]
ko Non-specific binding-on rate 2 m’/(mol-s) [61]]
Kot Non-specific binding-off rate 52 - 1073 1/s  [61]
bes Non-specific binding site density 0.363 mol/m®  [64]
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Finally, combining the reaction term R with the drug transport equation forms diffusion-

advection-reaction equations.

dc

med

Ve — u'c) =R in Qpeq. (3.4.3)

Expressing R in terms of the binding rates % and %, Equation m presents the spa-

tiotemporal evolution of the three phases of drug considered within the media domain:

.

o . (DyuV oy 009"
E - ' ( med VC — 1 C) — E — W
ob*
Y k(s)n C (b?nax - bs) - kgff bs in Qmed' (344)
ot
ob™ ) ) ) o
| ot kon € (Dpax = ™) — Kgiy O™

It must be emphasised that drug is assumed immobile while in bound phase. In that state,
drug is not directly affected by transport phenomena, i.e., advection and diffusion. The reversible
fashion of binding and unbinding, along with loss and regain of mobility, may predict a slow
drift of drug through the arterial tissue with binding sites. Everywhere else, drug is freely mobile
via diffusion and advection.

After regarding the behaviour of drug transport and retention in the model, it is timely to
present the source of the drug — how the drug is introduced into the arterial wall in the simula-

tion.
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3.5 Drug source

In addition to the effect of the DCB on the transmural pressure constraints as presented in Sec-
tion [3.3] the DCB’s role in drug delivery must be regarded. This Chapter employs a simplified
representation of the DCB as a prescribed flux to represent drug delivery from a DCB without
modelling the device itself. It is modelled as a temporary boundary condition of solute flux, pre-
scribed uniformly over the denuded endothelium (I'gr, 4.) and active during a brief time window
(of duration ).

The drug delivery rate, Jpcg(t), alongside its cumulative drug delivered, behaves according

to exponential functions solely dependent on time, as presented in Equation[3.5.1}

.

kA ey
JDCB(t) - Msire
on FET, ge, for 0 < t < 1y, 3.5.1)
t A .
Jpcs (t) dt = 1—e ™!
[ sttt = - (1=t

where k and A are, respectively, the exponential and linear parameters that shape the functions,
Mg, is the molar mass of the drug, and ¢ is the independent variable of time in the simulation.
While Jpcp expresses a time-variant drug flux per delivery area, in mol/(m? s), the cumulative
drug delivered per delivery area may be obtained from the integration of the former over time,
in mol/m?.

The parameterisation of Jpcp(t) is based on in vitro experiments. In chorus with [[72], the
current model simulates two vastly different drug flux expressions derived from experimental
studies with DCBs to illustrate two scenarios of drug delivery. They are referred to as "Low

dose" and "High dose":

Low dose Reported in the study of Kolachalama et al. [66]. The study is based on the drug
zotarolimus, a sirolimus analogue. Assuming sufficient similarity between the analogues,
the flux may be adapted to sirolimus simply by using its molar mass instead. Drug release

kinetics were assessed in vitro using porcine blood.

High dose Reported in the study of Anbalakan et al. [67]. The study employed angioplasty
balloon catheters (Biomatrix NeoFlex, Biosensors International, Singapore), coated with
sirolimus as the drug and polyethylene oxide (PEO) as the excipient. Drug release kinet-
ics were assessed in vitro using a harsh solution medium (acetonitrile) and fitted into an

exponential curve.

Table [3.9] defines the two drug flux expressions considered in this work. Each expression
is defined by the parameters k£ and A, which are constant values empirically estimated from

experimental data in their respective references. The names "Low dose" and "High dose" denote
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the magnitude of the flux expressions, which should be apparent in the presentation of simulation
results in Section [3.8]

Table 3.9: Summary of the two drug flux expressions used to simulate DCB drug delivery in this
Chapter.

Flux name | Low dose High dose

Reference | Kolachalama et al., 2013 [[66] Anbalakan et al., 2021 [67]]
k 0.009221 1/s 0.1135 1/s

A 0.24 pg/mm? 1.4618 pg/mm?

My, 914.187 g/mol

A similar DCB simplification was performed in the previous modelling works [66]], [67],

[73], and [72], which notably did not include a geometrical representation of the DCB.
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3.6 Boundary conditions on drug transport

Boundary conditions provide essential information on drug transport physics at the boundaries
of the domains, permitting containment or cohesion of the physics of adjacent domains. The
boundary conditions concerning the transport of drug in the model are presented next, cate-

gorised based on type:
* Semi-permeable barrier
* Perfect sink
* Zero-flux

Figure [3.4] summarises the physics considered in the model, as described in the previous
Sections, and indicates the relevant boundaries where the remaining boundary conditions will

be assigned.

1—‘periv
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Figure 3.4: Schematic summary of physics considered in the model of Chapter 3. Geometry is
not to scale.

3.6.1 Semi-permeable barrier

The problem of endovascular drug delivery involves drug transport as a solute through sev-
eral membranes separating the arterial tissue, namely the endothelium and elastic laminae. In
line with previous modelling works, the semi-permeable behaviour observed in the endovas-

cular environment may be described with sufficient realism by the flux expressions formulated
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by Kedem-Katchalsky (originated in [87], and implemented in [62] and [82]). Concisely, the
Kedem-Katchalsky equations express solute flux, .J; ;, through a semi-permeable barrier defined
over an arbitrary boundary ¢, driven by fluid flow. Equation presents a general form for

them, decomposed into parts:

Jsi = (P Ac;) + (8 G Jy4)
on I';, for i = {ET, in, IEL, EEL}, (3.6.1)
Jvi= Lp,i Ap;

where ¢ is an arbitrary boundary name representing a membrane; .J; ; is the flux of solute crossing
it; P; and s; are the permeability and sieving coefficient of the membrane, respectively; Ac; is the
drug concentration difference over the boundary, defined as Ac; = Cgown — Cup; Jv, s 1s the fluid
flux through the boundary; ¢; is a weighted average of drug concentration over the boundary,
defined as:

1 1 S; Jv,i

Ci= 3 (Cdown + CUP) + E TZ Ac;. (3.6.2)

2

The fluid flux used here is identical to the one defined earlier, in Subsection indicating
that drug transport through the elastic laminae is assisted by transmural filtration.

Table [3.11] lists the set of parameters required to define the aforementioned equations. The
subscripts "down" and "up" denote the field values downstream and upstream, i.e. immedi-
ately before and after the respective boundary following the positive radial direction. Over the
endothelium boundary, downstream would refer to the lumen domain, which is simplified in
this model. Due to the simplification, all drug concentrations related to the lumen domain are

assumed null (¢, = 0). The lumen simplification is described in more detail in subsection

B.L1

3.6.2 Perfect sink

Drug sinks are boundary conditions designed to allow the clearance of drug from the model do-
mains. Essentially, they relate to the ephemerous behaviour of drug in the arterial environment.
In this model, perfect drug sinks are defined as ¢ = 0 over I'gr, 4. and I'periy. To some extent, the
semi-permeable barrier defined over the intact endothelium also allows "leakage" of drug from
the arterial wall, according to the value of J; gt i In Equation

The denuded endothelium boundary (I'gr ) represents the intervention-struck superficial
region of the artery, which is left devoid of its protective layer of endothelial cells after the
DCB deployment. The regulation of pressure and drug concentration behaves differently at the
denuded endothelium compared to its intact counterpart.

During the duration of drug delivery (0 < ¢t < t;), the drug flux Jpcg is prescribed over
the I'gr 4 boundary length. Afterwards, the condition is overridden by a drug sink, allowing
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drug clearance through this boundary. Due to the lumen simplification, the drug wash-off to the
lumen may be reasonably approximated as a sink condition. Continuity of concentration is then
enforced with the drug concentration in the lumen, ¢;,m—g, configuring a perfect sink. A perfect
sink condition is characterised by continuity with a null concentration (¢ = 0), providing an
endless gradient of the free drug as Ac = ¢ — 0 > 0 for any value of positive concentration c.
This essentially enables rapid clearance of drug at those boundaries.

The multistep transient condition at the denuded endothelium is given by:

Jpce 0<t <ty
(3.6.3)

c=0 t > to,

where Jpcg is the drug flux expression defined in Section [3.5] ¢, is the duration of DCB drug
delivery, and ¢ = O represents a perfect sink condition of free drug concentration.
Likewise, drug is allowed to exit the arterial wall through its outer surface, at the perivascular

end (I'periy), via a perfect sink:

¢c=0 on Tperiy- (3.6.4)

The modelling of drug sinks allows drug to continuously flow outwards through these bound-

aries over time, eventually leading to complete drug drainage from the arterial wall.

3.6.3 Zero-flux

The arterial wall is enclosed by zero-flux conditions at the remaining boundaries. Simply, that

insulates the drug concentration fields within the domains delimited by these boundaries.

—n - (J+uc) =0 on ¥ and T'¥2! (3.6.5)

sym, z ext

where J is the diffusive flux.

The arterial wall length was designed such that the boundary condition at the extremities
does not have any notable impact on the quantities of interest calculated within the therapeutic
domain. This rationale is based on [72]. Remarkably, the length of the artery segment consid-
ered in the model was found to resemble the common length of excised arteries in preclinical
experiments, where similar measurements are taken [81]].

Table[3.10|summarises the set of boundary conditions concerning drug transport between and
out of the domains of the multilayered arterial wall, and Table [3.11] summarises the parameters

utilised to define the semi-permeable membranes.
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Table 3.10: Summary of boundary conditions on drug transport. The transient boundary con-
dition, presented in Equation [3.6.3] is indicated as "condition during drug delivery / condition

after drug delivery".

Type Expression Boundary
Prescribed flux / Perfect sink Jpeg /¢ =0 ET, de
Flux through semi-permeable membrane J; gr et in
Flux through semi-permeable membrane J 1L gL

Flux through semi-permeable membrane J; ggL Iggr
Perfect sink c=0 Lperiv
Zero-flux —n-(J4+uc)=0 T¥% .
Zero-flux —n-(J+uc)=0 Tyl

Table 3.11: Summary of model parameters relevant to fluid flux through the semi-permeable
membranes, considering plasma as the fluid.

Parameter Description

Value

Reference

Ly gr
Ly, 1EL

Ly, geL

B ET
PIEL

P EEL

SET
SIEL

SEEL

Hydraulic conductivity of endothelium
Hydraulic conductivity of IEL
Hydraulic conductivity of EEL

Permeability of endothelium
Permeability of IEL
Permeability of EEL

Sieving coefficient of endothelium
Sieving coefficient of IEL
Sieving coefficient of EEL

2.2 - 1072 m?’s/kg [62]
2.2 -10°m?s/kg [62]
22 -10°m?s/kg  [63]

3.6 - 10°m/s
9.6 - 10°°m/s
9.6 - 10°°m/s
0.855

1

1

[62]
[62]
[63]

[62]
[62]
[63]
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3.7 Computational set-up

The model was set up in COMSOL Multiphysics® version 6.1 (COMSOL AB, Stockholm, Swe-
den), a commercial finite element analysis software that numerically solves differential equa-
tions based on the finite element method (FEM). The software choice was determined by three
factors: (I) the need to model interdependent and simultaneous processes, (I1I) reliable expert
assistance from both the software company’s support service and fellow researchers, and (III)
previous positive experiences with the software within the research group, demonstrating its
feasibility.

In summary, the model geometry was created, its physics defined using a continuum mod-
elling approach, discretised into a finite element mesh and then solved numerically. The software

provided a somewhat intuitive interface for setting up multiphysics.

Study steps

The current model’s multiphysics is composed of drug transport and retention physics coupled
with transmural filtration physics. While the evolution of drug concentrations over the model
domains must be calculated in a time-dependent fashion, i.e. at every time step of the simulation,
the behaviour of transmural filtration does not require such temporal resolution. The conditions
that affect transmural filtration in this model only change once, as previously indicated in Equa-
tion [3.3.3] In between this step-like change in pressure constraints, the transmural advective
field is assumed to remain constant. Therefore, a stationary calculation of transmural filtration
physics is proposed.

The calculation of transmural filtration is performed in two instalments of stationary simula-
tions, using each of the transient boundary conditions of pressure as presented in Equation[3.3.3]
The outcome of this is two constant transmural advective fields, which are used to sequentially
inform the advective term of the drug transport equations, respectively during and after the DCB
drug delivery.

The sequence of interconnected stationary and time-dependent steps, combining transmural

filtration and drug transport and retention physics is organised as:

1. Stationary step to define the transmural advective field during DCB drug delivery, using

the increased inflation pressure pgr, ¢e = Ppcs-

2. Time-dependent step to calculate the spatiotemporal evolution of drug concentrations,
while applying the drug flux expression Jpcp to represent drug delivery from DCB, for
0<t<t.

3. Stationary step to update the transmural advective field after DCB drug delivery, using the

physiological luminal pressure Pt de = Prum-
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4. Time-dependent step to calculate the spatiotemporal evolution of drug concentrations until
the end of the simulation, for t5 <t < 28 days.

Each subsequent step receives information from the previous step, effectively connecting the
simulation results for post-processing convenience.

This model architecture was originally developed for the work in [72]. This design intends to
avoid repeated and unnecessary calculations of the transmural fields throughout the simulation,
with the benefit of reducing the number of degrees of freedom solved for.

The following text reports the efforts of setting up a robust numerical implementation for the
governing equations and boundary conditions of the model. For brevity, a sufficient spatiotem-
poral resolution is required to capture the model’s physics over its domains, and thus permit its
simulation. In the model presented in this Chapter, the simulation of transmural filtration physics
was found to be trivial. However, the greatest challenges were found to be related to simulating
drug transport and retention phenomena, specifically at (I) the region near the drug source and
(IT) the region where drug binding is assumed to happen. The thin intima domain at (I) is marked
by brisk drug concentration gradients, during the drug delivery from DCB and soon afterwards
when the luminal drug sink is enabled. Meanwhile, the rate of drug binding onto specific recep-
tors at (II) is of substantial magnitude due to the product of £, and c, as introduced in Section
[3.4] particularly at early moments when free drug availability is at its highest. Furthermore, the
dependence on c causes the drug retention physics, and thereby the mesh resolution requirement,
to depend on the amount of drug delivered to the tissue. For instance, the "High dose" scenario,
defined earlier in Section 3.5 was found to be the most computationally challenging to simulate.
An analysis of the non-dimensional Damkohler numbers, which relate the rates of reaction and
mass transport, could enrich this understanding.

Together, these rapid behaviours demand a sufficient spatiotemporal resolution throughout
(D) and (IT). From the iterative inspection and manual tuning of meshing and solver settings, a
satisfactory combination of those was eventually achieved, enabling the simulations of all case

scenarios considered.

Meshing

As intrinsic to the FEM, the model equations were calculated spatially over a mesh of elements,
which discretised the model geometry domains.

The model used a structured 2D quadrilateral mesh, mapped as a regular square grid of
mesh elements defined onto each domain. This meshing technique allowed for the manipulation
and tailoring of the mesh dimensions in the multidomain geometry of the model until the mesh
element quality criteria were satisfactory. Following a largely empirical fine-tuning process, the
satisfactory mesh configuration consisted of 31800 quadrilateral elements, 2559 edge elements,
and 13 vertex elements in total, boasting average and minimum mesh element quality values of

1.0 and 0.9782, respectively, according to COMSOL’s definition of mesh element quality ("0.0
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represents a degenerated element, and 1.0 represents the best possible element." [93]]). Boundary
layer elements were employed to provide additional refinement at the edges of domains e.g. at
I'er ¢e and I'ig where sizeable gradients are expected. This mesh configuration, displayed in

Figure [3.5] was devised to be utilised in all simulations of this Chapter.

(a)

(b)

L.,

Figure 3.5: Schematic of mesh. The insets (a-c) detail the mesh composition of the multilayer
arterial wall with increased magnification.

Solver settings

Alongside meshing, an exhaustive manual tuning of solver settings was performed to enable
and improve the convergence of the model’s multiphysics simulations. For consistency, a single
solver settings configuration was devised and used in the different models presented in Chapters
[l 4] and 5] of this work. A more detailed explanation of the adjustment of solver settings can be
found later in the computational set-up Section [5.5] where the worst-case scenario in terms of

computationally challenging simulations was tackled.
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Computational specifications and computation time

The resulting system of time-dependent partial differential equations (PDEs) was solved using
a Parallel Direct Sparse Solver (PARDISO). The computation was performed using an AMD
Ryzen 9 5950X 16-Core CPU @ 3401 MHz processor, with 32 Logical Processors. The com-

putation time of the simulations carried out varied approximately between 4 and 6 hours.
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3.8 Results

The previous Sections defined the governing physics of the model and its computational set-
up. Once the model is simulated in silico, it generates spatiotemporal information on the drug
distribution over the model domains, representing an idealised arterial wall undergoing phar-
macological therapy from a DCB. Based on previous drug modelling principles [78]], drug con-
centration is observed in three distinct phases: free (c), bound to specific binding sites (0*), and
bound to non-specific binding sites (b"). The drug concentration fields ¢(r, z,t), b°(r, z,t), and
b™(r, z,t) are defined as scalar fields over their respective domains, and, for simplicity, referred
to as ¢, 0%, and b™. Clinically relevant information can be quantified from these results, permit-
ting the assessment of the drug delivery and subsequent drug retention in the tissue. The key
drug quantities of interest proposed to be measured from the simulation results are presented

next.

3.8.1 Drug release profile

The drug that is released from the DCB during deployment can be quantified and expressed in a
drug release profile. The drug release profile is a relationship between the cumulative fraction of
the drug released versus time. Because the fraction of drug released is a relative measurement,
it requires information on the initial drug load of the device. While usually available from
the manufacturer’s specifications, the initial drug load on the medical device is unclear when
modelling the DCB effect as a temporary drug influx. Therefore, this Chapter proposes a mass-
based quantification of drug delivery from the DCB.

In the previous Section [3.5] a simplified drug source was defined in terms of a drug flux ex-
pression. To facilitate the comprehension of the drug delivery magnitude in the current problem
of interest, the assessment of the amount of drug delivered by the DCB is proposed in terms of

a total drug mass influx. Equation [3.8.Texpresses how the total drug mass influx is derived:
mpce(t) = Joc Aer e Miir, (3.8.1)

where Jpcg is the prescribed drug flux expression, given in mol/(m? s); Agt ge = T dium CET. de 19
the drug delivery surface area, measured over the entire denuded endothelium surface; and Mg,
is the molar mass of the drug. The choice of variable name as "influx" is designed to indicate
the direction of the flux — as entering the arterial wall domains.

Similarly to the original flux presented in Section the mass-based influx 1mpcp(t) can be

integrated over time to result in the cumulative drug mass delivered to the tissue by the DCB:

t
mDCB(t) _/mDCB(t) dt. (382)
0
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3.8.2 Drug content

Drug content (DC) is a mass relation that expresses the amount of drug present in a given mass
of arterial tissue, commonly used in preclinical experiments and computational simulations to
evaluate the permanence of drug following delivery [94]. The value of DC'is commonly referred
to as a preclinical indicator of the safety and performance of the drug therapy [7,33]]. It is a non-
dimensional quantity, usually given in units of drug mass per unit mass of tissue (ng/mg or
pglg).

In preclinical studies, DC' is measured over a section of an excised artery — the therapeutic
domain defined earlier in Section The measurement is usually taken at different time points
after the drug delivery, e.g. at one hour, one day, three days, seven days, and 28 days [81].
Moreover, the measurement is carried out on different subjects for statistical significance. This
provides some information on the long-term permanence of drug in the arterial tissue at discrete
time intervals.

In silico, DC' is calculated by combining the drug mass and tissue mass contributions of
each artery layer in the therapeutic domain via spatial integrations. At any given moment of the
simulation, DC'is given by:

My ¢+ b+ b)) dQ;
DC(t) =) St 7 ) for i = {int, med, adv} (3.8.3)

i

where Mg, is the molar mass of the drug; c, b°, and 0™ are the spatiotemporal variables represent-
ing the free, specifically-bound, and non-specifically-bound drug concentrations, if applicable;
p is the density of arterial tissue, assumed constant in all layers; V; is the volume of layer 7; and
1 is the name of any given artery layer.

Alternatively, the spatial integration may be performed over a combined domain that encom-

uQl  uQl | corresponding

passes all artery layers within the therapeutic domain, QI := Qf L

wall * int

to the domain highlighted in blue in the previous Figure 3.3

3.8.3 Receptor saturation

The concepts of specific and non-specific receptor saturation (sR.S and nsRS) are theoretical
relations of drug retention capacity. They are defined as the amount of drug retained at a given
moment compared to the maximum capacity of the receptor, assuming that the binding sites are
limited and can saturate [61]. Both types of receptor saturation are non-dimensional quantities,
usually given as percentages, and can range from 0% to 100%.

The value of sRS can serve as a potentially more objective and representative indicator
of therapy efficacy in comparison to DC'. This is because sR.S is related directly to the drug
retention capacity of the specific cell receptors that the therapy is targeting. Sustained saturation

of specific binding sites throughout the healing period signifies a good performance of the drug
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therapy at providing the cell receptors with an antiproliferative drug, which may indicate high
therapeutic efficacy [64, 94].

Meanwhile, nsRS represents a secondary pathway for drug retention. In a somewhat col-
lateral fashion, the free drug is bound to non-specific receptors (e.g. interstitial tissue and ex-
tracellular matrix) following the same binding equation logic but with substantially different
parameters. Although not the target of the therapy, non-specific receptor binding considerably
influences the distribution of drug in the tissue. Additional comments are provided in the Dis-
cussion of Chapter 3]

Remarkably, it is currently unfeasible to measure these quantities experimentally in vivo.
In the current model, receptor saturation is calculated in the therapeutic media domain, where
binding is assumed to occur, as the total bound drug mass divided by the total binding site
capacity. Respectively, s RS and nsRS are:

oy B dme
meed bfnax deed

sRS(t)

(3.8.4)
. meed bs deed
B bfnax Vmed 7

. meCd bns deed
B fgmed bnmsax deed

nsRS(t)

(3.8.5)
B Jo 0" d€hmea
B bns Vmed .

max

To achieve the therapeutic goals of drug delivery, the literature suggests that it is desired to
maintain the value of DC' above 1 ng/mg [33/47]], and the value of sRS as high as possible, i.e.
100%, during the therapy window. The model observes drug indicators over a period of 28 days,

based on reference preclinical studies from the collaborating company [81].

3.8.4 Model verification

The inclusion of the longitudinal direction (z) in the model geometry is justified to allow com-
parability with the preclinical indicators of safety and efficacy (DC' and sR.S), which consider a
certain length of artery segment. For this reason, a simpler model geometry such as a 1D model
cannot produce comparable results for the desired measurements since these are calculated over
a domain extended in the longitudinal direction. Nonetheless, aiming to strengthen the verifi-
cation of the model, a series of comparisons are provided considering the following versions of
the model:

(I) 1D, calculated over a uni-dimensional line with cylindrical coordinates
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(IT) Pseudo-1D, with a single element in the longitudinal direction

(III) 2D-Axisymmetric, featuring the full geometry as presented in Section (3.1

Figure 3.6/ compares the total drug concentration (c + 0° 4+ 0™) in the radial direction in the
middle of the problem for (I), (IT), and (III) at several time points throughout the simulation. The
overlapping of curves of the three model versions (solid green, dashed blue, and dotted yellow)

indicates that the results are reasonably comparable.

(@t=60s (b)t=1h
45 37
o 1D =
§ - - -Pseudo-1D =
g 2D-Axisym. g
Z 30t — 27
g 2
E g
= g
< 15 g1
E g
7 2
s P 5, A
0.01 0.51 0.91 0.01 0.51 0.91
Arterial wall depth (mm) Arterial wall depth (mm)
(©)t=4h (d)t=24h
. ~03
£.0.6 £
: :
= =02
204 g
S <
= =
H H
5 5
§ 0.2 § 0.1
& 50
g =
A | A S
ol ‘ \ ole ‘
0.01 0.51 0.91 0.01 0.51 0.91
Arterial wall depth (mm) Arterial wall depth (mm)
(e) t = 7 days (f) ¢ = 28 days
01 / x107%
= aaf
~ =
3 =
g g
g =
= £
£ 0.05 5
E £ 9}
15 =
g 5/
A i a8 |l
0.01 0.51 0.91 0.01 0.51 0.91
Arterial wall depth (mm) Arterial wall depth (mm)

Figure 3.6: Comparison of total drug distribution (c¢+b°+0") over a middle radial line across the
arterial wall, obtained via three different model versions. The case considered is "High dose",
60-s drug delivery, and increased inflation pressure enabled.

Additionally, a similar observation of drug concentrations over a central radial line is pro-

posed to obtain insights into the contribution of each drug transport and retention mechanism.



CHAPTER 3. MODELLING ENDOVASCULAR DRUG DELIVERY FROM DCBs 55

(a) Diffusion (b) Diffusion-advection (c) Diffusion-advection-reaction

45 n 45 45
N < < t=60s
g — g g R
= = = .
g g g i
— 30 ~ 30 ~= 30
E E g
2 g L
: :
=15 =15 =15
3 3 S
< < <
50 50 50
= = =
5 a /) . /‘

0= 0 . 0 =—
0.01 0.51 0.91 0.01 0.51 0.91 0.01 0.51 0.91
Arterial wall depth (mm) Arterial wall depth (mm) Arterial wall depth (mm)
6 6 6
t =10 min t = 10 min t = 10 min
—c —c

'S
'S

Drug concentration (mol/m?)
Drug concentration (mol/m?)
Drug concentration (mol/m?)

—_—C
S
0

2+ 2+ 2
| /‘\ ) |
0.01 0.51 0.91 0.01 0.51 0.91 0. 0. 51
Arterial wall depth (mm) Arterial wall depth (mm) Arterial wall depth (mm)
3 3r 3
% t=1h o t=1h P =1h
_i —c _& —c _E —c
S ) 3
El | N
Sl Zol Z 9
g g E
2 2 .2
£ £ £
g 5 g
3 3 3
< o =
et o0 o0
= =] =
g = =
A A A -
0 0 oL
0.01 0.51 0.91 0.01 0.51 0.91 0.01 0.51
Arterial wall depth (mm) Arterial wall depth (mm) Arterial wall depth (mm)
g;\ Fa = t=4h
£06¢ £06 £06 .
S S S S
204} 204 go.
51 g g
= = =
g g 8
g0z} §02 go.
S S S
0 50 )
= Z =
=] =] =)
0 0
0.01 0.51 0.91 0.01 0.51 0.91 0.01 0.51 0.91
Arterial wall depth (mm) Arterial wall depth (mm) Arterial wall depth (mm)
-4
g 10 X107 s
= ~15 = / t—24h
£ g £ /
) = = . ¢
= <1 = 0.2 e
2 2 £ .
g1 B g .
s ] = ,
51 = =1 ’
S g 8 ’
S § 0.5 § 0.1 K
/
° o0 o0 ,
2 2]
A =) A ’
0 0 ¢
0.01 0.51 0.91 0.01 0.51 0.91 0.01 0.51 0.91
Arterial wall depth (mm) Arterial wall depth (mm) Arterial wall depth (mm)

Figure 3.7: Temporal evolution of drug distribution over a radial line across the arterial wall,
considering a "High dose" 60-s drug delivery. To observe the contribution of each drug transport
mechanism, separate cases are simulated considering governing equations featuring a combina-
tion of (a) diffusion, (b) diffusion-advection, and (c) diffusion-advection-reaction. The values
shown in the horizontal axis correspond to the spatial limits of each artery layer. Common
vertical axes are used to facilitate comparison, except for the last set of figures, at t = 24 h.
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Figure[3.7|provides pertinent observations about the role of each drug transport and retention
mechanism. Solely with diffusion, the drug delivered concentrates near the luminal end of the
arterial wall (£ = 60 s). In contrast, the drug is transported deeper into the wall with the addition
of advection at the same early times. A major consequence of this greater penetration is the lesser
wash-off via luminal sink, favouring drug retention, which may be appreciated at subsequent
times. The discontinuities in drug concentration observed at the extremes of each layer are
due to the semi-permeable membranes (present at ['1g; and 'ggr). Also, when comparing drug
concentration magnitudes one must account for the effect of radial coordinates in the problem;
that is, elements farther in the radial direction are slightly larger and thus require more drug to
achieve the same concentration (a top view may illustrate this).

The addition of the reaction term has a lesser effect at early times, when free drug availability
is the highest, since the total bound drug capacity is of relatively modest magnitude (b, 40 =
0.3663 mol/m?). However, at later times free drug is practically depleted while bound drug
persists. At ¢t = 24 h, the last time featured in this observation, the order of magnitude of
drug concentration differs greatly between cases (a), (b), and (c). The characteristic magnitude
of each case is depicted in their vertical axes. Remarkably, the advection mechanism, which
favoured drug retention early, also propels free drug towards the perivascular sink, propitiating
drug wash-off at late times. At later times, retention in the arterial wall is almost exclusively in
bound drug phase. Therefore, observing indicators objectively related to bound drug retention,
such as receptor saturation, becomes increasingly relevant as the therapy progresses.

In silico models conveniently permit the experimentation of procedural parameters and mod-
elling assumptions for hypothesis testing and gathering of mechanistic insights. This ability is
exemplified by the simulation of a few scenarios and assessment of the drug quantities of inter-

est, as listed in Table[5.14] followed by a brief interpretation of their results.

Table 3.12: Summary of simulation results presented.

Quantity Description Physical unit Definition

mpce(t)  Total drug mass influx pgls Equation(3.8.1
mpcp(t) Cumulative drug mass delivered ug Equation [3.8.6
DC(t) Drug content ng/mg Equation[3.8.3
sRS(t)  Specific receptor saturation % Equation [3.8.4
nsRS(t) Non-specific receptor saturation % Equation[3.8.5
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3.8.5 Varying drug dose

The first scenario featured in this study explored the effect of varying the drug flux expressions
considered, "Low dose" and "High dose". Based on the usual values of DCB application duration
as reported by [32], the delivery duration was chosen as ¢ty = 60 s. This duration derives
from empirical clinical knowledge and represents a balance between sufficient drug delivery
and arterial disturbance, considering that DCB inflation partly or completely blocks blood flow
in the lumen. Such an effect is tolerable for a small duration due to the coronary collateral
circulation, which diverts blood supply.

Figure[3.8]presents the simulation results regarding the drug quantities of interest. Subfigures
[3.8] (a) and (b) show a remarkable difference in the magnitude of the drug flux expressions,
which justifies their naming convention. Intuitively, subfigure [3.8](c) shows that a greater dose
of drug delivery provides more drug mass delivered, thereby higher levels of drug in the tissue
early. However, despite the different early peak values, late DC' values are remarkably similar
as shown in the adjacent table. Finally, subfigure [3.8] (d) suggests that the drug mass delivered
by the "High dose" flux is almost sufficient to achieve complete specific binding site saturation
at around 3 days, while the "Low dose" is insufficient. The long-term retention behaviour is

remarkably comparable for either dose.
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Figure 3.8: Overview of simulation results while varying the drug flux expression ("Low dose"
and "High dose") for a single drug delivery duration (60 s), regarding (a) total drug mass influx,
(b) cumulative drug mass delivered, (c) drug content, and (d) specific and (e) non-specific bind-
ing site saturation. The table beside (c) informs particular drug content values at its peak, soon
after DCB delivery, and final, at 28 days.
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3.8.6 Influence of increased inflation pressure

The second scenario featured in this study probed the influence of having an increased pressure
value at the drug delivery surface. The rationale of this supposition is that a pressure increase,
although temporary during the short time window of drug delivery, should amplify the transmu-
ral advective field and thus affect drug distribution to some extent. This analysis was originally
proposed in [[72]].

Based on the assumptions of temporary increased pressure due to balloon inflation of [67],
[95], and [/2], two different pressure values were chosen for pgr, ¢ during DCB delivery: pyy, =
100 mmHg or ppcp = 8 atm. Respectively, they represent having the increased pressure disabled
or enabled, such that "off":= physiological pressure only and "on":= increased pressure during
DCB delivery. Again, each of the drug flux expressions is considered, "Low dose" and "High

dose". In total, four cases were observed:
e Low dose, off
e Low dose, on
* High dose, off
* High dose, on

Figure [3.9| presents the simulation results regarding the drug quantities of interest for the
aforementioned cases, except for mmpcg and mpcp since they are solely dependent on the pre-
scribed drug flux expression and indifferent to other procedural parameters. Remarkably, the
same drug mass is delivered among curves of the same colour, as their delivery rate is given by
the same prescribed drug flux expression. Subfigure [3.9] (a) shows a dramatic abrupt decay in
DC' levels when increased pressure is absent. Despite of it, the amount of drug delivered by the
"High dose" flux is still sufficient to reach the binding sites with similar outcome. The slightly
different peak DC values are attributed to the marginal wash-off at the edges of the denuded en-
dothelium, through the intact endothelium, which behaves differently when the advective term
is amplified. Subfigure [3.9](b) shows that including increased pressure alters the long-term re-
tention in the tissue, for the same given amount of drug mass delivered. This effect is more

noticeable when less drug is available, as in the "Low dose" case.
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Figure 3.9: Overview of simulation results while varying the drug flux expression ("Low dose"
and "High dose") and enabling increased inflation pressure ("off" and "on"), regarding (a) drug
content, and (b) specific and (c) non-specific binding site saturation. Total drug mass influx and
cumulative drug mass delivered are excluded for being expressions solely dependent on time.
The table beside (a) informs particular drug content values at its peak, soon after DCB delivery,
and final, at 28 days.

Beyond the indicators presented in Figure [3.9] it is of utmost interest to observe the spatial
drug concentration between the cases "off" and "on". Figure[3.10]depicts qualitatively the spatial
distribution of total drug concentration over the therapeutic domain at three instants, 60 seconds,
1 hour, and 1 day from the beginning of the simulation, considering the "High dose" drug flux
expression. Subfigures [3.10|(d-f) show a deeper penetration of drug when the increased pressure

is present.
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Figure 3.10: Spatial distribution of drug over the therapeutic domain at early times, depicting
the effect of increased pressure during DCB delivery. Subfigures (a-c) exclude the increased
pressure during DCB delivery, while subfigures (d-f) include it, assuming a pressure magnitude
of ppcg = 8 atm. The drug flux expression considered is "High dose". The magnitude of drug
concentration is illustrated using a linear colour scale from 0 to 0.1 mol/m>.

Furthermore, the magnitude of the transmural filtration convection may be quantified over
the arterial wall. Figure 3.11] (a) and (b) compare, respectively, the transmural velocity for the
"off" and "on" cases to highlight the effect provoked by increased pressure during DCB delivery.
Additionally, Figure [3.T1](c) provides an analysis of the Péclet number on a layer-specific basis
and Figure[3.12)measures the magnitude of radial convective velocity over a radial line to enrich

this understanding. The Péclet number is a dimensionless number that relates the transport rates
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of convection and diffusion. In the model, it may be on a layer-specific basis defined as:

for i = {int, med, adv}, (3.8.6)

where J; is the layer thickness, u; is the magnitude of convection, and D; is the diffusion coeffi-

cient as in Table [3.5] The present observation considers the range of «; within its minimum and

maximum values in the radial direction and the radial diffusion coefficient in the media.
Transmural velocity (u)

O e o 0.04 pm/s O EE— o 3 m/s

(@) PET, de = Plum (b) PET, de = PpCB, 0 <t <o

Pe; range, for ¢ =

Case )

int med adv
(a) 0.0233-0.0236 1.93-2.78 2.17-2.71
(b) 2.02-2.04 167.1 -240.7 187.9-233.9

(©)

Figure 3.11: Transmural velocity field over half of the 2D-axisymmetric model geometry, with
(a) physiological or (b) increased pressure applied. The magnitude of transmural velocity is
illustrated qualitatively using different linear colour scales, from 0 to 0.04 pm/s or 3 pm/s.
Black arrows illustrate the direction of convection. The table (c) compares the Péclet number
ranges on a layer-specific basis in the arterial wall, i.e. min(Pe;) — max(Pe;) for the cases of (a)
and (b).
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Figure 3.12: Transmural velocity magnitude in the radial direction over a middle radial line
through the arterial wall. Due to the different order of magnitude between cases, they are ob-
served separately.

In this model, the effect of having increased inflation pressure is represented as a temporary
amplification of the pressure constraint, causing an increase in the convective field magnitude,
which ultimately amplifies the advective mechanism of drug transport. For the duration of DCB
delivery, that causes drug to be propelled deeper into the arterial wall. Such deeper penetration
results in a greater reach of binding sites, of both types, as shown quantitatively in Figures[3.9]
(b) and (c), and qualitatively in Figure[3.10](d). This greater retention to binding sites is deemed
to attenuate the drug wash-off via luminal sink after delivery, explaining the lesser subsequent
decay in DC'. A quantification of the drug loss to the luminal sink in each case is suggested
to support this inference. Also, drug clearance occurring early, soon after delivery, via luminal
sink, or late via perivascular sink may be assessed separately.

In conclusion, the comparison presented in subfigure [3.11] (c) indicates that drug transport
is dominated by advective transport when increased pressure is applied. The assumption of
increased pressure has also shown a substantial effect on the long-term drug retention behaviour
in the arterial wall. However, a crucial point of discussion is about the magnitude of the increased

pressure, ppcg. Further discussion on this subject is provided in the next Section.
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3.9 Discussion

This Section presents a summary of the modelling endeavour, mechanistic insights obtained,

and limitations of the work developed, which motivates the next Chapters.

Model summary

This work aimed to produce an idealised simulation of the endovascular drug delivery procedure
with a DCB. The model represented the delivery of antiproliferative drugs into a multilayered ar-
terial wall, according to a prescribed drug flux expression. As a pressurised wet porous medium,
the blood vessel exhibits transmural fluid flow (plasma) that propels the drug delivered through
it. During delivery, increased pressure is applied to the lumen-wall interface to emulate the
pressure due to balloon inflation — amplifying the transmural pressure gradient and thus the
magnitude of advection. After delivery, both drug influx and increased pressure cease. They
are replaced with a drug sink and pressure conditions, respectively, representing the luminal
drug wash-off and a constant physiological blood pressure value. While traversing the wall
via diffusion and advection, the drug binds reversibly to cellular and non-cellular binding sites.
Drug delivery from the DCB and subsequent retention in the arterial tissue are quantified with
indicators of safety and efficacy, common to what is done in the preclinical practice. The assess-
ment of simulation results from a length-dependent and layer-specific drug distribution strongly

motivates the use of a 2D-axisymmetric model.

Comparison with DES

The DCB model presented in this Chapter may be compared to models of drug delivery from
drug-eluting stents (DESs) [62, 163} 180, 94, 96]]. For brevity, the main difference between these
two modalities relates to the presence of a reservoir for sustained release. Thereby, their time
frame for drug delivery is largely different — a DCB has a 1-minute time window to deliver
its full drug load, while a DES can slowly release the drug from its drug-embedded coating
over months. The drug dose of DCBs is required to be higher as its time window for delivery
is shorter. Consequently, the larger bolus of drug delivered from DCB results in a faster drug
release profile, leading to an acute early peak in drug content in tissue versus a much smoother
curve in the case of a DES.

A dedicated discussion regarding DCB versus DES is provided in [72].

Reduced binding equations

The computational burden of the simulation was a pertinent part of the model development as
well as a side subject of study. It was found that the drug binding physics was responsible for

most of the computational expense of the model, specifically the process of drug binding to
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specific receptors. Therefore, preliminary efforts were made aiming to improve computation
speed at a minimal loss of fidelity. In one of the approaches taken, a rapid binding assumption
was used as a mathematical resource to simplify the computationally expensive specific binding
equations. Assuming that the drug binding rate to the specific binding sites is approximately

zero, b® may be rearranged and expressed as:

Koo (b — b)) — kb~ 0 (3.9.1)

max

S
bs ~ bmax c
S
koff

S
kOl’l

+c

Effectively, this excludes one bound drug phase from the drug transport equation. The bound
drug concentration b* is then approximated analytically over space as a function of the free drug
concentration, c. This results in an infringement of mass conservation that may be acceptable

if negligible. Remarkably, lim ¢* = b}
Cc—00

max?

which is still consistent with the concept of binding
site saturation. Although promising, this work is ongoing and its outcome is material for fu-
ture work. To illustrate this subject, Figure [3.13] provides a preliminary comparison between
pseudo-1D models with the full governing equations (diffusion-advection-reaction) and a re-
duced version, using the rapid binding assumption for specific drug binding. The critical differ-
ence between these approaches is the behaviour of the drug concentration in specifically-bound
phase. Accordingly, the comparison features the observation of b*(r, z, t) over a line following
the radial coordinate (), in the media layer only, where the occurrence of drug binding is as-
sumed. The longitudinal coordinate (z) is disregarded since the pseudo-1D model features a
single mesh element in that direction. A few time points are proposed to illustrate the behaviour

of interest.
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Figure 3.13: Temporal evolution of specifically-bound drug (b*) distribution over a radial line
across the arterial wall, following "High dose" 60-s drug delivery, at sequential time points (a—
d). The values shown in the horizontal axis correspond to the spatial limits of each artery layer.
Common vertical axes are used to facilitate comparison.

The behaviour of binding kinetics is summarised by the ratio of %, presented in Tzafriri
et al. [61] as the equilibrium dissociation constant. Due to the strong sp(gciﬁc binding, late drug
retention is mainly in the specifically-bound drug phase. Therefore, the resemblance between
the Full and Reduced cases in a temporal fashion can be provided simply by a receptor saturation

plot.
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Figure 3.14: Specific receptor saturation results comparing Full and Reduced models. The
monotonous behaviour is attributed to the geometrical simplicity of the pseudo-1D model.

Coating adhesion

Although modelling literature suggests that part of the coating adhering to the wall surface
during delivery may act as a shield against luminal drug wash-off [66]], this mechanism and its
translation in silico are unexplored. Realistically, the perfect sink assumption used in this work

may overestimate the drug losses to the lumen.

Lumen simplification

Haemodynamics are generally calculated to regard disturbed flow and wall shear stress in stented
arteries. In strongly simplified geometries, such as in 2D-axisymmetric models, [[/2] has found
haemodynamics to be largely irrelevant. For the effects of drug transport, luminal blood flow
causes rapid clearance of drug from the lumen-wall interface surface and may therefore be sim-
plified as a perfect sink. Moreover, during DCB application the luminal blood flow is impeded

by the presence of the device itself.

Drug flux expressions

This modelling study explored different albeit simplified representations of drug delivery from
a DCB. It is of interest to compare vastly different doses of DCBs to pose questions about the
drug amount required to achieve sufficient therapeutic levels in the tissue. The "Low dose" and
"High dose" expressions illustrate two examples of different drug delivery behaviours (release
kinetics) and how this translates into different key indicators (DC' and sR.S).

Notwithstanding, the following points deserve questioning:

1. The flux expressions utilised, sourced from the literature, were derived from in vitro exper-

iments using different procedural and device settings (e.g. different devices, drug types,
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solution medium, inflation pressure), exhibiting weak comparability. These vastly differ-

ent conditions should relate to their vastly different flux expression behaviours.

2. The flux expressions were derived from drug release measurements in a solution medium.
How representative are these experiments of the actual drug release behaviour of a DCB

when in contact with arterial tissue?

3. How does drug delivery depend on other parameters beyond delivery duration? For ex-

ample, inflation pressure, drug load, drug type, balloon size, etc.

There are still many aspects to be explored. Models using prescribed drug flux expressions,

such as the one presented in this Chapter, are unable to investigate these.

Increased balloon inflation pressure

During DCB application, the high-pressure inflation of the device against the arterial wall is
expected to affect the pressure constraint at the contacting surface, and, consequently, the pres-
sure gradient, magnitude of transmural filtration, and finally the drug transport via advection.
Although temporary, a substantial increase in the advective term of the drug transport equation
may result in a noticeably different distribution behaviour of drug concentration in the arte-
rial wall. As originally observed in silico in [[/2], the outcome of drug delivery from a DCB
is influenced by the temporary increase of pressure during its application. The experimenta-
tion with the current model also conveniently permitted insights into having increased pressure
values during drug delivery. For instance, the comparison in subsection [3.8.6| considered hy-
pothetical pressure cases: having (I) an increased pressure during DCB application versus (II)
the physiological luminal pressure at all times of the simulation. As illustrated by Figure [3.11]
the increased inflation pressure provoked an amplification of the Péclet number range across the
arterial wall from 0.0233 — 2.78 to 2.02 — 240.7 in the radial direction. Although expected to
affect advection, the magnitude of the amplification by about 2 orders of magnitude is glaring.

Previous modelling works [67]] and [72], perhaps naively, assumed a magnitude of the in-
creased pressure value as equal to the balloon inflation pressure (ppcg = 8 atm), 1.e. the inner
pressure of balloon inflation. Although balloon inflation pressures inside the balloon may rou-
tinely reach 8 atm (= 6080 mmHg), which is about 61 times greater than the physiological
pressure value considered (pj,,m = 100 mmHg), the pressure and strain on the arterial wall pro-
voked by the balloon inflation originate from the relative distention beyond the resting diameter
of the vessel [97]].

Moreover, a brief consideration of the safety of the problem of interest leads to the study
of elasticity and distensibility of a blood vessel — posing serious doubts on the magnitude of
ppce. Experimental works studied the mechanical stress values that triggered dissection lesions

and rupture in human arteries. For instance, [98] reports the mean pressure value that triggers
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dissections in human aortas as 596 £+ 214 mmHg, which is considered as a very high non-
physiological value — even for the largest calibre artery, the aorta. Abnormal transmural pressure
values in the coronary artery exceeding its compliance can lead to rupture. Aggravating this,
atherosclerotic disease results in decreased elasticity of the coronary artery, making it stiffer
and prone to rupture due to sudden increases in transmural pressure [99]]. Moreover, the binary
aspect of the multistep increased pressure causes a brisk change in pressure over space and time,
respectively around the boundary I'gr ¢ and the instant ¢y. These issues prompted subsequent
scrutiny of the temporary boundary condition of pressure, particularly concerning the value of
Ppcp assigned to it. A more sophisticated approach is considered in Chapter[5, where the contact

pressure is calculated from a balloon deployment simulation.

Significance of results

As acknowledged earlier, the present model was a substantial contribution to the previous mod-
elling work of [72]]. For this Chapter, the model has been adjusted mainly to account for different
artery dimensions and improve its computational implementation. Thereby, the behaviours of
the safety and efficacy indicators, DC' and sR.S, are broadly in line with the previous results
observed in [72]. The characteristic acute peak of DC' shows a magnitude of about 900 and 60
ng/mg, respectively for the "High dose" and "Low dose" 60-s DCB application. The levels of
saturation of binding sites is also similar between models, and interestingly indicate a decay in
drug levels regardless of the drug load delivered. Aware of the aforementioned model limita-
tions, a detailed comparison of the results with other experimental or simulation data is deferred

until the next Chapters.

Conclusion

In this Chapter, the DCB is largely reduced to a pair of temporary boundary conditions, uni-
formly prescribed over the DCB application region: (I) a drug influx and (II) an increased con-
stant pressure. The lack of a representation of the DCB causes the model to rely on prescribed
resources to define the problem of interest — the role of DCB in drug delivery. Taken together,
the simplifying assumptions of (I) and (II) limit the accuracy of the model and the potential
insights it can provide. Therefore, a better understanding of ppcg and the mechanism of drug
transfer from DCB to the arterial wall on contact are major ambitions of the following Chap-
ters. The next two Chapters propose, respectively, the creation of a DCB model including a
geometrical representation of the device, and the coupling of DCB and arterial wall models —
notably including structural mechanics and thus deformation. In conclusion, the assumptions
of the model presented here and previous modelling works were questioned — leading to the

development of the novel DCB model in the subsequent Chapters.



Chapter 4

Modelling drug-coated balloon drug

release test

In the previous Chapter, the role of DCBs was modelled as a pair of temporary boundary con-
ditions imposed at part of the lumen—wall interface. These were an increased pressure, repre-
senting the high balloon inflation pressure observed in the clinical angioplasty procedure; and a
drug influx, introducing drug mass into the tissue at an experimentally-defined rate. This pair
was active during the short balloon inflation time, then replaced with physiological conditions
of pressure and drug wash-off by blood flow.

The modelling approach described above is a substantial simplification of the drug deliv-
ery procedure with DCBs. The DCB device lacked a geometrical representation and inflation
procedure. Mainly, this neglects the important multiphysics interaction between the device and
the arterial wall — involving simultaneous deformation and drug transfer on contact. Although
these effects only take place during a short time window, they are fundamental for understanding
the inherent mechanism of drug delivery from DCBs. Thus, it becomes pertinent to consider a
more sophisticated representation of the DCB. The starting point of such a DCB model was a

drug release experiment, referred to as the "drug release test".

Drug release test rationale

Medical devices of drug delivery are commonly subjected to in vitro drug release tests as an
empirical step in their development and certification stages. The experiment considered in this
work is based upon testing performed by the industrial partner, Biosensors International [81].
Figure {.1] illustrates the steps of the drug release test. In this test, the DCB is immersed in a
solution medium of 100% acetonitrile, a harsh solvent that acts as a sink medium. The total ex-
posure duration is comprised of one minute with the DCB uninflated, followed by an additional
one minute with the DCB inflated. At the end of the test, totalling two minutes, the DCB is
removed from the solution medium and the amount of drug released is quantified. The amount
of drug released by the DCB’s coating is quantified through ultraviolet-visible spectrophotome-

70
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try measurements of the solution medium (using wavelength 278 nm) [81]. These experimental
evaluations only provide data on the final drug released after a certain exposure time, lacking
relevant time-dependent information along the process. A computational model would be able

to provide a drug release profile across the entire process.

Figure 4.1: Schematic illustration of the steps of the drug release test, as described in the text.

A complete experimental procedure reproducing this drug release test was performed in
[100], where drug release measurements were taken at regular intervals throughout the experi-
ment. This experiment serves as an opportune reference for developing the current model. Thus,
the present work combines new intermediate experimental data points from [100] and novel in

silico modelling to expand the mechanistic understanding of drug release from DCBs.

Outline

This Chapter presents a multiphysics model capable of reproducing the DCB’s drug release test,
including the interdependent processes of balloon inflation and drug release into a sink medium.

The specific objectives of the present work are to achieve a resemblance of the following aspects:
(I) Model geometry
(II) Structural mechanics

(IIT) Drug release kinetics

The modelling efforts to achieve each of these points will be described in the subsequent
Sections, including the multiphysics coupling of balloon inflation and drug transport physics.
Then, a parameter calibration routine is proposed to simultaneously adjust (I), (II), and (I1I),
using the experimental data available. The model is set up and solved computationally using a
finite element method framework. The simulation results are presented, and additional scenarios
are probed to provide mechanistic insights. Finally, a discussion is provided on the model’s

achievements, limitations, and validation.
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4.1 Model geometry

The model geometry represents a Biolimus A9™ Drug-Coated Balloon (BA9-DCB), a commer-
cial device manufactured by Biosensors International [81].

The device core is a polymeric balloon with similar behaviour to a semi-compliant angio-
plasty balloon. Its material is the thermoplastic elastomer Pebax 72D, a polyether block amide
(PEBA) composed of a flexible polyether and rigid polyamide [101]]. Alternatively, it is referred
to as PEBAX D72 or PEBAX 7233 SA 01 MED. For the purpose of drug delivery, the balloon

is coated with a hybrid mixture of:

Excipient Poly(ethylene) oxide (PEO), a high-molecular-weight polymer with strong hydrophilic
properties. It is approved by the United States Food and Drug Administration (U.S. FDA)
for internal use in humans, as an inactive non-toxic and biocompatible agent [[102]. Excip-
ients are widely used in drug delivery applications within biomedical engineering. In this
case, it acts as a vehicle or carrier that enables the attachment of the drug in the form of a
coating embedded in the balloon. Supporting the adhesion of the drug to the balloon sur-
face, PEO facilitates the transport of the drug load to the target lesion through the aqueous
conditions of the circulatory system [95]. As an excipient in DCBs, PEO has been found

to be effective in delivering paclitaxel to the vessel wall of the target lesion [103].

Drug Biolimus A9™, Biosensors’s proprietary antiproliferative agent.

N O/\/O/"‘

Figure 4.2: Chemical structure of Biolimus A9™, (C55Hg7NOq4). The drug is also known by
the nonproprietary name umirolimus.

Biolimus A9™ is a highly lipophilic cytostatic drug, developed specifically for use in
coronary vascular applications [81]]. The drug’s relatively high lipophilicity has been as-

sociated with improved retention by the tissue [104]. It is an analogue of sirolimus and
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has been used in drug-eluting stents (DESs) suppressing neointimal formation with suc-
cess according to [47]. Its role as an antiproliferative drug is to halt cell proliferation,
control the healing response following the procedure, and alleviate undesirable effects

[81]. It composes a smaller fraction of the coating mixture.

As emphasised in [[105], the combination of excipient and drug is crucial to the performance
of DCBs in drug delivery.

The device is mounted onto a balloon catheter, a long wire-like device designed to transport
the crimped balloon through the circulatory system until the site of intervention. For conve-
nience, the current model focusses on the modelling of the DCB and ignores the catheter. The

efforts to replicate the DCB geometry in silico are presented next.

4.1.1 Model domains

The device is described as a hollowed cylinder-like structure ({g) surrounded by a thin drug-
embedded coating ({2.,) at its outer surface. It is modelled as a two-dimensional (2D) ax-
isymmetric geometry, composed of two adjacent domains, via several geometric primitives and
operations. Using axisymmetry allows for a simpler 2D geometry, built with radial and longitu-
dinal dimensions (7, z). Once rotated around the axis of radial symmetry (I'sym, ), it effectively
represents a cylindrical three-dimensional (3D) geometry with volume. Accordingly, a general
transformation of coordinate systems, from cartesian to cylindrical, is performed for all physics
interfaces of the model.

These modelling choices produce a representation of the DCB device from a simplified
two-dimensional geometry, greatly promoting computational efficiency for further simulations
incorporating additional modelling complexities. As a notable disadvantage, this geometrical
configuration does not account for the complex and unsymmetrical balloon folding and unfold-
ing techniques, often performed in a helical fashion around its radial axis [71} [106]. Figure d.3|
depicts the generation process of the DCB model from a simplified two-dimensional geometry
followed by axisymmetric revolution around I’y . The proximal, middle, and distal parts of
the device are coated with drug, represented by the white domain €).,,.. The resulting geom-
etry is an idealised representation of a DCB in an uninflated state. Table [4.1]lists the model
domains. The notation of domains is referent to the current (deformed) configuration, being

altered according to deformation.

Table 4.1: Summary of the model domains.

Domain name Description

Qg Balloon
Qeoat Coating
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Figure 4.3: Schematic of the DCB model. From left to right, the labels indicate (a) the starting
2D axisymmetric geometry, (b) the resultant revolved geometry, uninflated, and (c) inflated to
11 atm. The magnified inset highlights the balloon and coating domains.

4.1.2 Model boundaries

For convenience, the relevant boundaries of the model domains are identified in Figure 4.4] (a)
and listed in Table 4.2] They will be referenced in the subsequent sections where the model
multiphysics are defined. The inner boundaries of (g and outer boundaries of )., are of par-
ticular interest for the modelling in this Chapter. These were highlighted, respectively, in red
and yellow, and blue in Figure (a). Moreover, uncoated elongations of the proximal and
distal extremities of the balloon (I'5y, and I'g,) were designed to incorporate a small part of the

catheter shaft into the model geometry.
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Figure 4.4: Schematic overview of (a) boundaries and (b) geometrical dimensions of the DCB
model. The magnified insets depict the inner and outer boundaries and the thicknesses of the
balloon and coating domains.

4.1.3 Model dimensions

The initial model geometry corresponds to the uninflated dimensions of a BA9-DCB of nominal
size 3.5 x 25 mm (i.e. "nominal diameter", d’", x "middle section length", Eg‘id). The nominal
diameter refers to the DCB’s outer diameter when inflated to nominal pressure (6 atm). Most
geometrical dimensions of the model were directly informed by the device’s manufacturer. The
uninflated middle diameter of the DCB (dgf%), exceptionally, was estimated via the parameter
calibration explained in Section Remarkably, dg‘f% relates to the concept of crossing profile.
The crossing profile is a value used clinically to designate the accessibility of the minimally
invasive device, measured as its maximum radial dimensions while in transit during the inter-

vention.
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The geometrical dimensions used to build the DCB model are identified in Figure [4.4] (b)
and listed in Table

Table 4.2: Summary of the model boundaries.

Boundary name Description

Fsym, r

r coat
ngd
F[]?rox
ngst

Fext

prox

Fext

dist

Axis of radial symmetry

Outer coating surroundings

Inner surface of balloon, middle
Inner surface of balloon, proximal
Inner surface of balloon, distal
Proximal extremity

Distal extremity

Table 4.3: Summary of the model dimensions. Most values were based on discussions with
Biosensors International.

Parameter Description Value Reference
ag™ Nominal diameter 3.50 mm  [81]
g Uninflated middle DCB diameter 1.302 mm  Estimated
dy™ Proximal extremity diameter 1.143 mm [81]
dgst Distal extremity diameter 0.813 mm [81]
mid Middle section length 25 mm [81]]
5 Proximal section length 4.55mm  [81]
(dist Distal section length 519mm  [81]
Chatic Shaft length 2 mm Estimated
hs Balloon wall thickness 21.8 pm [[81]]
Pcoat Coating thickness 25 pm [81]]
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4.2 Structural mechanics

This Section presents the modelling efforts to characterise the structural mechanics of the DCB
model, based on the inflation behaviour of the real device.

The DCB model geometry was presented in Sectiond.T]as a thin-walled structure composed
of two parts: balloon and coating. They are composed of different materials and exert differ-
ent functions. The balloon is responsible for the device’s compliance while the coating serves
primarily as a carrier for the drug, having unknown structural resistance. Although they may
differ in structural properties, the balloon and coating entities were observed to behave as a con-
joined structure during the DCB inflation procedure, performed experimentally as depicted in
Figure[.5] Therefore, as a simplifying assumption, the domains of the balloon ({2g) and coating
(Q2c0a) are merged into a single solid structure with a uniform material behaviour. A detailed
explanation of this rationale can be found in this Chapter’s discussion, in Section 4.7/

Models of varying complexity were reported in the literature to represent balloon inflation.
Most modelling works were in the context of angioplasty balloons for stent deployment [[106—
110]. Fewer models were dedicated to DCBs [71]. According to this modelling literature, semi-
compliant balloons are commonly modelled as isotropic linear elastic materials and are usually
treated as compressible with a Poisson ratio in the range of 0.3 — 0.4. A strong incentive for lin-
ear elasticity is the linear pressure-diameter relationship of balloons over their operation range,
as specified by their manufacturers. The deformation profile of the DCB is often quantified and
informed by the device’s manufacturer in a "compliance chart" — a table relating balloon di-
ameter (mm) versus inflation pressure (atm) for a range of balloon sizes. As shown in previous
modelling works, balloon compliance has a characteristic bi-phase behaviour: non-linear from
uninflated to nominal pressure, and quasi-linear over the operation range. Preliminary in silico
investigation of own authorship has found that this balloon compliance was unachievable in the
2D-axisymmetric model geometry with a linear elastic model. Therefore, the constitutive model
and compressibility of the polymeric materials on balloons were questioned in the present mod-
elling. As major differences, the present model features (I) a 2D-axisymmetric geometry and

(IT) a depiction of the coating conjointly to the balloon.

4.2.1 Material model

A phenomenological approach is proposed to capture both the nonlinear nature and strain-
stiffening phenomenon of inflating polymeric balloons. A Gent hyperelastic material model
is defined and implemented to govern the stress-strain response of the conjoined DCB structure
(28U Q0ar)- The DCB is modelled as a non-porous, solid, and incompressible material, such that

its deformation results in an isochoric process (from Greek “iso”, equal; and “choric”, space).
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Equation [4.2.T| presents the basis of the Gent material model for an incompressible material:

I _
Ugon = —g G In (1 _ 1j 3), 4.2.1)

where Wqe 18 a strain energy density function, parametrised by two material parameters: the
macroscopic shear modulus, y, and the limiting stretchability, j,,. This function depends solely
on the first invariant of the Cauchy-Green deformation tensor, /;, introduced non-linearly within
a natural logarithmic expression (In). A discerning feature of the strain energy density function
proposed by Gent is the concept of limiting polymeric chain extensibility. This effect is produced
by a singularity in Ve, when I; — 3 tends towards j,,. When this happens, the argument of the
natural logarithm function tends to zero, resulting in asymptotically high negative values. Mean-
while, the resulting strain energy density V., becomes infinitely large, halting deformation and
effectively limiting the extensibility of the material at this threshold. This rubber-like response
enabled the reproduction of the aforementioned bi-phase compliance behaviour. The Gent con-
stitutive model for hyperelastic isotropic incompressible materials was chosen for its parametric
simplicity, relative numerical stability, and application to polymeric materials [111} [112].

Phenomenological models are a practical alternative to replicate the macroscopic behaviour
of polymers and may be determined in an inverse procedure from experimental data [113]]. Al-
though empirical, the Gent hyperelastic material model has been used in the context of soft bio-
logical tissues, demonstrating its ability to capture both the nonlinear nature and strain-stiffening
phenomenon [[114, [115]]. Its usage in the context of inflating polymeric balloons in this work is
somewhat innovative.

Moreover, in contrast to the previously referenced modelling works, the current model treats
the DCB structure as an isotropic incompressible material (i.e. the density and volume of the
DCB are maintained constant in the face of deformation). In the present multiphysics model,
incompressibility has implications beyond beyond structural mechanics. These concern the cal-
culation of drug transport in the coating — a novel feature compared to the previous modelling
references. The modelling of the drug-embedded coating domain becomes evident in the next
Section, [4.3] Since volume is conserved, the drug-embedded coating domain conserves its drug
concentration over the domain. The assumption of incompressibility is a simplification used in
the phenomenological approach taken and may be questioned for its physical realism; neverthe-
less, it facilitated the multiphysics modelling greatly.

Additional simplifications concern the assumption of quasi-static structural mechanics, which
excludes inertial terms are excluded, and thus, density does not play a role in the simulation.
Moreover, the system mass is assumed sufficiently small so the inertial terms, kinetic energy,

and energy dissipation during the simulation can be ignored.
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(@) pinf = 0 atm (b) pinr = 11 atm

Figure 4.5: Showcase of the experimental DCB inflation procedure, (a) uninflated and (b) in-
flated to 11 atm. This pressure range is the basis for the present modelling of balloon inflation.
Reproduced from [100] with permission.

4.2.2 Balloon inflation

During the drug release test, the DCB remains uninflated for a period of one minute, then it is
inflated to high pressure. To model the balloon inflation procedure in silico, a time-dependent
pressure boundary load is devised using ramp functions. In the form of a boundary condition, it
is applied to the internal surface of the DCB ('}, I'p;q, and T') to deform it accordingly. The

desired pressure versus time behaviour is:

(

0 0<t<60s
t— 60
Pint(t) = — 60s <t <608+ tramp (4.2.2)
ramp
L pmax 60 S + tramp < t < 120 S,
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where ¢ is the time variable; ¢,y is the ramp duration; and pp. is the target inflation pressure,
considering a zero base pressure at the uninflated state.
Alternatively, the modal behaviour presented in Equation 4.2.2|can be described by a single

time-dependent function valid for the entire deployment step:

t—60

tramp

1 . (t—=60
Pint(t) = o mn{ — +
ramp

, 1> Pmax 0<t<120s. 4.2.3)

Combining minimum and modulus functions offsets the start of the ramp and limits its magni-
tude. The utility of Equation 4.2.3|is permitting the use of the independent time variable ¢ over
a continuous interval.

In summary, the boundary condition p;,(t) prescribes a pressure load of zero value for one
minute; then briefly increases (during t.,,, = 10 s) until the predefined maximum inflation
pressure value (pma); and sustains it until the test duration has elapsed two minutes (Ati,¢). This
inflation behaviour is illustrated in Figure[4.6] The pressure boundary load is applied to the inner
surface of the DCB: I'8.,, T8 and I'B

mid> - prox°® dist*

Spatiotemporal smoothing

The occurrence of abrupt pressure gradients over time, due to the linear behaviour of the ascend-
ing pressure ramp described in Equations [4.2.2)or .2.3] is inconvenient for the simulation. This
problem is addressed with curvature smoothing of the time-dependent pressure ramp, providing
two continuous derivatives over a one-second transition zone at the beginning and end of the
ramps. Figure presents the behaviour of p;,¢(¢) as implemented in the model, highlighting
the effect of the procedure referred to as temporal smoothing in its subfigures.

pmax r

(a)

Pressure

Po ]
0 60 70 120
Time (seconds) (b)

Figure 4.6: Magnitude of the time-dependent pressure load during the simulation, reproducing
the DCB inflation procedure in the drug release test. The magnified insets show the temporal
smoothing at the (a) top and (b) bottom parts of the ramp.
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Furthermore, an equivalent problem over space was considered. Abrupt pressure gradients
at the edges of the boundary subjected to pressure may cause the DCB to kink unnaturally in the
inflation simulation, hindering realism and convergence. Moreover, the application of uniform
pressure over these boundaries was found to produce unrealistic deformation unlike what was
observed with the real device in Figure .5] This may be attributed to the oversimplification of
the DCB geometry in the present model, modelled based on basic dimensions as in Figure §.3]
which resulted in a simplified structure of uniform thickness that disregards the internal parts
of the balloon catheter system. Two modelling strategies were developed and implemented to
avoid this undesired effect:

1. A space-dependent feature is added to the ramp: inflation pressure magnitude is also

ramped linearly over space along the proximal and distal extremities. That is, while the

B B
mid> prox

and TB , according to a;(r, 2). The linear relationship a; (7, 2), defined in Equation

full pressure magnitude p;,¢(¢) is applied to I’ gradual magnitude is applied to I'
ranges from 0 to 1 according to the relative position along each of the boundary’s length. It
is used as a space-dependent multiplier of the pressure load along its respective boundary,

providing a transition zone over space.

a;(r,z) = %
_ \/(A”?; (A2)? (4.2.4)
\/(’I“ — TO, i)2 + (Z — ZO7 Z‘)Q

= for i = {prox, dist},

where /; is the length of the respective boundary T'®;  and z are the radial and longitudinal
coordinates; and 7 ; and 2, ; are the extreme points of each respective boundary, corre-
sponding to the starting coordinates of their pressure ramps. All coordinates are given in

the deformed configuration. For a schematic illustration of py,¢(¢) in the model, the reader
may refer to Figure

2. The initial starting state is assumed to be pre-stressed, by adding a normal stress con-
tribution (o) to the longitudinal stress tensor component over the entire DCB domain.
The value of o, was estimated empirically based on the observance of computational
robustness. Effectively, this condition creates a pre-tension in the DCB, so the geometry

is reasonably taut before and during the inflation simulation.

These modelling techniques accomplish a smoother deformation profile across the length of
the DCB during inflation and improve the simulation convergence by reducing mesh element

distortion or inversion due to excessive localised deformation.
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Spring foundation

The DCB model geometry represents only a finite section of the DCB. The extremities of the
device, ['hy;, and I'g,, must be constrained somehow in the simulation of inflation. Typically, the
fixed constraint boundary condition is used, as in other endovascular modelling studies [83} [85]],
to prescribe zero degrees of freedom to the extremities. However, this model employs an alterna-
tive approach in the form of a spring foundation boundary condition instead of fixed constraints.
The spring foundation prescribes artificial springs to partially immobilise the extremities of the

model geometry, according to the linear relation shown below:
Fspring = _kspring (AV), (425)

where Fi,, is the opposing force generated by the spring; Kqying is the isotropic total spring
constant; and Av = v — vy is the relative displacement deforming the spring.

The spring foundation is assigned to the boundaries I'}y;,, and T'gf, to effectively connect
them to a reference "ground", as to oppose relative displacement. To achieve a less restrictive
but still stiff constraint, a high total spring constant of estimated stiffness value kgying = 10°
N/m is selected. This choice is intended to produce a more natural and computationally stable

deformation behaviour at the proximal and distal ends of the model geometry.

Free deformation

In the drug release test, the DCB is immersed and inflated within a solution medium. It is
assumed that the mechanical resistance offered by the solution medium is negligible. Conse-
quently, the remaining boundaries of the model geometry are allowed to deform freely. This
means they experience unconstrained displacement in the radial and longitudinal directions.

Table 4.4]lists the parameters characterising the DCB inflation procedure.

Parameter Description Value Reference
Pmax Target inflation pressure 11 atm [1OO]]

tint Inflation time duration 60 s (811

Lramp Ramp up duration 10s Estimated
Opre Balloon pre-stress 30 MPa  Estimated
Epring Spring foundation stiffness 10° N/m Estimated

Table 4.4: Summary of procedural parameters for DCB inflation.

A design requirement of the in silico model is to capture the compliance behaviour when
subjected to inflation pressure, as the DCB would in the clinical situation. In summary, the DCB
has an initial small diameter when uninflated; reaches its nominal diameter when inflated to its

nominal inflation pressure, i.e. 6 atm; and increases its size quasi-linearly over the operation
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range (6 atm — 11 atm), according to the compliance chart informed by the manufacturer. Re-
markably, there is no compliance information for inflation pressures below the nominal value;
nonetheless, the estimated uninflated DCB dimension plus the compliance chart information
were sufficient references to adjust the deformation behaviour of the DCB. The calibration pro-

cedure performed to obtain the material model parameter values is explained in Section[4.4]
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4.3 Drug release Kinetics

This section describes the modelling of drug distribution in the DCB’s coating during the drug
release test. The therapeutic agent considered in the coating of the DCB is Biolimus A9™,

Throughout the modelling, it is referred to as the "drug".

4.3.1 Drug transport in the coating
Initial conditions

For simplicity, the coating domain is embedded with a homogeneous initial drug concentration,
co, to match the drug load in the DCB as per the manufacturer’s specifications:

mnom

= — 4.3.1
MBio ‘/coat’ ( )

Co
where Mo 1S the nominal drug load, Mpg;, is the molar mass of drug, and Vo, = me A coat
is the volume of the coating domain given by its spatial integration.

Similarly to in Chapter[3] the drug concentration in the DCB is regarded as a spatiotemporal
variable ¢(r, z,t) defined over the coating domain (€2..,). Drug transport in ., is assumed
to be governed by a linear diffusion process. This was based on reference modelling works
that considered drug transport via diffusion in the coating of drug-eluting stents [62, 163} [72,
80]. Before defining the governing equations of drug transport in €2, deformation must be

regarded.

Moving domains

The current model calculates the transport of diluted species over the deformable coating geom-
etry. Due to inflation pressure, the coating domain is deformed. Its drug distribution, given by
the drug concentration field ¢(r, z, t), must be updated accordingly to ensure that deformation is
regarded and drug mass is conserved throughout the simulation.

The problem of drug transport over moving domains is addressed by using the deformation
rate, v(r, z,t), as a pseudo-advective term in the drug transport equation in €. It affects the
drug concentration field in the coating in an additive, anisotropic, and time-dependent fashion,
shifting the drug concentration over space as the geometry deforms. Additionally, incompress-
ibility of the material model was assumed in Section4.2] ensuring that the total volume of model
geometries remains constant regardless of deformation. Together, these features corroborate the
conservation of drug mass during deformation.

Equation defines the local deformation rate over the model geometry in the radial and
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longitudinal directions:

or
v(r, z,t) = ot , (4.3.2)
0z
ot
where 7 and z are the radial and longitudinal coordinates in the deformed configuration, and ¢ is

the time variable. The deformation rate components are expressed in units of velocity.

Governing equations

The definitive governing equations of drug transport incorporate the spatiotemporal rate of defor-
mation, v(r, z,t), alongside the drug transport via diffusion. This ensures that the drug transport
equations for all domains in the model are considered correctly in the current deformed config-
uration, while the drug-embedded coating domain deforms. Equation [4.3.3] describes the drug

transport equation in the coating domain in the form of partial differential equations:

dc(r, z,t)

i = V- ( Deou Ve(r,z,t) — v(r,z,t)c(r,z,t)) in Qeow,  (4.3.3)

where ¢(r, z,t) is the spatiotemporal free drug concentration variable, D, is the diffusion
coefficient in the coating, and v(r, z, t) is the spatiotemporal deformation rate.
Following the definition of drug within €2, boundary conditions must be defined to model

the drug behaviour in its surroundings.

4.3.2 Drug sink

A perfect sink boundary condition is prescribed over the outer surroundings of the coating do-
main, ['.o,. This represents the effect of the solution medium on draining the drug from the

coating during the drug release test:
c=20 on ['coy. (4.3.4)

The process of drug clearance is modelled as continuous and irreversible. A detailed de-

scription of this boundary condition can be found in Chapter 3]

4.3.3 Zero-flux

To ensure the drug is allowed only to leave the coating domain through I, a zero-flux bound-

ary condition is prescribed over its remaining boundaries. Equation[4.3.5|expresses the zero-flux
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boundary condition:

—n - (J+ve) =0, (4.3.5)

where J is the total diffusive flux of drug; v is deformation rate, in this case, accounting for the

total advective term in the coating; and c is the free drug concentration.

Table 4.5: Summary of model parameters of drug transport in the coating. All drug-related
parameters refer to Biolimus A9™ as the therapeutic agent.

Parameter Description Value Reference
Mom Nominal drug load 1050 pg [[81]]
Mz, Molar mass of Biolimus A9™ 986.29 g / mol [[81]]
Dot Isotropic diffusion coefficient in the coating 8.2 - 107®* m?/s Estimated

Another design requirement of the in silico model is to simulate drug release as the DCB
would in the real drug release test. In the model, the DCB’s drug release behaviour is shaped
by a single drug-related parameter — the diffusion coefficient in the coating (D). The cali-
bration procedure performed to obtain the value of Do is explained in Section 4.4l Table 4.5

summarises the parameters used in the modelling of drug release.

4.3.4 Drug release profile

Drug released from a medical device is often quantified as a drug release profile, i.e. a curve
relating cumulative drug released (%) versus time (s). It represents the cumulative amount of the
DCB’s drug load released until a given time ¢, defined continuously throughout the drug release
test simulation and expressed as a percentage ranging from 0 to 100%. The drug release profile

is calculated as

Mpom — mcoat<t>
Mpom

DRP(t) =

(4.3.6)

— 1 chom C(T7 Z’ t) dQcoat
mnom ’

where M0, is the initial drug load in the coating, and M., (t) is the current drug mass in the
coating domain, given by the spatial integration of the current drug concentration field, ¢(r, z, t),
over d{.oq- The calculation of DRP(t) is the main way of quantifying the outcome of the drug

release test simulation.
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4.4 Calibration of parameters

The previous Sections presented the modelling of DCB inflation in a solution medium, as sum-
marised in Figure

Q * Gent hyperelastic
coat - Diffusion equations

QB * Gent hyperelastic

SV LTI T e e _

Pinf (t)

Figure 4.7: Schematic summary of physics considered in the model of Chapter 4. Geometry is
not to scale.

The factors of DCB’s geometry, structural mechanics, and drug release are entwined in the
outcome of the drug release test through the following model parameters: the diffusion coeffi-
cient in the coating, D..,; the material model parameters, i and j,,; and the uninflated middle
diameter of the DCB, dﬁi%. Based on the premise that the model is capable of reproducing the
in vitro results of the drug release test, there is a combination of these parameters that produces
satisfactory simulation results in line with some given experimental data. In this case, the ex-
perimental data comes from the drug release test performed in [[100]. The parameter calibration
routine proposed to estimate these model parameters is presented in Figure 4.§]in the form of a

flowchart. Essentially, it is an iterative process of selecting multiple parameters.

Uninflated drug release

A design requirement of the in silico model is to exhibit a drug release pattern similar to the drug
release test. As introduced in Section[4.3] isotropic diffusion and a surrounding perfect sink are
assumed to describe the entire drug transport behaviour in the DCB’s coating. During the first
part of the test (0 — 60 s), the DCB is submersed into the solution medium in an uninflated state.
While undeformed, drug release from its coating solely depends on the diffusion behaviour in the
coating and the initial geometrical configuration of the DCB. Therefore, the isotropic diffusion
coefficient in the coating (D, ) is the first parameter to be selected to shape drug release during
the first part of the drug release test.

The calibration procedure begins with initial guesses of D gy, dg‘f%, w1 and jp,. The initial
value of D, was based on the diffusion coefficient used in the coating of DES models [72] and
dgf% was based on the manufacturer’s specifications on the crossing profile range of the device
[81]. To obtain the initial guesses of i and j,, for the simulation, an in-house Python package
[116] was used as a parameter fitting tool considering a simplified thin-walled cylinder as a

surrogate for the more complex problem of DCB inflation. In summary, the tool receives the
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initial conditions of the problem and the expected pressure-deformation behaviour as inputs and
provides the corresponding material model parameter values as outputs for the desired material

model.

Qnitial guesses of D, di's, p, and jm)

Y

Run simulation

0-60s
<
( a) Satisfactory > Peox *H
DRP(t =60 s)? D -
>
Run simulation
60— 120 s
(b) Satisfactory Adjust
45" (pine > 6 atm)? wand jy,
< mid
( C) Satisfactory > 50
DRP(t= 120 S)’? > dgll% ++
> :

Galibrated values of D, di'9, 1, andjn)

Figure 4.8: Schematic of the parameter calibration procedure. Sequentially, the DCB’s (a) un-
inflated drug release, (b) compliance, and (c) inflated drug release behaviours are assessed and
calibrated. A detailed explanation of this procedure can be found in the text.

Then, the first part of the drug release test is simulated (0 — 60 s). At the end of this interval,
the drug release profile is quantified, as defined in Section[4.3] and DRP(t = 60 s) is compared
to a reference experimental value [100], as indicated in Figure (a). If the measured value

is less than desired, diffusion must be faster — so D, 1S incremented and the simulation is
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repeated. In contrast, if it is greater than desired then diffusion must be slower — so0 D oy
is decremented and the simulation is repeated. The magnitude of the increment or decrement
(symbolised as ++ or --) was chosen empirically. Once DRP(t = 60 s) corresponds to the

desired value within a certain tolerance (£0.1%), this iterative subroutine ends.

Compliance

During the second part of the test (60 — 120 s), the DCB is inflated, which causes changes to
its geometrical configuration. As introduced in Section 4.2} the structural mechanics behaviour
of the DCB is shaped by two material model parameters: p and j,,. From selecting these, its
compliance may be adjusted as desired. Accordingly, the next step of the calibration routine
aims to acquire a set of parameters capable of accurately reproducing the DCB compliance as
expected by the device specifications. Then, the second part of the drug release test is simulated
— featuring the DCB inflation with p,,x = 11 atm, according to the reference experimental
procedure in [100]. Figure {.§] (b) indicates the calibration subroutine for the two material
parameters. The parameter ;» may be seen as an analogue of stiffness. This parameter dislocates
the compliance curve (DCB diameter vs inflation pressure) vertically, with lower values allowing
greater deformations. Meanwhile, j,, is related to stretchability. This parameter alters the slope
of the curve, so lower values reduce mobility and flatten the compliance curve. These two
parameters undergo iterative fine-tuning until compliance is deemed satisfactory — objectively,
when the relation of the middle diameter of the DCB versus inflation pressure, di¢(pi(t)),
corresponds to the compliance chart data over the operation range (6 — 11 atm) within a certain

tolerance, defined by root-mean-square error (RMSE) < 0.02 mm.

Inflated drug release

Now, the attention falls on the drug release from the DCB during inflation. Although the cur-
rent configuration of selected parameters Dy, 4, and jy,, may produce satisfactory behaviours
concerning uninflated drug release and compliance, the drug released during the second part of
the test (60 — 120 s) is still uncalibrated. The enlargement of balloon surface area provoked by
inflation is presumed to increase the coating exposure to the solution medium and thus affect
the drug release rate. The impact of this effect depends on the relative deformation of the DCB,
i.e. between uninflated and inflated states. While the compliance behaviour within the operation
range (6 — 11 atm) is constrained by the selection of material model parameters, the initial part of
the compliance curve is still uncertain. Therefore, the remaining target of parameter calibration
is the uninflated DCB diameter, djy'¢.

As indicated in Figure [4.8] (c), the final point of drug release at the end of the drug release
test, DRP(t = 120 s), is compared to a reference experimental value [I00]. In case the assessed
value is less than desired, the relative deformation must be larger — so dg}% 18 decremented.

In contrast, if it is greater than desired then the relative deformation must be smaller — so
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dp'g is incremented. Finally, the entire calibration routine is repeated since this change in the
model geometry affects the other behaviours adjusted in (a) and (b). Once DRP(t = 120 )
corresponds to the desired value within a certain tolerance (£0.1%), the parameter calibration
routine ends.

The outcome of the calibration routine is the selection of satisfactory values of Dy, 4,
Jm, and dﬁi%, presented in Table As intended, this means that the simulation results match
the reference values for drug release and compliance. The simulation results are presented in
Section[4.6] "Results".

In the decision blocks of Figure 4.8 the term "satisfactory" was used as a verbose logical
operator. Objectively, it compares the simulated and experimental reference values to verify
sufficient similarity according to a certain tolerance. The reference values indicated in Fig-
ures [4.8] (a) and (c) are the intermediate and final experimental data points (respectively, at
t = 60 s and ¢ = 120 s) from [100], where the same drug release test was performed. Namely,
DRP(t = 60s) = 29.0+ 5.3% and DRP(t = 120 s) = 78.3 £+ 5.0%. Effectively, they serve
as two "anchor points" used for the calibration of drug release. Simultaneously, the satisfaction
condition indicated in Figure [4.§|(b) is met when the model compliance approximates the refer-
ence values from the compliance chart, provided by the device’s manufacturer [81]. In total, the

calibration routine performed a rough estimate of 50 simulations.

Table 4.6: Summary of calibrated parameters.

Parameter Description Value

Deoat Isotropic diffusion coefficient in the coating 8.2 - 10713 m? /s
I Macroscopic shear modulus of DCB 1.965 MPa

Jm Limiting stretchability of DCB 5.35

Ay Uninflated middle DCB diameter 1.302 mm
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4.5 Computational set-up

The computational set-up of the model was performed in chorus with the previous Chapter[3] us-
ing COMSOL Multiphysics® version 6.1 as the modelling and simulation tool. A finite element
method framework is developed, combining the governing equations and boundary conditions

presented in the previous Sections, to pose a spatiotemporal problem over the 2D-axisymmetric

model geometry.

Meshing

Figure illustrates the quadrilateral mesh devised to discretise the model domains. Sufficient
mesh resolution was required to depict all of the model multiphysics. The mesh was finer in

Qcoat since it features drug transport physics besides structural mechanics.
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Figure 4.9: Schematic of mesh. The magnified insets detail the mesh composition at (a) the
middle and (b) the proximal extremity of the DCB model geometry.
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The most challenging computational aspect of the model was related to the perfect sink
boundary condition. At the beginning of the simulation (at ¢ = 0 s) an abrupt gradient occurs
between the initial drug concentration in the coating, ¢y, and the perfect sink, which prescribes
¢ = 0. The mesh was iteratively refined and boundary layer elements (BLEs) were added at
the sink boundary until the drug released at time zero was sufficiently low, i.e. DRP(t =
0s) < 0.2%. Additional actions could improve this value, such as further mesh refinement or
artificially smoothing the initial drug distribution in the coating. However, the most important
question is the awareness of such initial condition problems in diffusion models.

The total mesh consisted of 33442 quadrilateral elements, with average and minimum mesh
element quality values of 0.825 and 0.220, respectively (for skewness as the quality measure).

The mesh devised was remarkably lean, featuring only two elements in the radial direction
over (g and five over (2., in addition to four BLEs. Most of the computational burden of
the simulation is due to the relatively long DCB geometry length in the longitudinal direction,
totalling 38.74 mm (versus the approximate thickness of 0.05 mm in the radial direction). The
DCB size of 3.5 x 25 mm (referring to its middle nominal dimensions) was chosen to match the

experiments of [100]].

Solver settings

Due to the simplified governing equation of drug transport, containing only isotropic diffusion
and pseudo-advection, the simulation of the current model was computationally less challenging
than the one from Chapter [3] For consistency, the same configuration of solver settings was
used. A more detailed explanation of the adjustment of solver settings can be found later in the
computational set-up Section [5.5] where the worst-case scenario in terms of computationally

challenging simulations was tackled.

Computational specifications and computation time

The resulting system of time-dependent partial differential equations (PDEs) was solved using
a Parallel Direct Sparse Solver (PARDISO). The computation was performed using an AMD
Ryzen 9 5950X 16-Core CPU @ 3401 MHz processor, with 32 Logical Processors. Computation

time was around 30 minutes for each simulation.
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4.6 Results

This Section presents the performance of the drug release test model developed. Recapitulating,
the main objective of the present model is to reproduce the drug release test — specifically,
the behaviours of compliance and drug release. First, the model results were compared with
the manufacturer’s specifications and experimental data available. Then, additional simulation
scenarios were probed to gather further mechanistic insights.

Table 4.7]lists the simulation outputs featured in this Section. Except for the compliance, all

results observe the progression of quantities over time.

Table 4.7: Summary of simulation results presented.

Results Physical unit Inflation pressure
Compliance mm/atm

11 atm
Drug release profile %
Drug release profile and rate %, ols
Coating surface area mm? 0 atm, 2 atm, 5 atm, 11 atm
Coating thickness mm

4.6.1 Compliance

The deformation behaviour of the DCB when undergoing inflation is referred to as "compli-
ance". In the model, it is measured as the middle diameter of the DCB versus the magnitude of
inflation pressure, 9 (pi¢(t)).

Figure 4.10| compares the model compliance with the available device’s specifications, in-
formed by its manufacturer as linearly-spaced discrete points over the operation range (6 — 14
atm) [81]. The resulting simulated compliance matches the device’s specifications well over
the inflation pressure range of the drug release test (6 — 11 atm). The discrepancy between the
curve and discrete measurements is quantified via root-mean-square error (RMSE) calculation
as 0.0133 mm. The non-linear behaviour of the compliance curve is attributed to the combi-
nation of model geometry and hyperelastic material model. Remarkably, the starting value of
the model compliance curve at (1.302 mm, 0 atm) is the uninflated middle DCB diameter, dg}%,
calibrated in Section 4.4l

Additionally, Figure {.11] presents a qualitative depiction of the simulated inflation proce-
dure. Despite the 2D-axisymmetric simplification, the DCB inflation behaviour resembles the

reference device as presented earlier in Figure 4.5 and other DCB modelling studies [69, [71].
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Figure 4.10: Comparison of device’s compliance specifications against in silico model simula-
tion results.

The middle section of the DCB (I'B,,) was found to deform in a quasi-uniform fashion in
the radial direction, justifying the usage of d%i9, a point-based value, in the previous measure-
ment of DCB compliance. Also, the remarkably thin balloon thickness is observable in the

2D-axisymmetric perspective.

(@) pins = 0 atm (b) pins = 11 atm

Figure 4.11: Qualitative overview of the DCB model geometry’s compliance, in 2D-
axisymmetric and tridimensional perspectives, between (a) uninflated and (b) inflated states.
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4.6.2 Drug release

Drug release from the DCB’s coating can be quantified as a drug release profile, DRP(t). As
previously defined in Section [4.3] this value represents the cumulative amount of the DCB’s
drug load released throughout the drug release test simulation. The DRP(t) produced in silico
is comparable to the experimental results available. Figured.12]presents the main comparison of
this study — the drug release profile from the model simulation versus the discrete experimental

points from the drug release test performed in [[100].
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Figure 4.12: Comparison of experimental data of drug release against in silico model simulation
results. The observed behaviour represents the DCB’s drug release in the first sixty seconds of
the test in an uninflated state, followed by sixty seconds in an inflated state. Balloon inflation
occurs between ¢ = 60 s and ¢t = 70 s, as highlighted in the horizontal axis, when inflation
pressure is ramped up from 0 to 11 atm.

A diffusion-only process satisfactorily described the drug release behaviour of the drug
release test. The discrepancy between the curve and discrete measurements is quantified via
RMSE calculation as 1.768%. Experimental uncertainty is indicated with the error bars featured
in Figure #.12] as reported in [100].

A pronounced increase in drug release is noticeable when inflation occurs, after sixty seconds

into the drug release test. This is the subject of study in the next subsections.

4.6.3 Influence of inflation on drug release

The present model essentially combines drug transport and deformation physics. To improve
the understanding of the entwined mechanisms of drug release in the drug release test, a few
additional scenarios of varying inflation pressure were probed. The following Figures present

the simulation results for different balloon inflation pressures: 0 atm, 2 atm, 5 atm, and 11
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atm. In the scenario where the inflation pressure is zero (0 atm), the DCB remains uninflated
throughout the simulation. The increasing magnitude of the varying pressure is denoted by the
colour progression from green to yellow to red.

Figures (a) and (b) show, respectively, DRP(t) results and the rate of change of
DRP(t) with respect to time, given by its first-order derivative. In summary, drug release starts

rather abruptly once the DCB is immersed in the harsh solution medium, and burst drug release

occurs due to inflation.
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Figure 4.13: Influence of inflation pressure on (a) cumulative drug released, in %, and (b) drug
release rate, in %/s. Drug release increases as the balloon is inflated with increasingly high
pressures. When the DCB remains uninflated (0 atm), drug release follows a common diffusion
pattern similar to a square root function.

As expected, as inflation pressure increases the drug released also increases. A preliminary
investigation of the geometrical reasons for the phenomenon of burst release is proposed. In

the model, the outer surroundings of the coating domain (£)..,.) are subjected to a perfect sink
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boundary condition. Inflating the DCB causes an increase in the surface area facing the perfect
sink boundary condition, which may be translated as greater exposure to the solution medium in
the drug release test. Figure (a) observes the behaviour of coating surface area for different
balloon inflation pressures. In the 2D-axisymmetric model, the coating surface area is obtained
from the spatial integration of the outer boundaries of the coating domain (£2coz)-

A complementary factor influencing the drug release is implied as the varying coating thick-
ness. The decrease in coating thickness due to inflation may shorten the path of diffusion in the
coating to the sink and increase drug release. Figure i.14] (b) observes the behaviour of coating
thickness, measured by tracking a pair of radially collinear points at the middle section of the
DCB.
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Figure 4.14: Influence of inflation pressure on (a) coating surface area and (b) coating thickness.
As the balloon is inflated with increasingly high pressures, its surface area expands while its
coating becomes thinner. Both measures are noticeably unchanged when the DCB remains
uninflated (0 atm).
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The behaviour of the coating in this model is inherent to its simplifying assumptions, which
notably neglects the DCB unfolding and assumes an artificial structural resistance. A discussion

on this is provided in the subsequent Section.

4.7 Discussion

The present work demonstrates the potential of in silico modelling as a tool to complement the
traditional ways of experimental testing. For instance, the drug release test as performed in
industry can be conveniently simulated for any given scenario of parameters. The model has
produced a complete and continuous drug release profile, providing valuable additional insight
into experimental measurements provided only at a discrete set of time points.

Overall, the model achieved all of its specific objectives:

(I) Model geometry was satisfactorily described with a series of geometric primitives, as
showcased in Figure

(II) Structural mechanics and compliance were satisfactorily described with a Gent hypere-

lastic material model, as showcased in Figure .10}

(ITI) Drug release kinetics were satisfactorily described with a diffusion-only mechanism, as
showcased in Figure 4.12]

Exemplifying the potential of in silico experimentation, the model allowed investigation of
the causes for burst drug release at inflation. Figure .14 suggested that burst release at inflation
is related to the increase in balloon surface area, which increases the coating region exposed to
the drug sink; and the decrease in coating thickness, which may shorten the path of diffusion for

the drug to reach the drug sink.

Limitations

The drug release test is used to simulate, to some extent, the ability of the DCB to release its
drug load. The immersion and inflation in acetonitrile represent an extreme scenario of exposure
that seeks not to replicate the in vivo settings but to attest to the performance of the DCB for
regulatory reasons. The test is a much simpler phenomenon than the actual application of DCB
to arterial tissue; nonetheless, the extensive set of limitations that the drug release test may have
is out of the scope of this work.

Given the thin aspect of the balloon geometry and the occurrence of large deformation, it
is tempting to model it as a membrane or a shell — for the purpose of structural mechanics.
The reader may refer to recent literature on the inflation of hyperelastic thin shells, although
not in the context of biomedical engineering, in Liu et al. [117]. However, the main issue with

that is how the drug delivery part of the model would work coupled with a shell or membrane.
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The calculation of drug transport in the "layer of coating" surrounding the balloon is the main
reason for justifying the current 2D-axisymmetric modelling approach used in the model. An-
other lesser issue is whether there is a shell or membrane formulation in COMSOL and how to
implement it. Indeed, a future possibility is that the balloon inflation model can be modelled
alternatively, ideally with an outcome that is computationally more accurate and cheaper. Then,
the calculation of drug transport in the coating will require reconsideration.

The main limitations of the model are the geometrical simplifications of the DCB, namely (I)
the use of 2D-axisymmetry and (II) the depiction of the coating as an immutable solid with struc-
tural properties equal to the polymeric balloon. The former ignores the balloon folding process,
in which the DCB is folded helically around its radial axis to protect the drug-embedded coating
while the DCB is in transit to the lesion site. The balloon folding and unfolding processes are
unable to be depicted accurately when using 2D-axisymmetry. For that, a 3D or cross-sectional
2D geometry is necessary. In silico studies dedicated to the mechanisms of balloon unfolding in
the context of DCBs can be found in [71]].

Concerning (II), merging {25 and ()., does produce an artificially thicker structure, which
notably requires different material properties to achieve the desired compliance. An alternative
approach could be to assign a much weaker mechanical resistance to )., since the coating
formulation should not pose structural resistance. Figure [4.15] exemplifies this scenario, con-
sidering a DCB with balloon and coating merged with the same structural properties and the

extreme case of the absence of a coating ("Without coating").
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Figure 4.15: Comparison of compliance results between the inflation of a DCB with a coating,
assuming the same structural properties for balloon and coating, and a balloon without a coating.
The DCB nominal size is 2.25 x 10 mm.

The calibration procedure resulted in different Gent hyperelastic material model parameters
to achieve the same compliance behaviour over the operation range (RMSE of approximately

0.01 mm over 6 — —10 atm compared to the device’s specifications). The DCB geometry be-
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comes substantially thicker with a coating, and ¢ = 4.44 MPa and j,, = 1.705. Without a
coating, the DCB is less thick and requires stiffer structural properties to deform in a compara-
ble fashion subject to inflation pressure, requiring ;o = 8.84 MPa and j,, = 1.88.

Indeed, an arbitrarily less stiff coating is feasible in the model of Chapter ] where the DCB
experiences free inflation, only requiring adjustments in the calibration procedure. However,
it may be rather problematic once the DCB faces contact — as in the simulation of Chapter
5] where the DCB is deployed in an arterial wall. Therefore, the rationale for the simplify-
ing assumption of a stiff coating in the proposed modelling is to avoid the crushing of {2.yu
in the forthcoming simulation of DCB deployment, facilitating the calculation of drug trans-
port physics during the contact interaction. For a quantitative assessment of the impact of the
simplification during contact the reader may refer to Section the Discussion of Chapter [5
For brevity, having a thicker DCB structure with a coating produces about 6% smaller average
values of contact pressure compared to a DCB without a mechanically resistive coating.

Future works shall revisit and develop the modelling of the coating domain. Moreover, the
current coating assumption consciously neglects that the formulation of the drug and excipient
in the coating of the DCB may be physically detached from the device during release. In the
context of localised drug delivery from DCBs to arteries, this phenomenon is referred to as
"coating adhesion" and is an understudied factor [53]].

A lesser simplification concerns the solution medium which immerses the DCB, represented
in the model as a perfect sink surrounding the coating domain. The volume of the solution
medium, relative to the volume of the DCB, is assumed to be sufficiently large. Thus, it can
provide an unlimited concentration gradient during the drug release test and act as a perfect
sink in the model. Since the exposure time is limited to two minutes, the model disregards the
potential effect of PEO swelling in an aqueous environment and its possible influence on the
coating structure and drug transport properties [118]].

Overall, the model has been shown to capture the experimental results; therefore, the model

limitations were deemed acceptable.

Calibration and validation

A preliminary level of validation was achieved. Due to the availability of a single experimental
data set, the model has not yet been tested against different scenarios unknown to the model
(unlike the calibration data set) towards proper and formal validation. The discrepancy between
the simulation results and the available discrete data points was quantified via RMSE calculation,
resulting in values about two orders of magnitude smaller than the measurement range. The
calibration procedure was satisfactory as it captured the characteristic behaviour of the problem
of interest. A less “brute-force” calibration of parameters could be viable with the use of more
sophisticated estimation methods as utilised in [[119].

The simulation results suggested that a diffusion-only process is capable of describing the



CHAPTER 4. MODELLING DCB DRUG RELEASE TEST 101

behaviour of DCB’s drug release in the drug release test and that a Gent hyperelastic material
model is capable of describing the behaviour of DCB’s compliance over the operation range. De-
spite satisfactory results somewhat fitting the data for a particular scenario, these assumptions
might not accurately describe the DCB’s behaviour over larger parameter ranges. Further stud-
ies are required to test the model against different conditions and achieve sufficient validation.

Ultimately, this builds towards using in silico modelling as a powerful testing tool.

Conclusion

There 1s substantial room for improvement in the modelling of drug release from DCBs. This
Chapter provides the foundation for representing a DCB in silico, advancing the understanding
of the simultaneous phenomena of balloon inflation and drug transport in its coating. Despite
idealisations, the model presented has shown satisfactory realism and the potential to provide
valuable mechanistic insights. These can enhance the design process of DCBs and improve
drug-delivery therapies, especially in conjunction with experimental testing. The general aim
of this Chapter — to reproduce the drug release test in silico — was achieved, culminating in
a more sophisticated model of drug release from DCBs. Importantly, an additional outcome of
this modelling endeavour was an informed estimate of the diffusion coefficient in the coating of
a DCB (Dcou), and of its uninflated dimensions (dj')). The knowledge obtained will be used
in the next Chapter, where the DCB is combined with an arterial wall model to represent the

procedure of DCB deployment into a coronary artery.
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Chapter 5

Modelling simultaneous drug-coated
balloon deployment and drug delivery

In the previous Chapters, various models of increasing sophistication were developed to repre-
sent the drug delivery from DCB.

Chapter 3| presented the modelling of spatiotemporal drug delivery into a rigid multilayered
arterial wall without a representation of the drug-coated balloon (DCB) geometry and its de-
ployment procedure. Drug delivery from the device was simplified as a temporary flux of drug,
active only during the brief time window of balloon inflation.

Chapter [ presented the first steps towards a geometric depiction of the DCB, proposing a
thin-walled structure surrounded by a drug-embedded coating. This geometry was made de-
formable to replicate the inflation behaviour of the actual device. The model was then used to
simulate a drug release test within sink conditions, achieving excellent agreement with experi-
mental data.

This Chapter combines the models above to produce a higher fidelity mechanistic description
of drug delivery from DCBs, incorporating device design features and procedural parameters in-
dependently (e.g. DCB size, inflation pressure, inflation duration, drug load, etc.). That is, drug
transfer behaviour will not be known a priori. Most of the modelling assumptions and parame-
ters used originate from the previous Chapters. The interplay between the DCB and the arterial
wall is modelled as a series of simultaneous, multiphysics, and time-dependent phenomena, em-
phasising the early events of the DCB inflation procedure — when the procedural factors of the
DCB procedure may be entwined with its performance of drug delivery. Ultimately, the result-
ing model can be used as a powerful and convenient tool for hypothesis testing alongside the

traditional experimental methods of preclinical and clinical testing of DCBs.

Outline

This Chapter concisely describes the in silico model of endovascular drug delivery from a DCB.

The modelling approach is presented in a multilevel structure, with emphasis on the multiphys-

102
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ical aspects of the problem. The modelling set-up is followed by a comprehensive summary of
the computational set-up. Then, the main simulation outputs are highlighted, from which the
results are quantified. Finally, a discussion is provided on the significance of the mechanistic

insights obtained, the limitations of the model, and the prospects of in silico experimentation.

5.1 Model geometry

The model geometry is composed of two parts: the DCB and the arterial wall. It represents
an idealised scenario of drug delivery, where an uninflated DCB is paired concentrically with a
segment of a healthy coronary artery. The objective is to mimic the preclinical scenario where
medical devices are tested in healthy animal models without stenosis or atherosclerotic disease.

As demonstrated in Chapters[3|and 4] within this idealised setting the problem of endovascu-
lar drug delivery has symmetrical features that can be exploited in silico. The model presented
in the current Chapter proposes a 2D-axisymmetric geometry that includes the DCB and arterial
wall, employing axial and longitudinal symmetries as modelling strategies.

Figure [5.1] shows the model geometry generation process, starting with a simplified two-
dimensional geometry and followed by the steps of axial revolution and longitudinal mirror-
ing. The radial (r) and longitudinal (z) directions are indicated with arrows in the Figure. The
DCB geometry is inherently symmetric around its radial axis by design, making it suitable for
2D-axisymmetry. The device consists of three parts — proximal, middle, and distal — with
different lengths. Nevertheless, if the proximal and distal parts are assumed sufficiently similar,
then longitudinal symmetry can also be utilised as another modelling strategy. To implement
longitudinal symmetry, only half of the model geometry is modelled and then mirrored longitu-
dinally over a line of symmetry (I'sym, ). Since the arterial wall geometry is highly idealised as
a straight tube, both the radial and longitudinal symmetries also apply to it.

The present model proposes a halved 2D-axisymmetric geometry to produce the desired
3D geometry, once revolved around the axis of radial symmetry (I'syn, ) and mirrored over the
line of symmetry (I'sym, .). This procedure is illustrated in Figure [5.1} The practical effect of
exploiting symmetry is reducing the model size, number of mesh elements, degrees of freedom,
number of required calculations, and thus computation time. This confers a large computational
advantage to the model, permitting the intensive multiphysics calculations of the model to be
completed in a reasonable time. The DCB model architecture was developed in Chapter [
Similarly, the foundation of the arterial wall model originated from Chapter [3] The notable
differences in this Chapter are that the DCB and artery sizes are different, and the mirroring
procedure is used.

The resulting geometry depicts the medical device at the beginning of an interventional
procedure: uninflated and positioned at the lesion site. Ultimately, one of the model features is

to replicate the deformation behaviour of the pair during inflation of the DCB, as exemplified in



CHAPTER 5. MODELLING DCB DEPLOYMENT AND DRUG DELIVERY 104

Figure [5.1)(d).

QB Qcoat

(b) () (d)

Figure 5.1: Schematic overview of the model geometry, which is composed of DCB and arterial
wall. From left to right, labels indicate (a) the starting halved 2D-axisymmetric geometry, (b)
the resultant revolved geometry after radial symmetry, (c) the resultant mirrored geometry after
longitudinal symmetry, and (d) the deformed geometry when the DCB is inflated, for example
with 8 atm of pressure. To enhance visualisation, a sector of 60° of the arterial wall is hidden.
The multiple domains that compose the model are depicted in detail in the magnified insets of
the Figure and summarised in Table @

The crimping procedure and intravascular transportation of the DCB are not included in the

simulation since the model focuses on the interaction between the DCB and arterial wall.

5.1.1 Model domains

The procedure described above creates the basic model geometry that will be used throughout
the modelling and simulation of this Chapter. The resulting geometry is composed of separate

interior regions, referred to as "domains". There are five domains in total, depicted in detail in the
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insets of Figure [5.1] and summarised in Table[S.I] The equations that govern the physics of the
model will be defined over these domains, which are notably referent to the current (deformed)

configuration, being altered according to deformation.

Table 5.1: Summary of the model domains.

Domain name Description

Op Balloon

Qeoat Coating

Qi Intima layer of arterial wall
Qmed Media layer of arterial wall
Qady Adventitia layer of arterial wall

5.1.2 Model boundaries

The edges of the model domains, named "boundaries", are identified and illustrated in Figure
[5.2] Boundary names are consistent with the arterial wall model, from Chapter[3] and the DCB

model, from Chapter 4| to facilitate comparison.

Table 5.2: Summary of the model boundaries.

Boundary name Description

Loym, » Axis of radial symmetry

Loym, - Line of longitudinal symmetry

| - Outer middle surface of coating
| Inner surface of balloon, middle
I‘I]fmx Inner surface of balloon, proximal
| Inner surface of catheter shaft
ooy, Mirroring extremity of balloon and coating
s, Proximal extremity of balloon

ET, de Denuded endothelium

PETin Intact endothelium

I'eL Internal elastic lamina

IggrL External elastic lamina

Lperiv Perivascular end

NG Mirroring extremity of arterial wall

[yall Proximal extremity of arterial wall
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The domains and boundaries listed in Tables[5.1]and[5.2] will be referenced in the subsequent

sections where the multiphysics phenomena are defined.
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Figure 5.2: Schematic overview of the relevant model boundaries of (a) the DCB and (b) the
arterial wall. The magnified inset depicts the arterial wall and its elastic laminae, which separate

the layers. All boundary names are listed in Table 5.2}

5.1.3 Model dimensions

The dimensions used for building the model geometry are presented in Figure [5.3] and listed

in Table [5.3] These are equivalent to the arterial wall model employed in Chapter 3] Due to
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the assumption of longitudinal symmetry, the DCB is depicted as having its proximal and distal
parts of equivalent size, unlike as in Chapter [d This is another simplifying assumption, and any
small differences in the proximal and distal parts of the DCB should have a negligible effect
on the simulation results because the device’s deformation and drug delivery are assumed to be

dictated by its middle part.
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Figure 5.3: Schematic overview of the model dimensions of (a) the DCB and (b) the arterial wall.
The magnified insets depict model domain thicknesses. Due to axisymmetry and mirroring,
some dimensions appear halved or absent in the figure. All dimensions are listed in Table@

Noteworthy, the initial model dimensions aim to explicitly represent an already pressurised
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arterial wall and no circumferential pretensioning is taken into consideration. Additionally, the
model starts with uninflated balloon dimensions, estimated as per Chapter 4] The DCB nominal
size chosen is 2.25 x 10 mm (i.e. "nominal diameter" x "middle section length") toensurea 1 : 1
balloon-to-artery ratio, as suggested in [47]]. This ratio relates the outer diameter of the balloon
when inflated to nominal pressure (6 atm) to the luminal diameter of the target artery. It is used
clinically when selecting the DCB size for an intervention.

The therapeutic region, highlighted in blue in Figure is the central part of the treated
artery. It includes a part of each layer of the arterial wall and is where drug distribution will be

assessed in silico, to mimic the measurement protocol performed in preclinical experiments.

Table 5.3: Summary of DCB model dimensions. The dimensions related to the DCB and pre-
clinical assessment methods were estimated based on discussions with Biosensors International.

Parameter Description Value Reference
g™ Nominal diameter 2.25 mm [81]]
(imid Crossing profile 1.00mm  Estimated
dy™ Proximal extremity diameter 0.7112 mm [81]]
ddist Distal extremity diameter 0.7112mm [81]]
(mid Middle section length 10 mm [81]]
(2 Proximal section length 2.97 mm [81]]
(st Distal section length 2.97 mm [81]]
Copatt Shaft length 2 mm Estimated
hp Balloon wall thickness 21.6 um [81]]
hecoat Coating thickness 25 pm [81]
Aum Diameter of arterial lumen 2.25 mm [63]
Lyan Length of total artery segment 30 mm Estimated
0 Length of therapeutic artery segment 15 mm Estimated
CET, de Length of denuded endothelium segment 12 mm [72]
Oint Thickness of intima layer 0.01 mm [63]
Omed Thickness of media layer 0.5 mm [63]
Oady Thickness of adventitia layer 0.4 mm [63]

Most of the DCB model dimensions are as per the manufacturer’s specifications. Notewor-
thy, dg’™ is an implicit dimension that may only be observed mid-simulation when the DCB is
inflated to its nominal pressure.

The definition of the model geometry is followed by a presentation on the modelling of the

multiple physics involved in the problem of endovascular drug delivery.
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System of Levels

A system is proposed to provide a structured depiction of the multiphysics architecture of the
model in Levels. Three levels are defined, characterising the interdependent parts of modelling

DCB deployment and drug delivery into arterial tissue:
* Level 1: Solid mechanics
e Level 2: Transmural filtration
e Level 3: Drug transport and retention

The concept of Levels is illustrated in Figure [5.4] The influence of each Level is denoted by
colour, encompassing the DCB and arterial wall separately, and arrows represent the interrela-
tion between their features. This diagram synthesises the model’s multiphysics architecture and
serves as a map of the structure of the Chapter. It aims to help orient the reader throughout the

presentation of the Levels.

DCB Arterial wall
LEVEL 1

mechanics
Contact Porous media flow
LEVEL 2 pressure (Darcy's law)
Transmural Ad\{ective
filtration ‘ field
Denuded/intact\f Elastic
endothelium /A laminae

= Drug
Cmtual drug IoacD transfer | Anisotropic diffusion

LEVEL 3 in coating ; m——
: Advection -«

Drug transport Diffusion ——

and retention ) Receptor binding

Figure 5.4: Schematic representation of the system of Levels, synthesising the model multi-
physics. The colours express the coverage of each feature within Levels. Square boxes rep-
resent intrinsic mechanisms and definitions, while round boxes represent initial or boundary
conditions. Arrows indicate interrelations between physics.
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The simulation of the model presented in this Chapter comprises a stationary step, followed

by two time-dependent steps:

* Initialisation step: An auxiliary step to set up initial conditions of the model multiphysics
att =0s.

* Deployment step: A short initial period of approximately one minute focussed on the

DCB deployment procedure.

* Follow-up step: A subsequent prolonged observation period of 28 days after removing
the DCB focussed on the drug distribution in the tissue. The terminology is based on the

clinical concept of "follow-up" [120], where the patient status is continuously evaluated.

Briefly, the stationary step is proposed to provide computational stability at the beginning
of the simulation. The two time-dependent steps are designed to evaluate both early and long-
term outcomes of the drug therapy, respectively the drug delivery procedure and the retention
in the arterial tissue. All Levels are enabled during the Deployment step. Afterwards, during
the Follow-up step, Level 1 is disabled completely since the DCB is removed from the arterial
environment after the intervention and it is assumed that all mechanical stimuli cease to exist
after the deployment procedure is completed.

The three Levels of the system function independently to some extent. However, their fea-
tures notably intersect in the event of contact, which occurs during most of the Deployment
step. Contact between the inflating device and the artery has three main modelling implications,
intentionally spread across the Levels. These are (1) structure-structure interaction, (2) variation
of the pressure constraint at the lumen-wall interface, and (3) drug transfer, enabled by connec-
tivity between drug concentration fields. The main motivation of the modelling work presented
here is to incorporate these factors simultaneously into a time-dependent simulation.

In Level-order, the following sections describe the modelling assumptions and techniques

employed towards a multiphysics simulation of DCB deployment and drug delivery.
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5.2 Level 1: Structural mechanics

The procedure of endovascular balloon deployment involves inflation at high pressure against
an artery, which induces deformation in both parts of the pair. The first Level of the system
characterises the structural mechanics of each component of the model pair — DCB and mul-
tilayered arterial wall — by defining: constitutive laws to govern the material deformation be-
haviour; boundary conditions to constrain or allow spatial movement; a varying pressure load
to represent the event of balloon inflation; and the contact interaction between the pair during
deployment. As aresult, the mechanical deformation and stress distribution of the model are ob-
tained throughout the simulation of DCB deployment. When the balloon is deflated, the contact
interaction lessens until disconnection, and the arterial wall returns to its original geometrical
configuration. The equations of structural mechanics are solved only for the Deployment step,
which occurs briefly until approximately one minute into the simulation. After the balloon is
deflated and removed, the deformation stimuli are assumed to cease, and the remaining physics

continue to be solved over a rigid arterial wall geometry for the rest of the simulation.

5.2.1 Material models

In solid mechanics, a material model is a relationship that describes how bodies behave in terms
of stresses and deformation when subjected to forces. This subsection presents two types of
hyperelastic material models used to characterise the mechanical behaviour of the DCB and

arterial wall.

DCB: Gent

The structural behaviour of the DCB is similar to what was presented in Chapter[d] In summary,
the DCB is described by an incompressible Gent hyperelastic material model assuming balloon

and coating as a merged structure with the same mechanical properties.

Arterial wall: Gasser-Ogden-Holzapfel

The arterial wall model was introduced in Chapter 3| as a rigid geometry without a description
of the deformation behaviour. This subsection presents the inclusion of solid mechanics for
the arterial wall model in the form of a constitutive model. By assigning structural mechanics
properties to the artery, it can experience deformation along with drug transfer when it comes
into contact with the inflating DCB.

A Gasser-Ogden-Holzapfel (GOH) hyperelastic material model is chosen to describe the
structural mechanics of the artery, based on [121]]. This material model proposes an invariant-
based strain energy density function, accounting for the nonlinear response and distributed ori-

entation of collagen fibres in the arterial tissue. Similarly to the simplifying assumption for
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the DCB, the arterial wall is modelled as an incompressible material. The incompressibility of
arterial tissue is an acceptable assumption for the practical purpose of this modelling work, as
evidenced by [122] and supported by [123]. Then, a GOH material model is used to describe
each of the arterial wall layers (£2in, {2med, and €2,4y) as incompressible anisotropic hyperelastic
materials.

The implementation logic of the material model is presented below, starting with a com-

pound strain energy density function in Equation [5.2.1}
Voo = Wi + Wy + W, (5.2.1)

where the isochoric strain energy density, ¥goy, results from the combination of the isotropic
isochoric strain energy density (W), the anisotropic mechanical contributions of the first fibre
family (W,), and the anisotropic mechanical contributions of the second fibre family (WWs). Re-
spectively, these three terms characterise the mechanical response of elastin as isotropic and
elastic, and of the anisotropic fibres in their two preferential directions as in [[123]].

Each of the components above is defined on a layer-specific basis, with ¢ denoting a generic
artery layer, in Equation [5.2.2}

;

W1 = U ([1 — 3)
]{?1’1' 2
Wy = exp{k‘z,i (i [+ (1= 3r:) I — 1] }—1 for i = {int, med, adv},
2,1

\

kl,z‘ 3 2
”6— 2]{3,1 eXp{ 2,1 ["fi-ll (1 3’%) 16 1] } 1

where the parameters y;, K ;, and k, ; are obtained through mechanical testing of the tissue
and represent neo-Hookean, stress-like, and nonlinearity characteristics, respectively. The first
invariant of the right Cauchy-Green deformation tensor is denoted by /; as in [[124]. The terms
I, and I are strain invariants, defined as equal to the square of the stretch in the direction of the
fibres, respectively for the first and second fibre families, given by the mean orientation angle
B; [121]]. Assuming that the strain energy from anisotropic terms only contributes to the global
structural response of the tissue when stretched and bears no load when compressed, /4 and /¢
are only considered for values greater than one [63]. This is intended to avoid some unexpected
behaviour in shear, reported in detail in [125]]. It is noteworthy that x; indicates the degree of

fibre dispersion in that respective layer, characterising the distribution of collagen fibres within
1
3
indicates randomly-oriented fibres leading to an isotropic response. The parameters «; and [;

the two families. When x; = 0, it means that the fibres are perfectly aligned, while x; =

are determined from histological data of the tissue.
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Using a sophisticated material model such as GOH permits the combination of anisotropy,
in the form of collagen fibre dispersion, with the multilayer properties of the arterial wall model.
By assigning layer-specific material parameters to each artery layer, additional anisotropic depth
can be introduced to the model. Ideally, it provides a better depiction of the complex microstruc-
ture structure of soft biological tissues to make the simulated deformation behaviour more real-
istic. Hence, aiming to meet the prerequisite of realistic constitutive modelling for quantifying
changes in the arterial wall in response to stimulus, as proposed by [[121]]. The material parame-

ters used for each layer are summarised in Table[5.4).

Table 5.4: Summary of layer-specific GOH material model parameters. All parameters origi-
nated from the indicated reference and were fitted according to [63]].

Name Description Unit Layer-specific value, for ¢ = Reference
int med adv

Lbi Neo-Hookean parameter kPa 26.16 1.93 8.17 [126]]

ki Stress-like parameter kPa 10485.17 149.10 695.61 [126]

k. i Nonlinearity parameter —— 20.00 51.74  604.79 [126]

Ki Dispersion parameter — 0.165 0.262  0.265 [126]

Bi Mean orientation angle  ° 50.02 37.47  60.33 [126]

The density of wet arterial tissue is irrelevant since the deformation is assumed quasi-static.

5.2.2 Time-invariant boundary conditions

This subsection describes a set of physical constraints that enclose the model domains. Particu-

larly, these boundary conditions feature unchangeable behaviour over time.

Spring foundation

The model geometries represent only a finite section of the DCB and arterial wall. These are
virtually limited at the proximal and distal extremities by I'®  and I'¥3!!, respectively. Since these
boundaries are sufficiently far from the deployment region, they are assumed to be immobilised
in terms of solid mechanics. Similarly, the catheter shaft where the balloon is mounted (rep-
resented by ['ghag) 1s also assumed to be immobile during the inflation procedure. Over these
boundaries, the model employs a spring foundation as an alternative to fixed constraints. A

detailed definition of the spring foundation boundary condition can be found in Chapter 4]

Roller

DCB
Fsym, z

The DCB and arterial wall are also limited by the longitudinal line of symmetry (I'sym, .) at
and T'@ _ respectively. To allow free displacement in the tangential direction (r) but prevent

sym, z°
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any movement in the perpendicular direction (2), a "roller" boundary condition was proposed
over these boundaries. This constraint is somewhat analogue to a "symmetry" condition, as used
in [[72] and [80] to mirror the model geometries, but intended here to represent also the sliding

motion over ['gn, .. It is described in Equation 5.2.3]as:
v-n=0, (5.2.3)

where v is the geometry displacement, and n is a unitary normal vector at that boundary. This
boundary condition effectively causes the model geometries to "slide" in the direction tangential
to the boundary of effect. Since balloon inflation is assumed to be symmetric in this model,
it is reasonable to assume pure radial displacement at these boundaries. Free deformation is
prescribed to the remaining boundaries of the model geometry.

The following subsections describe separately the two boundary conditions exhibiting vari-
able behaviour over time. These are the primary mechanisms that characterise the time-dependent

features of the deployment simulation: balloon inflation and contact.

5.2.3 Balloon inflation

In the clinical setting, the DCB is positioned at the intervention site and then inflated with
high pressure (6 — 10 atm) to engage the interior surface of the blood vessel. This pressure
range is in line with the manufacturer’s procedural guidelines, given in the usage instructions
of Biosensors’s BA9™ DCB [81]. The pressure is then maintained for a sufficient duration to
allow drug transfer to the arterial wall [36]. This duration is estimated, based on typical values

for coronary applications [32], as 60 seconds.

Pressure ramp

Similarly to Chapterlé—_ll, a time-dependent pressure load p;,¢(t) is proposed to simulate the balloon
inflation procedure. Additionally, the pressure function includes the deflation of the DCB after
the prescribed inflation duration is reached.
The pressure load boundary condition is devised with the use of ramp functions applied to
the inner surface of the DCB (I'};; and T'}, ). Inflation pressure magnitude is applied to I'y; in
B

full, while is applied to I';, in a spatially gradual fashion. The distal part of the ramp is absent
due to longitudinal symmetry, and the entire DCB structure is pre-tensioned before inflation. A

detailed definition of ramp smoothing and balloon pre-tensioning can be found in Chapter 4]
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Equation [5.2.4] states the desired pressure versus time behaviour:

;

t
Pmax 0<t<t;
tramp
pinf(t) = Pmax i <t< tf (524)
t—tf
Pmax — ¢ Pmax tf <t < tf + trampy
ramp

\

where t; = tump and ¢y = t; + Aty are the initial and final time limits of inflation at nominal
pressure, assuming the starting time of the ramp as zero for simplicity; and pn,y 1S the target
inflation pressure, considering a zero base pressure inside the balloon at the uninflated state. As
the arterial lumen is largely simplified, any effects of the pressurised lumen resisting balloon
inflation are neglected in this model. Thus, inflation occurs as a free expansion.

The modal behaviour presented above can be described by a single time-dependent function

valid for the entire Deployment step, as in Equation [5.2.5}

. t
Pine(t) = min (t_’ 1) DPmax

ramp

(5.2.5)

t—t
_ max((), - f) Dinax 0 <t <ts+ tramp

ramp

where min and max are minimum and maximum functions. Their usage limits the values of the
ramps, permitting the use of the independent time variable ¢ over a continuous interval.

Figure [5.5] shows the behaviour of magnitude of inflation pressure load versus time. It also
illustrates the definition of inflation duration as Ati,y = ¢y — t;. In summary, the boundary
condition pj(t) prescribes a pressure load that rises in magnitude briefly (famp, = 10 s) until
the predefined maximum inflation pressure value (pm,x) 1S reached; sustains it for the predefined
inflation duration (At,); then ramps down over 10 seconds (tamp = 10 s), returning to its

starting value and retracting the balloon to its deflated state.

Calibration of compliance

As per a similar iterative parameter calibration routine as in Chapter {] the deformation be-
haviour of the inflating DCB, known as "compliance", was adjusted for a clinically relevant
pressure range (6 — 10 atm). The fine-tuned material parameters for the Gent hyperelastic ma-
terial model are ¢ = 1.965 MPa and j,, = 5.35. Figure [5.6]compares the resulting compliance
from a simulation of free inflation against the device’s specifications as provided by the manu-
facturer [81]. The model behaviour matches the compliance data well over the chosen operation
range.

Table [5.5]lists the set of parameters that characterise the inflation procedure in the model.
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Figure 5.5: Magnitude of the time-dependent pressure load versus time, characterising the DCB
inflation and deflation during the Deployment step.

Table 5.5: Summary of procedural parameters involved in the DCB inflation model. Procedural
values were estimated from discussions with Biosensors, and the pre-stress value from own in
silico experimentation.

Parameter Description Value Reference
Pmax Target inflation pressure 6 — 10 atm  [81]
Atins Inflation time duration 60 s [32]
Lramp Ramp up / down duration 10 s Estimated
Tpre Balloon prestress 20 MPa Estimated

It is assumed that the role of the DCB in the procedure ends after deflation. Therefore, after

deflation the DCB is removed from the simulation along with all of its coexistent physics.

5.2.4 Contact

In Level 1, the solid mechanics interaction between DCB and arterial wall during contact is con-
sidered. The two entities of the model — DCB and arterial wall — are modelled as initially dis-
connected geometries. This represents the preclinical/clinical pre-intervention scenario, where
the medical device is positioned at the lesion site and is ready to be inflated. In the model,
the nominal diameter of the DCB is compatible with the internal artery diameter at a 1 : 1
balloon-to-artery ratio. When the DCB is inflated to the nominal inflation pressure of 6 atm, its
external surface will barely come in contact with the inner surface of the arterial wall without
exerting any pressure. If the pressure is increased beyond that threshold value, the two surfaces
will mechanically interact with each other, exerting equal and opposite pressure. To model this

interaction, a contact algorithm is used.
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Figure 5.6: Comparison of compliance between DCB model results and device’s specifications,
expressed as middle section balloon diameter versus inflation pressure. This compliance curve
notably differs from the previous Figure in Chapter [} due to the different DCB sizes
considered.

Contact pair

The implementation of contact physics in the model starts with defining a "contact pair", which
comprises the pair of potentially interacting boundaries. The selected boundaries are (I) a central
part of the outer surface of the coating, ['..,, as the "source" and (II) an adjacent segment of the
arterial wall that will receive contact, i.e. the denuded endothelium boundary I'gy 4. as the
"destination".

Contact constraint is an inequality. It can be expressed using three conditions, known as the
Karush—Kuhn—Tucker conditions, as explained in detail in [127]. The deformed positions of the
contact pair surfaces are denoted as X, and Xpy, respectively, for "source" and "destination",
and the distance between the contacting pair is defined with a simplified physical gap function as
AX = (Xps — Xsc)- The contact pressure between the two surfaces is defined as T,,, assumed
positive in compression and in the normal direction to the contacting boundaries. Some notations
are simplified for the sake of the theoretical set-up of the model. Therefore, a penalty method of

contact is proposed to approximately impose the Karush—Kuhn—Tucker conditions in the model.

Penalty contact method

The penalty method governs the contact interaction between bodies in this model. For brevity,
it works by imposing a stiff spring between the contacting surfaces when the contact clause is
satisfied (AX < 0). It is measured in the normal direction and in the spatial frame of the model,
which varies with deformation along the time-dependent simulation. As the term becomes less
than zero, a small penetration condition occurs. The penetration is then "penalised" by the inser-

tion of a stiff compression-only spring between the contacting points, which pushes them apart.
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The spring exerts increasing force as the boundaries engage contact, consequently contributing
to structural stresses and triggering deformation in accordance with the material models. More
details can be found in Section[5.5] "Computational set-up".

Assuming no pressure is transmitted at zero gap, the contact pressure relation between the

contacting boundaries of the pair may be described by Equation [5.2.6}

— £, AX if AX <0
T, = (5.2.6)
0 if AX >0,

where T, is the contact pressure in the normal direction, and f, is the stiffness-like parameter.
The two cases in the equation indicate that 7;, is null if the distance between surfaces is greater
than or equal to zero, i.e. while not in contact.

The term f, is an important parameter in the penalty method. Its value determines the
proportionality of the penalty relationship, as the stiffness of a spring, between the contact-
ing boundaries of the pair. For instance, a high value of f, indicates a stiff contact behaviour
and a low value represents a soft contact behaviour. Notably, both extremes can pose numerical
ill-conditioning of the problem. In the current model, an iterative trial-and-error process was
used to adjust the penalty factor, eventually selecting a penalty factor value of f, = 4 - 10"
Pa/m. The value is based on the characteristic stiffness and mesh size of the arterial wall, then
adjusted iteratively. This choice ensured computational stability and acceptable penetration be-
tween contacting domains (less than 1 pm).

Figure[5./|illustrates the evolution of the contacting boundary length during balloon deploy-
ment and the effect of the penalty factor method as springs in compression deforming the pair.

At the end of the Deployment step, the balloon is deflated, and contact is terminated.
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Figure 5.7: Qualitative illustration of the contact constraint progression along the time-
dependent simulation of DCB deployment, for an example scenario with an inflation pressure
of 8 atm. The reverse behaviour is observed as the balloon is deflated. The "source" and "des-
tination" boundaries are illustrated in green and cyan, respectively, and the satisfaction of the

contact clause is illustrated in magenta.

This concludes the characterisation of the solid mechanics of the model. In summary, Level
1 defines the solid mechanics behaviour of the model geometry and provides coherence for the
spatial frame of the simulation. The contact interaction may be seen as an input that makes the
inflation of the DCB affect the arterial wall. As a result, the contact pressure causes the pair to
deform, altering their position in the spatial frame accordingly during the inflation procedure.
Nevertheless, in the context of endovascular DCB deployment, the contact pressure between the

device and the vessel has implications beyond solid mechanics. The following section considers

how contact affects the fluid flow through the arterial wall.
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5.3 Level 2: Transmural filtration

The second Level of the system describes the fluid flow occurring through the porous and per-
meable arterial wall, i.e. transmural filtration, during and after DCB deployment. A detailed
definition of this phenomenon can be found in Chapter [3] Here, the contact stimulus between
the DCB and arterial wall, presented in the last section, is proposed as a time-dependent input
that couples Levels 1 and 2.

The magnitude and direction of transmural filtration are derived from Darcy’s Law, detailed
in Chapter 3] as:

Ri

u=- (Vp + f), (5.3.1)

Hplasma

where u is the transmural convective field, x; is the layer-specific porous media permeability,
Hplasma 18 the dynamic fluid viscosity, Vp the gradient of the transmural pressure field, and f is
an external force. The subscript "i" denote each of the artery layers (i.e. i = {int, med, adv}).

The term f represents a contribution of an external force to the transmural pressure gradient.
In the model presented in this Chapter, it is assumed that the contact pressure due to DCB
deployment ('7},) fulfils this role at the contacting boundaries, where it temporarily increases the
transmural pressure gradient, thereby amplifying the magnitude of advection.

Since the DCB is modelled as a solid geometry made of non-permeable material, the entire
DCB domain (25 and ).,4) is excluded from Level 2.

Pressure constraints

Based on previous computational studies [62, (72, 90, [128], and in chorus with Chapter@, this
model simplifies the effect of haemodynamics as a constant pressure. Then, a simplified set
of constant pressures is assumed to represent the luminal and perivascular pressure constraints.
Notwithstanding, the pressure stimulus from DCB deployment on the arterial wall must be con-
sidered.

Often in the case of DES models, the starting point of the simulation is an implant already
embedded in a static artery [63, (72,80, [85]. Without time-dependent stimuli, the pressure profile
over the luminal interface would remain constant throughout the simulation, resulting in stable
pressure configuration and thus permitting a reasonable steady-state assumption. In the case
of DCB, however, there are more pronounced time-dependent stimuli during the time frame of
drug delivery — which takes place entirely during the deployment procedure. Models have tried
to incorporate the temporary albeit substantial pressure increase effect due to balloon inflation
(66} 167,72, 73]. Some works proposed a bi-modal pressure constraint: a high value during the
inflation stage followed by a physiological value at the post-inflation stage once the delivery
is completed. Three important limiting aspects of these works must be pointed out: (I) the

absence of a material representation of the drug delivery device or its inflation procedure; (II)
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the assumption of a rigid artery, unaffected by time-dependent deformation; and (III) the high
value used in the bi-modal pressure constraint. Only revisiting (I) and (II), and including their
missing effects, it is likely for models to have a more realistic assumption of (III).

The current model seeks to improve the realism of DCBs in silico by simulating the contact
interaction between the device and arterial wall, to obtain the contact pressure as a spatiotempo-

ral variable over the contacting interface.

5.3.1 Boundary conditions

The basic boundary conditions concerning transmural filtration are in Chapter |3} where the ar-
terial wall model is described in detail. The same terminology is used for the boundaries to
facilitate comparison. Exceptionally, this subsection presents the differences compared to the
previous model. These are: (I) the boundary conditions regarding the DCB deployment effect
will be updated accordingly, and (II) the model equations are calculated over moving domains
due to deformation.

The pressure boundary conditions in this Level are designed to impact only the transmural
filtration physics and not the solid mechanics physics of Level 1. This excludes the potential

problem of a positive pressure and deformation feedback loop between the Levels.

Denuded endothelium

As in Chapter E], the lumen-wall interface is divided into two zones: the denuded (I'gr, ¢¢) and
intact endothelia (I'gr, in). The denuded endothelium represents the region affected by the DCB
deployment, where the superficial layer of endothelial cells is assumed to be completely re-
moved. Upon contact, the pressure disturbance due to DCB deployment is introduced as an

additive pressure term in the contacting region, amplifying the base pressure:

> p =pum +Tn  onTera, (53.2)

where ) p denotes the additive contributions of pressures, composed of the luminal pressure
Pum and the contact pressure 7},. The contribution of the variable 7;, is limited to where contact
occurs. Elsewhere, it is null. Since 7, originated in Level 1, the boundary condition expressed
in Equation[5.3.2]links Levels 1 and 2.

Semi-permeable barriers

The intact endothelium and elastic laminae are modelled as semi-permeable barriers according
to the Kedem-Katchalsky equations, as introduced in Chapter[3] The resulting volume flow .J, ;,
given in units of velocity, has spatiotemporal-dependent values over its respective boundary

since (I) pressure is distributed unequally over the model geometry and (II) dynamic stimuli
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disturb the pressure fields along the simulation.

Finally, Table [5.6] summarises the complete set of boundary conditions of pressure and flow
constraining the multilayered arterial wall. Zero-flow conditions are imposed over the longitu-
dinal extremities to contain the transmural flow as in [62] and [72]. As justified in these works,
this assumption considers an arterial wall that is both axially homogeneous and sufficiently long
— so that the boundary conditions at the longitudinal extremities should have negligible ef-
fects on the simulation results in the therapeutic domain. A detailed definition of the modelling

assumptions and parameters utilised in Level 2 can be found in Chapter 3]

Transmural fields

The outcomes of the porous media flow calculations are the transmural fields of pressure (p) and
convective (u). These fields are computed over all artery layers (€2, {2neq, and €2,4,) in a time-
dependent manner, spanning across Deployment and Follow-up steps. Pressure is expressed as
a scalar in units of millimetres of mercury (mmHg) while convective velocity is expressed as
a vector oriented in space with magnitude in units of micrometres per second (xm/s). Due to
the cessation of dynamic stimuli after the Deployment step, the transmural fields will remain
constant throughout the Follow-up step.

In conclusion, the spatiotemporal convective field u will inform the drug transport mecha-
nism of advection, complementary in the process of drug distribution in the arterial wall follow-

ing DCB therapy, as presented in the upcoming Level.

Table 5.6: Summary of boundary conditions used in Level 2.

Type Expression Boundary of effect
Pressure  pum + 7% BT de

Flow Jy BT et in

Flow Jy, 1EL e

Flow J\, EEL IN558

Pressure  pperiv T periv

Zero-flow —m-u=0 T¥ .

Zero-flow —n-u=0 Iyl
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Table 5.7: Summary of Level 2 model parameters for transmural filtration.

Parameter Description Value Reference
Dlum Physiological luminal pressure 100 mmHg [63]
Dperi Perivascular pressure 30 mmHg [63]]
Yint Hindrance coefficient of intima 1 [63]
Ymed Hindrance coefficient of media 0.845 [63]
Yady Hindrance coefficient of adventitia 1 [63]]
Qint Porosity of intima 0.983 [88]
Omed Porosity of media 0.258 [88]]
Qady Porosity of adventitia 0.85 571
lagint Lag coefficient of intima 1.0173 Calculated
lagmed Lag coefficient of media 3.38 Calculated
lagagy Lag coefficient of adventitia 1.1765 Calculated
KET Permeability of endothelium 3.6 - 107%m/s [62]
KIEL Permeability of IEL 9.6 - 107°m/s [62]
KERL Permeability of EEL 9.6 - 107%m/s [63]
[60]

Lplasma Dynamic viscosity of plasma 7.2-107*Pas
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5.4 Level 3: Drug transport and retention

The last Level of the system elaborates on the modelling of drug delivery from DCB and sub-
sequent distribution in the tissue, considering its underlying parts as "mechanisms". Level 3
aims to simulate the drug distribution over the coating and arterial wall domains throughout the
time-dependent events of DCB inflation, drug delivery on contact, long-term retention in the tis-
sue, and wash-off. While the basic definitions and assumptions of drug transport and retention
come from Chapter [3] the novelty of this Chapter is the drug source implicitly derived from the
simulation of DCB deployment. Moreover, drug calculations are performed over deformable
domains.

The therapeutic agent considered in this model is the antiproliferative drug sirolimus, also
known as rapamycin. It will be simply referred to as the "drug". Since the modelling efforts are
focussed on the drug delivery process and subsequent long-term spatial distribution, considera-
tions about the antiproliferative effect of the drug on the arterial tissue are beyond the scope of
this work.

In this section, the behaviour of the drug is described first within the model domains and

then at its surrounding boundaries.

5.4.1 Initial conditions

The initial conditions in the simulation represent a DCB already positioned at the intervention
site, with its coating embedded with a uniform drug concentration, cy. Throughout its entire time
inside the circulatory system, the DCB is exposed to rapid blood flow in the lumen, causing loss
of superficial drug from its coating. It is estimated that the majority of drug losses occur during
the one-minute journey of the device to the intervention site [81]. As a simplifying assumption,
the effect of drug loss in transit to the intervention site, known as "tracking loss", is included in
this model as a uniform deduction from the drug load in the coating. This deduction is applied
once, at t = 0 s, and subsequent drug wash-off during the time-dependent DCB deployment
procedure is ignored.

Equation [5.4.Texpresses how the initial drug concentration in the coating is derived:

Myom (1 — T'L)
= 5.4.1
0 Msir ‘/;oat ’ ( )

where My, the nominal drug load according to the device specifications, in ug; (1 —T'L) is the
remaining fraction of drug load in the coating after tracking loss, non-dimensional; My is the

molar mass of the drug, in g/mol; and V., is the volume of the coating, in m?

, resulting from
the volumetric integration of the coating domain (VCoat = fQ } det).
The expected values of tracking loss are based on experimental literature as well as internal

studies from the collaborating company [67, 95, [129]. The resulting value of Equation [5.4.1]
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defines a uniform initial concentration of drug in the coating, ¢y, in mol/m®. At the beginning
of the time-dependent simulation, i.e. at ¢ = 0 s, the DCB is positioned at the intervention site,
concentric with the artery lumen, and all drug is localised in the coating domain. It is assumed
that all other domains are devoid of drug.

Table [5.8] summarises the mechanisms of drug transport and retention and the initial con-
ditions of drug concentration assigned to each of the model domains. Some domains exhibit a
combination of multiple mechanisms. Transport of drug is governed by diffusion partial differ-
ential equations in the coating ({2..y), by diffusion-advection equations in the intima ({2;,.) and
adventitia (£2,4y) layers, and by diffusion-advection-reaction equations in the media (2,.q) layer.
The reaction term is included solely in the media, as justified in the further subsection to
account for the effect of drug retention in that domain. The balloon domain (£2g) is excluded

from the drug transport and retention simulation.

Table 5.8: Overview of the Level 3 mechanisms and initial conditions in each model domain.

Domain Mechanisms Initial conditions (at t = 0)
Qg — _

Qeoat Diffusion c= ¢ (Equation
Qine Diffusion-Advection c=20

Qmed Diffusion-Advection-Reaction ¢=0,6*=0,0™ =0

Qadv Diffusion-Advection c=0

The following subsections describe each of the mechanisms of drug transport and retention

in detail.

5.4.2 Diffusion
Diffusion in the coating

In line with the modelling work explained in detail in Chapter |, the behaviour of the drug
in the coating is based on an isotropic diffusion coefficient derived from experimental testing
using the drug Biolimus A9™. However, the current model considers sirolimus as the drug.
Biolimus A9™ is an analogue of sirolimus, obtained from altering a single radical group of the
chemical compound. Since sirolimus and Biolimus A9™ are similar in terms of molecular size
and weight, their diffusive transport properties are expected to be almost identical. Therefore,
the diffusion coefficient derived from a Biolimus A9™ experiment will be adapted to describe
the transport of sirolimus in this model.

At the beginning of the simulation, the entire drug load is assumed to be distributed uni-
formly and confined within the coating domain. Any further wash-off of drug due to blood
flow during the time-dependent simulation is disregarded. Diffusion in the coating plays its role

in drug delivery at the event of contact — when the drug load is "discharged" to the arterial
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wall. The process of drug transfer between DCB and the arterial wall is described in the further

subsection [5.4.5] "Boundary conditions".

Diffusion in the arterial wall

Diffusion is a drug transport mechanism assumed present in all layers of the arterial wall, be-
having according to layer-specific diffusion coefficients. A detailed definition of this mechanism

can be found in Chapter 3]

Deformation-dependent diffusion

In chorus with recent modelling studies that consider arterial deformation [63] [72], the effect
of arterial deformation on the transport properties of the drug in the tissue is included in this
model. The localised arterial deformations that occur during the Deployment step are assumed
to temporarily alter the magnitude of the diffusive transport of the drug.

This effect is modelled with the introduction of deformation-dependent diffusion coeffi-
cients, D} (r, z,t), acting as effective diffusion coefficients that incorporate effects of porosity
and tortuosity. As the tissue deforms, the spatiotemporal deformation gradients ¢, (r,t) and
e,(z,t) are translated as changes in the tortuosity in the arterial tissue. The change in tortuosity
affects the diffusion coefficients D in a each layer, as i = {int, med, adv}. During the events of
inflation and deflation, each layer-specific diffusion coefficient is updated on a spatiotemporal
basis according to the local deformation experienced. After deployment, deformation ceases
and so does the altering effect as both deformation gradients remain null for the rest of the
simulation.

Equation [5.4.2] proposes that the arterial deformation caused by DCB deployment affects

each layer-specific diffusion coefficient, exerting a localised and temporary effect on diffusion:
Di(r,z,t) = (Di, r(1+e) Di.(1+ €Z)> for i = {int, med, adv}, (5.4.2)

where €, and ¢, are the local radial and longitudinal strains, respectively.

Local strains in the arterial wall are defined in Equation [5.4.3]as:

Ar
Epr = 7“_
0 54.3
Ab ( )
€= —
20

where Ar and Az are the deformation gradients, and 7, and 2, are the original spatial configu-

ration in radial and longitudinal coordinates, respectively.
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5.4.3 Advection

Advection is primarily guided by the convective field (u) in the simulation. It is obtained from
the porous media flow calculations of Level 2 and fed into Level 3, as a spatiotemporal input

effectively linking the Levels. A detailed definition of this mechanism can be found in Chapter

Bl

Moving domains

The advective term is finalised with a consideration of moving domains. During the deployment
simulation, the coating and arterial wall domains are deformed due to inflation, contact, and
deflation. Drug distribution is calculated over these domains. Accordingly, all model domains
containing drug concentration fields, whether in free or bound drug phases, need to shift their
drug distribution as the geometry deforms to ensure that drug mass is conserved throughout the
simulation.

The proposed implementation in this model closely resembles the one presented in Chapter
4 In summary, the drug transport equation implicitly incorporates the deformation rate, v,
alongside the effect of the regular transmural convective velocity, u. The total convective term
is then defined as U = u+v. This ensures that the drug transport equations for all domains in the
model are considered correctly in the current deformed configuration whilst the drug-embedded
domains are deformed in the Deployment step of the simulation.

As diffusion is combined with advection, diffusion-advection equations are formed. Equa-

tions [5.4.4] and [5.4.5] govern the evolution of free drug concentration in €2;,, and 2,4y, respec-

tively:
dc
vl V.- (D, Ve — U'c) in Qine (5.4.4)
dc
Fri V.- (D, Ve — U¢) in Quqy, (5.4.5)

where c is the free drug concentration, ¢ is time, D is the layer-specific modified diffusion
coefficient, and U* is the modified total advective velocity field, including the lag coefficients
as defined in Chapter 3]

The equations describing drug transport in the media ({2,,.4) require additional physics and
are described in Section[5.4.4

5.4.4 Reaction

As drug is transported through the multilayer wall via diffusion and advection, it may also be
retained in the tissue in a process named "drug binding" [61]. To account for this effect, a re-

action term R is added to the drug transport equation in the media layer, where the majority of
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the target drug receptors are located. Effectively, the reaction rate R transforms drug concentra-
tion between free (c) and bound (0° and 0™) phases over time, simultaneously with the transport
phenomena. A detailed definition of drug binding can be found in Chapter 3] While the bound
drug is also assumed immobile here, unaffected by the transport phenomena of advection and
diffusion, it artificially follows the deformation of the arterial wall during the Deployment step
according to the aforementioned pseudo-advective term.

Finally, diffusion-advection-reaction equations govern the transport and retention of drug in

the media:
Jc )
Fri V- (D, Ve — U'¢) —R in Qped, (5.4.6)
ob*  ob™
where R = o + o is the reaction rate symbolising the simultaneous binding of drug to

specific and non-specific binding sites.
Table [5.9] presents all governing equations of drug transport and retention in the model by

domain, along with their main features.
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5.4.5 Boundary conditions

The previous subsections within Level 3 regarded the properties of drug phases within the model
domains where they are valid: free drug concentration c, over the coating and entire arterial wall
domains; and bound drug concentrations 0* and 0™ exclusively within the media layer.

Boundary conditions are essential to detail the behaviour of drug at the boundaries of each
domain. A description of the basic boundary conditions of the arterial wall model can be found
in Chapter [3] In this subsection, the key differences in boundary conditions due to having a
depiction of the DCB deployment in the model are presented. These are related to (I) the drug
source, (II) halved DCB geometry, and (III) drug-embedded moving domains.

Thin diffusion barrier

During the deployment procedure, the deformation experienced by the inflating DCB causes the
coating to reach the intima layer. When these domains are sufficiently close, contact occurs. In
retrospect, Level 1 used a contact pair boundary condition to model the connectivity between the
geometrical fields of the DCB and arterial wall when engaged in mechanical interaction. Here,
a somewhat analogous pair definition is proposed, but to establish communication between the
drug concentration fields of ()., and €2;,; during contact. This intends to enable the transmission
of drug from the drug-embedded coating to the innermost artery layer, similarly to the dissolu-
tion process described in [68]. To this end, the boundaries that will experience drug transfer are

selected as a pair, namely:

Source (''Src'') Where the drug is sourced from, defined in this model as the outer boundary of

the coating domain, I'c.y.

Destination (''Dst'') The target of drug delivery, defined as the innermost boundary of the ar-

terial wall subjected to the drug delivery procedure, I'gr, ge.

During DCB deployment, part of the source and destination boundaries engage contact.
Temporarily while it occurs, the drug concentration fields of these should interact to exchange
drug mass. The default way of modelling this would be to enforce continuity of drug concen-
tration between the fields of the pair of Src and Dst. However, from preliminary modelling
experimentation performed, the continuity boundary condition presents two main problems: (I)
computation time, (II) need for matching mesh.

As an alternative to a continuity condition, a pair of boundary conditions of flux, Jg, and
Jpst> 18 prescribed over the respective contacting boundaries. The pair is assumed to behave as
a thin diffusion barrier promoting the inter-flow of species solute, i.e. drug, through the contact
interface and between the coating and intima domains. To provide generality and sufficient
orientation to the pair of fluxes, each flux is combined with a negative unitary normal vector to

its respective boundary, —n, which points inwards to its respective domain. Then, the resulting
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configuration is a pair of complementary boundary conditions of inward fluxes of solute, as
presented in Equation

Dcoat
—n- JSrc = h (CDst - CSrc) on FCO&t
coa (5.4.7)
Dcoat
—n - Jpy = h—(CSrc - CDst) on I'gr, ge,
coat

where n is the unit outward normal vector to the corresponding boundary; Js,. and Jpy are the
inward boundary fluxes at the source and destination contacting boundary, respectively, in units
of mol/(m? s); D,y is the diffusion coefficient in the coating; hcqy is the coating thickness; and
cpst and cs;e are the drug concentrations immediately at the destination and source boundaries.

During the temporary contact window when the fluxes are active, there is a large concen-
tration of drug in the source (cs,c >> cpg), causing Js,. to behave as a negative inward flux on
I"coat> draining solute from the source. Simultaneously, Jpg has equal magnitude but is positive,
so that it injects drug into the destination through I'gr, 4. The symmetry of the pair of boundary
fluxes is necessary to conserve the total mass of drug in the system during the exchange.

The time window of contact is roughly equal to the inflation duration (At;,f), commonly
reported as up to 60 seconds for coronary applications [32, [130]. After deflation, contact is
removed and drug transfer is assumed to cease to exist for the rest of the simulation. The thin
diffusion barrier condition is then replaced with a perfect sink. The drug delivered traverses the
multilayered arterial wall according to the mechanisms of transport and retention described in
the remainder of this Chapter.

In summary, the process of drug delivery from DCB is modelled with a thin diffusion barrier,
composed of a pair of complementary fluxes of solute, Js,. and Jpy;, active respectively over the
contacting boundaries of source and destination upon contact. This is proposed as an alternative
to a continuity condition, which would connect the drug concentration fields of the contacting
domains. The distinctive features of the thin diffusion barrier are (I) the additional dependency
on coating parameters, namely Do, and heoq, and (II) reduced computational expense, as ob-
served in preliminary in silico experimentation of own authorship. In Section Discussion,
a comparison between the performance of these is provided, justifying that their similarity is

acceptable.

Semi-permeable barrier

The general Kedem-Katchalsky equations as presented in Equation [3.6.1] of Chapter [3| are used
to model the effect of the intact endothelium and the two elastic laminae as semi-permeable
membranes. These membranes mediate the transport of drug between artery layers based on
local pressure and drug concentration information between the lumen and intima, at ['g ; be-

tween intima and media, at ['gr, 4o; and between the media and adventitia, at ['gg; . The resulting
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fluxes of drug — the solute — passing through each of the membranes are respectively J; gr,
Js. 1L, and Js ggr. Due to the time-dependent simulation of DCB deployment in this model,

these fluxes are calculated over each respective boundary in a spatiotemporal fashion.

Perfect sink

The perfect sink is employed to allow drug clearance from the model domains. A detailed
description of this boundary condition can be found in Chapter (3| In this model, perfect drug

sinks are defined over I'yeiy and I'gr, ¢ after the Deployment step.

Zero-flux

The DCB geometry in this model is halved due to the usage of symmetry (mirroring over Iy, ).

To ensure drug is contained within the coating domain, a zero-flux boundary condition is pre-

scribed over the region sectioned by the symmetry procedure, the boundary Fg?fz. Equation
4.8|expresses the zero-flux boundary condition:
—n - (J+U*c) =0 on D7 (5.4.8)

where .J is the total diffusive flux of drug; U is the total advective term in the coating, in this

case, formed solely by the deformation rate v; and c is the free drug concentration.

Inflow

In the previous subsection[5.4.3] the conservation of drug within the deforming domains was ad-
dressed using an implicit pseudo-advective term. Here, an auxiliary boundary inflow condition
is proposed to account for the deformation rate (v) on the boundaries of all drug concentration
fields (c, b°, and ™). The need for such manual intervention is due to the seemingly discon-
nected physics of structural mechanics and drug transport in the modelling software, which does
not account for their relationship by default and may calculate the pair in different coordinate
systems (or "frames"). In the model, the inflow is imposed as an additive flux to the external
boundaries of all drug-containing domains (Equations[5.4.9[5.4.10] and[5.4.TT)), excluding where
zero-flux is applied, as an alternative to constraining drug concentrations to fixed values. Where

applicable, it supplements the flux at inlet and outlet boundaries of the multilayered geometry
such as the laminae surrounding the media layer. This boundary condition prescribes a total
flux based on the upstream drug concentration and the total velocity at a boundary, to preserve
both the conservation of flux and continuity of drug concentration around domains undergoing

deformation and drug distribution.
—n - (J+U" cgown) = —1 - (V cyp) onl; (5.4.9)

—n - (J+Uby,,) = —n - (vb) on [ (5.4.10)
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—n - (J+UBE,) = -n- (V)  only (5.4.11)

down

where n is the unit outward normal vector to the corresponding boundary; .J is the diffusive
flux of drug; U* is the total advective term, composed of deformation and amplified transmural
velocities if applicable; v is the spatiotemporal deformation rate; cgown and ¢, are the free drug
concentrations downstream and upstream of the boundary, respectively, and analogously for the
bound drug concentrations b* and 0™; and ¢ is an arbitrary boundary name surrounding a drug-
containing domain.

It was observed that including this inflow condition effectively dislocates the drug concen-
tration fields as they deform, resulting in the accurate containment of drug within domains to
satisfy the conservation of drug mass. Despite not being affected by advection, the bound drug
concentration fields still need to perceive the effect of arterial wall deformation and dislocate
accordingly; thus, it is reasonable to apply the same inflow condition to the drug concentrations
in bound phase. For bound drug, the inflow surrounds the media layer and is only active during
the Deployment step — when the deformation rate is present.

In chemical engineering, this boundary condition is occasionally referred to as the Danckw-
erts inflow condition as presented in [131]]. In that context, it has been reported as helpful when
having high reaction rates in the vicinity of the substance inlet, perhaps as in the media layer
near the denuded endothelium in the present model. In the present model, distinctively, it is used
to include the effect of brisk deformation rates on drug transport and retention physics.

Figure [5.8] summarises the main physics of the model. Notably, it evokes a combination of
the models of Chapters [3]and
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Figure 5.8: Schematic summary of physics considered in the model of Chapter 5. Geometry is

not to scale.

A set of tables is presented next to overview and finalise the description of Levels.

* Table[5.10]overviews the main model variables and observes their coverage within Levels.

* Table[5.11]lists the model parameters used to characterise drug transport and retention.

* Table[5.12] summarises all boundary conditions for all multiphysics Levels, categorised by

boundary. The boundary names may be consulted in Figure[5.2] in section [5.1]
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Table 5.10: Overview of the main model variables.

Variable Description Unit Level of effect
Dint Balloon inflation pressure atm 1

T Contact pressure between DCB and arterial wall mmHg 1 &2

o Local strain in the radial direction — 1&3

€, Local strain in the longitudinal direction — 1&3

P Pressure field in the arterial wall mmHg 2

u Advective field in the aterial wall pm/s 2&3

c Free drug concentration mol/m?

b® Specifically-bound drug concentration mol/m?

b Non-specifically-bound drug concentration mol/m?

Table 5.11: Summary of Level 3 model parameters for drug transport and retention. Except for
D o, all drug-related parameters refer to sirolimus as the therapeutic agent.

Parameter Description Value Reference
Miom Nominal drug load in coating 300 pg [181]]
TL Drug fraction lost during tracking 22 % [81]
My, Molar mass of sirolimus 914.187 g / mol [59]
p Density of wet arterial tissue 0.983 g/ ml [64]
Dot Diffusion coefficient in coating 82 - 1072 m?/s  Estimated
D Diffusion coefficient in intima 1.67 - 107" m?/s [62]
Died. r Radial diffusion coefficient in media 71072 m?/s [59]
Died, - Longitudinal diffusion coefficient in media 4 - 10~ m?/s [39]
Dagy Diffusion coefficient in adventitia 4.1072m?/s [63]
ks, Specific binding-on rate 800 m? / (mol s) [92]
Kot Specific binding-off rate 1.6 - 107%1/s [o1]
b3 ax Specific binding site density 0.0033 mol / m* [64]
kLS Non-specific binding-on rate 2 m?/ (mol s) (611, 163l
Kot Non-specific binding-off rate 52 - 1073 1/s [91]
bes Non-specific binding site density 0.363 mol / m® [61]], [64]
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5.5 Computational set-up

The computational set-up of the model was performed in chorus with the previous Chapters
and 4, using COMSOL Multiphysics® version 6.1. In this Section, the main differences and

challenges involved in simulating DCB deployment are explained in detail.

Contact

During the deployment simulation, a penalty contact method is employed to depict the contact
interaction between the DCB and the arterial wall. As introduced in Section [5.2] it exerts a
spring-like response based on the distance between the contacting surfaces. In the numerical
simulation, a search method is used to map the deformed configuration of the model geometry.
This method determines, identifying in a binary fashion, whether parts of the pair are in contact
or not. The condition for this is satisfied if the search criterion is met, which is a minimum
distance of 103 mm between the pair. This value was empirically chosen as the tenth part of
the intima layer thickness value (i.e. 0i,/10). The deforming model geometry and the length
of the contacting boundary are updated at every time step. To improve the accuracy of the
numerical integration of contact, a fourth-degree integration order is used.

The penalty method is an advantageous approach for its robustness and suitability for prob-
lems involving multiple physics and time-dependent studies, according to [132]. Also, it does
not require a special solver to be used. It is important to acknowledge that the penalty contact
method involves a trade-off between accuracy and stability, which was deemed satisfactory in

this model.

Simulation architecture

The model’s multiphysics was structured in Levels (Solid mechanics, Transmural filtration, and
Drug transport and retention), spanning two sequential time-dependent steps (Deployment and
Follow-up). Additionally, a stationary Initialisation step was devised as an auxiliary step to set
up the initial conditions of the simulation, i.e. att = 0 s.

In summary, each step receives the values of dependent and independent variable fields from
the previous step. The spatiotemporal solutions of each time-dependent step were stored in
solution stores and merged after the simulation was completed. Then, the combined solution
store was mirrored over the line of longitudinal symmetry, and then rotated around the axis of
radial symmetry, finally resulting in the full 2D-axisymmetric results. This process forms the

complete simulation results used to produce all plots and figures in Section[5.6 "Results".

Discretisation

The governing equations of the model were calculated with the FEM over a mesh of elements.

To guarantee cohesion and, to some extent, continuity, the resulting information needs to be con-
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nected between elements with respect to space and time. The solid mechanics physics described
in Level 1 employed quadratic serendipity discretisation. This term enunciates the element order
and shape function type, respectively. Quadratic order ensured a sufficiently smooth deforma-
tion profile, while the use of serendipity elements was preferred due to computational efficiency
in terms of the required number of mesh elements and computation speed.

The spatial discretisation employed quadratic Lagrange elements for both the porous media
flow physics of Level 2 and for the drug transport and retention physics of Level 3. The choice
for the quadratic order was justified for consistency over the physics of all Levels, and the La-
grange elements were preferred for the computational stability observed in previous modelling
studies [62, 163, [72].

Meshing

The meshing strategy was similar to that described in the previous Chapters [3|and @] Sufficient
mesh resolution is required to depict all of the model multiphysics and allow computational
stability. Meshing parameters initially underwent iterative refinement based on the following

criteria:
 Simulation convergence, in terms of binary success/failure.

* Conservation of mass due to deformation and drug transfer, satisfying < 1% increase of

total drug mass in the simulation during DCB drug transfer.

* Mesh element quality above 0.5, for the quality measures of skewness, maximum angle,
growth rate, and curved skewness, according to COMSOL’s definition of mesh element
quality ("0.0 represents a degenerated element, and 1.0 represents the best possible ele-
ment." [93]).

Boundary layer elements were employed to produce a denser element distribution in the
normal direction along specific boundaries, improving the local resolution in regions of large
gradients, such as the contacting interfaces and elastic laminae. Overall, the meshing process
was largely empirical.

Additionally, a mesh sensitivity analysis was performed to evaluate the influence of the mesh
size on the solution. Specifically, the evaluation was based on the results of drug content, a key
quantity of interest defined earlier in Chapter[3] The mesh was assumed satisfactory when further
mesh refinement would differ the result of drug content by less than 1% in terms of maximum
relative difference and less than 0.1% in average relative difference, measured throughout the
entire 28 days.

Three mesh configurations are featured to illustrate the mesh sensitivity analysis. They are
named qualitatively as "Coarse", "Fine", and "Finer", consisting of 30341, 36644, and 52066

mesh elements, respectively. Figure compares drug content (DC) results while varying
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mesh resolution. The results obtained with the three meshes are practically identical, as high-
lighted in the magnified inset of the figure and with the use of dotted and dashed lines to allow
visualisation. Also, the table beside Figure[5.9|(a) summarises the peak and final DC' values for
each mesh configuration. This emphasises the marginal differences between results despite mesh
resolution. The mesh satisfaction criteria are fulfilled in the example in subfigure (b), where the
maximum difference between the DC results with the "Fine" and "Finer" meshes is 0.99%, and
the average difference is —0.06%. At this point, the solution is assumed mesh-independent.
Considering the information obtained in this analysis, the definitive mesh chosen for the
simulation was the "Fine" mesh. The mesh consisted of 36644 quadrilateral elements, 4796 edge
elements, and 33 vertex elements in total, boasting average and minimum mesh element quality
values of 0.9944 and 0.6092, respectively (for skewness as the quality measure). A leaner mesh
was envisaged since it is crucial for permitting simulations at a reasonable duration. The mesh
used is assessed before every simulation employing mesh quality evaluation, performed within
COMSOL, and throughout the simulation in the form of a convergence plot. The convergence
plot informs the reciprocal of step size, which, for the nonlinear solver, means an error estimate
against the iteration number. In essence, this reflects the overall convergence of the simulated
results and indicates whether the combination of mesh and solver settings is suitable for the
problem (assuming that the physics are well-posed). A detailed discussion on convergence is
interesting but was deemed out of the scope of the current work. It may be featured in more

focussed content in the future.
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Figure 5.9: Summary of the mesh sensitivity analysis, reporting (a) the drug content results for

three mesh sizes, and (b) the relative difference between drug content results with "Fine" and
"Finer" meshes.

The schematic in Figure [5.11] provides an overview of the final mesh configuration. The
mesh refinement strategy was mainly based on the complexity, and thus computational intensity,
of the physics modelled in each model region. For instance, the contacting interfaces undergo
contact interaction and sharp drug concentration gradients during DCB deployment, and the
media layer features a highly non-linear process of drug binding. Therefore, both regions require
a particularly regular and fine mesh. Also, the simulation of drug transport demands a finer
mesh in its preferential direction, i.e. the radial direction, where the combination of diffusive
and advective velocities is the highest. This can be observed in the insets of Figure[5.11]

A general sanity check was performed to study the sufficiency of the mesh to capture the
gradients in the longitudinal direction. This particularly concerns the contact pressure over

the contacting interface and the transmural fluid velocity through the media layer. The chosen
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instants, i.e. t = 9, 10, 11, and 12 s, illustrate the early moments of deployment: immediately
before the DCB engages contact, the intermediate states, and when inflation reaches its apex
and the physics of Levels 1 and 2 stabilise. For instance, measuring the radial and longitudinal
components of the transmural velocity field, u = (u, u,), over a longitudinal line through the
media layer during the early instants of DCB deployment:
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Figure 5.10: Transmural velocity magnitude in the (a) radial and (b) longitudinal direction over
a longitudinal line through the media layer (r = 1.25 mm), for different instants during DCB
deployment. The baseline scenario of procedural parameters is considered in the simulation
(inflation pressure of 8 atm, inflation duration of 60 s, and nominal drug load m,).

Refining the mesh in the longitudinal direction does produce smoother curves e.g. contact
pressure along the contacting length and transmural velocity albeit with comparable magnitude.
For the simulation focus — drug distribution — the physics of faster dynamics occur in the
radial direction, where radial diffusion is combined with advective transport due to transmural
filtration, largely in the radial direction. In addition to the mesh sensitivity analysis presented in
this Section, this justifies the relatively high refinement along the r-direction in detriment to the
z-direction.

Remarkably, a single mesh was used to simulate all multiphysics of the model simultane-
ously. Exhaustive mesh tailoring and refinements were undertaken to arrive at a mesh config-
uration that satisfies both simulation convergence and mesh independence. Future studies may

explore mesh sensitivity concerning other aspects of the results, such as contact interaction, drug
mass conservation and receptor saturation.

Solver settings

Alongside meshing, an exhaustive manual tuning of solver settings was crucial to enable the
convergence of the model’s multiphysics simulations. Some of the modelling techniques used

in the adjustment of solver settings are listed and outlined below:
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(a)

(b)

(d)

Figure 5.11: Schematic of mesh. The magnified insets detail the mesh composition of (a) con-
tacting regions, (b) multilayer arterial wall, (c) intima layer, and (d) edge of coating.

Choice of solvers and tolerance A Multifrontal Massively Parallel Sparse (MUMPS) direct
solver was used to solve the stationary step (Initialisation) with a tolerance for the relative
error of the solution of 10~3, while the time-dependent steps (Deployment and Follow-up)
employed a Parallel Direct Sparse Solver (PARDISO), with relative and absolute toler-
ances set to 1072 and 10, respectively. These tolerance values were selected based on

previous computational works of endovascular drug delivery [62} 63| [72].

Method An implicit Backward Differentiation Formula (BDF) method was used for the dis-
cretisation of the time-dependent steps, with an order of accuracy varying between 1 and

5. Low orders are automatically employed by the solver when necessary to obtain stability.

Time stepping The size of the time step was constrained by (I) an initial time step of 10~*
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seconds, and (IT) a maximum time step of 3600 seconds, equivalent to one hour. The cho-
sen values should provide sufficient resolution to capture the early and late instants of the
drug transport and retention phenomena. Between these constraints, the time step size was
variable throughout the simulation, adjusting automatically according to the COMSOL’s
automatic time-stepping algorithm. The "Strict" option for time steps taken was selected
within the software to produce a more conservative progression of time-stepping, improv-

ing the simulation stability during the computationally demanding Deployment step.

Minimum damping factor A low damping factor of 0.1 for the non-linear Newton method
improved simulation robustness, by essentially trading computation speed for stability in

terms of convergence.

Maximum number of iterations A large number of iterations (50) for the non-linear Newton
method also improved simulation robustness, permitting the solver to perform a more
liberal number of iterations until convergence is achieved during the computationally de-

manding event of contact.

Manual scaling of independent variables Providing the solver with suggestions of the mag-
nitude of each model variable was found to be crucial for simulation convergence. This
process was performed iteratively and progressively, as initial guesses for the expected
range of each variable were updated based on observations from simulations with increas-

ing complexity, i.e. enabling different Levels.

Model development was marked by extensive research and experimentation of (I) physics
parameters, (II) meshing, and (III) solver settings. When solving the equations of a model,
COMSOL outputs the convergence plot, a graphical expression of how the time step evolves
during the time-dependent solution process. Interpretation of the convergence plot was crucial
for the adjustment of (I), (IT), and (III).

Computational specifications and computation time

Finally, the model was simulated using the "Fine" mesh from the previous sensitivity analysis.
The resulting system of time-dependent partial differential equations (PDEs) was solved using
a Parallel Direct Sparse Solver (PARDISO). The computation was performed using an AMD
Ryzen 9 5950X 16-Core CPU @ 3401 MHz processor, with 32 Logical Processors. The com-
putation time reported varies depending on the combination of procedural parameters. For a
default case scenario, characterised by inflation pressure of 8 atm, inflation duration of 60 s,
and nominal drug load m,, computation time was 10 hours and 40 minutes. In general, the

computation time of the simulations carried out varied approximately between 8 and 16 hours.
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The Results section presents the exploration of different scenarios in the DCB deployment simu-
lation. Three Case Studies are proposed, with each of them varying a single relevant procedural
parameter. This exemplifies the usage of the model as an experimental platform for hypothesis
testing — aimed at understanding the effect of varying procedural parameters on the simulation

output. Table [5.13] presents the simulation cases considered:

Table 5.13: Study Cases considered in silico. Inflation pressure and duration are varied within
clinical ranges, and drug load is varied experimentally to smaller and larger values (equal to half
and two-fold the nominal drug load value, my). The baseline values for the three parameters are,
respectively: 8 atm, 60 s, and m.

Case Inflation pressure Inflation duration Drug load
1 6 atm, 8 atm, 10 atm 60 s mo
8 atm 30s,60s,90s mo
3 8 atm 60 s % Mo, Mo, 2 My

Extensive experimentation of other design and procedural parameters, such as drug type,
balloon-to-artery-ratio, balloon design, and multiple inflations, is beyond the scope of this study
but is encouraged for future research.

Table lists the simulation outputs featured in the current presentation. These results
concern the spatiotemporal evolution of the main model variables, encompassing all three mul-

tiphysics Levels of the system.

Table 5.14: Summary of results presented, per Level.

Results Physical unit Level
Balloon compliance mm
Contact pressure profile mmHg Level 1
Deformation field —
Transmural pressure field mmHg

] Level 2
Transmural advective field pm/s
Drug release profile %, pg
Drug distribution mol/m?, ug
Drug content ng/mg Level 3
Specific receptor saturation %
Non-specific receptor saturation %
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The colour scheme in the following time-dependent plotting represents the increasing mag-
nitude of the varying parameters from green to yellow to red. Axes ranges are often equivalent
to facilitate comparison between cases, and the values shown in the horizontal axes have partic-
ular relevance, e.g. the time points of usual preclinical evaluations (1, 3, 7, and 28 days after the
procedure).

The spatial plotting presented next uses a rainbow colour scale (from blue to green to red) for

non-drug variables, and a thermal colour scale (from white to yellow to red) for drug variables.

5.6.1 Balloon compliance

This subsection observes the behaviour of balloon compliance in each of the Case Studies.
In the model, balloon inflation is governed by a time-dependent pressure boundary load of
maximum magnitude defined by the inflation pressure parameter. Altering this parameter, as

proposed in Case 1, produces the following behaviour:
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Figure 5.12: Magnitude of the pressure boundary load applied over the internal surface of the
DCB during the Deployment step while varying the inflation pressure parameter.

The parameter variation in Cases 2 and 3 does not impact the amplitude of deformation.
Notwithstanding, they will be featured in the observation of compliance.

Figure shows the behaviour of DCB compliance in each of the Case Studies. The
subfigures indicate that (a) increasing inflation pressure increases deformation amplitude, i.e.
the DCB outer diameter at full inflation; (b) changing the duration of inflation only impacts
the period of deployment; and that (c) drug dose variation has no impact on compliance (all
curves are overlapping). From the simulation scenarios proposed, Case 1 is the only case that
alters the DCB diameter at full inflation, thus affecting solid mechanics and transmural filtration.
Therefore, further observations regarding Levels 1 and 2 are focussed on the variation of inflation

pressure in Case 1.
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Figure 5.13: Balloon compliance results while varying (a) inflation pressure, (b) inflation dura-
tion, and (c) drug load.
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5.6.2 Contact pressure profile

When the DCB is inflated to sufficiently high pressure values it engages the arterial wall. Having
the DCB and the arterial wall as separated geometries in the model permits the contact interac-
tion between them to be quantified. This addresses the important question of how much pressure
is transmitted between the bodies on contact during deployment.

Assuming inflation is mainly perpendicular to the inner surface of the arterial wall, the mag-
nitude of normal contact pressure is measured over the denuded endothelium, which comprises

the contacting region:
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Figure 5.14: Magnitude of normal contact pressure over the contacting interface between the
coating and denuded endothelium boundaries (in mmHg), while varying the inflation pressure
parameter (in atm). The observation instant is mid-deployment (¢ = 40 s).

Figure [5.14] indicates that inflation pressure is only partially transmitted to the artery on
contact. Increasing inflation pressure above the nominal inflation pressure amplifies contact
pressure and thus deformation of the arterial wall. For reference, 6 atm, 8 atm, and 10 atm
correspond to 4560 mmHg, 6080 mmHg, and 7600 mmHg.

A simple example is at an inflation pressure of 6 atm, where the DCB outer diameter is
approximately equal to the artery inner diameter. Despite the high pressure inflating the DCB,
about 45-fold the physiological luminal pressure, the device and artery barely touch and negli-
gible pressure is transmitted. This is remarkably different to previous modelling assumptions,
where the full inflation pressure values, such as 8 atm, were imposed over the drug delivery
interface [67, [72]. This work encourages further discussion and exploration of contact pressure.
Comparable contact pressure profiles and relatively low values were also reported in [71]], for
different balloon-to-artery ratios and inflation pressures.

Observing early instants in the time-dependent deployment simulation may show how con-
tact pressure develops. The chosen instants, i.e. ¢t = 9, 10, 11, and 12 s, illustrate the early

moments of deployment: immediately before the DCB engages contact, the intermediate states,
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and when inflation reaches its apex and the contact pressure stabilises (Figure [5.15]). The sharp

peaks in pressure seem to increase as contact intensifies.
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Figure 5.15: Magnitude of normal contact pressure over the contacting interface (in mmHg),
during the early instants of the deployment simulation with the baseline pressure value (pm.x = 8
atm).

Figures[5.14]and [5.15]|show peaks of contact pressure at the edges of the contacting interface
between the DCB and arterial wall. The occurrence of non-uniform pressure over the contacting
interface has been observed in the literature before. Teodorescu et al. [[133]] studied the contact
pressure from the indentation of beam-like objects into a soft base material. This was to simulate
stent implantation into an arterial wall, regarding the individual effect of each stent strut. From
their perspective, the sharper edges or corners of the contacting object promote higher local
stresses, described as "pressure spikes". In their work, they attribute it to geometry-related
stress distribution.

The occurrence of non-uniform pressure over the contacting interface is present even in
realistic 3D deployment simulations, such as [71]. This study identified non-uniform contact
pressure gradients along the longitudinal direction and peaks are noticeable at the edges of the
contacting interface. This may be somewhat related to the shape mismatch between the objects.
In the present work, the sharp peaks of contact pressure are likely to be a result of the DCB
geometry not being sufficiently rounded. Further geometry refinement via fillets with greater

radius can attenuate the sharp corners and amend the issue if this is the case.
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5.6.3 Deformation field

The contact interaction during DCB deployment temporarily impacts several aspects of the
model. Initially, the altered pressure at the denuded endothelium affects the stress state of the
arterial wall, causing deformation in Level 1, and also affects the pressure constraint of Level 2,
amplifying transmural filtration. As these conditions are assumed to be constant and undisturbed
except for during the event of DCB deployment, the mid-deployment scenario is of interest when
concerning Levels 1 and 2. Therefore, the observations presented in the following figures take
place mid-deployment, at ¢ = 40 s, when the inflation pressure is stabilised at its maximum
value, the DCB is fully inflated, and the influence of contact is the highest.

Figure [5.16] presents the mid-deployment 2D deformation behaviour of the arterial wall,
specifically in the context of Case 1. Due to the predefined balloon-to-artery ratio (1 : 1), the
DCB reaches the vessel’s inner diameter when at its nominal inflation pressure value (6 atm).
Despite establishing contact, this causes virtually no deformation in the arterial wall, as indicated
in Figure [5.16](a). In subfigures (b) and (c), the arterial wall increasingly deforms as the balloon
is inflated to higher pressures. The maximum relative deformation of the arterial wall recorded
in the radial direction was 0%, 3%, and 5%, respectively. These values are relatively low due
to the chosen balloon-to-artery ratio. The high-pressure inflated balloon seems to dominate the
overall deformation behaviour of the model, while the multilayered arterial wall complies with
it.

It must be acknowledged that all observations on compliance relate to the simplifying mod-
elling assumptions, namely the uniform geometry, incompressibility and hyperelasticity of the
material models, and absence of disease. Considerations of the main limitations of the model

are suggested in the next Section, "Discussion".
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Figure 5.16: Mid-deployment deformation field, for inflation pressures of (a) 6 atm, (b) 8 atm,
and (c) 10 atm, over half of the 2D-axisymmetric model geometry. The magnitude of arterial
wall deformation is expressed as the radial stretch (1 + ¢,.), as illustrated with a linear colour
scale.

5.6.4 Transmural filtration

The effect of DCB deployment on transmural filtration can be studied via assessment of the
transmural pressure and advection fields. Contact pressure due to DCB inflation is added to the

contacting interface, affecting the luminal constraint and, thus, the transmural fields.

Transmural pressure field

Figure (a) indicates that the pressure constraint at the denuded endothelium exerts consid-

erable influence on the transmural pressure field, even without the DCB effect.
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Figure 5.17: Mid-deployment transmural pressure field, for inflation pressures of (a) 6 atm, (b)
8 atm, and (c) 10 atm, over half of the 2D-axisymmetric model geometry. The magnitude of
transmural pressure is illustrated using a linear colour scale from 30 to 124 mmHg.

This represents the physiological pressure of blood flow in the lumen, modelled as hav-
ing a constant value of 100 mmHg, acting over the denuded region deprived of the protective
layer of endothelial cells. Figures[5.17)(b) and (c) show that deploying the DCB with increasing
inflation pressures contributes to the pressure constraint at the contacting interface, raising trans-
mural pressure accordingly. When varying inflation pressure (Case 1), the maximum transmural
pressure values recorded are 100 mmHg, 114 mmHg, and 124 mmHg. Such additive behaviour
can be consulted in the previous Figure[5.14]

Figure [5.18] illustrates the transmural pressure behaviour over radial lines crossing the de-
nuded and intact endothelium. The considered region is the therapeutic region, as an inset of

the previous Figure [5.17] (b). Two moments are considered: at normal conditions when the
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artery is subjected only to physiological pressure constraints and without external stimuli (i.e.
before/after deployment), and mid-deployment (at ¢ = 40 s).
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Figure 5.18: Schematic representation of the transmural pressure drop through the therapeutic
region, over radial lines across (a) the denuded endothelium, as solid lines, and (b) the intact
endothelium, as dotted lines. The values shown in the horizontal axis correspond to the spatial
limits of each artery layer.

The denuded endothelium boundary (I'gr, ¢e) represents the intervention-struck region of the
artery. The solid line (a) in Figure[5.18§]is located in the middle of the therapeutic domain, over
['sym, -» and the pressure behaviour across it indicates that the effect of DCB deployment is pro-
nounced in the entire arterial wall. Lacking its protective layer of endothelial cells, assumed
removed due to DCB deployment, the denuded endothelium behaves differently than its intact
counterpart regarding the regulation of pressure from the lumen, even at normal conditions. Re-
markably, the transmural pressure limits due to the luminal and perivascular pressure constraints
(Pum = 100 mmHg and p,e; = 30 mmHg) are only noticeable under normal conditions at the
denuded endothelium. The protective role of the intact endothelium may be appreciated, greatly
regulating the transmural behaviour over its length. Moreover, on closer inspection of the curve,
small discontinuities of pressure are noticeable where the elastic laminae separates the layers.

The dotted line (b) crosses the intact endothelium (I'gr, 4.) closely below the intervention site.
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Even in the vicinity of the deployment site, its pressure behaviour indicates that this region is
considerably less affected by the deployment. In conclusion, Figure [5.18 highlights the impact
of DCB deployment and the protective role of the endothelium.

Transmural velocity field

The behaviour of convective velocity due to transmural filtration is derived from the transmural
pressure, as detailed in Section [5.3] Figure [5.20] provides a qualitative representation of the
transmural velocity field for different inflation pressures. The velocity direction is depicted with
arrows, and the colour scale is chosen to enhance visualisation, producing contrast between the
cases.

This field seems remarkably affected by the transitory region between intact and denuded
endothelium, where the pressure gradient is brisk, and by the DCB deployment. Also, due to the
pressure gradient across the arterial wall, the convective field generally points radially outwards.
Considering advective drug transport, this facilitates the drug drift towards the perivascular sur-
face of the arterial wall, where the perivascular sink is located. This was previously observed in
[S35], in a comparison between endovascular and perivascular drug delivery modalities.

For instance, Figure[5.19| observes the transmural velocity magnitude in the radial direction

(u,) over a middle radial line can illustrate the early instants of DCB deployment.
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Figure 5.19: Transmural velocity magnitude in the radial direction (u,.) over a radial line through
the middle of the arterial wall, for different instants during DCB deployment. The baseline
scenario of procedural parameters is considered in the simulation (inflation pressure of 8 atm,
inflation duration of 60 s, and nominal drug load m).

The contact interaction due to DCB deployment temporarily disrupts the transmural fields of
the arterial wall by altering the pressure constraint at the contact interface ['gr, ¢e. The magnitude
of the alteration is directly related to the contact pressure value and indirectly related to the

inflation pressure value. Although brief, during approximately the time window of inflation
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duration, this effect may be crucial because of its drug delivery implications. During contact,
the magnitude of advection is locally amplified, contributing towards deeper drug penetration as
originally reported in [72]].
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Figure 5.20: Mid-deployment transmural convective field, for inflation pressures of (a) 6 atm,
(b) 8 atm, and (c) 10 atm, over half of the 2D-axisymmetric model geometry. The magnitude
of transmural velocity is illustrated qualitatively using a linear colour scale from 0.007 to 0.05
pm/s.

The following subsections outline the main results of the drug delivery simulation for the

Case Studies proposed and concisely explain their significance.
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5.6.5 Drug release profile

Drug delivery from the DCB is quantified with a drug release profile. It can be inferred in the
current model in multiple ways. For example, by measuring how much drug (I) is present in the
coating domain ({2coy), (II) crosses the contacting surface (I'coye OF I'gr 4c), by integrating the
inward fluxes Jg,. or Jpg, or (III) is present in the arterial wall domains (€2, eq, and €2,4,) at
a given time. Once the drug mass is calculated, it can be related to the initial drug load in the
DCB coating to draw the drug release profile. Assuming well-behaved conservation of mass in
the model, all three ways mentioned above are equivalent. For simplicity, the first option was
used (calculating the drug mass in the coating domain).

Similarly to the definition from Chapter [ the drug release profile is defined as a time-
dependent function during the Deployment step as
mo — mcoat(t)

DRP(t) =
RP(1) -
(5.6.1)
_ 1 . mcoat(t)’
mo

where m, is the initial drug load, post-tracking; D RP is the drug release profile, expressed as
a percentage possibly ranging from 0 to 100%. The value of DRP represents the cumulative
fraction of the drug load released until that time.

As exemplified in Figure [5.21]for the Case Studies, the cumulative amount of drug released
from the coating of the DCB may be expressed as a fraction (in %) or drug mass (in pg). The
drug release profile, as defined previously in Chapter [3| is a measurement of the cumulative
fraction of drug released from a given drug reservoir, in this case, from the coating of the DCB.
It is relative to the starting drug load at the beginning of the simulation, i.e. at¢ = 0 s, after
tracking loss is deducted. Alongside it, a drug mass-based profile is proposed to facilitate the
understanding and provide further depth to the comparison, outlining the magnitude of drug
delivery. Axes ranges are equivalent to facilitate comparison between cases.

The magnitude of the drug release profile of the current model (22% — 37%) can be compared
with other DCB modelling studies. For example, [66]], [67], and [/2] report that a typical DCB
application is expected to release about 15—40 % of the drug load of the DCB. Remarkably, in
these example studies the drug delivered from the DCB was modelled as a temporary inward
flux of drug, behaving according to a predefined expression (as in Chapter [3). In contrast, the
current model uses a thin diffusion barrier boundary condition enabled by contact between the

inflating DCB and arterial wall.
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Figure 5.21: Drug release profile and drug mass delivered results for the three Case Studies,
varying (a-b) inflation pressure, (c-d) inflation duration, and (e-f) drug load.

Figures [5.21] (a) and (b) show that increasing inflation pressure contributes towards greater
drug release. Inflation pressure contributes towards drug delivery primarily by increasing the
contact surface area between DCB and artery. Secondarily, amplification of transmural advec-



CHAPTER 5. MODELLING DCB DEPLOYMENT AND DRUG DELIVERY 157

tion may enhance the drug concentration gradient, quickening drug delivery as drug is delivered
deeper. A pertinent observation is that the total duration of contact, and consequently drug de-
livery, is slightly sensitive to inflation pressure since the DCB engages the artery at the nominal
pressure value (6 atm) in the simulation. Figures [5.21](c) and (d) indicate that longer inflation
durations result in greater drug release, albeit at a diminishing rate. Concluding, Figures [5.21]
(e) and (f) indicate that drug load substantially affects the drug mass delivered, at a quasi-linear
proportion, while it only marginally affects the cumulative release rate.

Drug release profile and drug mass delivered concern only the Deployment step, as the DCB
is removed afterwards, and the model assumes there is no delayed sustained release. Towards
the end of each curve, a stagnation of the crescent behaviour can be noticed. At that moment,

the DCB is undergoing deflation and loses contact with the arterial wall, ceasing drug delivery.

5.6.6 Drug distribution

The primary output of the drug transport and retention simulation is the spatiotemporal drug
concentration field. It allows the analysis of drug distribution in the tissue at any given mo-
ment during the simulation in each drug phase — ultimately enabling the measurement of key
indicators of the therapy.

This subsection presents the spatial distribution of drug in the arterial wall throughout the
simulation as sequences of 2D plots. The drug distribution is observed at several instants, span-
ning over the Deployment and Follow-up steps, at ¢ = 40 seconds, ten minutes, one hour, four
hours, one day, seven days, and 28 days. A single baseline scenario of procedural parameters is
considered, characterised by inflation pressure of 8 atm, inflation duration of 60 s, and nominal
drug load my. Aiming to disregard numerical noise and enhance visualisation of the plots, drug

is assumed detectable for concentrations greater than 105 mol/m?.

Total drug distribution

Firstly, the overall spatial distribution of drug in the model is presented by the total drug con-

centration, including free and bound phases, over the model domains.
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Figure 5.22: Spatial distribution of drug throughout the simulation. The magnitude of drug
concentration is illustrated using a linear colour scale from 0 to 0.1 mol/m?>.

The temporal advancement of the simulation is depicted by the subfigures (a-g). The first
time point, (a), depicts an early mid-deployment instant when the DCB is visible and the artery
is deformed. Later points mainly depict the penetration of drug into the arterial wall, with a
preference for transport in the radial direction. Figures[5.22](c-g) show greater retention of drug
in the media layer, where drug binding is modelled. Drug concentration in the adventitia layer
is notably low throughout the observed times.

Drug concentration is mostly contained within the therapeutic domain, where similar drug
measurements are performed in preclinical experiments. This corroborates the rationale of the
therapeutic domain, focussing on the site of drug distribution and the length of the artery segment

in the model, as sufficient to allow unconstrained drug distribution.
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Free drug distribution

The behaviour of each of the drug phases can be observed separately in additional drug distri-

bution plots. Next, free drug distribution is presented in Figure [5.23]

Free drug concentration (c)
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Figure 5.23: Spatial distribution of free drug throughout the simulation. The magnitude of drug
concentration is illustrated using a linear colour scale from 0 to 0.1 mol/m>.

In contrast to the total drug distribution, subfigures (c-g) show rapid depletion of free drug.
This indicates that drug is retained preferably in bound phases within the arterial wall.

Furthermore, the distribution of free drug concentration also concerns the coating of the
DCB. The coating domain is characteristically embedded with a high concentration of drug, cy,
three orders of magnitude greater than the value used in the previous plotting scales of total and

free drug concentration. On contact, part of its drug load is delivered to the tissue.
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Figure 5.24: Highlight of the spatial distribution of free drug in part of the coating domain,
at early moments near the beginning (a-b) and end (c-d) of the drug delivery simulation. The
magnitude of drug concentration is illustrated qualitatively using a linear colour scale from 0 to
o, 1.€. the initial drug concentration in the coating, 224 mol/m?3, when the nominal drug dose is

considered.

Figure [5.24] illustrates the draining effect in the coating, by observing a contacting region
at different moments during the deployment simulation. The region shown is a magnified inset
of Figure [5.23] (a). The simplifying assumptions of the coating must be noted alongside this
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analysis.

Specifically-bound drug distribution

The distribution of drug bound to the specific receptors in the tissue (i.e. cells) can be observed
in its characteristic concentration scale.

Specifically-bound drug concentration (%)
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() 40's (b) 10 min (©1h d4h (e)24h H7d (2)28d

Figure 5.25: Spatial distribution of specifically-bound drug throughout the simulation. The
magnitude of drug concentration is illustrated using a linear colour scale from 0 to b} ,, = 0.0033
mol/m?.

The specific binding site density (b5,,,) defines the ceiling value of drug in specifically-bound

max
phase, at which saturation occurs. Its magnitude is remarkably low (b5, = 0.0033 mol/m?).
This means that little drug mass is sufficient to completely fill the specific binding sites and thus
achieve maximum retention of drug in the tissue.

Figure [5.25]illustrates well the concept of receptor saturation. After 7 days of the delivery

procedure, drug appears to have soaked the entire media layer within the therapeutic domain,
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as shown in subfigure (f). If the specific receptors are completely saturated, it means that spe-
cific receptor saturation is at 100%. High saturation of the specific receptors throughout the
therapeutic window is the target of the drug therapy [61].

Over time, drug continuously unbinds from the binding sites, returning to the free drug
phase and continuing its radial drift towards the perivascular end. This showcases the reversible
behaviour of drug binding and may be observed in subfigure (g) where the bound drug concen-
tration is slowly decreasing. At later times, it is expected that all drug is washed off from the

arterial wall through its drug sinks.

Non-specifically-bound drug distribution

Likewise, the distribution of drug bound to the non-specific receptors in the tissue (i.e. interstitial
tissue and extracellular matrix) can be observed in its characteristic concentration scale.

The behaviour of non-specific binding differs from that of its specific bound counterpart.
The former peaks earlier, covering a smaller part of the therapeutic domain, and declines more
rapidly. A combination of two main factors may explain the difference: (I) a much larger binding

site density (b5, >> b}

max max

) and (II) a weaker binding-on rate (k5> << kS,).

The previous spatial distribution figures stressed that each of the drug phases has its charac-
teristic concentration range. The colour scale for total and free drug concentration (from 0 to 0.1
mol/m?*) was chosen to produce contrast over the chosen time points. Bound drug concentrations
— which differ

in magnitude 110-fold. It is crucial to emphasise the concept of receptor capacity, also known as

b* and 0™ were shown limited by their respective saturation values, b .. and b}
binding site density. It determines how much drug can be retained in each of the bound phases
until saturation.

The drug distribution plots can be observed in conjunction with the further drug content and

receptor saturation plots.
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Figure 5.26: Spatial distribution of non-specifically-bound drug throughout the simulation. The
magnitude of drug concentration is illustrated using a linear colour scale from 0 to 0}y, = 0.363
mol/m®.

Drug mass distribution

Additionally, the total drug mass in each of the model domains over time can be quantified via
the integration of the spatial drug distributions. This perspective was used during the develop-
ment of the model, mainly concerning the conservation of mass during the transmission of drug
between DCB and arterial wall and the moving geometry problem; nonetheless, the analysis of

drug mass distribution by domain can provide further insights from the simulation results.
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Figure 5.27: Total drug mass distribution in the early moments of the simulation, at (a) a macro
level of coating and arterial wall and (b) a micro level on a layer-specific basis. A single baseline
scenario of procedural parameters was considered.

Measuring the total drug mass in the entire model shows a negative fluctuation of 0.987%
during the early moments of drug delivery. Drug clearance should not happen via luminal sink
as it is disabled during the Deployment step; thus this fluctuation is unnatural and is assumed
to be related to numerical error in the calculation of drug transfer between domains. While
this magnitude of violation of conservation is acceptable, further improvement of meshing and
tuning of the penalty contact method (to lessen penetration) could lower it even more. After the
Deployment step, the DCB is removed and drug stops being quantified in the coating domain,
as illustrated by the blue curve in Figure (a).

For conciseness, Figure only presents the total drug mass distribution during the first
three minutes of the simulation. Other scenarios can deepen the understanding of the simulation
results, for instance observing the distribution of drug mass in free and bound phases, at later
times, and while varying procedural parameters.

A single example scenario is presented in Table [S.I5] Late drug retention in the tissue
majorly occurs in bound drug phases — 99.7% when considering drug bound to both specific

and non-specific binding sites.

Table 5.15: Composition of drug mass retained in the tissue at 28 days after delivery, by phase,
considering the baseline Case Study (8 atm, 60 s, and m) and the therapeutic region.

Total Free Bound, specific Bound, non-specific

158.0 ng 0.38 ng 144.0 ng 13.6 ng
(100%) (0.24%) (91.14%) (8.62%)
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5.6.7 Drug content

Preclinical studies commonly use drug content (DC) to evaluate the permanence of drug in
an artery segment throughout the therapeutic window. Within a predefined therapeutic region,
the amount of drug mass per arterial tissue mass determines the value of DC' at any given
moment, usually in nanograms of drug per microgram of tissue. To achieve a therapy that is
both efficacious and safe, the DC' value is desirable between a therapeutic limit and a toxic

limit.

On the therapeutic limit of drug content

The concentration threshold over which the drug exerts a therapeutic effect, referred to as the
therapeutic limit, is commonly reported in preclinical studies as DC greater than 1 ng/mg for
coronary artery tissue [33, 47|, evaluated at 28 days after the drug delivery. Values above this
limit indicate sufficient effect of the antiproliferative drug, highlighting the usage of DC' as an
indirect indicator of therapeutic efficacy. From the in silico experimentation performed in this
study, this value is found to correspond to the resultant DC' value when the specific receptors
are mostly saturated. How this therapeutic value may relate to receptor binding is discussed in
Section[5.71

On the toxic limit of drug content

Although this study specifically considers a cytostatic drug (sirolimus) and not a cytotoxic drug
(such as paclitaxel), the concept of toxic limit intends to illustrate a scenario where excessive
exposition to a therapeutic agent is potentially harmful or undesired. Thus, values above this
limit indicate a potentially harmful effect of the antiproliferative drug, highlighting the usage of
DC(' as an indicator of therapeutic safety.

The toxic limit may be estimated by using a point-wise drug concentration as suggested in
[134]]. There, the drug concentration value 0.73 mol/m® was used as a toxic threshold for the
optimisation of sirolimus delivery from DESs. The translation of the point-wise concentration to
a drug content value is proposed below from the definition of DC', and assuming a constant free
drug concentration averaged over the entire domain, ¢, in order to simplify the volume terms in

the equation:

d
m rug
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where ¢ is the toxic concentration threshold, Mj;, is the molar mass of sirolimus, and p is the
tissue density, as defined previously.

The results of drug content for the proposed Case Studies are presented in Figure [5.28 The
increasing magnitude of the varying procedural parameters is denoted by the colour progression
from green to yellow to red. Due to the "one-shot" nature of DCB delivery, all DC' results exhibit
a large early peak followed by an abrupt decline. This behaviour is in line with the experimental
results observed by [43] after DCB application in coronary arteries, which reported a rapid
decrease in drug levels in the tissue within the first 60 minutes, and a greater than 90% decay
by 72 hours — vs 94% in the baseline simulation of this work. The declining behaviour is
because drug is allowed to leave the tissue through the luminal and perivascular sinks soon after
the Deployment step, as the Follow-up step begins. The magnified inset shows the Deployment
step in detail, in the time scale of seconds, where the peak values occur and are denoted with a
black dot. Noticeably, the early DC' behaviour is somewhat proportional to the amount of drug
mass delivered, presented previously in Figure The most drastic increase in drug content
is observed when the drug load is varied. Some combinations of procedural parameters result in
infringement of the toxic limit of drug content, estimated in Equation [5.6.2] While a two-fold
increase in drug load may not be sensible, these results illustrate a potentially alarming scenario
of toxic DC' levels.

The tables beside each subfigure summarise the peak and final DC' values for that Case
Study. The main conclusion regarding these is the observation of marginal difference in final
DC values at later times (28 days after the procedure), regardless of the contrasting early peak
values.

The drug transport and retention properties of sirolimus are considered here, as gathered
from the literature. Other relevant antiproliferative drugs, e.g. Biolimus A9™, everolimus,
zotarolimus, have not been unexplored to the same extent and may result in different DC' be-

haviours.
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Figure 5.28: Drug content results while varying (a) inflation pressure, (b) inflation duration, and
(c) drug load. The magnified inset shows the Deployment step in detail. The dotted horizontal
line illustrates the concept of toxic limit, according to the aforementioned estimation.
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5.6.8 Receptor saturation

Figure presents the results of receptor saturation levels for the proposed Case Studies,
concerning the behaviour of drug binding to the drug receptors in the media layer.

The subfigures (a), (c), and (e) show the saturation of specific drug receptors (sR.S). Impor-
tantly, sRS is strongly related to the residence time of drug in the arterial tissue, which seems
to be a predictor of success of the endovascular drug delivery [? ]. Its value is desired to be as
high as possible during the therapeutic window.

The remaining subfigures of Figure[5.29] (b), (d), and (f), show the saturation of non-specific
drug receptors (nsRS). As a collateral form of drug binding, the role of nsR.S is relatively un-
explored. From the preliminary observations in silico, this type of binding effectively produces
a drug reservoir in the tissue, which peaks early, contributing to the overall drug uptake by the
tissue. The large difference between the two saturation behaviours is due to the parameters
governing drug binding in the model: binding site densities and binding-on and off rates.

Intrinsically, the behaviour of the curves of Figure [5.29] depends on having sufficient drug
mass to saturate the receptors in the tissue. Consequently, saturation levels are expected to
be influenced by the amount of drug mass delivered, and thus by the procedural parameters
considered in the Case Studies.

Figure [5.29] (a) shows a pronounced saturation difference between inflation pressure values
of 6 and 8 atm, while a marginal difference between 8 and 10 atm. Marginal improvement
in specific receptor saturation is observed even with a substantial increase in the amount of
drug delivered, as proposed in Case 3. Due to the modelling assumptions of drug binding,
drug retention is limited by the binding site density values. Once the cell receptors saturate, i.e.
specific saturation reaches 100%, further increase in drug availability does not increase retention
nor would contribute towards increased antiproliferative effects of the drug. In this case, the
drug excess in the tissue would primarily raise the drug content levels and, eventually, lead to
toxicity. In summary, it is desirable to maintain consistently high values of s RS throughout the

therapeutic window, while keeping DC' values below the toxic threshold.
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Figure 5.29: Specific and non-specific receptor saturation results while varying (a-b) inflation
pressure, (c-d) inflation duration, and (e-f) drug load.
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5.7 Discussion

This Section presents a summary of the milestones achieved, key novelties, and limitations of
the work developed.

This Chapter presented the modelling and simulation of an idealised DCB deployment and
drug delivery procedure. The work builds upon pre-existing computational modelling works
of endovascular drug delivery, contributing to the field by incorporating a representation of the
DCB device and its deployment procedure. At the time of the report, this is the first in silico
model of DCB that accounts for deployment, drug delivery, and drug transport and retention
within a single modelling framework. To some extent, it demonstrated the feasibility of cou-
pling the structural mechanics and drug delivery parts of DCB deployment, incorporating the
multiphysics and time-dependent interaction between the device and target vessel with success.
Moreover, the coupling of DCB deployment with transmural filtration was proposed as a novel
feature. Finally, the model enabled drug release and uptake to be fully quantified, including
the assessment of both early-time peaks and long-term drug retention in tissue, both intimately
linked to the release kinetics. The main indicators of safety and efficacy of the therapy were
assessed from the simulation results, as measured in the preclinical studies. Further studies en-
visage a direct comparison of the model against experimental data for potential calibration and

validation.

On modelling the DCB

Representing the DCB geometry in the model permits the study and learning of various relevant
processes, such as balloon inflation, contact mechanics, arterial wall deformation, and contact-
based drug delivery. The study of these was unfeasible in the previous modelling works without
a geometrical representation of the DCB.

Observation of simulation results over a radial line, as illustrated in Figure [5.30} may fa-
cilitate understanding and allow comparison with simpler geometries such as 1D models. For
conciseness, the set of results presented in Section [5.6] only depicted 2D-dimensional fields.

Future works shall scrutinise the results from different perspectives.
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Figure 5.30: Model geometry overview at the moment of DCB deployment. The magnified
insets show radial and longitudinal lines intended to assess simulation results on a 1D basis and
facilitate understanding.

Below are some comments about pertinent modelling aspects.

Balloon inflation

The Gent hyperelastic material model was suitable for describing the deformation behaviour of
a semi-compliant balloon within the operation range. In Chapters @ and[5] free DCB expansion
was considered, assuming the resistance of the solution medium and luminal blood flow were
negligible, respectively. In the latter, the DCB was paired with the arterial wall model and in-
sights into the interaction could be gathered. With the balloon-to-artery ratio chosen (1 : 1),
particularly small arterial deformations were observed (up to 5% radially). From the simula-
tions performed, it was noted that the multilayered arterial wall complied with the high-pressure
inflated balloon. Importantly, DCB inflation was modelled with a time-dependent pressure load
and not a prescribed displacement. In the case of sclerotic disease, where plaque or calcified
lesions may alter the arterial composition, the compliance behaviour would likely differ. How-

ever, it must be emphasised that the role of DCB is for drug delivery and not for dilating the
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lumen.

Reiterating, the pressurised environment of the artery lumen is neglected in the model, which
implies that balloon inflation is simplified as a consequence. Nevertheless, the balloon compli-
ance was calibrated to reflect the expected deformation behaviour of the device.

The simplicity of the material model permitted a straightforward and effective adjustment of
material parameters via a parameter-fitting routine based on the available compliance informa-
tion. Spatiotemporal smoothing of the pressure ramp provided satisfactory results, concerning
simulation stability and deformation realism. Further experimentation, in the form of inflation
tests with DCBs of different sizes, can validate the deformation behaviour of the model and the

assumption of 2D-axisymmetry.

Contact

Multi-body interaction is a distinguishable feature of this model. The importance of contact
mechanics has been eloquently described in [127] from an engineering point of view, and its
modelling was a crucial challenge of the problem of the present work, as it is time-dependent
and involves multiple physics. As reported by other endovascular modelling works focussed on
structural mechanics, severe non-convergence difficulties were encountered when modelling the
contact interaction between the device and the arterial wall in the context of stent deployment
[70] and alternative contact algorithms were proposed to avoid numerical problems of standard
facet-based contact [123]]. Time-dependent deformation and contact modelling were central
and challenging pieces of the modelling puzzle, and similar non-converging solution difficulties
were eventually overcome with an exhaustive manual tuning of the mesh and solver settings.
As a reward, including the DCB as a separate entity and modelling contact in the model led to
pertinent observations.

Common intravascular pressure values in coronary arteries, as used in the referenced studies
[62], [82]], [63], [83], are in the order of 100 mmHg. Previous modelling works, although not
including DCB deployment and artery deformation, assumed that the full inflation pressure of 8
atm would act on the lumen-wall interface during the procedure [67,72]]. This would configure
a 60-fold increase of intravascular pressure during DCB inflation, which seems unnatural as pre-
viously discussed in Chapter 3] Although interventional balloons are inflated to extraordinarily
high-pressure magnitudes (e.g. 8 atm = 6080 mmHg), the contact pressure transmitted to the
arterial wall during inflation depends on the contact interaction between the bodies. Therefore,
balloon inflation pressure should be included but with proper consideration of the contact in-
teraction between the DCB and arterial wall. In the model presented in Chapter 5] the balloon
pressure acting on the arterial wall during deployment is not imposed but is an indirect product
of the contact simulation. In the results of Section[5.6] the magnitude of contact pressure was
shown to be only a small fraction of the total inflation pressure value. In silico studies dedicated

to the investigation of contact pressure and DCB unfolding mechanisms can be found in [71],
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and show results in line with the findings of the present model. The different balloon-to-artery
ratios between the studies must be appreciated before a quantitative comparison.

It must be emphasised that the coating structure considered in this Chapter assumes artificial
mechanical resistance. In Chapter 4 the DCB model geometry was proposed as a geometry
merging {2g and (2., With the same structural properties. Notably, this simplifying assumption
produces a thicker structure of less stiffness to achieve the desired compliance. An initial discus-
sion was provided in that Chapter, comparing DCBs of comparable compliance with and without
a mechanically resistive coating structure. To further justify the assumption of merged structural
mechanics for the balloon and coating geometries, comparisons are proposed concerning con-
tact mechanics and stress. When the DCB is inflated against the arterial wall, the observation of
contact pressure behaviour is relevant. Figure [5.31] compares the two cases of DCB geometry
mid-deployment, for an inflation pressure of 8 atm. Remarkably, contact pressure is comparable
in shape and magnitude between the cases, with a relative decrease of 5.9 % in average contact

pressure when simulating a DCB with the coating.
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Figure 5.31: Magnitude of normal contact pressure over the contacting interface between coat-
ing and denuded endothelium boundaries (in mmHg), comparing the DCB geometry with and
without coating. The observation instant is mid-deployment (¢t = 40 s).

A preliminary stress analysis is proposed over a radial line across the DCB and multilayered
arterial wall during deployment as illustrated in[5.30] The first principal stress value is assessed
as in [135]. This stress analysis is, however, severely limited due to the lack of longitudinal
in situ stretch and effect of transmural pressures on arterial deformation. It serves simply to
illustrate the incremental effect of balloon inflation on a resting geometry, and the difference
between having it caused by DCB geometries with different stiffness (with or without a stiff
coating). Figure (a) conveys that the uncoated balloon has increased stiffness and reduced
thickness. Figure[5.32](b) shows that the artery exhibits strong layer-specific behaviours, deploy-
ment stress is mainly received by the intima layer, and difference between cases is marginal. The
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observed arterial stress values are within the physiological range of tissue stresses, as assumed
in Holzapfel et al. [[136] in the order of 50 — 100 kPa. Future works dedicated to the subject of

structural mechanics may elaborate on this.
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Figure 5.32: Comparison of spatial stress distribution over a middle radial line at mid-
deployment (pmax = 8 atm), considering the first principal stress across (a) the DCB geometry
and (b) the multilayered arterial wall. The magnitude of each stress scale is notably different,
due to the different material models and stiffness, in MPa for the balloon, and in kPa for the arte-
rial wall. The magnified insets in (b) show the stress across the intima, and media and adventitia
layers in their characteristic scales.

Overall, the inclusion of contact in the current work contributes to the understanding of
balloon inflation pressure affecting arterial deformation, amplification of transmural filtration,
drug release from DCB, and early drug transport in the tissue. Furthermore, it refines the in
silico insights of [[72], which emphasise that balloon inflation pressure, although active for only
a short time window during deployment, critically affects the drug distribution behaviour and
must be considered in the simulation of DCB drug delivery. Expanding the interpretation of
contact to Levels 2 and 3 also indicates respectively that the transmural filtration velocity is
locally amplified and the contacting interface length increases with higher inflation pressures,
both potentially increasing drug transfer during DCB deployment.

The fundamental limitations of this modelling work are related to modelling simplifications
and the availability of experimental parameters. They could be addressed in the future with
further development of the modelling assumptions and experimental studies. A brief discussion

about the limitations of the model is provided below.

Simplified geometry

Firstly, the model uses a simplified geometry, based on an idealised artery segment and DCB

exploiting two types of symmetries. Due to the use of 2D-axisymmetry, the model geometries
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are always symmetric around the radial axis. Due to symmetry over a middle longitudinal line
(mirroring), the behaviours downstream and upstream are identical. Consequently, this excludes
the depiction of any non-symmetries of the problem. While the current methodology is likely
reasonable for the preclinical case with healthy animal arteries, the advancement of this work
to more realistic patient-specific artery geometries will demand reconsidering the simplifying
modelling assumptions.

As exemplified in Chapter [3] symmetry considerably lowered the geometric complexity of
a drug-eluting stent to a series of disconnected rings. While it was part of the many acceptable
assumptions of that model, such simplification should have perceptible effects on drug distribu-
tion. However, the loss of realism should be less pronounced in the case of DCBs, which feature
a somewhat simpler design. The device is, by design, symmetrical around the radial axis, readily
enabling 2D-axisymmetry. Furthermore, its proximal and distal parts are sufficiently similar and
should play a much smaller role in drug delivery when compared to the middle part. However,
simplifying the DCB geometry excludes parts of the problem, such as the crimping procedure,
that describes how the balloon is folded into the catheter pre-delivery. Crimping strategies typ-
ically aim to preserve the drug concentration in the coating of the DCB while in transit to the
lesion site, minimising tracking loss. Despite disregarding crimping, the DCB’s mechanical
behaviour in the simulation was satisfactory, successfully mimicking the desired compliance.
The assumption of a non-crimped and initially-uninflated DCB in the deployment simulation
is related to the preliminary DCB model presented in Chapter 4, where the balloon undergoes
free inflation. Future modelling may ponder the role of the crimping process and reconsider the
geometrical symmetries. Concluding, symmetric modelling is more suitable for DCBs than for

stents.

Coating behaviour

For the purpose of drug delivery simulations, the coating is the most relevant part of the DCB
device. During the intervention, the drug-embedded coating is exposed to the lumen, where
blood normally flows. However, the haemodynamics are considerably simplified considering
the lumen simplification proposed in Chapter 3} In the absence of blood flow, drug wash-off
from the DCB coating due to exposure to the lumen during the deployment simulation is also
simplified. Unlike in Chapter ] the effect of drug loss to the "solution medium" that the DCB
is immersed in, i.e. the luminal flow here, is not regarded during the deployment simulation.
Instead, only tracking loss is included prior to the time-dependent simulation, at ¢ = 0 s in the
form of a uniform deduction of the initial drug concentration in the coating. Further studies are
necessary to elucidate the relevance of these effects.

In Chapters 4] and [5] the coating was assumed as a solid nonporous geometry. Its structural
properties are notably assumed artificial, as discussed in detail throughout the discussions of

these Chapters, and the main rationale for the simplifying assumption of a stiff coating in the
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proposed modelling is to enable the simulation of DCB deployment featuring a drug-embedded
domain .., Where drug transport physics are calculated, avoiding its crushing during the mul-
tiphysics contact interaction. The consequence of this artificial coating behaviour was studied,
as illustrated in Figures and[5.32] and deemed to be acceptable for the current model.
Having a drug-embedded coating geometry prompted the use of continuity of concentration
to transfer drug between DCB and arterial wall domains. However, two options were considered
throughout the extensive in silico experimentation performed — with a thin diffusion barrier
or continuity of concentration. For illustration, comparisons between these were performed
using a smaller pseudo-1D model, with only 2 mesh elements in the longitudinal direction.
It replicates all the physics of the regular model. An overview of the simulation results with
different modelling approaches for the drug transfer between the drug-embedded coating and
arterial wall is provided below. Figure[5.33](a) compares the drug release profile. In Figure[5.33

(b), the conservation of mass is assessed by the relative total drug mass in the system, given by

Z/(c+b5+b“) sy
i 7%

/Q‘ Co dSdcout in Q;, for i = {int, med, adv}. (5.7.1)

o mcoat(t) + mwall(t)

mo

Ideally, this value should remain as close to 100% as possible during the Deployment step,
when drug clearance is disabled. The value of the relative total drug mass fluctuates; that is,
mass is not perfectly conserved due to numerical error. This behaviour is more abrupt with
the continuity condition; likely since continuity is only suitable for pairs where the boundaries
match, according to COMSOL documentation [[137]. Further mesh refinement should lower it
even more. However, in the present model, there is no guarantee that the deformed coating with

its deformed mesh will engage contact while having a "matching" boundary with the wall.
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Figure 5.33: Comparison between thin diffusion barrier and continuity of concentration, regard-
ing (a) drug release profile, (b) conservation of mass, and (c) the drug mass distribution in the
coating and artery domains, and the entire model (in nanograms due to the reduced model size).
Solid and dotted lines refer respectively to results with the thin diffusion barrier and the conti-
nuity condition.

The results show that the difference in simulation results was not dramatic, only in compu-
tation time as in Figure [5.33] (¢). Therefore, the thin diffusion barrier was preferred over the
continuity of concentration. The notable disadvantages of continuity of concentration in the
present model are (I) the increase in computation costs and (II) the requirement of matching
meshes at the contacting boundaries. Since the diffusion coefficient in the coating domain is 2
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orders of magnitude slower than in the intima layer (8.2-10713 vs 1.67-10~'! m?/s), future works
will continue pondering the modelling of the drug-embedded coating of DCBs, and review the
flux dependency on Agy.

The thin diffusion barrier was proposed as an alternative to a continuity condition. The
continuity condition would connect the drug concentration fields of the contacting domains.
The distinctive features of the thin diffusion barrier are (I) the additional dependency on coating
parameters, namely Dy, and heoy, and (II) reduced computational expense, as observed in
preliminary in silico experimentation of own authorship.

The distinctive features of the thin diffusion barrier are (I) the additional dependency on
coating parameters, namely D.., and oy, and (II) reduced computational expense, as observed
in preliminary in silico experimentation of own authorship. Future studies may ponder the
modelling of the drug-embedded coating with different modelling approaches.

As an addendum, the potential effect of coating adhesion acting as a drug reservoir is absent
in this model. Coating adhesion is a phenomenon where part of the coating is mechanically
detached from the DCB and retained by the arterial tissue during deployment. While the blood
flow should vigorously and rapidly wash off the coating adhered to the luminal surface, particles
of the coating delivered deeper into the arterial wall may serve as a drug reservoir of sustained
release [69]. The interaction between the coating and endothelial surface during deployment is
mentioned in other studies as an understudied factor of DCBs [53]]. This additional drug delivery

mechanism is out of the scope of this modelling work.

Therapeutic agent

Since the focus of the model and this work is on the distribution and not on the action of the
drug, the drug definition is reduced to a set of drug transport and retention parameters. Sirolimus
was the therapeutic agent of choice in the simulations reported since it is a more extensively
studied substance and presents a wider availability of parameters. Notwithstanding, the model
is adaptable to test any other drug as long as sufficient information is provided.

Notably, the value of the diffusion coefficient in the coating comes from the previous drug
release studies of Chapter 4] — based on a Biolimus A9™ experiment. Although the diffusion
coefficient of Biolimus A9™ is expected to be very similar to that of sirolimus, due to their anal-
ogous chemical structure, this incongruence must also be noted. Considerable effort was made
to harvest additional drug transport and retention parameters of Biolimus A9™ from available
data, however, this is currently an unfinished endeavour. Additional and objective drug-on-
tissue experimentation is required to advance the understanding of Biolimus A9™ parameters

for modelling drug transport and retention.
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Arterial tissue

The largest simplification of the endovascular modelling presented in this work was the arte-
rial wall. Firstly, the artery geometry is idealised as a straight axisymmetric tube. It must be
emphasised carefully that the model uses a generalisation of a coronary artery model. Parame-
ters and dimensions come from multiple sources, which fatefully enhances model idealisations.
Importantly, while the model aims to represent the drug delivery of sirolimus into a porcine
arterial environment, some of the parameters used were obtained from different animal species
and drug types. A rigorous review of the parameters is necessary to ensure a fair comparison
with a particular experimental setting.

The simplified mechanical behaviour of arterial tissue must also be regarded. While it is pro-
grammed to deform according to a sophisticated hyperelastic material model, including layer-
specific and anisotropic fibre orientation and dispersion, it does so with limited conditions. Ar-
terial deformation in the simulation happens only during the Deployment step and according to
external stimuli, i.e. due to DCB contact. As balloon deflation happens, the artery returns to its
original position in an effectively elastic manner, which, in reality, would not happen. The model
does not include the effect of plasticity; indeed, hyperelastic constitutive models are unable to
fully characterise the non-elastic deformation of arteries [[107]. Moreover, the GOH material
model utilised may have a set of limitations, as critiqued in [125]. During Follow-up, structural
mechanics are disabled and the arterial wall is assumed rigid and immutable. Hence, any fur-
ther time-dependent alteration of the artery geometry, for mechanical or biological reasons, is
disregarded. Briefly, the former relates to the phenomenon of elastic recoil, which originally
prompted the usage of stents as permanent scaffolding devices post-intervention. The latter
refers to another major subject of research: arterial remodelling.

Remodelling is a relevant concern regarding the long-term behaviour of arterial tissue fol-
lowing traumatic injury. Although the arterial wall model in Chapter [5 includes a geometry
responsive to structural deformation, it ignores all histological responses to the drug, such as
growth and remodelling behaviours that may occur in the biological tissue following the DCB
intervention, as well as the effect of the drug in the inhibition of neointimal proliferation. For
instance, other modelling works focussed on the biological species in the arterial tissue and the
effect of drug on them, proposing a time-dependent alteration of the density of the cell popula-
tion and thus the density of drug receptors [80,185]]. Moreover, the modelling of cell proliferation
may inform the process of arterial remodelling post-drug delivery therapy, also altering the artery
geometry. This was done at discrete time intervals in [75]. However, while these studies incor-
porated biological aspects, they lacked an in-depth representation of the deployment procedure,
such as presented in Chapter [5] of this thesis. Future work may combine the novel modelling of
DCB deployment and delivery process presented here with the central biological aspect of the
problem: cell proliferation and the effect of antiproliferative drugs on it. This endeavour could

be implemented as an additional Level to the model, such as "Level 4: Remodelling". Hypo-
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thetically, Level 4 could feedback information to Level 1, updating arterial wall geometry, and
to Level 3, updating the binding site density. The simplifying assumption of media-only binding
may also be questioned in future studies.

Another possible implication of cell proliferation is the healing of the denuded endothelium,
which notably remained denuded for the entirety of the 28-day simulation. This could repre-
sent a restoration of the endothelium, reverting its boundary conditions to those of an intact
endothelium.

As the current model’s focus is on the drug delivery and subsequent distribution of drug
in the tissue, these simplifications are assumed valid. Moreover, the time frame of 28 days
considered in the simulation may be short for observing a considerable arterial remodelling
phenomenon. Lingering post-deployment mechanical and biological effects can be the subject

of future studies.

On disease

Another crucial simplification in the artery model is the absence of disease or stenosis. As the
vessel commonly targeted with endovascular intervention and drug therapy suffers from severe
atherosclerotic disease or in-stent restenosis, this configures a highly idealised scenario. How-
ever, two main arguments can be made: (I) before DCB utilisation, the vessel ideally under-
goes lesion preparation, a technique for clearing the lumen of excessive obstructive plaque, and
(IT) preclinical studies often test drug delivery on healthy porcine arteries. Since the available
preclinical data used to inform the modelling came from in vivo porcine studies with healthy
subjects, the latter argument is pertinent.

The modelling of disease considering different types of plaque is the scope for future studies.
A preliminary modelling study was performed considering heterogenous lesion composition
over a cross-sectional artery, using virtual histology intravascular ultrasound (VH IVUS) [[138]].
While this work was ongoing, Sarifuddin and Mandal [74]] published a pertinent work on the
same subject. However, the relevance of including severe disease in a DCB-only simulation also
deserves questioning. Because drug delivery from DCBs is recommended after optimal lesion
preparation, clinicians may avoid DCB-only procedures depending on the lesion severity — and
then recur to lesion preparation to alleviate it, as advised by DCB consensus groups in [45] and
(30].

Levels

The design of a system of Levels was immensely helpful to (I) maintain and develop the model
in an organised fashion, (II) provide a comprehensive explanation of the complex multiphysics
model structure, and (III) facilitate further model development in the sense that new "Levels"
can be added.
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Each level can operate independently in a somewhat modular fashion as long as sufficient
input is provided. During model development, this permitted the execution of faster test simu-
lations with only part of the model enabled. For instance, only Level 1 is required to test the

deformation physics.

Parameter optimisation

It is envisaged that the model developed in this work be used as a design development tool.
Currently, a single simulation of DCB deployment followed by 28 days of drug distribution ex-
pends approximately 6 hours of computation time. The computational burden of the simulation
limits any sensitivity and uncertainty analysis of model output to variation in the model inputs.
Some techniques, such as statistical emulation, GPU computing, and surrogate modelling, may
substantially improve computation speed and be imperative to permit feasible parametric ex-
ploration and optimisation. In one preliminary study of co-authorship, a simple drug delivery
model underwent parameter estimation to optimise the safety and efficacy indicators of the drug
therapy [119]. For example, the requirement of having sR.S' as high as possible during the ther-
apeutic window was quantified as the area under the receptor saturation curve and was used as
an optimisation constraint alongside a maximum tolerable value of DC. The statement of this
study exemplifies the concept of expanding the model’s application as a tool for design devel-
opment. Ideally, future research will bring such models to the clinic as a decision-making tool,

combining real-time imaging and fast simulations to provide timely insights to clinicians.

Significance of results

The usefulness of the model is given in terms of the computational results obtained. The key sig-
nificance of the findings is preliminary mechanistic insights into the effect of DCB deployment
on drug delivery and subsequent drug distribution in the tissue. Contact interaction between
the DCB and the artery actively influences drug delivery and retention and must be explored in
detail.

Remarkably, the present model enabled the generation of a non-prescribed drug influx, de-
pendent on the multiple procedural parameters of the simulation of DCB deployment. This
builds upon the drug flux expressions of [66]] and [67], which were derived experimentally and
fitted to exponential behaviours, previously used in the simplified representation of drug delivery
from DCB in Chapter 3] Figure[5.34compares the three expressions over the brief time window
of DCB drug delivery.



CHAPTER 5. MODELLING DCB DEPLOYMENT AND DRUG DELIVERY 182

—_
ot
|

——Low dose flux 120 &
——High dose flux
DCB deployment

——Low dose flux
High dose flux
DCB deployment

—
o
T

60 t

ot
T

Drug mass delivered (ug)

Total drug mass influx (ug/s)

O = L O I |
0 30 60 0 30 60
Time (seconds) Time (seconds)
(@) (b)

Figure 5.34: Comparison of drug delivery due to the prescribed drug flux expressions used in
Chapter 3] ("Low dose" and "High dose") and resultant from the DCB deployment model of
Chapter 3] in terms of mass-based (a) drug delivery rate and (b) cumulative drug delivered. The
latter plot results from the temporal integration of the former.

The comparison between these drug release behaviours instigates pertinent discussion points.
For example: (I) the length of drug delivery was fixed to be uniform over the denuded endothe-
lium (I'gr, ¢e) in Chapter then became the variable contact length resultant from the simulation
of DCB deployment in Chapter [5} (II) the delivery duration was fixed at 60 seconds, then,
likewise, became dependent on contact from the DCB deployment simulation, which, for the
baseline parameters, is about 10% larger due to premature contact before full inflation pressure
is reached; (III) the magnitude of drug delivered when having DCB deployment is somewhat
intermediate to the "Low dose" and "High dose" cases, showing reasonably comparable results.
In future work, the drug flux obtained from the more sophisticated simulation of DCB deploy-
ment may be prescribed to the simpler model. This would allow observation of the relevance of
having time-dependent deformation and their underlying multiphysical effects included in the
simulation.

The percentage-based drug release profile, presented in Figure [5.21] may be compared to
preclinical studies. One example reports that approximately 10% to 15% of the total DCB dose
is immediately transferred, using early paclitaxel DCBs in healthy porcine coronary arteries
[43]. Similarly, others reported approximate values of 16% and 14% of the total dose trans-
ferred, respectively with paclitaxel and sirolimus DCBs [36,142]]. The drug transfer mechanism
proposed in the current model caused a noticeably higher drug release than these experimental
studies (22% — 32%). The equivalence of procedural parameters is required to allow a clear
comparison.

Since the models of Chapters [3]and [5| were based on a healthy porcine model, it is pertinent
to compare their results with a reference animal study. For instance, the in silico results of

DC obtained as continuous curves throughout the time-dependent simulations can be compared
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with similar measurements taken as discrete time points in preclinical in vivo testing. Figure

[5.35| presents a single example of comparison, provided by [81].
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Figure 5.35: Comparison of the DC results obtained in silico, in Chapterusing the prescribed
drug fluxes ("Low dose flux" and "High dose flux") and through the "DCB deployment" simu-
lation, with preclinical studies using a healthy porcine model ("Preclinical data"). Subfigure (a)
depicts the total DC' behaviour, while (b) magnifies a lower DC' range and the final results at
28 days. The table in (c) compares the DC values at each of the instants of available preclinical

data.

Although brief, due to the modelling character of this work, the comparison with a reference

in vivo model permits noteworthy points of discussion:

1.

The results featured as "Preclinical data" are part of a preliminary animal study using
an early iteration of Biosensors’s BA9™ DCB. Six balloons were deployed to obtain a
single time point (n = 6), totalling twenty-four DCBs in eight healthy mini-pigs for the
pharmacokinetic cohort featured in this work. The uncertainty of the measurements, in

the form of error bars, was not available for this comparison.

Sufficient similarity between human and porcine coronary artery geometries must be as-

sumed to allow comparison between results. Moreover, the animal study tested multiple
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arteries per animal and different artery types (right coronary artery, left anterior descend-

ing, and/or circumflex branch of the left coronary artery).

3. The study that generated this preclinical dataset used Biolimus A9™ as the drug, also
known as umirolimus. It is an analogue drug obtained from the modification of a chem-
ical branch of sirolimus [81, [100]. While it may have different transport and retention
properties than sirolimus, the current work assumes a hypothetical similarity between the
two drugs for modelling convenience. Nevertheless, the model made an effort to maintain

the generality of the drug type, and future studies may update drug parameters freely.

4. Animal experiments are often limited by the extraction of data points, for practical rea-
sons. The participating animals need to be sacrificed, and the tested arteries harvested
for measurement. While the four discrete time points from the example above are some-
what capable of describing the DC' behaviour over a large period, they lack information
at early times, such as the acute early peak followed by abrupt decay — which is crucial

for understanding the rapid drug delivery from the DCB.

5. Att = 1 day, the "DCB deployment" best resembled the preclinical results. The method
by which the "Low dose" and "High dose" fluxes were derived was questioned in Chapter

3] and may not be representative of a contact-based drug transfer.

6. Over time, depletion of drug due to wash-off causes DC' levels to converge to similar

values, around 1 ng/mg.

7. While these preclinical results are preliminary, they suggest a plateau between 3 and 7
days. The "Low dose flux" best depicted this behaviour, despite the insufficient drug re-
leased. It may be inferred that drug tissue levels are expected to reach high amounts, decay
within 3 days, and then substantially slow down its decaying rate. The drug transport and

retention parameters in the model may be probed to investigate such mechanisms.

8. While the time frame of the comparison proposed was 28 days, the animal study also
observed the behaviour of drug retention in the tissue up to 180 days after the procedure.

The simulation time range could be adjusted to reproduce this analysis.

9. Invivo as well as in silico, the results showed drug retention 28 days after the procedure,

indicating therapeutic efficacy.

Despite substantial limitations and idealisations, the model broadly captures the DC' be-
haviour of experimental results internally available within the collaborating industrial partner.
The magnitude of drug delivery evaluated in the multiphysics model of DCB deployment has
shown promise. However, before further comparisons with multiple studies and exploration of

particular procedural parameters are carried out, the model must be scrutinised thoroughly.
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The study of the time-dependent drug distribution with different scenarios is a remarkable
advantage conferred by in silico experimentation. The model presented was capable of provid-
ing mechanistic insights into the effect of varying procedural parameters — inflation pressure,
inflation duration, and drug load — on the drug release profile and key indicators DC' and sR.S.
This outlined the importance of procedural parameters on the outcome of drug delivery from
DCB and illustrated the balance between the safety and efficacy of the therapy. Due to the
strong specific binding behaviour, drug concentration levels in the tissue tend towards the spe-
cific binding site density value at later times. That is, the tissue retains approximately the drug
mass required to fully saturate the specific receptors in the media, whilst drug excess tends to be
washed away by the luminal and perivascular sinks.

An exercise relating the concepts of drug content and receptor saturation is proposed. Con-

sidering the specifically-bound drug capacity in the current model geometry:

mbﬁnax = Msir/ bls:nax deed (5.7.2)
Q

med

~ 196.9 ng,

where Mg, is the molar mass of the drug, in g/mol, b;,,, is the specific binding site density, in

> Ymax
mol/m?>, and the spatial integration of the media domain results in its tissue volume, in mS.
That is, Equation states that the specific binding sites in the therapeutic domain can
retain up to 196.9 ng of drug. As shown previously in Table [5.15] it is sensible to assume a
predominance of drug retention to specific binding sites at later times. Assuming a late scenario
where this amount of drug mass is concentrated in the media layer purely in specifically-bound
phase, which fully saturates the specific binding sites (s RS = 100%), a resultant drug content

is calculated:

DC — mb?nax
Miissue
(5.7.3)
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Q

where Myissue = Mint+Mmed +Mady, €ach given by the spatial integration of the respective domain
times the tissue density.

Endovascular drug delivery efficacy is often related to the ability to retain the drug delivered
in the arterial tissue during a sufficient time window, to supply the target cell receptors with
sustained levels of drug and induce its desired antiproliferative treatment effect — a persistent
inhibition of hyperplasia [64} 68| [78]. The DC' value at full specific saturation resembles the
therapeutic limit of 1 ng/mg, targeted in [33] and [47]]. This suggests that the therapeutic limit
of DC may be intrinsically related to the concept of receptor saturation.

In the experimentation of procedural parameters showcased in this work, only a marginal
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improvement in the therapy efficacy was noticed when increasing the amount of drug delivered.
This suggests that (I) the drug mass delivered may be sufficient to saturate the target receptors,
exemplified by Case Study 3 with a smaller drug load (% my), which tackles the question of
how much drug is necessary to promote sufficiently high sR.S levels throughout the therapeu-
tic window. And, that (II) drug distribution after DCB delivery may be governed by other sets
of parameters, such as drug-related parameters, and slower pharmacokinetics may be required
to reach higher drug retention. That is, so the drug is "absorbed" more slowly into the vessel
wall. Different parameter types and ranges can be investigated to understand why certain DCBs
achieve greater drug content values at later times [42]]. Points (I) and (II) are entwined to deter-
mine the outcome of drug delivery. Therefore, the understanding of receptor binding mechanics

is crucial for designing effective drug delivery.



Chapter 6
Conclusion

Despite the eventual modelling challenges, this work has shown novel advances in DCB mod-
elling. Chapter [3] appreciated the multiphysics aspect of the problem and discovered that the
temporary increase in transmural pressure during DCB delivery has a considerable effect on
the drug distribution in the tissue. Moreover, it demonstrated that the previous approaches of
including balloon inflation pressure were flawed, showing that the current state of the literature
presents room to grow.

Chapter [ reproduced a DCB testing procedure in silico, yielding a novel DCB model and
insights on how DCBs release drug. Although the model has been calibrated to the single ex-
perimental data set available, its simulation largely captured the behaviour of the phenomenon
of interest and shall fulfil its validation against different scenarios in future studies.

Chapter [5] showed the feasibility of time-dependent DCB simulations with simultaneous
deformation, contact, and drug delivery. This work built multiphysics models of increasing
complexity, developed within an original system of Levels, culminating in the first reported
model that incorporates balloon deployment and drug delivery simultaneously and included a
representation of the DCB. Remarkably, in this model, no parameter was adjusted or calibrated
a posteriori to fit results into the experimental data available, which originated from animal
studies at the preclinical stage provided by the collaborating company. Still, the model was able
to capture the trend of drug content in the tissue for a therapeutic window of 28 days. All this
progress paves the way for using the in silico modelling framework developed in the real world
to help design effective implantless drug delivery that provides steady, sustained drug levels
throughout the treatment duration.

Considerations must be made before these promising outcomes. Although this work rep-
resents a significant mathematical modelling and computational challenge, ultimately in silico
models need to be validated before they can be used in a truly predictive sense. In subsequent
efforts, the present model hopes to be validated against experimental and clinical data — as per
the example of many of the studies referenced in Chapter 2] which were instrumental in advanc-

ing the technology of endovascular drug delivery because they combined computational and the
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standard experimental practices augmenting each other. Moreover, the model produced can po-
tentially be used to make the best of existing DCBs, by exploring the performance of different
commercial devices regarding several conditions e.g. inflation pressure and duration, drug dose
and type, balloon-to-artery ratio, etc. and helping inform procedural parameters.

The model limitations are numerous yet justifiable to allow feasible simulations of the envi-
ronment of endovascular drug delivery with the resources made available for the present work.
These limitations have been described in each of the Discussion Sections throughout the thesis,
and, concisely, are mainly related to (I) the simplifying assumptions of the DCB and arterial
wall geometries, (II) the physiological arterial surroundings e.g. haemodynamics, and (III) the
effect of the drug in the tissue beyond its spatiotemporal distribution. In the future, the model
may be developed according to the necessity to depict particular additional aspects of the DCB
procedure. As discussed in the previous Section[5.7} coating adhesion, patient-specific artery ge-
ometry, and arterial remodelling are candidates to be incorporated. Although it is not the model’s
aspiration to be all-encompassing, and modelling parsimony must be regarded, the depiction of
complex phenomena demands further efforts.

Concluding, in silico modelling and simulation offer a powerful and convenient platform
for medical device development and decision making. Future studies may achieve further val-
idation, increase realism, focus on different procedural and design parameters, and be used as
digital twins alongside real experiments and procedures. The general impact of the work should
be perceived in how the industry designs drug delivery devices, and in how they are used in the
clinic — by prompting the application of in silico tools alongside the traditional preclinical and

clinical experimentation, and to help inform clinical procedures.
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