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Summary

Background and aims

Endovascular devices implanted in the femoropopliteal artery (FPA) are exposed to a unique set
of mechanical loadings due to the proximity of the artery with the knee joint. The assessment of
such loadings, related to the arterial kinematics, and their impact on both the long-term clinical
outcomes and device failure [1] are certainly a relevant scientific topic for both biomechanical and
vascular surgery community [2]. In fact, several studies, ranging from analytical modeling of FPA
deformation [3] to the complete numerical 3D patient-specific modeling of the thigh/artery/joint
system [4], are already available in literature. Unfortunately, such approaches are often cumber-
some and difficult to tailor to patient-specific characteristics. Moved by these considerations, the
present study proposes a computational model based on structural finite element analysis (FEA)

aimed at understanding the complex biomechanical behavior of the FPA.

Materials and methods

The model is implemented in Abaqus/STD (Simulia, Dassault Systémes, Providence, RI, USA)
and the input file for the non-linear finite-strain FEA is created by a Matlab script (MathWorks,
Natick, Mass). As depicted in Figure 1, the following main parts define the model:

e FPA: a portion of the SFA and the popliteal artery is modelled as a beam (el. Type B21)
with a constant circular section with a diameter of 8mm. Arterial tissue is modelled as linear

elastic material (F = 2M Pa,v = 0.33).

e Bones and leg boundaries: two rigid beams represent the femur and tibia respectively. Two
additional beams are positioned posteriorly, behind the artery, to resemble the boundary of
the thigh and the calf. Bone tissue is modeled as linear elastic material (F = 18GPa,v =

0.2).
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e Tissue/muscles surrounding the artery: they are modeled with spring elements; these ele-
ments, evenly spaced, connect the artery with the surrounding parts. SpringA elements of
Abaqus library are adopted, i.e., axial spring between two nodes, whose line of action is the

line joining the two nodes. This line of action may rotate in large-displacement analysis.

Figure 1: Schematic representation of the femoropopliteal artery modeling.

The analysis is composed by two steps: we first simulate the arterial prestretch and its dependence
to the age, accounting for the indications reported by Kamenskiy et al. (2016) [5]; then, we simulate
the knee bending as detailed in the following. The deformation of the artery due to leg flexion
is induced by the rotation of the tibia model around a reference point (RP) corresponding to the
knee joint, where a given angle of rotation is enforced as a boundary condition. A multipoint
constraint — MPC - type BEAM is used to connect the RP and the tibia model. A given,
consistent displacement is imposed to the arterial ends. The total number of nodes is less than
1000, so the simulation can be performed by Abaqus 6.14 Student Edition and run on a standard
laptop (Processor 2,9 GHz Intel Core i7) in less than one minute.

Three main types have been performed with an increasing level of complexity: 1) 2D idealized

model; 2) 2D patient-specific model; 3) 3D patient-specific model.

Results and conclusions

This section illustrates simulation results which are principally related to the 2D idealized model,;
some preliminary results related to 2D patient-specific model and the 3D one are also presented. in
Figure 2 we have the undeformed model and the vessel prestretched, then we see the result of the

FE analysis of a 90° and a 110° knee flexion. Outcomes suggest that the model is able to capture



v

the main features of the femoropopliteal biomechanics during the knee bending, nevertheless is

simplicity. We decide to evaluate the outcomes of the model following two different methods

1 PRESTRETCH

Figure 2: Results of the analysis. From the left: undeformed vessel and vessel prestretched, 90°
knee flexion simulation, 110° knee flexion simulation.

detailed below: evaluating arterial deformations increasing age, in relation with prestretch; and

we study the vessel behavior stiffening a portion of the artery part, modeling a stent.

Ageing and prestretch

We evaluate relationship that prestretch, as a function of age [5], has with the length surplus of
the artery, first indication of tortuosity. The length surplus as suggested by Wensing et al. (1995)
[3] is the ratio between the arterial length after the knee bending and its potential shortest path.
Then we study the relationship with curvature along the length of the artery itself. The outcomes,
showed in Figure 3, agreing with literature’s indications, say that with ageing the length surplus
increases because the artery is less able to accomodate shortening existing during knee flexion,
and so the curvature’s values, with higher peaks above the knee where the FPA physiologically is

more free to move.
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Figure 3: Results of an increasing of age. On the left: Length Surplus VS Age. On the right:
Curvature per Age.
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Regional stiffening: stent

Then we study the behavior of FPA during knee flexion increasing the Young modulus in a region
of the vessel part, trying to evaluate arterial/stent interaction. Even in this case results agree
with literature. Length surplus decreases, with the increasing of stiffness, because vessel can bend
less, getting less tortuous. Curvature in the stiffer portion decreases as well, increasing instead
dramatically at the edge of stented region, resulting in sharp kinks, evaluated in literature as the

main cause of stent failure and fracture. We see these outcomes in Figure 4.

Curvature per Young Modulus
T T T

Length Surplus vs. Young Modulus (E) 0.12 T T T T —
8 A
——E=2MPa N
\ N\
7R — E=22MPa A
01 il 4
\\ E=42MPa STE NT I\
IR\ E = 62MPa i
.5 AN < 0.08 —— E=82MPa
£ AN £ E= 102MPa
B4 N = E = 122MPa
7 2 006
e \ 3 E = 142MPa A
= 3 “G \
g g ——— E=162MPa /
-2 3 004 F E = 182MPa /
—— E=202MPa
,
o

vessel length %

Figure 4: Results of a regional stiffening modeling a stent. On the left: Length surplus VS Young
modulus. On the right: Curvature per Young modulus. The stiffer region is higlighted in blue.

Patient specific models

From the analysis of the second 2D model, in Figure 5 we show how interesting is the result in
bending adding the coordinates of the centerline and diameters of the patient’s vessel.

Despite the main limitation of a two dimensional environment, that make us loosing some

Straight Bent

3D Reconstruction

2D Patient Specific Model

Figure 5: Patient CT scans reconstruction (at the top), FE model (at the bottom). In the left
column we have the straight leg, in the right column we have the leg and the model after 40° knee
flexion.

important information, these two models, with a very low computational cost, permit to catch
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the general behavior of the region. In the third model we try to overcome this limitation and the
preliminary results are very promising, an example in Figure 6.

The final aim of this project is to further refine the models, in particular the patient-specific ones,

2D

== Patient Vessel v y

z
== Model Vessel 1—' x r

Figure 6: Preliminary results of 3D model compared to the previous 2D one.

and validate it, to predict the impact of stenting, with respect to patient-specific data extracted by
in-vivo images or ex-vivo experiments, like the ones performed by Dr. Kamenskiy and his group
of research at University of Nebraska Medical Center, with whom we collaborate thanks to this

project of thesis.
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Sommario

Introduzione

I dispositivi endovascolari impiantati nell’arteria femoro-poplitea (FPA) sono sottoposti a sol-
lecitazioni uniche dovute alla vicinanza dell’arteria all’articolazione del ginocchio. La valutazione
di questi particolari carichi, legati alla cinematica del vaso, il loro impatto sui risultati clinici ed
il fallimento degli stent [1] sono certamente argomento di importanza scientifica rilevante sia per
la biomeccanica che per la chirurgia vascolare [2]. Numerosi studi sono presenti in letteratura, a
partire dalla valutazione delle deformazioni della FPA [3] fino ad arrivare a modelli numerici 3D
paziente-specifici del sistema gamba/arteria/articolazione [4]. Molto spesso pero la complessita
di questi modelli ¢ troppo elevata ed ¢ inoltre difficile adattarli ai dati dello specifico paziente.
Spinti da queste osservazioni presentiamo, in questo studio, un modello computazionale basato su
un’analisi agli elementi finiti (FEA) per comprendere meglio il comportamento biomeccanico della

FPA.

Materiali e metodi

Il modello ¢ implementato in Abaqus/STD (Simulia, Dassault Systémes, Providence, RI, USA) e
Pinput file per la FEA non lineare in grandi deformazioni ¢ creato da uno script Matlab (Math-

Works, Natick, Mass). Come vediamo nella Figura 1, le parti seguenti definiscono il modello:

e FPA: una porzione dell’arteria Femorale Superficiale (SFA) e l’arteria Poplitea sono model-
lizzate da travi (elementi B21) con una sezione circolare costante pari a 8mm. Il compor-
tamento maccanico del tessuto arterioso € stato riprodotto con un materiale elastico lineare

(E = 2MPa, v =0.33)

e Ossa e contorni anatomici della gamba: due travi rigide rappresentano il femore e la tibia.
Due ulteriori travi sono posizionate dietro I'arteria, riproducono il contorno anatomico di

coscia e polpaccio. A queste parti & stato assegnato un materiale elastico lineare (E =

IX



18GPa, v =0.2)

e Tessuti e muscoli circostanti 'arteria: simulati da molle che collegano il vaso alle altre parti.
Sono utilizzati elementi SpringA della libreria di Abaqus, ovvero molle assiali tra due nodi,
in cui la linea d’azione ¢ la congiungente tra i due nodi. Questa linea d’azione puo ruotare

in condizioni di grandi spostamenti.

Figure 1: Rappresentazione schematica del modello dell’arteria femoro-poplitea.

L’analisi comprende due fasi; nel primo implementiamo il prestretch dell’arteria seguendo le in-
dicazioni fornite da Kamenskiy et al. (2016) [5] sulla relazione con 'eta del paziente; nel secondo
simuliamo la flessione della gamba. La deformazione del vaso ¢ indotta dalla rotazione della tibia
intorno ad un reference point corrispondente all’articolazione del ginocchio, sul quale & definito un
angolo di rotazione come condizione al contorno. Un multipoint constraint - MPC - di tipo BEAM
viene utilizzato per vincolare il reference point alla tibia. Imponiamo quindi al vaso un consistente
spostamento. Il numero totale dei nodi nel modello ¢ inferiore a 1000, di conseguenza la simu-
lazione puo essere effettuata nella Student Edition di Abaqus 6.14 ed & possibile eseguirla su un
computer standard (Processore 2.9 GHz Intel Core i7) in meno di un minuto. Abbiamo sviluppato
tre diverse tipologie di modello con una specificita crescente: 1) un modello 2D idealizzato; 2) un

modello 2D paziente specifico; 3) un modello 3D paziente specifico.

Risultati e conclusioni

In questa sezione illustriamo i risultati delle simulazione principalmente relativi al modello ideal-

izzato 2D; sono riportati inoltre alcuni risultati preliminari connessi ai modelli 2D e 3D paziente
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specifici. Nella Figura 2 vediamo il modello all’istante iniziale e dopo il prestretch; inoltre mos-
triamo il risultato di due diverse analisi, una con una rotazione del ginocchio di 90° e l'altra di
110°. I risultati mostrano come ’analisi sia in grado di cogliere le caratteristiche principali della
biomeccanica dell’arteria durante il piegamento del ginocchio, nonostante la sua semplicita.

Successivamente elencheremo i risultati estratti seguendo due differenti metodi di valutazione:

Figure 2: Risultato delle analisi. Da sinistra: vaso indeformato e vaso dopo il prestretch, simu-
lazione di piegamento del ginocchio a 90°, simulazione di piegamento del ginocchio a 110°.

nel primo definiamo la relazione tra l'eta, e conseguente prestretch, e le deformazioni del vaso;
nel secondo simuliamo, tramite un irrigidimento locale del vaso, ’applicazione di un stent, e ne

valutiamo il comportamento.
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Eta e prestretch

Valutiamo come il prestretch, funzione dell’eta [5], sia legato al length surplus dell’arteria, come
prima indicazione della tortuosita. Il length surplus & definito da Wensing et al. (1995) [3] come il
rapporto tra la lunghezza del vaso e il suo percorso piu breve. Successivamente abbiamo studiato
la relazione del prestretch con la curvatura lungo l'arteria. I risultati, riportati in Figura 3, in
accordo con la letteratura, evidenziano come al crescere dell’eta il length surplus aumenti, in quanto
I’arteria € sempre meno in grado di accomodare gli accorciamenti esistenti durante la flessione della
gamba, e cosi anche i valori di curvatura, che mostrano picchi in prossimita del ginocchio, dove

N . vi '
Parteria e, anche anatomicamente, meno vincolata

Curvature per Age
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Figure 3: Risultati dell’aumento dell’eta. Sulla sinistra: length surplus rispetto all’eta. Sulla
destra: valori di curvatura all’aumentare degli anni.
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Irrigidimento localizzato e simulazione impianto di stent

Successivamente abbiamo studiato il comportamento del nostro modello di FPA durante la flessione
del ginocchio aumentando gradualmente il modulo di Young in una porzione del vaso, cercando cosi
di stimare le interazioni arteria-stent. Anche in questo secondo caso ci siamo trovati in accordo
con la letteratura esistente. Il length surplus diminuisce, all’aumentare della rigidezza locale,
infatti ora il vaso puo deformarsi meno diventando meno tortuoso. La curvatura decresce nella
regione piu rigida, ma sottolineiamo come agli estremi di questa regione aumenti sensibilmente,
con la formazione di piegamenti molto pronunciati che sono annoverati in letteratura come tra le

principali cause di rottura e fallimento dello stent. In Figura 4 illustriamo i risultati.
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Figure 4: Risultati dell’irrigidimento locale. A sinistra: length surplus rispetto al modulo di Young
(E). A destra: andamento della curvatura all’aumentare di E. Evidenziamo inoltre in blu la regione
di irrigidimento locale.

Modelli paziente specifici

Dalle analisi effettuate sul secondo modello 2D, in Figura 5, vediamo quanto interessante sia il

risultato ottenuto aggiungendo la centerline e i diametri reali dell’arteria del paziente. Nonostante

Straight Bent

2D Patient

Figure 5: Ricostruzione di immagini TC del paziente (in alto), modello FE (in basso). A sinistra
abbiamo la gamba distesa, a destra la gamba piegata di un angolo di 40°.

la maggior limitazione dell’utilizzo di un ambiente 2D, che pud comportare una forte perdita di

informazioni, questi due modelli, con un costo computazionale decisamente basso, permettono di
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cogliere il comportamento generale di questa regione. Nel terzo modello cerchiamo di superare
questo limite e i primi risultati estratti sono promettenti. Un esempio in Figura 6.

Come obiettivo finale di questo studio ci poniamo di perfezionare i modelli, specialmente i

2D

= Patient Vessel v y

z
== Model Vessel 1—; X r

Figure 6: Risultati preliminari del modello 3D paragonato al precedente modello 2D.

casi paziente-specifici, cosi da poter predire 'impatto dello stent [6], con una validazione sui dati
estratti da pazienti o esperimenti ex-vivo, come quelli effettuati dal Dr. Kamenskiy e il suo gruppo
di ricerca del Medical Center dell’Universita del Nebraska con il quale abbiamo collaborato grazie

a questa attivita di tesi.
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Chapter 1

Background and aims

Peripheral arterial disease (PAD) comprises those entities which result in obstruction to blood
flow in the arteries, exclusive of the coronary and intracranial vessels (Ouriel, 2001). In particular
the incidence of PAD in the lower extremities is quite high and treatment not so efficient, so far.
In this work of thesis we concentrate our efforts in understand the complex biomechanics of the
femoropopliteal artery (FPA), that is the main vessel of the lower limb and one of the major in
the human body, connecting the iliac artery to the tibial bifurcation. This complex local behavior,
especially in the popliteal segment right above the knee, is the main reason of treatment’s failure
that often leads to an amputation of the leg below the knee.

This chapter starts with a brief overview of the anatomical features of the FPA discussing also
the main pathologies and the corresponding therapeutic procedures. Finally, the goal of the thesis

and its organization is presented.

1.1 Anatomy of the the Femoral artery and Popliteal artery

The femoral artery is the terminal branch of the external iliac artery; it is the most important
vessel, about the arterial circuit, of the inferior art. It begins behind the inguinal ligament,
between the lacuna of the vessels and ends in the channel of the adductor muscles. After that
area it takes the name of popliteal artery. It goes down in the antero-medial region of the thigh.
At the beginning it occupies the lateral angle of the lacuna of the vessels, just behind the inguinal
ligament. It is also in front of the insertion of the pectineus muscle. It is divided in two branches,
the superior one, called as femoral branch and the interior called genito-femoral. It passes also
throw the Scarpa triangle in its first part. Out of the triangle it goes behind the sartorial muscle.
The femoral vein is placed just below the artery. As introduced just above, below the articulation
of the knee, there is the poplipeal artery. It goes from the adductor channel to the arch tendon
of the soleus muscle. Over this point it branches into two vessels called the tibial anterior and

the tibial posterior artery (Schuenke et al., 2010). In Figure 1.1 these regions are showed. In
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2 CHAPTER 1. BACKGROUND AND AIMS

this area the course of the vessel is quite straight and there are not much branches. However the
incidence of vascular pathologies is, as mentioned above, quite relevant; this point means that the
mechanical factors are very important to be understood. The pathologies in this area are very
frequents; however also the possibilities of treatment; in the next section there would be reported

some of them.
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Figure 1.1: Anatomy of the femoropopliteal artery. Figure adapted from the work of MacTaggart
et al. (2014).

1.2 Femoropopliteal diseases

Peripheral arterial disease is considered to be a set of chronic or acute syndromes, generally derived
from the presence of occlusive arterial disease, which causes inadequate blood flow to the limbs.
From the pathophysiologic point of view, ischemia of the lower limbs can be classified as functional
or critical. Functional ischemia occurs when the blood flow is normal at rest but insufficient during
exercise, presenting clinically as intermittent claudication. Critical ischemia is produced when the
reduction in blood flow results in a perfusion deficit at rest and is defined by the presence of pain
at rest or trophic lesions in the legs. In this situation, precise diagnosis is fundamental, as there
exists a clear risk of loss of the limb if adequate blood flow is not re-established, either by surgery
or by endovascular therapy, (Hernando and Conejero, 2007).

PAD are greatly correlated with age and many risk factors are connected with these pathologies
such as diabetes, hypertension, smoking, and hyperlipidemia as in cerebrovascular and heart is-
chemic disease, (Norgren et al., 2007). One difference between PAD of lower limb and pathologies
of coronary and cerebral arteries is the composition of the plaque, femoropopliteal’s plaques are
very stenotic and fibrous, while coronary’s are more lipidic covered by a thin fibrous layer more
susceptible to rupture, (Hernando and Conejero, 2007). In Figure 1.2 we can see an example of
stenosis due to atherosclerosis, i.e., deposition of plaques. It is usually possible to evaluate the

degree of stenosis with the help of imaging techniques, such as MRI or CT, or with the Ankle
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Figure 1.2: Representation of stenosis examples that affect the femoral artery, (National Insitute of
Health, 2015).

Brachial Index (ABI) defined as the rate between the blood pressure in the ankle and the blood
pressure in the upper arm, An ABI between and including 0.9 and 1.2 is considered normal (free
from significant PAD), while a lesser than 0.9 indicates arterial disease (Collaboration, 2008).
These methods permit to decide which is the best intervention to perform for the health of the
patient. The degree of stenosis is measured as the percentage of the narrowing of the radius of
the vessel compared to its normal measure.

Another important e quite frequent pathology of this region is the aneurysm. Aneurysmal disease
in FPA is defined as a focal or fusiform dilation 1.5 times the normal diameter and it’s related
to disruption, fragmentation and altered balance in the mechanical integrity of the arterial wall
(Hurks et al., 2014). Aneurysmal disease can lead to distal ischemia, i.e., lack of bloodflow to the
limb, due to embolization or thrombosis, mass or blood clot that can travel in the bloodstream
and occlude the vessel, and rarely rupture. Even aneurysm can be diagnosticated with medical
imaging such as MRI or CT and Doppler ecograph, to evaluate speed and direction of blood flow.
These pathologies can be caused by the complex kinematics of this vessel, and by the strong ex-
ternal solicitation force acting here, these same issues have been classified as the ones that provoke

failures in treatments of this region.
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1.3 Treatments

Obviously the first therapy is the reduction of risk factor and lifestyle modification; but, when the
phase of the pathology is too advanced two are the types of treatment used so far: open surgical

intervention or endovascular intervention.

1.3.1 Open surgical intervention

Untill today the gold standard for treatments in case of severe PAD in the FPA is the bypass.
Bypass graft is connected above and below the vessel blockage and the blood is rerouted through

the graft, as in Figure 1.3. They can be autogenous such as the greater saphenous vein, small

Figure 1.3: Representation of femoral bypass.

saphenous vein, superficial femoral vein, criopreserved vein and radial artery, or prosthetic using
Dacron, PTFE e ePTFE, (Mills, 2016).
Autogenous are normally cosidered more durable, when there is no available vein in below the

knee bypass PTFE is the more used.

1.3.2 Endovascular interventions

In this case we have Angioplasty, with the use of balloons inserted to open the occluded vessel,
but patency rate after few years decreases dramatically; atherectomy that is a minimally invasive
tecnique for physically removing atherosclerosis from vessels’ wall, but the plaques remained could
disturb the bloodflow causing other pathologies and fast re-occlusion. The most promising tech-
nique is the use of stent, covered with ePTFE membrane or uncovered, generally, in this region,
nitinol memory foam self expanding devices Figure 1.4.

As less invasive, endovascular interventions, especially stents, should be the more preferable
treatments for vascular diseases. Unfortunately surrounding structures and tissues have a large

impact on the FPA, this artery is unique in that it is a long muscular artery, traversing a long
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Figure 1.4: The steps of a self expanding stent deploying procedure: (A) a steerable wire is softly
advanced across the stenotic lesion; (B) the undeployed stent is delivered to the target; (C) the
stent is deployed; (D) final result.

distance and is surrounded by multiple muscle groups. Kinematic movement and limb deformations
produce arterial deformation and unique stresses and strains and high degree of tortuosity; these

are the reasons why stent devices often fail and why there’s the need to improve the design.

1.4 Goals of the work and its organization

The main goal of the thesis is simulating the kinematics behavior of the vessel through the creation
of a fast, immediate but reliable FE model. The organization of the chapters of this work is the

following:

e 2- Literature Review — to introduce the reader to the topic, the first paragraph after the
introduction is dedicated to the literature review of the works regarding popliteal kinematics
or in general aspects of the popliteal artery. We consider only works published in the last

twenty years;

e 3- 2D Model — this chapter is the core of all the thesis project, we present our 2D general
model with results, discussion and limitations, base of all the subsequent work and future

developments.

e 4- Patient Specific Model — Here we present the patient specific version of the model in 2

dimensions and 3 dimensions.

e 5- About internship at UNMC — This chapter deals with the description of my experience

at University of Nebraska Medical Center in Omaha, where, above all, I could assist to a
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cadaver’s dissection in order to get some important data for validating the model in the

future works.

e G- Conclusions and future work

At the end of all this chapter the reader will understand completely the procedure we propose.



Chapter 2

Literature review

From an engineering point of view studying the biomechanics of femoropopliteal artery and con-
sequent stents failure has been translated in mathematical model for the quantification of vessel
deformation or computational finite element analysis model (FEA). Different data have been taken
for each of these studies and different methods have been used, in this chapter we try to high-
light the major contributes present in literature dividing them in three main sections the first for

medical image analysis, the second for experimental analysis and the third for FEA modeling,.

2.1 Medical image analysis

Wensing 1995

The article, written by Wensing et al. (1995), is probably the first work regarding the analy-
sis of the kinematics of the superficial femoral artery (SFA) during the bending of the knee. The
study is conduced on a group of 22 people of different ages, between 23 and 68 years old; both
males and females. Magnetic resonance angiography (MRI) is the technique of images performed
on the patients. Wensing and Scholten create for the first time a 2D model of the SFA configura-
tion during bending, as depicted in Figure 2.1. They deeply investigate with a series of geometric
calculations, not reported here, the strong changing in configuration of this vessel during bent leg.
What they find is that there is a length excess in the vessel during the flexion. This excess is
corrected with 2 physiological techniques: the compensation made, that ends with the S shape
configuration and the elasticity of the vessel. From the measure of the radius R of the curve in
sagittal plane of the S, they get with some steps an estimation of the arterial elasticity. The main
interest of the authors is to investigate the way in which the femoral artery copes with length
excess as a result of knee flexion. The main conclusions of this study are the following: i) they

understand that vessel tortuosity developing during the knee flexion is age dependent. Besides,
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S angle decreases with age due to 