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Abstract

Atherosclerosis (AS) is a chronic immune-mediated inflammatory state and multifacto-
rial disease of large and medium sized arteries leading to cardiovascular diseases such as
stroke and myocardial infarction. Atherogenesis is studied by the use of animal models
(mouse, rabbit, swine) and the most popular strategy to induce lesion development in
a rabbit model of atherosclerosis (New Zealand White rabbit) is the combination of
a dietary trigger and balloon catheter denudation (mechanical intervention). Because
the aorta is narrowing from proximal to distal a constant balloon volume introduces
significant pressure variations when retracted. Consequently, a not well-defined, hete-
rogeneous plaque development can be expected, which represents a major drawback of
this technique. Moreover, catheter induced injury may also vary between operator’s as
the handling of syringe and balloon filling requires training and adjusting a prescribed
pressure to vessel diameter variations seems to be challenging. To compensate for that
operator driven errors a new technique (patent application number GB 1614500.5) is
proposed for the generation of more well-defined and reproducible aortic atherosclerotic
plaques by a pressure controlled mechanical balloon injury device. Balloon inflation
pressure recordings support the superiority of the proposed method compared to the
conventional technique. Multicontrast magnetic resonance imaging (MRI) has become
a well-recognized tool to study the complexity of an atherosclerotic plaque in order to
predict lesion vulnerability. Diffusion tensor imaging (DTI) could be an additional me-
asure that provides information on the microstructural changes of the vessel wall due to
tissue remodeling and plaque burden, which may help to understand the formation of a
complex disease. In this work, the feasibility to investigate the orientation of diffusion
anisotropy in healthy human carotids in vivo is demonstrated. Tangential and radial
diffusion were measured by the combination of a read-out segmented EPI (rs-EPI) with
a 2D special gradient direction scheme. A significant linear relationship between age and
fractional anisotropy (FA) was found which may indicate a possible alteration of tissue’s
microstructural integrity. Moreover, this finding point FA being a sensitive metric able
to uncover changes in the wall architecture with age. Beside the use of multispectral
protocols or all-in-one solutions to identify plaque morphology and composition a com-
plementary method to study lesion progression is molecular imaging. A technique pre-
sented in this work allows the simultaneous measurement of endothelial barrier function
(interendothelial junction integrity) and nitric oxide induced endothelium-independent

(smooth-muscle cell dependent) vasomotor response of the abdominal aorta in rabbits.
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The infusion of the nanoparticle caused a prominent relaxation of the vessel wall and
a decrease in vascular endothelial permeability of the control animal. The AS induced
rabbit with comparable wall appearance (similar normalized wall index) showed an im-
paired vasodilation as well as loss of the interendothelial junction integrity (endothelial
damage). The rabbit with a marked wall thickening showed a paradoxical vasocon-
striction and a reconstituted delayed endothelial function. These data assume specific
patterns depending on the degree of plaque burden. The use of dynamic nanoparticle
enhanced plaque MR imaging for assessing vasomotion and permeability seems to be a

potential strategy for risk stratification of the vascular fitness.



Kurzfassung

Atherosklerose ist eine chronische immunvermittelte und multifaktorielle Erkrankung der
mittleren und grofien Blutgeféafie welche zu kardiovaskuldren Ereignissen wie Schlaganfall
und Herzinfarkt fithren kann. Grundsétzlich wird die Atherogenese in Tiermodellen stu-
diert. Am haufigsten werden dazu Kaninchen eingesetzt die bei entsprechender Diat und
zusétzlicher mechanischer Intervention (Ballon Katheter Denudation) Gefafiwandlésio-
nen sog. Plaques ausbilden. Traditionell wird diese mechanische Schadigung manuell
durchgefiihrt. Da die Aorta von proximal nach distal im Durchmesser abnimmt er-
geben sich bei konstanter bzw. unzureichender Anpassung der Ballonfiillung (Opera-
tor abhéngig) Druckschwankungen die das Gefafl unterschiedlich stark schédigen. In
dieser Arbeit wird eine neue Technik (Patent-Prioritdtsanmeldung) vorgestellt die die
Schwachen des manuellen Operator abhangigen Manovers kompensiert indem eine mas-
chinelle druckgeregelte Fillung des Ballons vorgenommen wird. Der Regelkreis er-
laubt einen konstanten Ballondruck durch fiillen/entleeren des Ballons abhéngig vom
Querschnitt des Gefafles. Die erhobenen Druckdaten deuten auf einen eindeutigen Vor-
teil dieser Technik gegeniiber der konventionellen Methode hin. Zur Messung von athe-
rosklerotischen Gefiwandveranderungen sowie zur Abzuschatzung deren Schweregrad-
ges werden sogenannte Multikontrast-Magnetresonanztomographie (MRT) Protokolle
eingesetzt. Die Diffusions-Tensor-Bildgebung ist eine erganzende Methode die mogliche
Anderungen in der Wasserdiffusion auf Grund von pathologischen Wandverinderun-
gen aufspiiren und einen tieferen Einblick in die Formierung dieser Erkrankung liefern
kann. In dieser Arbeit wird eine Methode prasentiert die es erlaubt die anisotrope
Wasserdiffusion in der Gefawand zu messen. Mit einer speziellen MRT-Sequenz sowie
einem speziellen zwei-dimensionalen Gradientenschema ist es moglich sowohl radiale als
auch tangentiale Wanddiffusionskomponenten zu bestimmen. Es konnte ein signifikan-
ter linearer Zusammenhang zwischen fraktioneller Anisotropie (FA) und Probandenalter
gefunden werden. Dieses Ergebnis lasst auf eine Modifizierung der Wandgewebeinteg-
ritat schlieBen und weist den FA Wert als sensitiven Marker aus der Anderungen in
der Wandarchitektur aufspiiren kann. Eine Erweiterung zum Multikontrast-Ansatz ist
die sog. molekulare Bildgebung die es ermoglicht Geféfllasionen bzw. pathologische
Prozesse auf zellularer Ebene sichtbar zu machen. In dieser Arbeit wird eine Nano-
partikel basierte Methode vorgestellt die es erlaubt gleichzeitig vaskulare Permeabilitat
der Gefawand und Stickoxid vermittelte Endothelium unabhéngige Vasomotorfunktion

(Gefafirelaxation oder Konstriktion) im Tiermodell zu untersuchen. Die Infusion des
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Nanopartikels fithrte beim gesunden Kontrolltier zu einer ausgepragten Relaxation der
Gefaflwand sowie zu einer reduzierten Permeabilitat. Das Versuchstier mit induzierter
Léasion und &hnlicher Wandstérke (frither Plaque) zeigte eine beeintréchtigte Relaxation
sowie erhohte Permeabilitat. Jenes Versuchstier mit ausgepragter Plaquebildung wies
eine paradoxe GefaBkonstriktion und Wiederherstellung der reduzierten Permeabilitat
auf. Die Ergebnisse zeigen spezifische Muster je nach Schweregrad der Gefafiwand-
veranderung. Diese eindeutigen Muster stellen einen potentiellen Marker dar um eine

mogliche Risikoabschatzung der kardiovaskularen Fitness zu erlauben.

vil



List of Abbreviations and Symbols

Acronyms

(i)MSDE (improved) motion-sensitized driven-equilibrium
2D Two-dimensional

3D Three-dimensional

AHA American Heart Association

ApoE Apolipoprotein-E

AS Atherosclerosis

BPA Blood pool agent

CA Calcification or Contrast Agent

CE Contrast enhancement

CE-MRI Contrast enhanced magnetic resonance imaging
CNR Contrast to noise ratio

CVDs Cardiovascular diseases

DANTE Delay alternating with nutation for tailored excitation
DIR Double inversion recovery

DP-TSE Diffusion prepared TSE

DTI Diffusion tensor imaging

DWI Diffusion weighted imaging

EPI Echo Planar Imaging

FC Fibrous cap

FDA Food and Drug Administration

FLASH Fast low-angle shot

FOV Field of view

FRE Flow-related enhancement

FSD Flow-sensitive dephasing

viil



FSE

Gd

Gd-PS
GRAPPA
GRE

IPH
LRNC
MATCH
meGRE
MERGE
MIP
MOTSA
MP-RAGE
MR-DWI
MR-HIFU
MRI

MT

MTR
NZW
PDw

QIR

RES
RESOLVE
RF

rFOV
rs-EPI

SE

SLIP
SNAP

Fast spin echo

Gadolinium

Phosphatidylserine enriched paramagnetic gadolinium liposomes
GeneRalized Autocalibrating Partial Parallel Acquisition
Gradient-recalled echo

Intra plaque hemorrhage

Lipid rich necrotic core

Multicontrast atherosclerosis characterization
Multiecho gradient echo

MSDE rapid black-blood gradient echo sequence
Maximum intensity projection

Multiple overlapping thin-slab acquisition
Magnetization-prepared rapid acquisition gradient echo
Magnetic resonance diffusion weighted imaging

MRI guided high intensity focused ultrasound
Magnetic resonance imaging

Magnetization transfer

Magnetization transfer ratio

New Zealand White rabbit

Proton-density-weighted

Quadruple inversion recovery

Reticuloendothelial system

Read-out segmentation with navigator-echo correction
Radiofrequency

Reduced field of view

Read-out segmented EPI

Spin echo

Spatially separated lipid presaturation

Simultaneous noncontrast angiography and intraplaque hemorrhage

1X



SNR Signal to noise ratio

SPACE Variable-flip-angle turbo spin-echo
SPI Phase-sensitive inversion-recovery
SPIO Superparamagnetic iron oxides

ss-IMIV-DWEPI Single-Shot Interleaved Multislice Inner Volume Diffusion-Weighted
Echo Planar Imaging

SWI Susceptibility-weighted imaging

Tlw T1-weighted

T2w T2-weighted

TCFA Thin cap fibroatheroma

TOF Time of flight

TONE Tilted optimized nonsaturating excitation
TSE Turbo spin echo

USPIO Ultrasmall superparamagnetic iron oxides
WHHL Watanabe-heritable hyperlipidemic rabbit
WHO World health organization

Symbols in general

Q Flip angle (rad or degree)

ABIP Actual balloon inflation pressure (bar)
AD Axial diffusivity (mm?/s)

ADC Apparent diffusion coefficient (mm?/s)
CL Linear anisotropy coefficient (mm?/s)
CP Planar anisotropy coefficient (mm?/s)
CS Spherical anisotropy coefficient (mm?/s)
Ccv Control variable

FA Fractional anisotropy

Mg, So Equilibrium magnetization



My, My, M, Magnetization components

MD Mean diffusivity (mm?/s)

NEX Number of excitation

NWI Normalized wall index

PE Plaque enhancement

RD Radial diffusivity (mm?/s)

RR R-wave to R-wave interval (ms)
SI, S Signal

Ty, Ty, Ty Relaxation times (ms)

Tk Echo time (ms)

Ty Inversion time (ms)

Tr Repetition time (ms)

TA Acquisition time (ms)

THK Slice thickness (mm)
U(L)BIPL Upper(lower) balloon inflation pressure limit (bar)

Symbols of Chapter 3

Af RF bandwidth (Hz)

Az Slice thickness (mm or cm)
AZere stice Excitation slice (mm or c¢m)
AZpres.siab Presaturation slab (mm or cm)
Oppm sar JO Chemical-shift (Hz)

9aAPmaz Maximum gap (mm or cm)
M, Steady-state Mz

T, Effective echo time (ms)

Lesp Echo spacing (ms)

x1



Symbols of Chapter 4

A Gradient separation time (ms)

J Duration of the gradient pulses (ms)
Y Gyromagnetic ratio (MHz/T)

b b-value (s/mm?)

G Gradient strength (mT/m)

Symbols of Chapter 5

1
— Native relaxation rate (s—1!)
e
1
7oA = T2 [CA] Relaxivity concentration product (s71)
1,2
1
— New relaxation rate (s7')
Ue
12 Relaxivity (mM~'s™1)
[CA] Contrast agent concentration (mM)

xii



List of Tables

0 J O O

Atherosclerotic plaque tissue signal intensities with multicontrast approach 39
Three-dimensional black-blood imaging techniques and selected sequence
parameters . . . ... ... Lo 43
Comparison of ADC literature values of intact vessel wall and atheroscle-
rotic plaque components . . . . . . . .. ... 47

Volunteer Demographics and mean diffusion components of the in vivo

high resolution 2D-DTI case . . . . . . . . . .. .. .. ... ... . ... o4
Repeatability of mean FA measurements tested on four male volunteers . 56
Mean diffusion components of the ex vivo high resolution 2D-DTI case . 57
Mean diffusion components of the ex vivo high resolution 3D-DTI case . 57

Nanoparticle enhanced "passive/active’ plaque MR imaging in mouse and

rabbit models of atherosclerosis and man . . . . . . . . . . . . ... ... 72

xiil



List of Figures

14
15
16
17
18
19
20
21
22

23
24

25

Stages of plaque development . . . . . . . ... ...
Gross inspection of aortic dissection: WHHL vs NZW rabbit fed a Western-
typediet . . . .
Myograph experiments on mechanical injured (balloon denudation) ex
vivo swine femoral arteries . . . . . . .. ..o L
Manual vs pressure controlled balloon denudation . . . . .. .. ... ..
The JURY device . . . . . . . . . . .
Bang-bang control without hysteresis . . . . . . . . ... ... ... ...
JURY MATLAB GUI . . . .. .. .
Dark blood angiography with RF spin echo / TSE sequences . . . . . . .
Dark blood imaging of NZW using 2D Ty and T-weighted TSE . . . . .
Diagram of the DIR preparation module . . . . . .. ... ... ... ..
Simulations on M, of replacing blood spins for a DIR preparation

Simulations on M, (Tg) of static tissues for a DIR-GRE . . .. ... ..
Dark blood angiography: 2D T;w DIR-TSE vs. 2D Tyw TSE with pre-
saturation bands . . . . . ...
Dark blood angiography: 2D Tyw/Tow/PDw DIR-TSE . . . . . .. . ..
Diagram of the QIR preparation module . . . . . ... ... ... ... ..
Simulations on M, of replacing blood spins for a QIR preparation

Simulations of M,y (Tg) of static tissues for a QIR-GRE . . . . . . . . ..
Dark blood angiography: 2D QIR-GRE in vivo common carotid arteries .
Dark blood signal acquisition with cardiac triggering . . . . .. .. . ..
Dark blood imaging with GRE . . . . . .. ... ... ... ... .. ..
Gradient direction scheme to measure tangential and radial diffusion . . .
Color coded vector images of the principle diffusion tensor direction and
FAmap . . . . . . . e
Vessel wall ADC map generated from six b-values images . . . . . . . ..
Linear regression analyses to compare FA, RD and lambda, vessel wall
values with volunteer’sage . . . . . . .. .. ... Lo
Histology and microscopy of balloon injured HCL, normal chow and HHcy
rabbits . . . . . L

Xiv

24
25
28
29
31
32
33
34
49



26

27
28
29

30

31
32
33
34

Effect of the dietary regimen (HCL, HHcy) on FA, NWI, T; and T,
parameter . . . ... 65
Representative Ty, Ty maps and RGB vector images . . . . .. ... .. 66
continuous i.v. infusion of S-NO-HSA(-B22956/1): one-compartment model 79
Endothelium-independent NO induced vasomotor response and endothe-
lial barrier function . . . . . . ... L oo 80

Influence of anesthesia cocktail on vasoconstriction and endothelial barrier

function . . . . .. 82
Plaque signal enhancement of B22956/1 vs an unspecific agent . . . . . . 85
Gadofluorine P enhanced rabbit vessel wall MRI . . . . . . .. ... ... 88
BSA-USPIO enhanced rabbit vessel wall MRI . . . . ... ... .. ... 89
BSA-USPIO enhanced mouse vessel wall MRI . . . ... ... ... ... 90

XV



Contents

Acknowledgements

Abstract

Kurzfassung

List of Abbreviations and Symbols

List of Tables

List of Figures

1 Atherosclerosis

2 Atherosclerotic plaque generation by mechanical intervention

2.1
2.2
2.3
24

Introduction . . . . . ... Lo
Mechanical arterial injury . . . . . .. ... .. ... ... ... ...
Pressure controlled balloon injury . . . . . .. ... ... .. ... .. ..

Component description . . . . . . . .. ..

3 Vessel wall MRI: imaging techniques

3.1
3.2
3.3
3.4
3.5
3.6
3.7

Introduction . . . . . . ...
Washout and spatial presaturation (inflow saturation) . . . . . . . . . ..
Double inversion recovery (DIR) . . . . ... .. ..o
Quadruple inversion recovery (QIR) . . . . . . .. ...
Cardiac gating . . . . . . . . . ..
Inner volume imaging / local-look technique / zoom imaging . . . . . . .

Multispectral MRI and techniques beyond . . . . . .. . ... ... ...

4 Measurement of vessel wall diffusion anisotropy

4.1
4.2

4.3

Introduction . . . . . ...
An in vivo human study: In vivo cardiovascular magnetic resonance of
2D vessel wall diffusion anisotropy in carotid arteries . . . . . . .. . ..
An ex vivo NZW study: consequences of aortic atherosclerosis induced
by HHcy and HCL . . . . . .. ... . oo

vi

viii

xiii

Xiv

o o ot @

12

17
17
17
20
27
32
35
35



Molecular plaque MRI using (super)paramagnetic nanoparticles 67
5.1 Introduction . . . . . . . .. 67
5.2 Evaluation of endothelial barrier function in atherosclerosis induced rab-

bits using S-nitroso human serum albumin (S-NO-HSA) - blood pool agent

compound and dynamic contrast-enhanced (DCE)-MRI . . . . .. .. .. 76
5.3 Atherosclerotic plaque MR imaging using (super)paramagnetic blood pool

agents . ..o L 84
Outlook 92
List of Publications 94
Bibliography 96
Appendix 120

9.1 Patent Application . . . . . . . . ... 120

i



1 Atherosclerosis

Cardiovascular diseases (CVDs) are the number one killer globally. Estimations from
the world health organization (WHO) revealed that about one third of annually deaths
were attributed to this life threatening disease in 2012 [1]. Of these events, three quar-
ters are associated with stroke and coronary heart disease. The most severe pathological
condition is atherosclerosis (AS), a chronic immune-mediated inflammatory state and
multifactorial disease of large and medium sized arteries. It manifests in the first deca-
des of life, with silent progression until a clinical event takes place [2]. Factors involved
in lesion initiation and progression are dysfunction of endothelium, smooth muscle cell
(SMC) proliferation, thrombogenicity, inflammation, macrophage infiltration, extracel-
lular matrix (ECM) digestion, calcification, cell apoptosis and thrombosis. As an early
event, endothelial dysfunction as a consequence of cardiovascular risk factors (smoking,
hypercholesterolemia, Type I diabetes) is involved in remodeling processes of the arte-
rial wall and progression of AS [3, 4, 5, 6]. As outlined in Chapter 5.2, a functional
vascular endothelium supports the beneficial effects of antioxidant, antiinflammatory,
anticoagulant and profibrinolytic actions and nitric oxide (NO) release [7]. NO inhibits
the adhesion and migration of leukocytes, the migration and proliferation of SMCs, the
aggregation and adhesion of platelets, promotes re-endothelialization and is essential for
maintaining vascular tone. Moreover, NO controls vasoreactivity, regulates endothelial
cell and tight junction morphology and vascular permeability [8, 9]. Endothelial NO
synthase (eNOS) synthesizes NO in the endothelium and is a protective factor maintai-
ning vascular integrity [10]. A reduction of NO activity therefore leads to endothelial
dysfunction and precedes the development of AS. Therefore, pathological activated en-
dothelium characterized by upregulated proinflammatory endothelial surface markers
(Vascular Cell Adhesion Molecule 1 (VCAM-1), E-selectin and P-selectin etc.) initiates
recruitment of leukocytes (monocytes, T-lymphocytes) into the wall [11, 12]. Activation
of vascular endothelium in turn is promoted by proinflammatory cytocines, lipopolysac-
charides and accumulation of minimal oxidized low density lipoprotein (LDL) [2]. In
addition, oxidized LDL is able to inhibit the synthesis of NO. Cytocines are inflamma-
tory mediators and can be subdivided into atheroprotective and proinflammatory ones
[13]. Antiinflammatory cytocines (e.g. major antiinflammatory cytokine: interleukin-10,
I1-10) within the lesion balance the inflammatory response and prevent from cell death
whereas proinflammatory components cause ECM degradation, cell proliferation / de-

ath and promote lesion formation and progression. IL-10 expression within macrophages



was detected in advanced human plaques and was found to be more frequently expres-
sed in human unstable vs stable lesions [14, 15]. Another atheroprotective factor is high
density lipoprotein (HDL) which removes excess cholesterol from peripheral tissues and
acts as an antioxidant. However, beside the migration of monocyte-derived macropha-
ges, LDL accumulates in the arterial wall (intima) undergoes modification to oxidized
LDL (oxLDL) and is finally taken up by macrophages which generate the so called foam
cells (lipid filled macrophages). This lesion type is called intimal xanthoma (fatty
streak or initial lesion) and is the first detectable macroscopic wall modification [16, 17].
A second type of a preatherosclerotic lesion is intimal thickening originated from an
existing intimal mass which lacks macrophage-derived foam cells but consists mainly of
SMCs. However, persistent migration of inflammatory cells (monocytes, T-lymphocytes,
SMCs, myofibroblasts) causes the development of the pathological intimal thicke-
ning also referred to as intermediate lesion. Lesion progression is further triggered by
migration and proliferation of SMCs and production of derived ECM which are stimula-
ted by macrophage and T cell secretion of cytokines and growth factors [2]. These events
lead to the formation of a fibrous cap that overlies the atherosclerotic plaque. Whereas
the intermediate type (preatheroma) consists of a fibrous cap made up of SMCs and
proteoglycans overlying the lipid rich area (no necrosis or cellular debris) the fibrous
cap atheroma classified as advanced lesion consists of a necrotic core (cholesterol es-
ter, free cholesterol, phospholipids, triglycerides, extracellular lipids, calcification) and
a thin/thick cap with additional varying amounts of macrophages and lymphocytes
[16, 18]. A necrotic core is the result of necrosis, apoptosis, proteolysis, lipid accumula-
tion and hypoxia of the transformed wall [19, 17]. Hypoxia as a consequence of hindered
diffusion of oxygen from the lumen due to intimal thickening is bypassed by the vasa
vasorum a network of vessels in the outer adventitial layer of arterial vessels and vasa
vasorum neovascularization [20]. Moreover, neoangiogenesis arising from vasa vasorum
has a major impact on lesion progression (early remodeling process) and destabilization
as permeable microvessels leak lipoproteins into the intima [21, 22, 20, 23]. Kumamoto
and colleagues found that intimal neovessels from vasa vasorum highly correlated with
the degree of luminal stenosis, inflammation, lipid core size whereas neovessels origina-
ted from the lumen side were frequently found in plaques with 40-50% stenosis and were
associated with fresh/old intraplaque hemorrhage [24, 20]. Moreover, intimal neovessel
density was decreased in calcified lesions. However, they found the frequency of neoves-
sels from vasa vasorum were 28 times that of the luminal origin. In addition, apoptosis

of vascular SMCs seem to be the major factor involved in the formation of vascular



calcification [18]. Beside luminal encroaching, lesion formation is also accompanied by
outward remodeling (increase of vessel diameter) a process that more or less preserves
the luminal geometry [25, 17, 26]. Therefore, risk stratification of atherosclerotic lesi-
ons by traditional angiographic techniques alone may mask the true impact on future
cardiovascular events. The complexity of an atherosclerotic plaque, rather than the de-
gree of luminal narrowing, is thought to be a valuable predictor of lesion vulnerability
and magnetic resonance imaging (MRI) because of its inherent soft tissue contrast most
suitable to delineate key factors of plaque vulnerability [27]. Saam et al analyzed the
prevalence of American Heart Association (AHA) lesion type VI (complex plaque with
possible surface defect, hemorrhage, thrombus) in carotid arteries by multicontrast MRI
and found this type frequently in arteries with a low degree of stenosis (< 50%). He-
morrhage was detected in more than 80% of the type VI lesions and fibrous cap rupture
in about half of them. Intraplaque hemorrhage is another important plaque feature in
atherosclerosis progression and destabilization. High risk vulnerable’ plaques show thin
fibrous cap (thin fibrous cap atheroma) and increased inflammation [2]. In addition,
this type of lesion also shows loss of SMCs and ECM in the cap and contains a large
lipid rich necrotic core, hemorrhage, intraplaque vasa vasorum and/or calcification [16].
Rupture frequently occurs at lesion edges which consists mainly of foam cells and mani-
fests in thrombi formation and a possible clinical event [2]. In detail, upon cap rupture
thrombogenic components of the lesion get in contact with blood and finally form a
thrombus that may occlude the artery and results in myocardial infarction or stroke
[17]. Moreover, an alternative fate is plaque rupture plus mural thrombus generation
(nonocclusive) followed by re-endothelialization and accelerated lesion growth [17]. In
contrast to rupture prone lesions, a stable plaque consists of a thick fibrous cap and a
small fatty core. In addition, fibrocalcific lesions are also made up of a thick fibrous cap
overlying a small fatty necrotic core plus high amounts of intimal calcium accumulations
(possible final stage of the alternative fate lesion) [20]. Figure 1 is a graphical represen-
tation of the different stages of plaque development and was reprinted from Leiner et al

with permission of Springer [17].
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Figure 1: Different stages of plaque development (description see text). Black lines
denote transitions between different stages. T, thrombus. Reprinted from Leiner et al
with permission of Springer [17].

In the following, Chapter 2 outlines animal models of atherosclerosis as well as strategies
how to induce lesion generation. In addition, a new technique (patent application num-
ber GB 1614500.5) is proposed for the generation of more well-defined and reproducible
aortic atherosclerotic plaques by a pressure controlled mechanical balloon injury device.
In Chapter 8 dark blood imaging (magnetization preparation) techniques are presented
for effective nulling of flowing blood spins to reduce/diminish plaque-mimicking artifacts
and improve image quality and delineation of wall architecture. Moreover, sequences and
further developments for dedicated imaging of aortic atherosclerosis are outlined. Chap-
ter 4 includes a paper that demonstrates the feasibility to investigate the orientation of
diffusion anisotropy in healthy human carotids in vivo by the combination of a read-out
segmented EPI (rs-EPI) with a 2D special gradient direction scheme. In addition, con-
sequences of a hyperhomocysteinemia (HHcy) and hypercholesterolemia (HCL) diet on
aortic lesion development in a rabbit model of atherosclerosis are investigated. Chapter
5 describes molecular imaging / nanoparticle enhanced plaque MR imaging strategies
of atherosclerotic lesions in animals and men. In addition a technique is presented that
allows the simultaneous measurement of endothelial barrier function and nitric oxide
induced endothelium-independent (smooth-muscle cell dependent) vasomotor response
of the abdominal aorta in rabbits. Finally aortic plaque imaging is demonstrated by

(super)paramagnetic blood pool agents.



2 Atherosclerotic plaque generation by mechanical

intervention

2.1 Introduction

Atherogenesis is studied by the use of animal models (swine, rabbit, mouse) and the
development of an atherosclerotic lesion is induced by dietary (cholesterol diet & nor-
mal chow), mechanical (balloon denudation, angioplasty), pharmacological intervention
(Russell’s viper venom and histamine to induce thrombosis), can be spontaneously or
is triggered by genetically modified organisms (ApoE-/- mouse) [28, 29]. Research acti-
vities are diverse but include for example progression-regression studies, response to
treatment analysis, biomechanical investigations all aimed to uncover mechanisms re-
sponsible for remodeling processes of the arterial wall [30, 31, 32]. An example of a
model organism generating lesions spontaneously is the male Japanese white rabbit
which was found by Dr. Watanabe in the seventies [33]. This mutant showed hyperlipi-
demia despite feeding a normal chow diet due to a reduced low density lipoprotein (LDL)
receptor function (impaired LDL catabolism). A strain named Watanabe-heritable hy-
perlipidemic (WHHL) rabbit was generated by inbreeding the found mutant [34, 35].
Characteristics of the strain are high serum cholesterol and triglyceride levels and deri-
ved age-related severe aortic atherosclerosis. A transgenic model of atherosclerosis is the
apolipoprotein-E (ApoE) deficient mouse that develops severe hypercholesterolemia and
atherosclerotic lesions of all progression stages throughout the arterial tree [36, 37, 38|.
Spontaneous atherosclerosis is induced by elevated plasma levels of very low density
lipoproteines and challenging with a Western-type diet lead to even higher levels and
causes generation of atherosclerotic lesions in a shorter period. Another popular model
to study atherosclerosis is the New Zealand White (NZW) rabbit. The type of stimulus
or their combinatorial regimen causes formation of fatty streaks (short-term high-fat
diet), generation of more advanced plaques (alternating high-fat and normal chow diet)
which are formed in a shorter period of time when mechanical injury (balloon denuda-
tion, angioplasty) is added as a treatment or atherothrombosis when chemical triggering
(Russell’s viper venom) is used [39, 40, 41, 42, 43, 44, 45|. Figure 2 shows an example of
an aortic dissection of a WHHL (age, 13months) and NZW rabbit (age, 21months) fed
a high fat Western-type diet. Challenging the WHHL rabbit with an additional dietary

stimulus causes accelerated formation of aortic lesions and eventually a full coverage of



the vessel’s surface. As NZW rabbits do not spontaneously develop aortic atherosclerosis
the dietary stimulus is required to trigger plaque generation. Compared to the WHHL,
even at more advanced age the aortic surface of the NZW shows unaffected intact wall

areas at the descending part.

aortic arch .descending aorta

Figure 2: Gross inspection of the aortic dissection (aortic arch and descending aorta) of
a WHHL (age, 13months) and NZW (age, 21months) rabbit fed a high fat Western-type
diet. Both strains show a different extend of lesion coverage of the aortic surface. The
Western-type diet lead to accelerated development of aortic atherosclerosis of the WHHL
strain. The NZW rabbit requires a dietary stimulus to trigger plaque development.

For the NZW model, balloon catheter denudation, as a part of the preparatory regimen,
is most extensively used to mechanically induce an arterial injury. It triggers a series
of events comprising de-endothelialization, damage of medial smooth muscle cells, dis-
ruption of elastic lamina, intimal hyperplasia and a altered vasomotor response. Asada
et al could show that the extent of vascular damage is dependent on the degree of the
applied balloon inflation pressure [46]. In detail, medial injuries, disruption of elastic
lamina (internal, medial) and alterations in endothelial-independent vasomotor response

to norepinephrine (vascular constriction) were found to be pressure-dependent.

2.2 Mechanical arterial injury

In principle, balloon injury is performed from the iliac bifurcation to the renal artery
(aortic arch) or vice versa, introducing a balloon catheter through the carotid artery or

femoral artery, using a liquid or gas filled syringe to fill the balloon. During the passage



of the catheter, the abdominal aorta is markedly narrowing from proximal to distal (5
— 3mm &). Hence, a constant balloon volume introduces significant pressure variati-
ons (1-3bar, Figure 4) when retracted. Consequently, a not well-defined, heterogeneous
plaque development can be expected, which represents a major drawback of this mo-
del. Moreover, catheter induced injury may also vary between operator as the handling
of syringe and balloon filling requires training and adjusting a prescribed pressure to
vessel diameter variations seems to be challenging. Figure 3A-D shows an example of
a manual mechanical injury of ex vivo swine femoral arteries using a Fogarty 4F em-
bolectomy balloon catheter (Edwards Lifesciences). Two operator performed balloon
denudation’s of femoral arteries by one to three passages of the catheter (x1 inj, x2 inj,
x3 inj). In addition, a section of each artery was left uninjured and used as a ground
truth measure (ctr). Endothelium dependent and independent vasomotor response (vas-
cular relaxation) to acetylcholine (Ach) and sodium nitroprusside (SNP) were measured
using the (un)injured arterial rings (two rings for each condition) by myograph experi-
ments (Danish Myo Technology, DMT) [47]. In short, before vascular relaxation curves
are measured, norepinephrine is used to precontract vessels to a level of 80% of max-
imum contraction response. After a stable contractile response is reached, increasing
concentrations of Ach or SNP are used to relax the vessel. Recordings are change in
contractile force in % (% of norepinephrine induced contraction) as a function of increa-
sing Ach/SNP concentrations. Ach causes a endothelium-dependent dilation of vascular
smooth muscle cells by releasing nitric oxide (NO) from endothelial cells. As the bal-
loon injury leads to removal/damage of the endothelial layer, SNP is used as a control
experiment to show endothelium-independent relaxation of smooth muscle cells. SNP is
a nitric oxide donor and causes a direct relaxation of vascular smooth muscle cells. Fi-
gure 3A-B shows relaxation readings (% contractil force upon norepinephrine induction)
as function of Ach concentration for two operators. It can clearly be seen from both
graphs that a balloon retraction causes a removal of the endothelial layer (x1/x2/x3 inj)
compared to the control rings (ctr) and that the extend of damage is in parallel with
the number of passages. In detail, due to the lack of endothelial cells the release of
NO is reduced and therefore the degree of relaxation. Figure 3B shows for the maximal
injured rings (x3 inj) a trend to a paradoxical NO induced vasoconstriction. Similar
behaviour to Ach in an in vivo study of ApoE(-/-) mice was reported by Phinikaridou et
al [32]. Figure 3C shows the control experiment for Operator #2 using SNP to trigger
a endothelium-independent vasomotor response. For all (un)injured rings a relaxation

of vascular smooth muscle cells is induced to the same extent. Figure 3D shows the re-



lative relaxation values as a function of Ach concentration normalized to the uninjured
experiments for Operator # 1 and 2. This graph clearly reveals an operator dependent

influence on the extent of vascular damage.
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Figure 3: Myograph experiments on manual mechanical injured ex vivo swine femoral
arteries using a Fogarty 4F embolectomy balloon catheter (Edwards Lifesciences). Bal-
loon denudation of femoral arteries by one, two and three passages of the catheter (x1 inj,
x2 inj, x3 inj). A section of each artery was left uninjured and used as control measure
(ctr). A-B Operator #1 and 2: Relaxation readings as % of norepinephrine induced
contraction as a function of increasing Ach concentrations. C Operator #2: Control ex-
periment, relaxation readings as % of norepinephrine induced contraction as a function of
increasing SNP concentrations. D Relative relaxation values as a function of increasing
Ach concentration normalized to the uninjured experiments. Two rings were used for
each condition. Measurements were done in collaboration with Rao Shailaja Prabhakar
and Sasa Frank, Institute of Molecular Biology and Biochemistry, Medical University of
Graz.

These findings support the demand for a technique generating more well-defined and
reproducible lesions. The development of a standardized balloon injury device for the
generation of reproducible minimal-invasive lesions in rabbits is proposed in the follo-

wing.



2.3 Pressure controlled balloon injury

The JURY device, a pressure controlled balloon injury device is invented. It allows con-
trolling the balloon volume (balloon inflation pressure) via a control circuit and therefore
compensating for operator driven errors. Figure 4A-B shows an example of a manual
and pressure controlled (JURY device) balloon denudation intervention. Recordings are
the balloon inflation pressure (plus balloon volume in pul for the pressure controlled de-
vice) as a function of balloon retraction time. Figure 4A shows the traditional manual
injury by a surgeon and the obvious difficulty to appropriate adjust the balloon filling
to vessel diameter variations along the passage of the catheter. As a result, inconstant
balloon inflation pressures are introduced. Figure 4B uses a control circuit to adjust
the balloon volume (red curve) to vessel diameter variations. It can clearly be seen that
the inflation pressure (blue curve) sticks with the predefined pressure value over the
whole retraction distance. The device is a joint development of the Clinical Institute of
Medical and Chemical Laboratory Diagnostics (Peter Opriessnig, Gunter Almer, Harald
Mangge), Institute of Physiological Chemistry (Gerd Hoerl) and Institute of Biophysics
(Wolfgang Sax), Medical University of Graz and is supported by the EU grant NanoAt-
hero (grant agreement N° 30982). Moreover, the NanoAthero EU committee decided to
prolong a work package (preclinical validation of nanosystems) for a year (March 2017
to February 2018) to evaluate the device in rabbits (n=28) with a volume of 70.000€.
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Figure 4: Manual vs pressure controlled balloon denudation. A Recordings of balloon
inflation pressure in bar as a function of balloon retraction time. Surgery was done
using the traditional manual injury. Inconstant balloon inflation pressures are visible.
B Recordings of balloon inflation pressure in bar (blue curve) and balloon volume in
pl (red curve) as a function of balloon retraction time. Surgery was done using the
pressure controlled balloon device. Balloon volume adjusts to vessel diameter variations
and therefore a prescribed pressure is kept constant.

A patent application (Balloon catheter device for use in an aorta of a rabbit or a hu-
man being; patent application number: GB 1614500.5) was requested for the device at
the Intellectual Property Office, Great Britain (www.ipo.gov.uk) and the grant for the
patent application was the 25th of August, 2017. The application text and drawings
were elaborated in collaboration with Maiwald Patentanwaltsgesellschaft mgH (Munich,
German, www.maiwald.eu) and the Research Promotion and Technology Transfer (Mi-
chaela Semlitsch, Heidi Schmitt), Medical University of Graz. A combined search and
examination report on the patent act was composed by the Intellectual Property Office,
GB with the 14th of February, 2017. The report just lists documents of category A
(document indicating technological background and/or state of the art). In addition to

the preclinical part of the application text it also includes the use in a human being to
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cover a possible pressure controlled balloon thrombectomy. This translational applica-
tion was discussed in collaboration with Prof. Cohnert (Division of Vascular Surgery,
Medical University of Graz). In short, the implementation (August 2009) of the Euro-
pean Working Time Directive (2003/88/EC) caused widespread concern in surgery as it
introduced a substantial reduction in duty-hours for doctors-in-training [48]. As a con-
sequence, this European regulation leads to detrimental effects on patient care, reduced
availability of medical staff and a reduction in time for training junior doctors. Further-
more, a questionnaire survey addressing day case surgery of modern day surgical trainees
revealed a low and inconsistent exposure due to rota issues and lack of encouragement of
seniors despite being aware of the importance of the training [49]. Such detrimental con-
ditions require tailored training procedures for junior doctors compensating for the lack
of training time. The further development of the frequently used balloon thromboem-
bolectomy in acute arterial occlusion to a pressure-controlled technique would permit
junior doctors to manage such a surgery in less training time and more important would
improve patient safety and potentially lower catheter induced arterial injury [50]. This
is very important as the procedure is the most frequently required emergency procedure
in vascular surgery, for example with more than 20.000 operations/year in Germany
[51]. To verify the efficiency of such a device first steps include the implementation of
a pressure sensor to the balloon catheter for monitoring pressure behavior during sur-
gery between professionals and doctors-in-training. In a second step, pressure-controlled
thromboembolectomy can be applied to compare the outcome of the standard surgery

with the improved technique.
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2.4 Component description

In the following, the pressure controlled balloon injury device and its components are
listed and important parts explained in short. A detailed description of the components
and their interactions as well as several embodiments of the invention can be found
in the patent application text attached in Chapter 9.1. Again, the patent application
text of the patent Balloon catheter device for use in an aorta of a rabbit or a human
being with the patent application number (GB 1614500.5) was elaborated with the
patent attorney’s office Maiwald Patentanwaltsgesellschaft mgH (Munich, German,

www.maiwald.eu). Figure 5 shows the setup of the device and its components.

Figure 5: Pressure controlled balloon injury device (The JURY device). 1 linear ac-
tuator (controlled by JURY shield) 2 quadrature (rotary) encoder (to measure balloon
volume) 3 holder 4 sled 5 syringe 6 pressure sensor (e.g. signal conditioned; 4V span; 0-
100psi or luer fitting sensor) 7 balloon catheter 8 JURY shield: stepper driver + control
circuit unit 9 quadrature encoder signal and pressure data recording unit 10 JURY sled
shield: stepper driver (DRV8825, Pololu) + sled motion direction control 11 rotative
stepper (controlled by JURY sled shield). Addendum to (8) Components: stepper
driver (DRV8825, Pololu) to operate the linear actuator; On/Standby Button; Go-Home
Button; Cal Button; pressure sensor connector; linear actuator connector.

In a future refinement, the control units 8, 9 and 10 of the prototype can be integrated
into one single control unit which fulfills all the functions of the listed units. Moreover,
the wire-based solution for encoder signal and pressure data recording to a computer

unit can be refined into a wireless communication. Theses steps will help to further
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improve usability.

Function of main components:

JURY shield (8):

Job of the shield in combination with a Arduino Uno (8) is to hold a stable predefined
balloon inflation pressure over the whole retraction distance. The balloon inflation pres-
sure is measured by a pressure sensor (6). The linear actuator (1) coupled to a syringe
(5) adjusts the volume of the balloon (7) (filling/emptying) depending on the actual
balloon inflation pressure. The whole system is filled with a fluid (e.g. NaCl). The
predefined balloon inflation pressure is hold by a bang-bang control without hysteresis
(Figure 6).

Job of the sketch uploaded to the microprocessor:

Cal Button: Offset of pressure sensor readings caused by insufficient venting of the
catheter tubing is measured and corrected (4VDC span).

On/Standby Button: Balloon is filled to the predefined balloon inflation pressure and
pressure is hold by the bang-bang control without hysteresis. Another button acknow-
ledgement causes a freezing of the system.

Go-Home Button: Linear actuator goes to home position (fully emptying of the balloon).

Variables: upper(lower) balloon inflation pressure limit (U(L)BIPL) in bar; actual bal-
loon inflation pressure (ABIP); control variable (CV, 0: balloon emptying, 1: balloon
filling);

Figure 6 shows the implemented bang-bang control without hysteresis to adjust the bal-
loon volume (balloon inflation pressure) to vessel diameter variations while keeping a
predefined pressure. The top graph shows the effect of the afore mentioned ’code-part’
and principle behaviour of the system. In detail, if the On button is pressed CV is set
to 1 and the balloon is filled til UBIPL is reached. This holds true even if ABIP is bet-
ween LBIPL and UBIPL because the sketch is processed sequentially and the second IF
condition overwrites the value for CV from the first IF condition. Now ABIP overshoots
UBIPL, CV is set to 0 and the balloon volume is decreased. Next, ABIP undershoots
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UBIPL, CV is set to 1 and the balloon is filled again. The last two steps are repeated
continuously and the balloon volume oscillates at the level of the predefined pressure
driven by the value of the control variable (bottom graph, 1: balloon filling; 0: balloon
emptying). The procedure is terminated by pressing the Go-Home button and finally
the balloon is emptied. Again, Figure 4B shows the resulting practical behaviour of the
control circuit. From the ’code-part’ it can also be seen that exchanging LBIPL with
UBIPL and UBIPL with LBIPL produces a bang-bang control with hysteresis. This
kind of implementation would lead to a oscillation of the balloon volume between the

lower and upper BIPL.
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Figure 6: Bang-bang control without hysteresis to adjust balloon volume (balloon in-
flation pressure) to vessel diameter variations while keeping a predefined pressure. Top
graph Balloon inflation pressure as function of balloon retraction time. Bottom graph
Control variable switching between 0 (balloon emptying) and 1 (balloon filling). ABIP,
actual balloon inflation pressure; U(L)BIPL upper(lower) balloon inflation pressure li-
mit; CV, control variable.

Quadrature encoder signal and pressure data recording unit (9):

A Arduino Mega 2560 is used to record pressure and quadrature encoder signals and to
send the data via COM port to MATLAB for final recording and 'real-time’ visualization
of the balloon retraction task. The rotary encoder (2) counts the steps of the linear ac-
tuator (1) which in turn can be translated into balloon volume values (see Figure 4). For

example, the linear actuator with a resolution of 0.0121 mm/step together with the used
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syringe with an inner diameter of 4.7mm results in a volume resolution of 0.2ul/step.
Hence, the volume resolution multiplied with the counts of the rotary encoder gives the

final balloon volume.

JURY sled shield (10):

A Arduino Due in combination with the sled shield, consisting of a stepper driver
(DRV8825, Pololu), is used to generate a linear movement of the sled by a rotative
stepper (11) at a predefined constant speed (mm/sec) and finally to retract the balloon
catheter (7) from the renal to the iliac artery position (or vice versa). For example, the
spindle drive (M10) with a resolution of 1.5mm/revolution in combination with the ro-
tative stepper results in a final resolution of 1.5mm/200steps. Hence, the total amount
of steps for a predefined retraction distance as well as the steps/sec for a predefined

constant speed (mm/sec) can be calculated.

MATLAB GUI:

To improve the usability of the device a Matlab (The MathWorks, Inc.) graphical user
interface (GUI) is used to initialize the JURY shield (8) and data recording (9) units and
to send commands for linear movements to the JURY sled unit (10). Communication

to the boards is established via serial COM ports. Figure 7 shows the implementation
of the GUI using MATLAB.
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Figure 7: JURY MARLAB GUI for a user-friendly interaction with the JURY device.
GUI is used to initialize the JURY shield (8) and data recording (9) units and to send
commands for linear movements to the JURY sled unit (10). Parameter initialization:
JURY COM port; microstepping: 1,4,16,32-fold; sensor pressure range in psi; sensor
span in volt; balloon inflation pressure in bar; mazx steps to go (safety precaution to
prevent for balloon burst); home position: zero or negative value; speed to go in steps/sec.
record COM port sled COM port; microstepping: 1,4,16,32-fold; move steps in steps
and go at speed in steps/sec calc This part is used to convert distance to go in mm
to move steps in steps and speed in mm/sec to go at speed in steps/sec. Perfusor
Replacing the rotative stepper (11) by the linear actuator (1) to the sled shield unit
(10) enables a perfusor device. linear travel/step in mm; speed in ml/s; syringe inner
diameter in mm; total volume to inject in ml.
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3 Vessel wall MRI: imaging techniques

3.1 Introduction

Risk stratification of atherosclerosis by traditional angiographic techniques alone may
obscure the true impact on future cardiovascular events. The complexity of an at-
herosclerotic plaque, rather than the degree of luminal narrowing, is thought to be a
valuable predictor of lesion vulnerability [27]. Magnetic resonance imaging (MRI) is a
non-invasive technique without the use of ionizing radiation and its inherent soft tissue
contrast allows the determination of anatomical and functional structures. The ability
to acquire high resolution images makes MRI a well suited tool to delineate key factors
of plaque vulnerability. Such key determinants can be subdivided into morphological
(area/volume: wall, lumen, plaque) and compositional features (size: lipid rich necrotic
core (LRNC), intra plaque hemorrhage (IPH), fibrous cap (FC), calcification (CA)). MR
techniques applied for feature detection are commonly based on so called multicontrast-
weighted sequences. Moreover, contrast enhanced MRI (CE-MRI) further extends the
scope of multicontrast weightings. Signal alterations induced by the administration of
a non-specific gadolinium chelate lead to an improved discrimination between plaque
tissues [52]. To face the limitation of these techniques in revealing information on the
cellular level, biomarker targeted nanoparticles provide an encouraging complement in
CE-MRI. Molecular imaging aims to monitor processes on the cellular level using functi-
onalized probes by targeting biomarkers of apoptosis, necrosis, angiogenesis, thrombosis
and inflammation (see Chapter 5). In the following section vessel wall imaging techni-
ques are presented along with strategies to minimize image corruption introduced by

flowing blood spins and sequences used to delineate certain plaque components.

3.2 Washout and spatial presaturation (inflow saturation)

Dark blood angiography with conventional RF spin echo or TSE (turbo spin echo) is
intrinsically achieved by the outflow of excited blood from the slice of interest between
the 90° RF excitation and 180° RF refocusing pulse as can be seen from Figure 8. The
minimum required velocity for a complete washout of excited flowing spins perpendicular
to the imaging slice can be expressed by Eq.(1) and Eq.(2), respectively [53]. From these

equations it is obvious that a reduction in slice thickness and/or an increase in echo time
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lowers the minimum velocity. The latter property clearly depicts To-weighted RF spin
echo or TSE sequences to be superior in generating dark blood effects compared to the

T-weighted counterpart.
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Figure 8: Dark blood angiography with RF spin echo / TSE sequences. Both, the
90° RF excitation and the 180° refocusing RF pulse are experienced by the static (gray
pattern) tissue. As the flowing spins (red pattern) leave the imaging plane before the
2nd RF pulse, their is no signal contribution to the formed spin echo.
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An additional method to improve the contrast between vessel lumen and wall are spa-
tial presaturation bands positioned up- and downstream from the imaging slice [54].
Cancelation of the zipper like artifacts (ghosting) propagating along the phase-encoding
direction are realized by dephasing of spins across the saturation bands just before image
excitation. To avoid chemical shift artifacts caused by periadventitial fat, a spectral fat
saturation pulse is commonly applied in addition. However, an appropriate configu-

ration of the slice of interest and the spatial presaturation band (thickness Az and
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RF bandwidth Af) allows suppression of unwanted fat signals in the imaging slice for
free. The technique is called spatially separated lipid presaturation (SLIP) and uses
the chemical-shift (0ppm,,, fo) effect [55]. As can be seen from Eq.(3) the maximum gap
(9apmaz) between excitation slice (Azeyesiice) and presaturation slab (Azpes.siap) is field

dependent and of course a certain presaturation band thickness is required.

1 1

— Az -
pres.slab
Afpres.pulse Afezc.pulse

9aPmar = 5ppm]cat f(] ( Aze:z:c.slice) - Azewoslice (3)

Figure 9A-B shows dark blood imaging examples of a New Zealand White (NZW) rabbit
abdominal aorta using a 2D Ty and T-weighted TSE sequence with spatial presatura-
tion bands positioned up- and downstream of the multislice package. It can clearly be
seen that compared to the Ty-weighted sequence the Ti-weighted shows a prominent
contribution of the flowing spins due to the shortened time for the blood to leave the

imaging slice.

Abdominal aorta

Figure 9: Dark blood imaging of a New Zealand White (NZW) rabbit ab-
dominal aorta using a 2D multislice Ty and T;-weighted TSE sequence with
spatial presaturation bands positioned up- and downstream measured @Q3T Sie-
mens Prisma and 15CH TxRx knee coil. A 2D Tow TSE with Tgr=2500ms,
Tg=64ms, turbofactor=7, FOV=120x98mm?, matrix=384x312, bandwidth=265Hz/
pixel, resolution=312x312um?, slice thickness=3mm, NEX=4, 8 slices, spectral fat sup-
pression, 8min acquisition time B 2D Tyw TSE with Tr=600ms, Tg=13ms, NEX=6,
5.5bmin acquisition time and all other parameters held constant.
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These techniques permit an improved delineation of the wall architecture which would
be otherwise obscured by the blood flow artifacts. Plaque mimicking artifacts introduced
by residual signals created by slow flowing blood as well as complex flow patterns restrict
their effectiveness but nevertheless do not prolong imaging time and improves anatomical

quality.

3.3 Double inversion recovery (DIR)

As already mentioned, the minimum velocity of excited flowing spins to be washed out
from the image section in a SE or TSE sequence can be effectively reduced by increasing
the (effective) echo time (Tg) or decreasing the slice thickness (see Eq.(1) and Eq.(2)).
In addition, deviation from a perpendicular orientation of the image section to the vessel
increases the minimum velocity but the effect can be partly compensated by reducing
the section thickness. In contrast to the TE dependent wash out effect and the spatial
saturation method which perform well for fast through plane flow, the much longer in-
version time Ty defining the elapsed time between the DIR and host module (Figure 10)
enables a better suppression of slow flowing intravascular signal [56]. As can be seen
from Figure 10 the DIR module is made up of a non-selective 180° RF pulse (e.g. hard
pulse, adiabatic hyperbolic-secant) to invert the spins of the whole body and is imme-
diately followed by a spatial selective 180° RF pulse (e.g. adiabatic hyperbolic-secant)

to reinvert the spins of the imaging slice.
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Figure 10: Pulse diagram of the DIR preparation module. The DIR module consists
of a non-selective 180° RF pulse which is immediately followed by a spatial selective
180° RF pulse (in this case both are adiabatic hyperbolic-secant RF pulses). The DIR
preparation and host module are separated by T} which is determined by crossing zero
magnetization of the inflowing blood spins.

Figure 11A shows examples of Bloch equation simulations of the longitudinal magneti-

zation (M, of replacing blood spins) as a function of time for a set of repetition times Tg.

The magnetization is calculated based on time-domain simulations of Bloch equations
dM, M, — My dM, M, dM, M, )

= — : = = = —— Matlab (The MathWorks).
(i T, dt T, dt T, ) Using Matlab (The MathWorks)
Longitudinal and transverse relaxations are exponential decay processes and modeled
using Mz(t) = Mz(t:())e_t/Tl + Mo(l — e~ t/T) , Mm(t) = Mm(t:())e_t/Tz and My(t) =
t/TQ

My —)e” Together with the three dimensional rotation matrices Rx(6), Ry(#)

and Rz(0) precession and excitation can be realized. The whole process can be re-
written in matrix form as My, = AM + B where A = diag(E2, E2, E1)Rz(0),M =
Rx,y(6)[0,0, My]" for the first or Rx,y(#)Mi_1g n_1 for the n-th excitation and B =
M;[0,0,1 — E1] with E1 = e /™ and E2 = e */" describing the exponential decay

processes and M, the equilibrium magnetization.

The inverted M, (Figure 11A) of the blood outside the image section recovers along the
z axis and replaces the non-inverted blood of the imaging slice. The T} is determined

so that the inflowing spins cross zero magnetization when the host sequence is played.
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The appropriate inversion time as can be seen from Figure 11A (M, crossing zero mag-
netization) can be calculated from Eq.(4) (steady state) and is based on repetition time

Tgr and relaxation time T; of the blood.

2
T = lelood In < ) (4)

1+ eiTR/lelood

It can also be seen from Figure 11A that the amount of dummy scans to reach a steady

state condition for the replacing blood spins increases with decreasing Tg.
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Figure 11: Simulations on the longitudinal magnetization M, of replacing blood spins
for a DIR preparation. A Bloch equation simulation of M, (replacing blood spins)
as a function of time for Tr=300/600/900ms and a T},, , of 1400ms. M, crosses zero
magnetization at T1=142/268/379ms as visualized on the zoomed-in view. B Simulation
of M, by Eq.(5) for T1=142/268/379ms, Tr=600ms and a 7T}, , of 1400ms. The
combination with the optimum T; of 268ms results in a perfect nulling of blood spins

with a T, relaxation time of 1400ms. Simulations are realized for tissue relaxation times
@3T.

The steady state M, (M.,,) for the replacing blood spins can be expressed by Eq.(5)
(reprinted from Yarnykh et al [57]).
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Figure 11B shows examples of simulations by Eq.(5) for a set of Tt and a certain Tg. It
is obvious that this method is sensitive to changes in relaxation time T of the blood. In
addition, the use of a T} below or above the optimum value will augment the contribution
of the inflowing spins to the final signal of the imaging slice.

Figure 12 shows examples of Bloch equation simulations for M,y (Tg) on different static
tissues and the consequent saturation effect introduced by the use of a DIR preparation
module. The extend of reduction in static tissue signal (M, ratio of a DIR-GRE and
GRE) depends on Tg. The shorter Tg the stronger the saturation effect which is obvious
as a decrease in Ty shortens T and consequently the recovery time M, for the static

tissue between subsequent repetitions.
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Figure 12: Bloch equation simulation on the transverse magnetization My, of sta-
tic tissues with and without a DIR preparation module and a GRE as host se-
quence for Tr=100/200/500ms and T1=49/96/228ms, respectively. GRE parameters
are Tg=5.3ms, a = 40°; DIR module time between non- and spatial-selective 180° RF
pulse is 21ms; T;/Ty relaxation times: vessel wall = 1400/120ms; skeletal muscle =
1420/32ms; WM = 1110/56ms; GM = 1470/71ms corresponding to [58]. The ratio be-
tween M,, of a DIR-GRE and GRE is plotted as a function of excitations (number of
repetitions, approach to steady state). Static tissue is saturated by the DIR preparation
and the extend depends on Tg. My, was taken at Tg. Simulations are realized for tissue
relaxation times @3T.
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Figure 13A-C compares dark blood imaging of a New Zealand White (NZW) rabbit
common carotid artery using a 2D T;-weighted DIR-TSE and a 2D T;-weighted TSE
sequence with spatial presaturation bands positioned up- and downstream of the ima-
ging slice. The carotid wall of the DIR preparation shows a isointense pattern compared
to the surrounding muscle tissue (Figure 13A) whereas the wall is hyperintense (plaque
mimicking artifact) on the sequence with the presaturation bands (Figure 13B) due to an
insufficient suppression of slow flowing blood. Figure 13C is the reconstructed difference
image and clearly depicts the intrinsic slow flow related vessel wall artifact introduced
by unsaturated blood spins in the imaging slice (red arrowhead).

Figure 14A-C shows dark blood imaging of a Watanabe heritable hyperlipidemic (WHHL)
rabbit abdominal aorta (rabbit model to study atherosclerosis) using a 2D T;w/Tow/
PDw DIR-TSE. It can be seen for all three cases that the lumen signal is completely

nulled and do not contribute to the final wall signal.

Figure 13: Dark blood imaging of a New Zealand White (NZW) rabbit common caro-
tid artery (single-slice) using a 2D Ti-weighted DIR-TSE and a 2D T;-weighted TSE
sequence with spatial presaturation bands positioned up- and downstream measured
@3T Siemens TimTrio and 2x4CH CPC coil. A 2D Tyw DIR-TSE with Tr=600ms,
Tp=11ms, T;=268ms, turbofactor=7, FOV=120x101mm?, matrix=384x324, band-
width=240Hz/pixel, resolution=312x312um?, slice thickness=2mm, NEX=8, spectral
fat suppression, ~4min acquisition time; B 2D Tyw TSE with all parameters held con-
stant except for spatial presaturation bands instead of the DIR preparation. C Diffe-
rence image reconstructed from (B) minus (A); red arrowhead shows plaque mimicking
artifact.
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Abdominal aorta

Figure 14: Dark blood imaging of a Watanabe heritable hyperlipidemic (WHHL) rab-
bit abdominal aorta (rabbit model to study atherosclerosis) using a 2D T;w/Tow/PDw
DIR-TSE measured Q3T Siemens TimTrio and 2x4CH CPC coil. A 2D Tyw DIR-
TSE with Tr=600ms, Tg=9.7ms, T;=268ms, turbofactor=7, FOV=120x120mm?, ma-
trix=384x384, bandwidth=266Hz/pixel, resolution=312x312um?, slice thickness=2mm,
NEX=8, spectral fat suppression, ~4min acquisition time; B 2D Tyw DIR-TSE with
Tr=2400ms, Tg=68ms, T;=738ms, NEX=3, ~7min acquisition time and all other pa-
rameters held constant. C 2D PDw DIR-TSE with Tgr=2400ms, Tg=9.7ms, T;=738ms,
NEX=3, ~7min acquisition time and all other parameters held constant.

Typical Ty values for a DIR-TSE range from 300 to 700ms (Tg: 600 to 2500ms), therefore
DIR performs superior to the wash out and spatial saturation method to suppress signals
from slowly flowing or recirculating blood as can be seen from Figure 13 and Figure 14.
The major drawback of this technique is its single slice nature, the dependence on a
certain Ty blood value for a given Ty and the consequent extended imaging time to
acquire a set of slices. The Ty dependent saturation effect of static tissue is more

pronounced for a GRE sequence as Ty is usually shorter compared to TSE sequences.

Multislice double inversion recovery (mDIR):

The sequential acquisition of a 2D imaging volume in conjunction with multiple weig-
htings makes the DIR technique susceptible to prolonged examination times. To counte-
ract this drawback multislice DIR (mDIR) represents an interleaved approach to reduce
the overall scan time [59, 60, 61].

The dual-slice DIR-FSE approach is defined by a non-selective 180° RF pulse and two
consecutive slice-selective 180° RF pulses with an inversion time prescribed to the first
slice [59]. This technique halves the scan time of the conventional DIR without sacrifi-
cing the image contrast of the second slice which acquisition window immediately follows
the first echo train. From Eq.(5) it can be derived that a Ty window of about 100 to
200ms preserves an adequate suppression of the inflowing blood spins following the zero

crossing point (7 to 15% recovery of the longitudinal blood magnetization). In addition,
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the dual-slice method uses long echo trains to collect data which in principle introduces
Ty blurring but shortening of the echo spacing by modifying the refocusing RF pulses
helps to narrow the acquisition windows of a slice. Hence, a good tradeoff between
an adequate scan time and minimal vascular signal can be achieved. Time efficiency
is further improved using an mDIR-FSE approach in which consecutive slice-selective
180° reinversion RF pulses are replaced by a slab-selective (slice-pack) one [61]. The
sequence plays N preparative DIR modules for N slices per TR. As can be seen from
Eq.(6) the inversion time is determined by the number of slices and spacing between
the non-selective 180° RF pulses is controlled by TR/N (reprinted from Yarnykh et al

[61]).

Ti(N) = Th,,,,In (1 n 6TRQ/(Nlelood)) (6)
This kind of regime provides nulling of flowing spins for each slice when the read out
part is applied. In comparison to a spatial presaturation setup, Yarnykh et al showed
that the multislice approach performs superior in nulling blood for the tested slice packs
whereas similar flow suppression is observed for up to six slices when compared to the
single-slice DIR method. One major drawback is the saturation of stationary tissue with
increasing N (decreasing Ty). At a slice pack size of eight (N=8) the DIR preparation
accounts for already one half of the saturation effect when compared to the single-
slice (N=1) DIR setup (signal measured in muscle). Nonetheless, at comparable signal
loss level of stationary tissue to a TSE sequence with inflow saturation, the four slice
mDIR shows obvious better flow suppression and a four-fold reduction in examination
time when compared to the single-slice DIR. In a preceding mDIR-FSE implementation
by Parker et al consecutive slice-selective reinversion RF pulses are played following
the non-selective one each time a slice is acquired. The sequence therefore requires N
non-selective and N? slice-selective RF pulses for N slices per Tg. It is obvious that
compared to the mDIR approach of Yarnykh et al. this implementation suffers from

specific absorption rate (SAR) and therefore restricts the number of slices acquired per
Tg.
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3.4 Quadruple inversion recovery (QIR)

MR techniques applied for feature detection are commonly based on multicontrast-
weighted sequences and are often extended by contrast enhanced MRI (CE-MRI). The
administration of a non-specific gadolinium chelate improves the discrimination between
plaque tissues [52]. The shortening of blood T; introduced by the injected agent in turn
requires an adjustment of the inversion time Ty in (m)DIR techniques to preserve the
dark blood contrast. Unfortunately this kind of modification directly influences the sa-
turation of stationary tissue and consequently the quantitative analysis of CE values
[57]. To overcome this limitation a quadruple IR (QIR, Figure 15) with T; insensitive
blood pool suppression was introduced by Yarnykh et al [57]. As can be seen from Fi-
gure 15 the QIR (single-slice technique) plays two consecutive DIR, preparation modules
followed by a host sequence (e.g. TSE read out etc). Two inversion times prescribe the
time between the two DIR modules and the host sequence. After reaching the steady
state, nulling of flowing spins over a broad range of shortened T;’s is achieved. That
implies no modification of the two inversion times for the post contrast measurement.
Especially designed for T,-weighted imaging and CE, the dark blood contrast between

pre- and post-infusion imaging can be fully preserved.
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Figure 15: Pulse diagram of the QIR preparation module. The QIR module consists
of two consecutive DIR preparation modules followed by a host sequence. In this case
the DIR modules consist of an adiabatic hyperbolic-secant non-selective 180° and spatial
selective 180° RF pulse. The QIR preparation and host module are separated by two
Ty’s for minimizing a range of blood T; values and consequently their contribution to
the imaging slice.

Figure 16A shows examples of Bloch equation simulations on the longitudinal magne-
tization M, of replacing blood spins as a function of time for a set of repetition times
Tgr. The inverted M, of the blood outside the imaging section recovers along the z-axis,
overshoots the zero magnetization to 77, and is again inverted by the second DIR mo-
dule. M, recovers again to a region close to the zero magnetization (77, +7},) and finally
the host sequence is played. The appropriate set of T;’s can be calculated by minimizing
Eq.(7) for a desired range of Ty’s and a prescribed Tg. It can be seen from Figure 16A
as for Figure 11A that the amount of dummy scans to reach a steady state condition

increases with decreasing Tg.
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Figure 16: Simulations on the longitudinal magnetization M, of replacing blood spins
for a QIR preparation. A Bloch equation simulation of M, (replacing blood spins) as
a function of time for Tg=300/600/900ms. Ti’s were obtained by minimizing Eq.(7)
for a T; blood value range of 200 to 1400ms. 717, /T;, were as follows: 148/63ms
for TR=300ms; 288/106ms for Tg=600ms; 412/135ms for Tg=900ms; M, is centered
around zero magnetization at Ty, + 77,. B Simulation of M, by Eq.(7) for following
configurations Tr/Ty, /T7,/T1,,,,.: 600/277/85/100-1400ms; 600/288/106/200-1400ms;
300/147/56/100-1400ms; 300/148/63/200-1400ms; By minimizing Eq.(7) for a desired
range of blood T; species, a special set of T;’s is obtained. Simulations are realized for
tissue relaxation times @3T.

The steady state M, for the replacing blood spins can be expressed by Eq.(7) [57].

Y 2112/ Ty100a 11— e~ In /lelOOd]
Zss T 1- 1— e*TR/lezood (7)

Figure 16B shows examples of simulations by Eq.(7) for a set of T; and Tr. Minimizing
Eq.(7) for different blood T4 ranges (100 to 1400ms / 200 to 1400ms) results in special
sets of Tr’s which directly effects the extend of blood suppression over the defined T,
range for a certain Tg. It can also be seen that including shorter T1 species causes

a slight increase in blood M, but at the same time allows suppression of shorter ones.
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Figure 17A shows examples of Bloch equation simulations for My, (Tg) on different static
tissues and the consequent saturation effect introduced by the use of a QIR preparation
module. The extend of reduction in static tissue signal (M, ratio of a QIR-GRE and
GRE) depends on Tg. The shorter Ty the stronger the saturation effect which is obvious
as a decrease in Ty shortens T and consequently the recovery time M, for the static
tissue between subsequent repetitions. Figure 17B shows phantom measurements of an
implemented QIR-GRE @3T Siemens TimTrio based on the diagram shown in Figure
15. As can be seen from the images the saturation effect is more pronounced for the

shorter Tg time.
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Figure 17: Simulation of the transverse magnetization My, of static tissues with and
without a QIR preparation module and a GRE as host sequence. In addition, phantom
measurements of an implemented QIR-GRE are shown. A Bloch equation simulations of
static tissues for Tr=100/200/500ms. T}, and T}, were calculated by Eq.(7) for a blood
T, range of 200 to 1400ms. Hence, following configurations are obtained Tg/T7, /T1,:
100/50/24ms; 200/100/44ms; 500/243/93ms; GRE parameters are Tg=>5.3ms, a = 40°;
DIR module time between non- and spatial-selective 180° RF pulse is 21ms; T4 /Ts
relaxation times: vessel wall = 1400/120ms; skeletal muscle = 1420/32ms; WM = 1110/
56ms; GM = 1470/71ms corresponding to [58]. The ratio between My, of a QIR-GRE
and GRE is plotted as a function of excitations (number of repetitions, approach to
steady state). Static tissue is saturated by the QIR preparation and the extend depends
on Tg. My, was taken at Tg. Simulations are realized for tissue relaxation times @3T.
B Phantom measurements (Siemens QA phantom, T1=102ms and Ty=76ms) of a QIR-
GRE implemented @3T Siemens TimTrio VB17 based on diagram Figure 15 using a
Tr of 200/500ms and Ty of 5.3ms. Saturation of static tissue is calculated as the ratio
between QIR-GRE and GRE. Values are 0.56 and 0.75 for Tg 200 and 500ms. Measured
data fit well with data simulated by Bloch equations as indicated in red brackets.

Figure 18 shows an example of in vivo (volunteer’s common carotid artery) dark blood
imaging by QIR-GRE. It can clearly be seen that the lumen signal do not contribute to
the wall signal due to the suppression of inflowing blood spins. In addition, the limited
coil sensitivity of the used surface coil lead to noise enhancement in the center of the

image.
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Figure 18: Dark blood imaging of the common carotid arteries (single-slice)
of a volunteer using a 2D QIR-GRE measured @3T Siemens TimTrio and
2x4CH CPC coil. A 2D QIR-GRE with Tgr=500ms, Tg=5.6ms, o = 60°,
Ty, =236ms, T7,=77ms, FOV=120x120mm?, matrix=384x384, bandwidth=243Hz/pixel,
resolution==312x312um?, slice thickness=3mm, NEX=1, spectral fat suppression, ~4min
acquisition time.

The major drawback of this technique is its single-slice nature and the more pronounced
saturation of stationary tissue when compared to the DIR sequence (see Figure 12, DIR
vs Figure 17, QIR: 0.9 vs 0.8 for TR=500ms; 0.8 vs 0.6 for TR=200ms; 0.6 vs 0.2 for
TR=100ms). However, as the sequence was intended to be used for T;-weighted contrast
enhancement, Yarnykh et al showed that quantitative CE values are higher compared

to DIR and that there is no need for post contrast blood T, estimation.

3.5 Cardiac gating

The combination of the above mentioned techniques (DIR, mDIR, QIR) with cardiac
triggering further helps to reduce image corruption introduced by pulsatile vessel motion.
A common strategy as visualized in Figure 19 is to execute the preparation module (blue
boz) before a period of fast flow and acquire data during the period of slow flow (purple
boz) [62]. In case of a DIR sequence, the time between both modules is prescribed by
a specific inversion time Tj. In addition, the repetition time Tg is substituted by the
heart rate and gating is usually performed using the R-wave (e.g. Tg = 1 RR interval,

Tyw; Tr = 2-3 RR, Tyw). This configuration enables replacement of noninverted blood
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during maximal through plane flow (blood flow curve, Figure 19) and data acquisition
at the time of minimal vessel motion (blood pressure curve, Figure 19) i.e. constant wall
geometry is preserved as the distensibility of the vessels causes a change in lumen area.
End-systolic and end-diastolic distensibility measurements of healthy human carotids
revealed a change in lumen area up to a value of 10% indicating the importance for

minimizing pulsatile motion [63].
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Figure 19: Dark blood signal acquisition with cardiac triggering. R-wave of the ECG,
blood flow and blood pressure curves are shown from top to bottom. In addition blue and
purple box represent the localization of the preparation (IR, DIR, QIR) and host module
(SE, TSE, GRE) in the cardiac phase separated by inversion time Tj. In addition, the
red box represents the trigger delay Tp for timing acquisition and maximum through
plane blood flow in carotid arteries.

Dark blood imaging with gradient-recalled echo (GRE) pulse sequences without any
preparation is challenging but possible using cardiac triggering. In principle, these type
of sequences are fast imaging techniques, lack the 180° RF refocusing pulse but instead
use the frequency-encoding gradient to rephase the GRE echo and allow for shorter echo-
times compared to spin echo based sequences [64]. The replacement of excited flowing
spins from the imaging slice can be achieved by adjusting an appropriate delay window
(red box, Figure 19) between the detected R-wave and the time of maximal through
plane flow. As can be seen from Figure 19, this is realized by tuning the trigger delay
Tp which is used to acquire data at different cardiac phases. As the prerequisite for this
technique is a fast blood flow the method works best for the measurement of proximal

blood vessels (e.g. carotid arteries).
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Figure 20A-C shows examples of different dark blood imaging strategies (2D DIR-GRE
with TR=2RR and Ty, 2D GRE and 3D GRE with Tg=1RR and Tp, Top to Bottom) of
the mouse brachiocephalic artery (ApoE-/- mouse model to study atherosclerosis) using
cardiac gating and a GRE sequence. For the 2D DIR-GRE the preparation module
is played with the first trigger and data acquisition starts with the next trigger after
Ty. It can be seen for all three cases that the magnetization of the arterial lumen is
canceled and does not contribute to the wall signal. Especially for the DIR sequence
also the lumen signal of the slow flowing venous blood is nulled due to the extended time
to leave the imaging slice. In contrast, the contribution of the venous signal gradually

increases from imaging a thin slice in a 2D and a slab in a 3D GRE.
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Figure 20: Dark blood imaging strategies of the mouse brachiocephalic artery (ApoE-
/- mouse model to study atherosclerosis) using cardiac gating and a GRE sequence
measured Q7T Bruker Biospec 70/20 and 20mm surface coil. A 2D DIR-GRE with
Tr=2RR (~280ms), T1 ~135ms (second trigger), Tg=3.5ms, a = 50°, FOV=20x20mm?,
matrix=384x384, resolution=52x52um?, slice thickness=700um, NEX=16, spectral
fat suppression, 30min acquisition time; B 2D GRE with Tp=10ms, Tr=1RR,
Tp=3.5ms, a = 50°, FOV=20x20mm?, matrix==384x384, resolution=52x52um?, slice
thickness=700pum, NEX=16, spectral fat suppression, 15min acquisition time; C
3D GRE with Tp=10ms, Tr=1RR, Tg=3.5ms, a = 50°, FOV=20x20x2mm?, ma-
trix=384x384x10, resolution=52x52x200um?*, NEX=6, spectral fat suppression, 40min
acquisition time; D 3D time of flight (TOF) maximum intensity projection (MIP) of the
aortic arch, left and right common carotid arteries.
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3.6 Inner volume imaging / local-look technique / zoom imaging

Inner volume imaging also referred to as local-look is a (turbo)-spin-echo based techni-
que with limited FOV in the phase-encoding direction [65]. Instead of coplanar slice-
selection-gradients for the spatially selective 90° excitation and 180° refocusing pulse the
lobes are played on orthogonal axes. Because only spins of intersecting regions expe-
rience both RF pulses and hence contribute to the final signal no foldover artifacts will
be introduced from object areas exceeding (surrounding) the subsectional region. Ad-
vantages arising out of this technique are the elimination of image corruption by moving
tissues (respiration) and scan time reduction. The two-dimensional single slice nature
of the sequence can be extended by a secondary phase-encoding gradient played on the
slice-selection refocusing axis (slab) to reconstruct three-dimensional volumes. The ex-
tension in the section-selection direction compensates for the sacrificed signal to noise
ratio (SNR) caused by the reduced phase FOV in the 2D version and stretches the ana-
tomical (vessel wall) coverage but at the expense of the before mentioned saved imaging
time. An application of this 3D technique was found in an cardiac gated measurement
of the distensibility and wall area of human healthy carotid arteries [63]. In detail, a
double inversion preparation module to null flowing spins followed by the 3D volume
selective TSE sequence revealed a good wall SNR agreement to the conventional single
slice dark blood 2D cross sectional image recorded over the same acquisition time. The
advantage of enlarged vessel coverage in conjunction with no prolonged imaging time
and interfering respiration artifacts makes this technique a well suited tool to analyze

atherosclerotic wall alterations.

3.7 Multispectral MRI and techniques beyond

Multispectral MRI: 3DTOF, Tlw, T2w, PDw

The afore mentioned techniques (spatial presaturation, DIR, mDIR, QIR, cardiac gating
etc.) are used to null the signal of flowing spins, minimize image corruption, shorten
acquisition time while improving the appearance of the vessel wall. These methods
combined with different weightings (T1w, T2w, PDw) and TOF allow atherosclerotic
plaque tissues to be identified and characterized and finally an estimation of the degree
of lesion vulnerability. Three-dimensional time of flight (3DTOF) is a bright blood an-

giographic technique which commonly uses a gradient-recalled echo pulse sequence and
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is based on the so called flow-related enhancement (FRE) [66, 53]. Blood spins ente-
ring the imaging slice are enhanced (inflow enhancement) compared to the stationary
background tissue to produce an increased vessel signal. One limitation is the gradual
saturation of inflowing blood as it travels through the imaging slab and experiences mul-
tiple RF excitation pulses depending on blood velocity and slab thickness. The result is
a strong enhancement of blood signal at the entry slice and an attenuation of the blood
spins at the exit slice. This drawback is compensated by using multiple overlapping
thin-slab acquisition (MOTSA) and tilted optimized nonsaturating excitation (TONE)
pulses [67, 68]. The flip angle produced by this pulse (spatially asymmetric RF pulse)
increases with distance in the direction of blood flow and therefore equalizes the signal
of flowing blood through the imaging slab. Moreover, instead of using one thick imaging
slab, multiple thin slabs of a few centimeter are imaged sequentially and combined to
one large volume to reduce the number of excitations of flowing spins. Beside the ability
of the sequence to gather information on the degree of luminal narrowing it was shown
that it can also be used to classify the integrity of the fibrous cap (intact thick vs intact
thin vs ruptured cap) in atherosclerotic human carotids in vivo [69, 70]. In general, the
fibrous cap appears as a dark band near to the white lumen and intact thick, thin or
ruptured cap was categorized as uniform visible, not visible or disrupted, respectively.
Discrimination from calcification was based on inspections of additional multicontrast
weightings (T1w, T2w, PDw) as the fibrous cap is a hypointense band exclusively on
TOF weighting whereas calcification appears dark on all weightings. In addition, com-
parison of fibrous cap appearance between histology and MRI revealed a high level of
agreement and association of fibrous cap rupture with transient ischemic attack (TTA)
and stroke. Moreover, the high accuracy of a multicontrast protocol (T1w, T2w, PDw
and 3DTOF) was shown for classifying the integrity of the fibrous cap (stable: thick
vs unstable: thin, ruptured, ulcerated) when compared to the gold standard histology
[71]. In the nineties Toussaint et al was one of the first demonstrating the capability
of in vivo MRI to differentiate human plaque components of carotid arteries like lipid
core, fibrous cap, calcification, intraplaque hemorrhage, thrombosis, normal media and
adventitia [72]. A good agreement of quantitative in vivo and ex vivo plaque / normal
wall T2 values was found. They showed that a T2w sequence can be used to discriminate
the lipid rich core (low signal) from fibrous cap and media (high signal) which are sur-
rounded by a thin black band (adventitia) in vivo. Moreover, calcification characterized
as signal voids on T2w and T1w sequences could also be detected and classified in vivo.

Fresh thrombus on a T2w sequence appeared as high signal intensity area at the side of
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occlusion and showed lower signal intensity values in the superficial layers. For intrap-
laque hemorrhage, characterized as a low intensity region, shorter T2 values compared
to the lipid core were reported. However, the signal behaviour of a hemorrhage is more
complex as the signal intensity depends on the age of the hematoma and type of MR
weighting (T1w or T2w) [73]. Bradley et al outlined the stages that hemoglobin passes
with age (from oxy-,deoxy-, methemoglobin to reversible hemichromes or breakdown to
ferritin and hemosiderin) and described the resulting MR signal appearance. They de-
fined five distinct stages (< 24h to > 14d) of hemorrhage including hyperacute, acute,
early subacute, late subacute and chronic phase all affecting the final MR appearance of
that tissue. For example, during the late subacute phase (age > 7days) the signal inten-
sity is high for both weightings due to the paramagnetic properties of methemoglobin
and its reduced susceptibility effect in its extracellular state (decompartmentalization).
During the early subacute phase (age > 3d) methemoglobin is intracellular and leads to
a shortening of T'1 and T2 and therefore to a high signal on T1w and low signal on T2w
sequences (T2 effect is even stronger for gradient echo images). The ability to detect
intraplaque hemorrhage of carotid arteries in vivo with a high interobserver agreement
was shown by using T1lw TSE and TFE (TurboFlash) sequences [74]. The agreement
for the TFE sequence was higher and misinterpreted regions belonged to fibrous tis-
sue outside the main plaque area. The ability to study aortic plaque morphology and
composition in vivo using a multispectral MR protocol was shown by Fayad et al [75].
Morphological parameters like plaque thickness and extent as well as compositional fe-
atures (IV/Va: fibrolipid-, Vb: calcified-, Ve: fibrotic-, VI: thrombotic type) classified
based on the American Heart Association (AHA) criteria (used types: IV to VI) revealed
strong agreements between MRI and transesophageal echocardiography (TEE). Moreo-
ver, Yuan and colleagues used the multispectral approach to identify lipid rich necrotic
cores and intraplaque hemorrhage of carotid arteries in vivo and comparison to gold
standard histology showed a high overall accuracy [76]. Beside the in vivo work, carotid
endarterectomy specimens were used to characterize plaque components ex vivo using
multiple sequence weightings and to analyze the diagnostic accuracy when compared to
histological findings [77]. A set of endarterectomy samples was used to generate MRI
criteria (based on published criteria) for plaque tissues and finally a high accuracy was
found for lipid core, calcification and fibrocellular tissue while thrombus was lowest in
sensitivity when cross tabulated to histology. They also showed the ability of a algorithm
in combination with parametric MR images (T1, T2, diffusion coefficient, proton density

image) to semiautomatically detect and segment plaque tissues. A similar approach was
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implemented by Clarke and co-workers using a supervised classification algorithm and
eight contrast weightings to identify and segment plaque components [78]. The classifier
showed high sensitivity and specificity values for different plaque tissues when compared
to matched histological images. As previously mentioned, AHA criteria which act as a
histological template are used to classify an atherosclerotic plaque (Type I to VIII). Cai
et al modified the conventional criteria as some of the lesion types has not been proofed
to be distinguishable by MRI because of the limited resolution in vivo [79]. Carotid
atherosclerotic plaques were measured in vivo using multicontrast weightings and sho-
wed good agreement when compared to the histological findings which further indicates
the capabilities of MRI to differentiate between early, intermediate and advanced athe-
rosclerotic plaque lesions. Another evaluation study performed by Saam and co-workers
points the multicontrast approach to be reproducible and excellent to differentiate be-
tween plaque tissue components [80]. In addition to the multispectral approach, signal
alterations induced by the administration of a non-specific gadolinium chelate lead to
an improved discrimination between plaque tissues [52]. Wasserman et al used a T1w
DIR-TSE sequence and gadolinium enhancement to differentiate fibrous cap from lipid
core plaque tissue with a CNR and SNR comparable and higher than that with T2w
images, respectively. Beside the mentioned studies, numerous in vivo and ex vivo trials
can be found in the literature all investing the accuracy of plaque characterization by
MRI [62, 81, 82, 83, 84]. All these investigations taken together show that morphological
as well as compositional plaque features can be detected and classified by MRI with high
accuracy and that this method my be useful to investigate aortic atherosclerosis in vivo
as well as to study therapeutical interventions and plaque progression and regression.
Table 1 summarizes MRI signal intensity criteria to classify atherosclerotic plaque con-
stituents by a multicontrast approach and gadolinium enhancement and is adopted from

(77, 69, 85, 76, 80, 86, 87, 17, 88].
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Table 1: Atherosclerotic plaque tissue signal intensities with multicontrast appro-

ach
Plaque tissue Tiw T2w PDw TOF CA
Fibrous cap i/H i/H i/H h u
LRNC H h i/H - nu
Calcification h h h - nu
IPH v/H v i/H - nu

LRNC, lipid rich necrotic core; IPH, intraplaque hemorrhage; TOF, time of flight;
CA, contrast agent; h=hypointense, H=hyperintense, i=isointense, v=variable; (n)u=
(no)CA update; all plaque tissue signal intensities are relative to adjacent muscle tis-
sue. Investigations analyzing or summarizing plaque tissue signal appearance see Ref.
[77, 69, 85, 76, 80, 86, 87, 17, 88|.

Techniques beyond:

Beside the use of multispectral weightings their are also efforts to have all-in-one se-
quences for identifying multiple atherosclerotic plaque components in one shot or to
have specific sequence implementations for improved detection of a certain plaque tissue
(e.g. intraplaque hemorrhage). Saam and colleagues showed that the complexity of an
atherosclerotic plaque rather than the degree of luminal narrowing is thought to be a
valuable predictor of lesion vulnerability [27]. They analyzed the prevalence of AHA
lesion type VI (complex plaque with possible surface defect, hemorrhage, thrombus) in
carotid arteries by multicontrast MRI and found this type frequently in arteries with
a low degree of stenosis (< 50%). Hemorrhage was detected in more than 80% of the
type VI lesions and fibrous cap rupture in about half of them. Therefore, hemorrhage
is an important plaque feature in atherosclerosis progression and destabilization and
of special interest in sequence development. Wang et al proposed a 3D slab-selective
phase-sensitive inversion-recovery (SPI) sequence for improved detection of intraplaque
hemorrhage [89]. The sequence is a modification of the magnetization-prepared 3D ra-
pid acquisition gradient echo (MP-RAGE) sequence which shows poor hemorrhage-wall
contrast and insufficient blood suppression. The SPI sequence consists of a extra TFE
module for phase correction but at the expense of a doubled IRTR time. The inversion
time is optimized to maximize the distance between wall, hemorrhage and the signal of
flowing spins. The paramagnetic properties of methemoglobin in combination with the
phase-sensitive reconstruction of the proposed T1w sequence maximizes the CNR bet-
ween wall, hemorrhage and lumen and improves accuracy of hemorrhage identification
when compared to the standard T1w MP-RAGE. DIR or QIR dark blood preparation
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modules are used to null the spins of flowing blood to improve image quality and deli-
neation of wall architecture but suppression remains challenging at regions of complex
flow (carotid bulb). Wang et al proposed a method for improved suppression of plaque-
mimicking artifacts in the carotid bifurcation using an (improved) motion-sensitized
driven-equilibrium (i)MSDE turbo spin echo (TSE) sequence [90, 91]. Comparison
to inflow saturation, DIR and multislice DIR revealed superior CNR (between adjacent
muscle and lumen) and lumen SNR values for the (i))MSDE implementation. Moreo-
ver, wall area and thickness measurements showed slightly but significant lower values
due to the improved delineation of lumen-wall boundaries. An interesting candidate
using driven-equilibrium as a black-blood preparation module with intrinsic T1 and T2
weighting properties is the three-dimensional MSDE rapid black-blood gradient echo se-
quence (3D-MERGE) proposed by Balu and co-workers [92, 93]. The sequence allows
the acquisition of the entire cervical carotid artery at high isotropic resolution within two
minutes while preserving good blood nulling properties as well as accurate plaque mor-
phology measurements when compared to existing MRI approaches. This technique is
advantageous as 2D black-blood protocols are time consuming especially when covering
a large anatomical location. In addition, the feasibility of that implementation alone
to classify plaque components like calcification, lipid rich necrotic core was evaluated
against a well validated multicontrast protocol [94]. Moreover, the intrinsic T1 and T2
contrast tuned by shot and MSDE duration allows the detection of short T1 species like
hemorrhage and the opportunity to image long T2 components like loose extracellular
matrix in one shot [93]. Along with the black-blood imaging it simultaneously provides
angiographic information. Another candidate providing black and bright-blood contrast
and specifically directed to intraplaque hemorrhage detection is the simultaneous non-
contrast angiography and intraplaque hemorrhage (SNAP) sequence proposed by Wang
and colleagues [95]. The sequence design is based on the SPI technique consisting of
two TFE modules one for image acquisition and the second for phase correction. Ho-
wever, the SNAP technique uses a smaller flip angle to acquire the reference image for
background phase estimation and to accurate reconstruct phase sensitive images. It
provides a so called SNAP’-” image for lumen imaging (bright angiographic signal like
in TOF) and a SNAP’+’ image for hemorrhage detection just by displaying either the
negative or the positive signals. The sequence is again optimized to provide the best
contrast between hemorrhage, wall and the lumen component as was done for the SPI
implementation. A comparison to TOF and MP-RAGE indicates strong correlation

for lumen size measurements and high accuracy for hemorrhage detection, respectively.
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Another interesting approach for rapid isotropic imaging beside 3SD-MERGE is the delay
alternating with nutation for tailored excitation (DANTE) black-blood prepared 3D
FLASH sequence proposed by Xie et al [96]. It was developed for imaging peripheral
artery disease (PAD) aimed at covering a large anatomical location for fast evaluation
(4min acquisition time) of vessel wall morphology. The overall goal was to maximize the
CNR of wall-lumen boundaries and for that parameters of the DANTE preparation (RF
pulse flip angle, pulse train length) and FLASH readout (flip angle, turbo factor) had to
be optimized to efficiently null the signal of flowing spins as both modules are affecting
the final wall-lumen contrast. A comparison of morphological parameters (wall area
and thickness, lumen area, luminal stenosis) as well as wall SNR and wall-lumen CNR
measurements showed excellent agreement to a conventional 2D DB-TSE and MRA se-
quence. Fan and co-workers proposed the multicontrast atherosclerosis characterization
(MATCH) sequence for carotid plaque imaging with a single interleaved five minute
scan [97]. It consists of a 3D spoiled segmented FLASH readout to provide three dif-
ferent contrast weightings (1st: hyper Tlw; 2nd: gray blood and 3rd: T2w) for the
characterization of intraplaque hemorrhage (hyperintense at 1st weighting), calcification
(hypointense at 2nd), lipid rich necrotic core (hypointense at 3rd and isointense at 1st)
and loose-matrix (hyperintense at 3rd and isointense at 1st). Flow-sensitive dephasing
(FSD) black-blood preparation is used to null the signal of flowing spins on the 1st and
3rd weighting. In detail, the 1st weighting focus on hemorrhage identification, the 2nd
provides a gray contrast to highlight dark calcification and the 3rd is used to characte-
rize loose-matrix, lipid rich necrotic core and to differentiate acute from recent hemor-
rhage. Comparison to a conventional multispectral protocol showed good agreement for
component detection and significant higher contrast to signal ratios ([S; — Sa]/Ss) for
hemorrhage and calcification. Another candidate for imaging the carotid arterial wall
is the 3D variable-flip-angle turbo spin-echo (SPACE) sequence which provides inhe-
rent black-blood contrast due to the long echo train but may exhibit plaque mimicking
artifacts at regions of complex flow like carotid bifurcation. To counteract that, Fan
and colleagues proposed a FSD black-blood prepared SPACE to improve suppression
of flowing spins [98]. Wall-lumen CNR and morphological parameters (lumen and wall
area) measured at locations with residual blood signal on SPACE images were compared
to the FSD prepared version. Improved CNR values and larger lumen area values were
found for the latter one whereas CNR for other regions not showing plaque-mimicking
artifacts was slightly reduced. The superiority of the FSD-SPACE to a 2D T2w TSE

with spatial saturation bands regarding higher spatial resolution (in z-direction), shor-
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ter imaging time and larger anatomical coverage was also demonstrated but wall and
lumen area measurements showed good agreement. However, it has to be kept in mind
that the motion sensitizing FSD preparation as well as motion-related artifacts intro-
duced by body movement, breathing or swallowing are able to compromise the entire
3D dataset. Beside these candidates susceptibility-weighted imaging (SWI), magnetiza-
tion transfer (MT) as well as diffusion weighted imaging (DWI) are under investigation
for plaque component detection. As outlined in Chapter 4 special DWI sequences are
proposed (DP-TSE, ss-IMIV-DWEPI) for identifying wall and plaque features like lipid
rich necrotic core, fibrous tissue, hemorrhage, less diseased wall, normal wall based on
the calculated apparent diffusion coefficient (ADC) in z-direction. Yang et al proposed
SWI for identifying calcification and morphological parameters (size and position) of
that plaque feature correlated well between MRI and CT [99]. The magnitude image al-
lows for differentiation between the lumen-wall boundary while the phase image depicts
calcification within the vessel wall as a bright spot. MT was tested on carotid endarte-
rectomy specimens and analyzed for its ability to characterize plaque components based
on its specific magnetization transfer ratio (MTR) when correlated with histology [100].
Qiao and co-workers showed that after appropriate MT calibration (saturation pulse:
offset=10kHz; amplitude=670Hz and duration=10ms) specific MTR’s can be obtained
for plaque tissues like collagen (type I, IIT), intraplaque hemorrhage (fresh, recent, old),
calcification and lipids. Plaque features with high protein density (collagen type I, lipids)
showed higher MTR compared to components with low protein density like calcification
or collagen type III. Unique values were found for the three hemorrhage phases due to
protein density differences and the resulting effect on MT. Especially information gai-
ned from hemorrhage may help to further characterize its role in plaque progression and
destabilization.

Assessing plaque morphology and composition by the use of a two-dimensional multi-
contrast protocols are getting replaced by (fast) three-dimensional isotropic all-in-one
protocols to compensate for limited resolution (in slice direction), partial volume effects,
spatial coverage, image misregistration and long scan times [101]. Zhou and colleagues
evaluated a three-dimensional multispectral vessel wall (coverage of intra and extra-
cranial vessels) protocol (MERGE, SNAP etc) and found good image quality, blood
suppression as well as wall and lumen SNR, wall-lumen CNR parameters for each se-
quence and vessel wall locations. Table 2 lists the above described three-dimensional

black-blood imaging techniques together with selected sequence parameters.
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Table 2: Three-dimensional black-blood imaging techniques and selected sequence parameters

Sequence name  Spatial resolution FOV Acquisition time Orientation Ref.
FSD-SPACE 0.63mm? isotropic  1602116250mm?*  6.40min coronal [98]
MATCH 0.5520.5522mm?>  1402140232mm?*  4.75min axial [97]
DANTE-FLASH 0.72mm? isotropic  300mm L.c. 3.50min coronal [96]
SNAP 0.80mm? isotropic  160232x160mm?*  5.30min coronal [95]
SPI 0.6020.6022mm?  1602160x32mm?*  3.00min axial [89]
MERGE 0.70mm? isotropic  2502160x70mm?*  2.00min coronal [92]

FOV, field of view; l.c., longitudinal coverage; FSD-SPACE, flow-sensitive dephasing black-blood prepared
variable-flip-angle turbo spin-echo sequence; MATCH, multicontrast atherosclerosis characterization se-
quence; DANTE-FLASH, delay alternating with nutation for tailored excitation black-blood prepared fast
low angle shot sequence; SNAP, simultaneous noncontrast angiography and intraplaque hemorrhage se-
quence; SPI, slab-selective phase-sensitive inversion-recovery sequence; MERGE, three-dimensional MSDE
rapid black-blood gradient echo sequence; MSDE, motion sensitized driven equilibrium.
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4 Measurement of vessel wall diffusion anisotropy

4.1 Introduction

Magnetic resonance diffusion weighted imaging (MR-DWI) allows to measure the self-
diffusion of water molecules in their microenvironment [102]. This is possible by sen-
sitizing a MRI sequence to the microscopic motion of water molecules. A well-known
implementation is the pulsed gradient technique introduced in the sixties by Stejskal-
Tanner [103]. The 180° refocusing RF pulse of the spin-echo module is surrounded by
two diffusion-encoding gradients and the resulting diffusion weighting factor (b-value)
is expressed by b = v25°G*(A — §/3), where § is the duration of the gradient pulses,
A the gradient separation time, v the gyromagnetic ratio and G the gradient strength.
The degree of signal attenuation depends on the magnitude of displacement of water
molecules along the applied gradient direction and is given by S(b) = Spe™®P. The
weighting of signal attenuation by diffusion S(b) is therefore prescribed by the selected
b-value in units of s/mm? and the diffusion coefficient (D in mm?/s) which is a measure
of water mobility in their microenvironment. Sy is the reference signal without diffusion
weighting (no diffusion-encoding gradients). The repetition of such an experiment for N
diffusion directions (N > 6) allows to calculate the direction of the principle contribu-
tion of diffusion and is called diffusion tensor imaging (DTT). This approach allows to
visualize directed diffusion (anisotropic diffusion) of water molecules for instance along
a fiber which is the case in white matter structures or muscles [104, 105]. The diffusion
tensor D is given by a 3x3 matrix or 2x2 matrix for the 2D case. Mathematical aspects
of the 3D tensor are described in the following and is in detail discussed by Kingsley
et al. [106, 107, 108]. The signal attenuation (Sy) is dependent on the direction of the

applied diffusion-encoding gradients (g, normalized gradient components) and is given

by Eq.(8).

Sk = Soe_ngng (8)

The exponent of the diffusion weighted signal S; can be rewritten as:
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Expansion of Eq.(9) results in Eq.(10):

b <g§kD:mc + gikDyy + gngzz + 2gxkgykD:vy + 29xkgszzz + 29ykgszyz> (10)

Hence, Eq.(8) can be rewritten as Eq.(11) which is also known as the B-matrix formalism

which accounts for attenuation effects of all gradients (also imaging gradients):

- S Dy s :
Sk = Spe ==t i,j=x,y,z2 k=1...N diffusion experiments (11)

The diffusion tensor D is evaluated by solving Eq.(12)

x = Ba (12)

in a linear least-squares sense with the solution:

a=(B™B) 'BTx (13)

The six tensor elements of D and the logarithm of the b=0 signal intensity are expressed

as a seven-element column vector o and is given by Eq.(14)

T
o= |Dw Dy Dec Dy Deo Dy In(So)] (14)

the B matrix (Nx7 matrix) is expressed by Eq.(15)
_bcmsl _byyl _bzzl _beyl _szzl _Qbyzl 1

—baan _bny —baan _2b:ryN —2bg.N _2byzN 1
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and the diffusion weighted signal Sy is rewritten as

ln(Sl)
X = : : (16)

ln(S N)
From column vector « corresponding eigenvalues (\) and eigenvectors (€) can be calcu-
lated by using eigenvalue decomposition. In case of multiple diffusion directions but one

diffusion weighting factor an alternative approach can be used to evaluate the diffusion

tensor by solving

Y = Hd (17)

in a linear least-square sense with the solution:

d=(H"H)'HTY |, (18)

where Y represents the calculated diffusion coefficients for the N diffusion directions

Y — .

H the Nx6 matrix normalized gradient components

992:1 951 931 2001901 202191 2951921
H= : : : : : : ) (20)

9on 932,1\{ PN 20onGyN  202NG:N 20yNGaN

and d is the tensor given as a six-element column vector

T
d=|D,, Dy, D.. D, D Dy| (21)
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From the calculated tensor measures like fractional anisotropy (FA), mean- (MD), axial-
(AD), radial diffusivity (RD) or anisotropy coefficients (CL, linear; CP, planar; CS,
spherical) can be extracted [109]. Moreover, tractography links voxels with similar ei-
genvectors to reconstruct orientations of fiber pathways [110]. MR-DWI has also shown
great potentials to discriminate between healthy and pathological vessel tissue by eva-
luating the apparent diffusion coefficient (ADC) along the z-axis of carotid vessel wall
segments [111, 112, 113, 114]. A comparison of literature values highlight ADCs for
healthy vessel wall tissue ranging from 1.3e-3 to 1.6e-3 mm?/s, for plaque components
like lipid rich necrotic core (LRNC) from 0.4e-3 to 0.75e-3 mm?/s or for plaque tissue
in general from 0.3e-3 to 0.9e-3 mm?/s. These measurements were done on healthy
volunteers and patients. Table 3 summarizes in detail found literature ADC values for

intact vessel wall and atherosclerotic plaque components.

Table 3: Comparison of ADC literature values of intact vessel wall and atherosclerotic plaque
components

Normal wall Less diseased wall Plaque LRNC Hemorrhage Fibrous tissue Ref.

1.2840.009 0.29-0.87 [111}
1.27+0.160 0.384£0.10 0.9840.25 [113}
1.5340.230 0.60+0.16 1.27+0.29 [114}
0.73£0.23 1.04+0.30 [112}
0.48 0.29 [115}

xle-3 xle-3 xle-3 xle-3 xle-3 xle-3

LRNC, lipid rich necrotic core. Data are reported as X+o.

In the following chapter, parts of the paper published in the Journal of Cardiovascular
Magnetic resonance entitled In vivo cardiovascular magnetic resonance of 2D vessel wall

diffusion anisotropy in carotid arteries are presented and reprinted [116].

4.2 An in vivo human study: In vivo cardiovascular magnetic
resonance of 2D vessel wall diffusion anisotropy in carotid

arteries

Introduction:

As outlined in the former section, pathological wall transformations can be studied by
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quantification of the ADC along the longitudinal axis of the artery as diffusion is af-
fected by plaque constituents. However, ADC depends on subject’s orientation in the
scanner reference frame, therefore possible errors like scan-rescan variations or confound
comparisons between subjects may be introduced. Recent ex vivo DWI studies on swine
arteries aimed to investigate the fibrous structure (collagen orientation) of vessel walls
by diffusion tensor imaging [117, 118]. The data revealed a circumferential fiber orienta-
tion rather than an organization in z-direction, suggesting a principle diffusion direction
aligned perpendicular to the slice direction. Arterial vessels are made up of multiple lay-
ers (intima, media, adventitia), concentric organized elastic laminae (medial, internal)
and collagen fibers, properties best suitable to image diffusion anisotropy by DTT [119].
Limiting factors accessing diffusion metrics in vivo are the low spatial resolution and
increasing scan time for sufficient diffusion directions when conventional single-shot EPI
(ss-EPI) sequences are used. In addition, they suffer from 7% blurring and susceptibility
artifacts due to the extended time required to fill the k-space. Therefore, studying the
unique architecture of vessels and investigating diffusion anisotropy by DTI in vivo has
never been done so far. Our proposed approach overcomes these limitations by measu-
ring tangential and radial diffusion evaluated from a 2D diffusion tensor. High spatial
resolution and sufficient SNR is achieved by using a read-out segmented EPI (rs-EPI,
syngo RESOLVE, Siemens) pulse sequence [120]. In combination with a novel gradient
direction scheme (18 diffusion gradient directions oriented on a hemicycle within a plane
perpendicular to the z-axis of the carotid artery) the measurement time is reduced to
a clinical acceptable range. In this proof of concept we demonstrated the feasibility of
measuring diffusion in the vessel wall of carotid arteries in vivo in a non-destructive and

non-invasive fashion and provide initial results from twelve healthy male volunteers.

Methods:

Two-dimensional diffusion acquisition scheme:

The basic idea to reduce the amount of diffusion sensitizing gradients is the reduction of
a three-dimensional diffusion measurement to a two-dimensional diffusion measurement
perpendicular to the artery’s axis (Figure 21). This strategy is justified by the work from
Flamini et al revealing a tangential fiber orientation that indicates the principle direction
of diffusion [118]. Given the fact that diffusion in z-axis is low compared to tangential and
radial diffusion, this simplification provides the basis for in vivo measurements due to the

significant reduction of diffusion sensitizing gradients needed for DTI. To demonstrate
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the validity of our approach 3D and 2D diffusion measurements on a porcine aorta were

performed.

radial diffusion

WA
tangential diffusion

Figure 21: Gradient direction scheme to measure tangential and radial diffusion. Top
The concept of tangential and radial diffusion is outlined as well as the 2D ellipsoid with
eigenvalues () and eigenvectors (¢). Middle The sketch outlines the anatomical region
of interest (carotid artery) and the orientation of the 18 diffusion gradient directions on
a hemicycle within a plane perpendicular to the longitudinal axis of the carotid artery
(black arrows). Bottom Representative in vivo DWI from a carotid artery at a b-value
of 600s/mm? for the 18 diffusion directions (white headless arrows).

Preliminary work on porcine aorta:

Ex vivo DWI of a slaughterhouse harvested porcine aorta was performed on one selected
axial slice using rs-EPI and both a three-dimensional gradient direction schema with
30 directions (Multi Directional Diffusion Weighting, MDDW; acquisition time = ~50
min) and a two-dimensional schema with 18 directions (acquisition time = ~30 min).
Sequence parameters were as follows: FOV = 111x111 mm?, matrix = 308x308, slice
thickness = 10 mm, Tg = 2500 ms, Tg = 81 ms, GRAPPA = 2, number of readout
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segments = 31, b-values = 0 and 1000 s/mm?. To extract angle distributions of the
principle 3D-DTT tangential vector with respect to the longitudinal axis of the artery
Eq.(22) was used.

O =L — arccos : (22)
2 VvVt +y? 4 22

To optimize imaging conditions, ex vivo specimens were immersed in a fluid (1,1,2-
Trichloro-1,2,2-trifluoroethane, Genetron® 113, Sigma-Aldrich) having no MR signal

and to minimize magnetic susceptibility effects at air-tissue boundaries [78, 121].

In vivo MR imaging:

The 2D diffusion acquisition scheme was used for in vivo measurements requiring that
the diffusion sensitizing directions, lying within a plane in space, are oriented perpendi-
cular to the artery’s axis. This was achieved by defining the diffusion directions in the
(p,r,8) coordinate system that is linked to the orientation of the field of view.

High resolution diffusion weighted imaging (DWI) of twelve healthy male volunteers (25-
60years) was performed on one selected axial slice using rs-EPT on a 3T whole body MR
scanner (Prisma, Siemens Medical Solutions, Erlangen, Germany) with a 2x4 channel
multifunctional coil (NORAS MRI products GmbH, Germany) and FOV = 189x189
mm?, matrix = 346x346, slice thickness = 10 mm, Tg = 2RR intervals, trigger delay
= 50ms to acquire images in the diastolic phase, Tg = 93 ms, GRAPPA = 2, number
of readout segments = 9, b-values = 0, 200, 400, 600 s/mm?, acquisition time = ~12
min. 18 gradient directions were defined on a hemicycle within a plane oriented perpen-
dicular to the longitudinal axis of the carotid artery. To minimize artifacts, introduced
by pulsatile vessel motion, peripheral pulse-triggering was performed using the systems’
internal physiological monitoring unit. To avoid chemical shift artifacts caused by peri-
adventitial fat, a spectral fat saturation pulse was applied. A series of two-dimensional
(2D) angiographic axial vessel scout images (TurboFLASH: Tg = 500ms, T; = 280ms,
Ty = 4.65ms, flip angle = 15°, FOV = 150x150 mm?, matrix = 256x102, slice thickness
= bmm, acquisition time = ~1 min) preceded the main task to locate the carotids and
orient the slice perpendicular to the long axis of the artery. Measured DWI data with an

2 were interpolated to 0.2x0.2 mm?

in-plane resolution of 0.55x0.55 mm using zero-filling.
Registration of the individual DWI images was achieved by applying publicly available
elastix software [122, 123]|. In detail, registration of the individual DWI images was

applied to the b0 image. The registration process included a rigid registration (in-plane
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translation only) to correct for motion introduced by the relaxing back muscles during
the investigation. In a next step the wall of the individual DWI images was manually
segmented to prevent misregistration to the dominant spine/neck structures. As a final
processing step in order to correct for distortions introduced by more complex motion
(eddy currents, breathing, swallowing and residual vessel motion) a B-spline transform
was applied to register the delineated wall DWT images [124, 125].

The study was approved by the institutional review board (IRB) as well as followed
Declaration of Helsinki recommendations and informed consent was signed by each par-

ticipant prior to the MR measurements.

Reproducibility of in vivo FA measurements:

To test the robustness of repeated FA measurements using the above introduced in vivo
high resolution diffusion weighted imaging (DWI) sequence, the carotid artery of four
male volunteers was repeatedly (in total four visits) measured and the coefficient of va-
riation (CV), defined as the ratio of the standard deviation (o) to the mean (Z), was

calculated.

Multiple b-value selection for the in vivo DWI imaging experiment:

The afore mentioned in vivo high resolution diffusion weighted imaging (DWI) parame-
ter setup was used to investigate optimal b-values on one selected axial carotid slice of
a male volunteer. With all other sequence parameters held constant, the Tg was set to
97ms in order to allow for measurements with increasing b-values from 0 to 1000 s/mm?
(in steps of 200 s/mm?) for a certain diffusion gradient direction perpendicular to the

slice direction.

Statistical Analysis:

To investigate the relationship between fractional anisotropy (FA), radial diffusivity
(RD) and primary eigenvalue (A1) data with volunteer’s age a linear regression analysis
was used to estimate parameters (coefficient of determination (R?), slope and intercept)
and assess linearity. In addition, 95% confidence and prediction intervals for the li-
near regression were calculated. An F-test for linear models was employed to compare
variances and a probability value of P < 0.05 was considered as significant. Normal

distribution was tested based on Shapiro-Wilk Normality Test. All analyses were per-
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formed using freely available R-project software [126].

Diffusion tensor mathematics, FA, RD, MD and primary eigenvalue calculation:

The 3D diffusion tensor described by a symmetric 3x3 matrix and its derived quantities
can easily be reduced to the 2D case where the tensor is defined by a 2x2 matrix. Mat-
hematical aspects are discussed in the following and are detailed described by Kingsley
et al [106, 107, 108]. A Levenberg-Marquardt nonlinear least squares fitting algorithm
was applied based on Eq.(23) to calculate diffusion coefficients (D, measured apparent
diffusion coefficient) for every voxel for all measured gradient directions. Attenuation of
the MRI signal S(b) is introduced by varying the b value (200, 400, 600 s/mm?) sensiti-
zing it to water diffusion. Sy represents the reference signal without diffusion weighting

(no diffusion gradient).

S(b) = Spe*P (23)

The 2D gradient direction sampling scheme enables the evaluation of the diffusion tensor
d by solving Eq.(24):

Y = Hd (24)

where Y represents the calculated apparent diffusion coefficients (18 element row vector),
H is derived from the normalized gradient components Eq.(25) and d is the tensor given

as a three-element column vector Eq.(26).
99201 951 29xlgy1

H= : : : (25)

93;18 9518 29:189y18

T
d=|D,. D, D (26)
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From tensor d corresponding eigenvalues (\) and eigenvectors (€) can be calculated on
a pixel by pixel basis using eigenvalue decomposition. To study tangential and radial

diffusion of the vessel wall 2D FA values were obtained using Eq.(27).

AL — Ao

FA values close to zero mean no directed diffusion whereas anisotropy is given if one of

FA= (27)

the eigenvalues will be higher than the other. Calculation included the primary eigenva-
lue (A1), RD (A for the two-dimensional tensor) and the mean diffusivity (MD) which

is the average of the eigenvalues.

Results:

In vivo vessel wall diffusion imaging:

Table 4 summarizes the calculated mean diffusion components as well as the mean
diffusivity (MD) and FA for the high resolution 2D-DTT in vivo case of the twelve male
volunteers. The tangential and radial diffusion components correspond to the eigenvalues

A1 and Ay, respectively.
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Table 4: Volunteer Demographics and mean diffusion components of the in
vivo high resolution 2D-DTI case

Demographic Diffusion Tensor
Volunteer Age Tangential (A\;) Radial (A\;) MD FA
male yr  (mm?/s) (mm?/s) (mm?/s)
V1 27 1.59+0.52 0.4440.32  1.02£0.36 0.697£0.192
V2 29 1.84+0.47 0.55£0.22 1.194£0.28 0.659+0.147
V3 32 1.8540.69 0.644+0.36  1.24+0.50 0.63640.151
V4 33 2.2940.80 0.71+£0.30  1.50+£0.50 0.653£0.118
V5 33 3.61£2.60 1.14+£0.52  2.38%+1.49 0.612+0.131
V6 34 3.104£1.07 1.11£0.44  2.11£0.67 0.59240.145
\% 37 2.05£0.77 0.74+£0.43  1.40£0.54 0.60440.180
V8 41 2.31£0.63 1.04+0.39  1.68+0.44 0.500+£0.148
V9 44 2.56%0.65 0.99+£0.48  1.78+0.50 0.581+0.181
V10 45 2.341+0.79 0.91+£0.42  1.63£0.55 0.571£0.165
Vi1 A7 2.5840.66 1.09£0.41  1.8440.46 0.52740.163
V12 57  2.2240.54 0.88+£0.29  1.554+0.38 0.563£0.118
xle-3 xle-3 xle-3

MD, mean diffusivity. Data are reported as X+o.

Figure 21 outlines the anatomical region of interest (carotid artery) and the orientation
of the diffusion gradient directions on a hemicycle within a plane perpendicular to the
longitudinal axis of the carotid artery. The concept of tangential and radial diffusion as
well as the two-dimensional diffusion ellipsoid with eigenvalues (A) and eigenvectors (¢)
is delineated. In addition, Figure 21 shows representative in vivo DWI from the carotid
artery at a b-value of 600 s/mm? for the predefined set of diffusion directions (headless
white arrows). It can be observed that the signal is suppressed in the direction of the
diffusion sensitizing gradient, marked by the white arrowhead. Calculating the 2D dif-
fusion tensor revealed consistently for all twelve volunteers that the largest eigenvalue
is oriented tangential to the vessel wall while the second component therefore shows a
radial orientation. This fact provides clear evidence for the tangential direction as the
principle contribution for diffusion within the vessel wall as shown in Figure 22A. Ba-
sed on the eigenvalues a two-dimensional fractional anisotropy map (FA) was generated
(Figure 22B). Additionally overlain is the direction of the principal DTI vectors denoted
by the red lines.
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Figure 22: Color coded vector images of the principle diffusion tensor direction and FA
map. A Representative RG vector image illustrating the diffusion tensor directions as
2D ellipsoids. B Corresponding FA map with superimposed direction of the principle
DTT vectors by red lines. C RGB vector image based on the 3D-DTI rs-EPI with 30
gradient directions representing diffusion tensor directions as 3D ellipsoids of a porcine
aorta. D RG vector image based on the 2D-DTI rs-EPI with 18 gradient directions
representing diffusion tensor directions as 2D ellipsoids of the same porcine aorta.

Robustness of in vivo FA measurements:
Table 5 summarizes repeated measurements (#1 to #4) of individual mean FA values of
four male volunteers (R1 to R4). The robustness of the measurement is demonstrated

by the coefficient of variation (CV) with values ranging from 2.5% to 5.4%.
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Table 5: Repeatability of mean FA measurements tested
on four male volunteers

Volunteer
R1 R2 R3 R4
#1 0.525 0.551 0.592 0.535
#2 0.562 0.585 0.604 0.540
#3 0.563 0.614 0.607 0.566
#4 0.597 0.617 0.628 0.602
o 0.029 0.031 0.015 0.031
T 0.562 0.592 0.608 0.561
(GAY 5.3% 5.2% 2.5% 5.4%

3D and 2D diffusion comparison in porcine:

To confirm the tangential diffusion as the direction of the largest eigenvalue ex vivo high
resolution 3D-DTT and 2D-DTT of a slaughterhouse harvested porcine aorta was perfor-
med using rs-EPI. Figure 22C and 22D represents the 3D diffusion tensor as ellipsoids in
a three-dimensional color space (RGB), and the 2D diffusion tensor in a two-dimensional
color space (RG), respectively. Calculating the angle between the principle diffusion di-
rection and the artery’s axis for the 3D measurement, the mean value of 1.8 + 7.2°
confirms the dominant orientation of diffusion perpendicular to the artery’s axis. The
low diffusion in z-direction justifies the 2D diffusion measurement perpendicular to the
artery’s axis allowing for in vivo measurements in a clinically feasible time due to the
lower number of diffusion sensitizing gradient directions. In addition, Table 6 and 7
summarizes the calculated mean diffusion components for the high resolution 2D-DTI
(tangential and radial) and 3D-DTI (tangential, radial and longitudinal) ex vivo case of
the slaughterhouse porcine aorta. For the 2D case the diffusion components correspond
to the eigenvalues A\; and \;. For the 3D case the tangential component corresponds to
the largest eigenvalue (A;). The radial and longitudinal components can either be Ay or

A3 because both eigenvalues are in a comparable range of magnitude (Figure 22C).
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Table 6: Mean diffusion components of the ex vivo high resolution

2D-DTI case
2D
Tangential (A;) Radial (Ag) MD FA
(mm?/s) (mm?/s) (mm?/s)
1.10+0.08 0.65+0.10 0.88+0.08 0.36+£0.07
xle-3 xle-3 xle-3

Data are reported as X+o.

Table 7: Mean diffusion components of the ex vivo high resolution 3D-DTT case

3D
Tangential (A;) Radial Longitudinal MD FA
(mm?/s) (mm?/s) (mm?/s) (mm?/s)
1.07£0.06 0.64+0.10 0.62+0.07 0.78%+0.06 0.32+0.04
xle-3 xle-3 xle-3 xle-3

Data are reported as Xto.

b-value estimation:
To estimate optimal b-values and study the tissues’ anisotropic properties, an in vivo ves-
sel wall ADC map was generated from multiple measurements with increasing b-values

(0-1000 s/mm?) for a certain diffusion direction perpendicular to the slice direction

(Figure 23A).
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Figure 23: Vessel wall ADC map generated from six b-values images (0-1000 s/mm?).
A B-value images along a certain gradient direction perpendicular to the slice direction
(white headless arrow). B ADC map generated from the six b-value images illustrating a
signal enhancement along and a signal drop perpendicular to the direction of the applied
gradient direction. C Histogram distribution of ADC map indicating two populations
of ADC values. D Result of signal simulation using equation S(b) = Spe " and found
ADC populations (green line 2.11 and blue line 1.27e-3 mm?/s). Red vertical lines
indicate the final set of selected b-values and black dashed vertical line the maximum
difference of the found ADC pool.

Given that a signal drop can be observed in the direction of the applied diffusion gradient
direction and a signal enhancement perpendicular to it, a diffusion process perpendicular
to the vessels’ longitudinal axis is assumable as exemplified in Figure 23B. As shown in
Figure 23C, two pools of ADC values could be identified (mean values: 2.11e—3+0.23¢—3
and 1.27e — 3+0.29¢ — 3mm?/s). In addition, outlined in Figure 3D is the final selected
set of four equidistant b-value increments (0, 200, 400, 600 s/mm?) and the maximum
difference of both populations found at a b-value of about 605 s/mm?. In addition to

D signal loss is given by the vessel’s tissue T relaxation

the diffusion decay factor e~
time and predefined echo time as expressed by the decay constant e~72/72. All these
effects contribute to a signal drop and justify a distribution of selected b-values between

zero and the found maximum.
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FA, RD and primary eigenvalue vs. age relationship:

In Figure 24A, B and C, mean vessel wall FA] RD and primary eigenvalue (\;) data
for twelve male volunteers ranging from 0.7 for the youngest to 0.56 for the oldest are
plotted as a function of age. The linear regression for the FA and age relationship was
highly significant P < 0.01 with an adjusted R? of 0.52 and the linear equation y =
-0.0049x+0.79. For the relationship between mean RD and age a linear trend P < 0.1
with an adjusted R? of 0.18 was observed. No linear relationship P > 0.6 between the
mean primary eigenvalues (A;) and age was found. This analysis indicates that FA,
measured within the vessel wall, is a sensitive parameter able to capture changes in the

vascular architecture due to aging.

3 )
o A . B s C
- IS 3
d ©
© y = 1e-05 x + 1.98e-03
© | 1 1 adjusted R? = -7e-02
o ¥ v
) 8. v = 16-05 x + 3.36-04 8 p-value: 0.63406
g &1 adjusted R2=0.18 0D
g Bl £ g p-value: 0.09409 <‘E < (g P
x 25 E e
3| 23 Sl T e —
ST y=-0.00493 x + 0.791 =9 I . o
adjusted R? = 0.53 @o_ 8 o_o-" g =
o | p-value: 0.00445 - = =
o o sample observations 1 1
— reg o
con erval 95% =] 2
g predicition interval 95% - T
v v v v T 7 v ; T v v T v J (ORI v v 7 v ’ v J
25 30 35 40 45 50 55 60 g 25 30 35 40 45 50 55 60 S 25 30 35 40 45 50 55 60
age in years age in years age in years

Figure 24: Linear regression analyses to compare FA, RD and lambda; vessel wall va-
lues with volunteer’s age. A Significant linear relationship (p-value=0.00477) between
mean FA and age; black solid line represents the fitted linear model (adjusted R? = 0.52;
linear equation: y=-0.0049x+0.79). B, Linear trend (p-value=0.095) between mean RD
and age; black solid line represents the fitted linear model (adjusted R? = 0.18; linear
equation: y=le-bx+3.4e-4). C No linear relationship (p-value=0.65) between the mean
primary eigenvalues (lambda,) and age was found; black solid line represents the fitted
linear model (adjusted R? = -0.08; linear equation: y=1e-5x+2e-3). In addition, calcu-
lated 95% confidence (CI, red dashed line) and prediction intervals (PI, green dashed
line) are plotted.

Discussion:

Twelve healthy male volunteers with varying ages (between 25 and 60years) were imaged
and consistently revealed the tangential component as the principle direction of diffusion.
Moreover, a significant linear relationship between age and FA (decrease of FA with in-
creasing age) was found which may indicate a possible alteration of tissue microstructural

integrity. In addition, these findings point FA being a sensitive metric able to uncover
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changes in the wall architecture with age. The reduction from a three-dimensional tensor
to a two-dimensional one is supported and was proofed by an ex vivo investigation of a
porcine aorta which showed an excellent agreement of the tangential and radial compo-
nents from the 2D and 3D DTT analysis. Slightly higher anisotropy values were achieved
for the 2D case as the component of the z-direction (vessel’s longitudinal axis) is not
contributing to the FA calculation. Motion has been shown to be a huge contributing
factor in achieving accurate estimates of the self-diffusion tensor [111, 113, 114, 127].
Xie et al presented a R-wave triggered 3D black-blood variable flip angle turbo spin echo
sequence (SPACE) in combination with a diffusion preparation module and additional
self-gating readout to compensate for motion artifacts [128]. A further implementation
is the pulse-wave triggered 3D black-blood diffusion-prepared turbo spin echo sequence
(DP-TSE) with segmented 3D TSE kernel and reduced field of view (rFOV) [114]. The
diffusion module is based on the driven equilibrium technique and designed to additi-
onally compensate for 1st order motion and eddy currents by using a pair of bipolar
gradients and extra gradients to suppress residual blood spins. Another technique pre-
sented by Kim et al is the 2D single-shot interleaved multislice inner volume diffusion
weighted echo planar imaging sequence (2D ss-IMIV-DWEPI). Its a modified standard
ss-EPT using IMIV preparation pulses to allow for inner volume imaging (rFOV) and
time-efficient interleaved acquisition of multiple slices. For these implementations, phase
encoding steps are reduced due to the reduced FOV and therefore 73 blurring and evol-
ving phase errors causing susceptibility related geometric distortions. They could show
that the quality of vessel appearance is dramatically improved when compared to the
standard 2D ss-EPI technique. However, these techniques are used to compute ADC
values along the slice direction and do not allow quantification of the tensor. Several
strategies of the proposed 2D method for measuring the circumferential orientation of
diffusion address the aspect of motion. Firstly, the rs-EPI sequence (syngo RESOLVE)
corrects for non-linear phase errors introduced by non-rigid body motion using a 2D na-
vigator echo and parallel imaging (GRAPPA) further helps to reduce the sensitivity to
image distortions by shortening the EPI echo spacing [129, 130, 120, 131, 132]. Secondly,
pulse-wave triggering reduces pulsatile related motion artifacts and thirdly the distance
between images is minimized by a coregistration process including translation followed
by b-spline based registration. Finally, repeatability measurements of mean FA values
(2.5 to 5.4%) clearly depict the robustness and feasibility of the 2D tensor technique.

In the following, (Chapter 4.3) consequences of dietary regimens on aortic lesion deve-

lopment in a rabbit model of atherosclerosis is outlined.
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4.3 An ex vivo NZW study: consequences of aortic atherosclerosis
induced by HHcy and HCL

Introduction:

As already outlined in Chapter 2 NZW rabbits require a stimulus to induce aortic at-
herosclerosis. The most popular strategy is the combination of a dietary trigger and
balloon catheter denudation. In general, rabbits (>3kg) are fed a high-fat diet (0.5 to
2% cholesterol) for 4 to 16 weeks to induce hypercholesterolemia and mechanical injury
is performed on one or two occasions (one month separation) with the first started in
parallel with or slightly delayed (1 to 2 weeks) to the diet [28].

Beside hypercholesterolemia (HCL) as the major risk factor for atherosclerosis, hyper-
homocysteinemia (HHcy), characterized by elevated levels of homocysteine (Hey) and
normal serum lipids, has been recognized as another independent risk factor [133]. In
short, an increase in Hcy leads to synthesis of S-adenosyl-L-homocysteine (AdoHcy)
which in turn inhibits the methylation of lipids, proteins, nucleic acid, phospholipids
etc. by S-adenosyl-L-methionine (AdoMet)-dependent methyltransferases. Patholo-
gical consequence stimulated by elevated levels of Hcy on atherosclerosis are poorly
understood. A project (Futurespace) funded by the 'BioTechMed initiative (https :
//biotechmedgraz.at/en/projects/interlinking — formats/ future — space/)’ aimed at
investigating HHcy-associated atherosclerosis in rabbits and to compare it to the con-
ventional high-cholesterol induced counterpart. HHcy is stimulated by a special diet
deficient in choline, folate, vitamine Bg and Biy. The project was performed in colla-
boration with the Clinical Institute of Medical and Chemical Laboratory Diagnostics
(Gunter Almer), Medical University of Graz and the Institute of Molecular Biosciences
(Oksana Tehlivets, Heimo Wolinski), University of Graz.

Methods:

Animal model:

A total of ten male New Zealand White (NZW) rabbits (age: 8 to 9 months; body
weight: 3.5-4.5kg) were used in this study. Abdominal aortic atherosclerosis was indu-
ced in all rabbits by a combination of balloon catheter denudation and a two month
special(normal) diet (6 to 8 weeks: started in parallel to the injury), followed by a
normal chow diet (1 to 2 weeks). The injury was performed from the renal artery to
the iliac bifurcation introducing a Fogarty 4F embolectomy balloon catheter (Edwards

Lifesciences) through the femoral artery. Four rabbits were fed a special diet deficient in
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choline, folate, vitamine Bg and Bis to induce HHcy-associated atherosclerosis. Three
rabbits were fed a 1% high-cholesterol diet to induce hypercholesterolemia. Three cont-
rol rabbits were maintained on a normal chow diet. After the preparatory regimen the
animals were sacrificed, abdominal aortic specimens dissected and prepared for ex vivo
MR imaging Q7T Bruker Biospec 70/20 and MRI CryoProbe, histology and microscopy.

All animal procedures were approved by the Ministry of Science and Research, Austria.

MR imaging:

The ex vivo specimens were immersed in a fluid (1,1,2-Trichloro-1,2,2-trifluoroethane,
Genetron® 113, Sigma-Aldrich) to minimize magnetic susceptibility effects at air-tissue
boundaries [78, 121]. An accurate preparation of the three control sections for ex vivo
MRI was impossible due to the soft and collapsing structure, instead a portion of a high-
fat diet sample free of atherosclerotic lesions was used as a pseudo-control. T; and T,
relaxometry was performed using a spin-echo sequence with variable time of repetition
TR (2D RAREVTR) and diffusion weighted imaging (2D DWI) was achieved using a
readout segmented EPI (rs-EPI) with a three-dimensional gradient direction schema of
120 directions (b-value of 1000 s/mm2) plus 10 A0 images. Measurements were perfor-
med at room temperature.

RAREVR parameter: Tg 200 to 5500ms (200/400/800/1500/3000/5500ms, six expe-
riments), Ty 7 to 63ms (spacing of 14ms, five experiments), FOV=20.48x15.36mm?,
matrix= 256x192, resolution= 80x80um?, slice thickness= 800um, NEX= 1, ETL= 1,
five slices, bandwidth= 318Hz/pixel, spectral fat suppression, 30min acquisition time.
rs-EPI parameter: Tr= 2000ms, Tg= 21.13ms, number of readout segments = 4, band-
width= 250kHz, FOV= 10.24x10.24mm?, matrix= 128x128, partial FT in phase di-
rection= 1.6 (80 phase encoding lines), resolution= 80x80um?, slice thickness= 800um,

NEX= 4, nine slices, spectral fat suppression, ~ one hour acquisition time.

MR data analysis:

Inner and outer vessel wall boundaries of the RAREVTR and DWI intensity images
(average of the 10 A0 images) were manually segmented using ITK-SNAP and used as a
mask for T; and T5 relaxometry and to calculate the normalized wall index (NWI=wall
area/total vessel area) as a measure of wall thickening, respectively. A Levenberg-
Marquardt nonlinear least squares fitting algorithm was applied to SI(Tg) = SoeTE/T2
for calculating Ty relaxation times voxel-wise (two-parameter fitting routine). A three-

parameter fitting routine was applied to SI(Tr) = So(1 — ce”®/T1) for calculating T,
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relaxation times voxel-wise.

Histopathology and Immunohistochemistry:
Oilred O and hematoxylin stains were used for the detection of neutral lipids and nuclei,
respectively. RAMI11 antibody and neutral red stains were used for the detection of

macrophages and nuclei, respectively.

Microscopy: second harmonic generation (SHG) and coherent anti-Stokes Raman scat-
tering (CARS):

SHG is a nonlinear optical microscopy modality, high in resolution and allows the vi-
sualization of non-centrosymmetric molecule structures like collagen of the arterial wall
[117]. In addition, CARS microscopy was used to visualize the lipid content of selected

vessel sections [134].

Results:

Histology and microscopy:

It can clearly be seen from Figure 25ABI-III, that aortic atherosclerosis is most severe
for animals fed a high-cholesterol diet whereas rabbits on a normal chow and high Hecy
show a similar lower plaque progression and thickening. High levels of lipid and macrop-
hage deposition is observed throughout the thickened aortic wall for the high-fat diet.
Compared to that, a more moderate deposition of lipids and macrophages is found for
the normal chow rabbits and an interesting much less deposition of both components at
different layers for the HHcy animals. As can be seen from Figure 25CI-I11, an organized
and directed structure of collagen (SHG, green signal) is observed for all three dietary
types on the microscopic images. However, the collagen texture seems to be altered for
the HCL and HHcy group with some lipid depositions (CARS, red signal) in between
the fibres.
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Figure 25: Histology and microscopy of balloon injured HCL, normal chow and HHcy
rabbits. AI-III Oilred O and hematoxylin stains for the detection of neutral lipids and
nuclei, respectively. BI-IIT RAM11 antibody and neutral red stains for the detection
of macrophages and nuclei, respectively. Balloon injured rabbits show levels of lipid
and macrophage deposition dependent on the dietary regimen. CI-III SHG and CARS
for the detection of collagen and lipids, respectively. All balloon injured dietary types
show an organized and directed structure of collagen with some lipid depositions in
between the fibres. SHG, second harmonic generation; CARS, coherent anti-Stokes
Raman scattering; HCL, hypercholesterolemia; HHcy, hyperhomocysteinemia.

ex vivo MRI:

Figure 26 shows the effect of the dietary regimen (HCL, HHcy) on the fractional aniso-
tropy (FA), normalized wall index (NWI), T and T relaxation time parameters. The
bar plots clearly indicate a strong trend to lower FA and increasing NWI values parallel
to the severity of the aortic atherosclerosis (wall thickening). In addition, T; and T,
relaxation times seem to be highest for the high-cholesterol diet rabbits and lowest for

intact plaque free wall areas (pseudo-control).
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Figure 26: Effect of dietary regimen (HCL: n=3; HHcy: n=3) on fractional anisotropy
(FA), normalized wall index (NWI), Ty and T, relaxation time parameters. Bar plots
indicate change in parameter values parallel to the severity of the aortic atherosclerosis
(wall thickening). An intact plaque free control sample of a high-fat diet rabbit (pseudo-
control, pseudo CTRL: n=1) is used for the sake of comparison.

Figure 27 shows representative T, Ty maps and RGB vector images of the principle
diffusion tensor direction for the balloon injured rabbits and the effect of the dietary
regimen. The Ty, Ty maps clearly highlight increased wall relaxation times for rabbits
with a thickened wall (HCL, HHcy) when compared to the control (pCTRL). The RGB
vector image of the pseudo-control clearly depicts the tangential direction as the principle
contribution for diffusion within the vessel wall and therefore the largest eigenvalue
oriented tangential to the vessel. For the rabbits with aortic atherosclerosis (HCL,
HHcy) a similar pattern can be seen but also dominant orientations of diffusion parallel

to the artery’s axis for certain wall regions.
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Figure 27: Representative T, Ty maps and RGB vector images of the principle diffusion
tensor direction for the balloon injured rabbits fed a high-cholesterol diet (HCL) or
a diet deficient in choline, folate, vitamine Bg and Biy to induce high levels of Hcy
(HHcy). Relaxation time maps highlight increased wall T; and Ty times for rabbits
with a thickened wall when compared to the control. Altered dominant orientation
of the diffusion from tangential to a direction parallel to the artery’s axis for certain
plaque areas is observed. An intact plaque free control sample of a high-fat diet rabbit
(pseudo-control, pCTRL) is used for the sake of comparison.

Discussion:

In this project aimed to investigate HHcy-associated atherosclerosis a clear difference
in plaque progression/appearance to the HCL and normal chow balloon injured rabbits
could be demonstrated. Increased relaxation times seen for HCL and HHcy compared to
an intact plaque free control sample may derive from alterations of the tissue microstruc-
tural integrity (change in collagen texture) and loosened architecture as can be seen from
the histological and microscopic images. This may also alter the dominant orientation
of the diffusion from tangential to a direction parallel to the artery’s axis for certain pla-
que areas. Based on these data a FWF project proposal (principle investigator: Oksana
Tehlivets, Institute of Molecular Biosciences, University of Graz, Austria) is prepared
to investigate consequences of metabolic pathways leading to hyperhomocysteinemia on

the architecture of atherosclerotic plaques.
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5 Molecular plaque MRI using (super)paramagnetic

nanoparticles

5.1 Introduction

Gadolinium chelates and iron oxide probes are two major families of MR contrast agents,
both successfully applied in atherosclerotic plaque MRI. While (native) multispectral
protocols or all-in-one solutions (see Chapter 3) aim at identifying plaque morphology
(volume and area measurements of wall, lumen, total vessel or plaque etc.) and com-
position (CA, IPH, FC, LRNC etc.) molecular MRI uses (functionalized)-probes to
uncover molecular/cellular processes by targeting biomarkers of apoptosis, necrosis, an-
giogenesis, thrombosis and inflammation. Moreover, monitoring response to therapy
(’theranostic’) or lesion progression/regression further extends the scope of molecular
imaging strategies. Among the class of iron oxides, ultrasmall superparamagnetic iron
oxides (USPIOs) were used in the past as a surrogate marker for plaque inflammation
as passive targeting probes (up to lmmol Fe/kg bw) or functionalized (in the range of
0.1lmmol Fe/kg bw) to target proinflammatory endothelial surface markers (VCAM-1,
E-selectin, P-selectin) in animal models of atherosclerosis [135, 136, 137, 138, 139, 140].
Due to their size (<40nm hydrodynamic diameter) they are able to evade the reticuloen-
dothelial system (RES) and circulate for a prolonged time in the blood therefore behave
as an intravascular contrast agent and finally are cleared by the liver. In contrast, SPI1Os
with a hydrodynamic diameter above 50nm are rapidly cleared by phagocytic-endocytic
systems (liver, spleen) and rather used as RES specific imaging agents or to label stem
cells for cell tracking studies but rarely used for imaging atherosclerotic lesions. The
accumulation of such probes at certain (plaque) tissue regions causes local magnetic
nonuniformities [73, 141, 142]. For gradient echo applications, the sensitivity to that
resultant magnetic susceptibility effect is dependent on the distance of water molecu-
les to that ’focal hot spot’. As a result, accelerated spin dephasing of nearby water
molecules causes signal loss on T weighted gradient echo images. As water molecules
diffuse through that nonuniformity regions (field gradients) a loss of phase coherence
is caused (dependent on the interecho time) and therefore a drop in signal (T2 shor-

tening) on T2w spin echo images. The advantage of iron oxide probes compared to
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1 1
T2 [CA]
omarkers in the nanomolar concentration range. Moreover, T1 shortening effects intro-
duced by UPSIOs (Sinerem/Ferumoxtran-10, Guerbet; Supravist/SHU-555-C, Schering

AG; Ferumoxytol/Feraheme, AMAG Pharmaceuticals) at moderate concentrations (in

ri2=A [CA], contrast agent concentration) which allows the detection of bi-

the range of 0.05mmol Fe/kg bw) impart angiographic properties and are a valuable al-
ternative to nonspecific extravascular gadolinium based agents because of the extended
blood half-life and imaging time window (equilibrium phase MR angiography), the redu-
ced dosage and injection rate due to their higher rl relaxivity [143, 144, 145, 146, 147].
For instance, Ferumoxytol is at the moment the sole FDA approved drug for i.v. tre-
atment of iron deficiency anemia in patients with a kidney disease but was initially
investigated as an MRI contrast agent [148, 149, 150]. A promising clinical applicable
(Phase IIT) dextran T-10 coated USPIO (Sinerem also named Ferumoxtran-10, AMI-227,
Combidex, Guerbet) was proposed by Schmitz et al and Kooi et al more than one decade
ago for imaging macrophages in ruptured and rupture-prone human carotid atheroscle-
rotic lesions at a dose of 2.6mg Fe/kg bw (low dose 0.05mmol Fe/kg bw) [151, 152, 153].
Trivedi and colleagues investigated the temporal dependence of USPIO (Sinerem, 2.6mg
Fe/kg) enhanced MRI for imaging carotid atheroma and found the optimum time point
to be 24 to 36h after contrast agent administration [154]. Moreover, Tang and co-workers
used that agent to correlate carotid atheroma plaque inflammation with the degree of
luminal stenosis and found plaque inflammation to be an independent risk factor for
vulnerable lesions [155, 156]. Patterson and colleagues used Sinerem (2.6mg Fe/kg) in a
dose-response study to a high vs low dose statin therapy and analyzed 77 relaxation time
changes at three different time points (baseline, 6 and 12 weeks after therapy start) [157].
They found significant differences in carotid plaque 73 relaxation times between the low
and high statin dose patient group demonstrating a reduction in iron oxide uptake and
lowering of the 77 shortening effect for the high dose group. Important physicochemical
properties of iron oxide nanoparticles are their ionic state (anionic, neutral), size (cry-
stal core and hydrodynamic diameter), relaxivity, blood half-life and coating (dextran,
carboxy-dextran). Sigovan and co-workers compared in a mutant model of atheroscl-
erosis (WHHL rabbits) the well established Sinerem (dextran polymer) particle with
the new P904 (LMW amino-alcohol derivative of glucose) for its ability to passively
detect plaque inflammation [158]. Both particles are made up of a maghemite core but
differ in coating. They found that plaque inflammation imaging by P904 is possible
as early as 24h after contrast agent administration compared to Sinerem which showed

peak susceptibility artifact at day seven and found faster blood pharmacokinetics (lower
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blood half-life, about 3.5h in rabbits; Sinerem: several days for a dose of 1mmol Fe/kg)
for P904. Ferumoxytol, another interesting candidate with a modified sugar coating
(carboxy-dextran) for plaque inflammation imaging was proposed by Herborn et al and
compared to Sinerem in a rabbit model of atherosclerosis (WHHL) [159]. Compared to
the efficient dose of lmmol Fe/kg used in the past for this animal model they reduced
the administration to a quarter and found peak lumen enhancement for ferumoxytol
after three days (faster clearance and lower blood half-life) compared to five days for the
Sinerem group. Moreover, susceptibility artifacts introduced by ferumoxytol are homo-
geneous (parallel to the wall) compared to spotted voids caused by Sinerem reflecting a
unique accumulation pattern for both iron oxides in plaque lesions. Histology showed
superficial distribution of Sinerem compared to a subendothelial distribution as well as
penetration into deeper layers (media) of the plaque for ferumoxytol. Beside passive tar-
geting of inflammation, Vascular Cell Adhesion Molecule 1 (VCAM-1), E-selectin and
P-selectin are proinflammatory endothelial surface markers and a very early signal of
plaque formation. Kang et al showed that in vivo imaging of a human endothelial specific
marker is possible by the use of E-selectin targeted iron oxides [139]. In detail, experi-
ments were performed using a mouse model implanted with a neovascularization scaffold
to image E-selectin expression in functional blood vessels. P-selectin, expressed on acti-
vated platelets as well as pathologically activated endothelium (platelet-endothelium
interaction is a early event in atherosclerosis), specific imaging was investigated by Va-
lat et al [140]. Beside the successful in vitro characterization of the specific binding
properties of P-selectin targeted iron oxides, in vivo experiments in the ApoE-/- mouse
model of atherosclerosis showed a strong reduction of plaque signal on T2w MR images.
Kelly and colleagues found a specific cell internalizing peptide and used its property
to trigger the uptake of iron oxide nanoparticles into VCAM-1 expressing endothelial
cells in ApoE-/- mice in vivo [138]. Colocalization of that specific ligand functionalized
nanoparticle clearly demonstrated its high affinity and ability to detect VCAM-1 ex-
pressing cells in atherosclerotic lesions. Beside endothelial markers, Schellenberger and
co-workers showed in cell culture experiments that annexin functionalized iron oxide
particles are able to specifically detect apoptotic cells via binding to phosphatidylserine
[160]. Burtea and co-workers investigated two functionalized iron oxide nanoparticles
one for targeting VCAM-1 and the second to address apoptosis (phosphatidylserine)
in ApoE-/- mice in vivo by the administration of a low nanoparticle dosage (0.1mmol
Fe/kg) [161]. Both particles showed the ability to accumulate at specific regions in the
atherosclerotic lesion which was for the VCAM-1 targeted UPSIOs macrophages in the
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cap and large necrotic core and for the phosphatidylserine targeted USPIOs macropha-
ges and neutral fats inside the plaque. MRI results clearly showed that specific plaque
imaging is possible as early as 30 minutes after contrast agent administration. Another
class of nanoparticles used in plaque MR imaging are liposomes. They are made up
of natural phospholipids are biodegradable, biocompatible, nontoxic, nonimmunogenic
can be loaded with imaging agents (T1w/T2w) and/or therapeutic drugs, coupled with
ligands for specific targeting and are adequate probes for monitoring and treatment of
plaque progression/regression [31]. In contrast, iron oxide nanoparticles are of potential
clinical concern in atherosclerosis imaging as it turned out that macrophages are able to
degrade the iron core, release soluble iron, generate superoxidases which in turn are able
to trigger oxidation of LDL (oxLDL, involved in pathogenesis of AS) [162, 163, 164].
Another strategy is to entrap iron oxide cores by polyethylene glycol (PEGylated) lipid
bilayer (stealth magnetic liposomes, sML) to make the construct stealthy for the RES
and allow them to circulate for a prolonged time in the blood [165]. In contrast to lipo-
somes (size: 50-700nm) which consist of an aqueous interior, surfactant stabilized oil in
water emulsions (size: 200-400nm; e.g. perfluorocarbon emulsions) allow a dramatically
higher payload of gadolinium complexes and finally higher r; relaxivities [166]. Winter
and colleagues proposed a «,f3-integrin targeted paramagnetic perfluorocarbon nano-
particle to image angiogenesis in early stage lesions of a rabbit model of atherosclerosis
(NZW on WD) [167]. A specific lesion enhancement was found within 2h for the targe-
ted nanoparticle which was confirmed in control experiments by blocking «,33-integrin
with a targeted nonparamagnetic agent as a pretreatment. Imaging neovascularization
(angiogenesis within the adventitia) is of special interest as it is involved in the initiation
and rupture of atherosclerotic plaques. Phosphatidylserine enriched paramagnetic ga-
dolinium liposomes (Gd-PS) as apoptosis mimicking agents recognized by macrophages
were proposed by Maiseyeu et al for imaging atherosclerosis in ApoE-/- mice [168]. Gd-
PS enhanced in vivo MRI clearly showed enhancement of atherosclerotic lesions up to
4-8h after agent administration and colocalization was found with plaque macrophages.
Mulder and colleagues introduced neointimal lesions (collar around the right carotid
artery) in ApoE-/- mice and compared a conventional unspecific extravascular gadoli-
nium agent (Gd-DTPA) with paramagnetic liposomes for the visualization of intimal
thickening [169]. A strong enhancement of the right neointimal vessel wall up to 24h
after liposomal agent administration could be detected compared to no enhancement
when using the Gd-DTPA complex or imaging the contralateral control regions with

both agents. Bochove and co-workers induced two plaque phenotypes (thin cap fibroat-
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heroma TCFA & non-TCFA) in the right carotid artery (tapered cast) of ApoE-/- mice
and investigated the accumulation (contrast enhancement) of three differently sized pa-
ramagnetic contrast agents (liposomes, micelles and Gd-HP-DO3A) six (intermediate)
and nine (advanced lesion) weeks after further plaque development [170]. Micelles and
Gd-HP-DO3A enhanced all plaque types but peak enhancement was 24h and six minutes
after contrast agent administration, respectively whereas liposomes failed to show any
significant plaque enhancement at any time point. The authors concluded that micelles
are suitable to image markers within the plaque (able to permeate the lesion) whereas
functionalized liposomes are rather appropriate to image endothelial markers associated
with atherosclerosis. Table 8 lists the above described nanoparticle enhanced plaque
MR imaging strategies together with selected parameters (target tissue, particle type,

concentration & size, species).
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In the following, parts of the book chapter Liposome nanoparticles for diagnostic ap-
plications of the book Liposomal Delivery Systems: Advances and Challenges published
by Future Science Ltd (2016, 188:203) are reprinted / adapted from Opriessnig et al with
permission of Future Medicine [171].

Considerations for liposomal contrast agents for diagnostics:

As discussed previously, nanoparticle assisted plaque MR imaging by iron oxides, pa-
ramagnetic oil in water emulsions and liposomes clearly demonstrate their diagnostic
potential to selective uncover constituents of the pathological transformed vessel wall
as passive as well as active targeting probes. Moreover, liposomes have a long history
in drug delivery and today a number of liposomal drugs are marketed and many more
products are in clinical development and clinical trials [172]. Despite a very good track
record of liposomal pharmaceuticals none of the liposomal contrast agents has reached
the market so far. Even though signal emitting liposomal contrast agents have been
frequently used for experimental diagnostic imaging of different organs and diseases
including tumors, cardiovascular diseases or inflammations, it seems as if the clinical
benefit is not high enough to justify additional expenses. In the future, however, it is
reasonable to expect that multifunctional targeted liposomal imaging agents will be-
come increasingly important for monitoring of therapy in personalized treatment [173].
An advantage in this regard is that liposomes are generally recognized as safe with a
low toxicity profile. However, cytotoxicity, hematocompatibility and immunogenicity of
the liposomal contrast agents strongly depend on the chemical composition of liposo-
mes, the physicochemical characteristics of its single components as well as the absolute
amount of lipids and contrast agents administered. Accordingly, all liposomal formula-
tions need a thorough preclinical in vitro and in vivo safety evaluation before entering
clinical development. Apart from safety, the liposomal products have to display a high
signal intensity and a proper pharmacokinetics to be suitable for imaging. One of the
drawbacks of the use of liposomes is the fast elimination from the blood and capture of
the liposomal formulations by the RES, primarily in the liver. To reduce this problem
surface coating of liposomes with polymers has emerged as promising strategy to develop
long circulating sterically stabilized liposomes. The polymers are commonly attached
to a lipid moiety and incorporated into the liposomal membrane. Metal ions or nucle-
otides can be easily chelated to the distal end of the polymer chain, which is directly
exposed to the water. In this way a high concentration of contrast agents can be accom-
modated within or associated to one liposome, which enhances its signal intensity and

correspondingly improves the contrast properties of the liposomal contrast agent. Fi-
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nally, clinically acceptable liposomes for imaging have to meet several quality criteria in
manufacturing. The production should be simple, efficient and highly reproducible. The
marker molecules, dyes and targeting molecules have to be affordable and easy to handle.
The loaded liposomes should be stable with no release of free label or marker molecule
in vivo, and liposomes need to be stable upon storage, at least for a defined period of
time [174]. Facing all the hurdles in synthesis, production, upscaling, physicochemical
characterization, toxicity and regulatory mechanisms a well-defined liposomal platform
for diagnostics has emerged, whose further development will expedite the translation of

liposomal diagnostics to clinical applications.

Therapeutic and diagnostic options within liposomes:

Doxorubicin is a prominent anticancer drug but in its free form known for its car-
diotoxicity. The encapsulation of the agent into liposomes significantly improved the
pharmacokinetics and reduced drug-related off-target toxicity. Since some years the li-
posomal formulation is well established in clinical use [175, 172]. The synergistically use
of liposomal doxorubicin in combination with an imaging agent was shown by Kono et
al [176]. In their work they have tested a temperature-sensitive gadolinium containing
doxorubicin loaded PEG-liposome in colon tumor bearing mice. The accumulation of
the theranostic agent at the tumor site could be monitored by MRI and tumor regression
was followed upon temperature triggered release of doxorubicin (localized heating). In a
similar experiment, Negussie et al formulated a low temperature sensitive PEGylated li-
posome co-encapsulating doxorubicin and a gadolinium based imaging agent in the inner
aqueous phase [177]. Triggered release of the content by MRI guided high intensity fo-
cused ultrasound (MR-HIFU) was tested in phantoms and in a Vx2 rabbit tumor model.
Co-localization of the contrast agent in the tumor as well as focal tumor signal increase
over time following heating interventions could be successfully monitored by MRI. Using
the same technique and a comparable nanoparticle design, De Smet et al have reported
similar results for 9L tumor bearing rats [178]. Both groups were able to demonstrate
the in vivo proof of principle of tumor visualization and temperature feedback therapy
by MRI using modified liposomes. In another approach, prednisolone phosphate (PLP),
a glucocorticoid with antiinflammatory and immunosuppressive effects was encapsula-
ted in long circulating gadolinium labeled PEG-liposomes and tested in melanoma B16
syngeneic tumor bearing mice [179]. In this study the biodistribution of the particle
over time as well as tumor growth inhibition induced by PLP was visualized by MRI.

The co-loading of the imaging agent did not compromise the therapeutic efficacy of the
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encapsulated drug. A multimodality approach to evaluate the anti-inflammatory effi-
cacy of a PEGylated liposomal PLP in a rabbit model of atherosclerosis was introduced
by Lobatto et al [31]. The imaging function was realized by incorporation of amphiphi-
lic gadolinium chelates for MRI and Rhodamine B for ex vivo fluorescence imaging.
Additionally, ®F-FDG-PET/CT imaging was performed to track the antiinflammatory
effects of liposomal glucocorticoids. In another approach, neural cell adhesion mole-
cule (NCAM) targeted gadolinium containing PEG-liposomes loaded with doxorubicin
were tested in a Kaposi’s sarcoma tumor bearing mouse model by Grange et al [180].
The treatment with targeted compounds inhibited tumor growth compared with control
constructs as visualized by MRI. Whereas nontargeted liposomes accumulated mainly
in the tumor extracellular space, targeted particles were internalized by tumor cells and
led to an enhanced apoptosis and reduced vascularization. However, due to the cellular
uptake, targeted liposomes showed a weaker MRI signal enhancement (quenching) com-
pared with nontargeted ones. Folate functionalized magnetic liposomes (loaded with
superparamagnetic iron oxide nanoparticles) co-loaded with doxorubicin were tested in
rats and rabbits with induced liver tumors [181]. In both animal models the treatment
with folate targeted liposomes induced a superior inhibition in tumor growth compared

with free or liposomal doxorubicin, as determined by MRI.

Perspectives:

The versatility and adaptability of liposomes make them highly attractive for diverse
applications in nanomedicine. Especially, for therapeutic and diagnostic approaches and
a combination thereof, liposomes provide many advantageous properties; biocompatible,
biodegradable, low toxicity, easy to manufacture, easy to handle, robust and stable.
Moreover, liposomes have tunable sizes and compositions and can simultaneously be
loaded and labeled with drugs and tracer molecules. And finally, liposomes can be

functionalized with targeting sequences for site-specific recognition.
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5.2 Evaluation of endothelial barrier function in atherosclerosis
induced rabbits using S-nitroso human serum albumin
(S-NO-HSA) - blood pool agent compound and dynamic
contrast-enhanced (DCE)-MRI

Introduction

As already outlined, cardiovascular diseases (CVDs) are the number one killer globally
(one third of annual death) [1]. The most severe pathological condition is atherosclero-
sis (AS) affecting heart and blood vessels. As an early event, endothelial dysfunction
is involved in the progression of AS. A functional vascular endothelium supports the
beneficial effects of antioxidant, antiinflammatory, anticoagulant and pro-fibrinolytic
actions and under normal circumstances a functional endothelium releases nitric oxide
(NO) [7]. NO inhibits the adhesion and migration of leukocytes, the migration and
proliferation of smooth muscle cells, the aggregation and adhesion of platelets, promo-
tes re-endothelialization and is essential for maintaining vascular tone. Moreover, NO
controls vasoreactivity, regulates endothelial cell and tight junction morphology and
vascular permeability [8, 9]. Endothelial NO synthase (eNOS, NOS3) synthesizes NO
in the endothelium and is a protective factor maintaining vascular integrity [10]. A
reduction of NO activity therefore leads to endothelial dysfunction and precedes the de-
velopment of AS. Gadolinium based blood pool agents were successfully applied in the
past to gain insight into the leakiness of the endothelial layer via the altered vascular
permeability and albumin as vehicle into the lesion [32, 6]. Phinikaridou and colleagues
investigated endothelial damage (endothelial permeability /function vs delayed enhance-
ment) and endothelial-dependent vasodilation to acetylcholine Ach (vasodilation) in the
ApoE-/- mouse model of atherosclerosis. Delayed enhancement (30min after contrast
agent injection) measurements revealed an increase in vessel wall signal dependent on the
progression of AS and further correlated with changes of morphological parameters like
widening of cell-cell junctions and changes of endothelial cells indicating an alteration of
endothelial permeability. Furthermore, endothelial-dependent vasomotor response was
paradoxical twisted to vasoconstriction for the ApoE-/- mice compared to vasodilation
of control wild-type mice. Lavin and co-workers investigated vascular permeability and
remodeling after injury (denudation) in NOS3-/- knockout and wild-type mice. Delayed
enhancement as well as R1 relaxation rate measurements of both mice types showed

increased vessel wall signals (increased permeability) compared to sham-operated ani-

76



mals at an early post-treatment recovery time point (seven days). However, at later
time points (15 and 30days) impaired re-endothelialization and neovascularization in
the knockout model led to significant higher values compared to the control group (re-
endothelialization plus no neovascularization). This clearly highlights the role of NOS3 in
re-endothelialization and diminishing the effects of vascular remodeling. Moreover, MRI
has also been successfully applied to noninvasively assess impaired vasodilation using
nitroglycerine as an endothelial-independent stimuli in patients at risk for coronary ar-
tery disease (CAD) [182, 183, 184]. In this work we set out to measure the endothelial
barrier function of atherosclerotic rabbits using B-22956/1 an albumin binding agent in
combination with NO donor S-nitroso human serum albumin (S-NO-HSA) and DCE-
MRI. Furthermore, we tested whether the long-term S-NO-HSA-B22956/1 infusion led
to a NO induced vasodilation effect. The project was performed in collaboration with
the Clinical Institute of Medical and Chemical Laboratory Diagnostics (Gunter Almer,
Harald Mangge, Harald Froehlich), Medical University of Graz, the Institute of Medical
Engineering (Rudolf Stollberger), Graz University of Technology, Austria, the Institute
of Physiological Chemistry (Gerd Hoerl, Seth Hallstroem), Medical University of Graz,
Austria and Bracco Research Centre (Claudia Cabella), Bracco Imaging SpA, Colleretto
Giacosa, Italy. The results were presented at the 24th Annual Meeting at the Internatio-
nal Society for Magnetic Resonance in Medicine (ISMRM, oral communication; ISMRM
Merit Awards: Summa Cum Laude) [185].

Methods:

Contrast agent:

Gadocoletic acid trisodium salt (B22956/1, Bracco Imaging S.p.A.) is an intravascular
high affinity serum albumin binding blood pool agent already applied to image neovessel
and macrophage density in atherosclerotic rabbits [186, 187]. S-nitroso human serum

albumin is a nitric oxide (NO) donor used for NO supplementation shown to prevent
endothelial NO synthase (eNOS) uncoupling in rabbits [188].

Animal model:

A total of three male New Zealand White (NZW) rabbits (age:10-11months; body
weight:3.5-4.5kg) were used repeatedly in this study. Abdominal aortic atherosclero-
sis was induced in two rabbits by a combination of balloon catheter denudation and
a two month high cholesterol diet (1% cholesterol, western diet, WD). The injury was
performed from the iliac bifurcation to the renal artery bifurcation introducing a wedge

pressure balloon catheter through the carotid artery. One non-treated rabbit fed a nor-
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mal chow diet was used as control. Before starting the imaging procedure the animals
were sedated and anesthetized by an i.m. injection of ketamine (10mg/kg), butorphanol
(0.1mg/kg) and medetomidine (0.2mg/kg). The second anesthesia cocktail was a com-
bination of xylazine (hmg/kg), acepromazine (0.5mg/kg) and ketamine (20mg/kg). All

animal procedures were approved by the Ministry of Science and Research, Austria.

S-NO-HSA(-B22956/1) infusion strategy:

Either 18.5mL of B22956/1 (2mM) pre-incubated with S-NO-HSA (1mM) or B22956/1
(2mM) diluted in sodium chloride were administered intravenously during DCE-MRI. A
slow infusion rate of 20mL/h was chosen for all experiments to prevent uncontrolled NO
mediated hypotension. To assure contrast agent wash out from the vessel wall, experi-
ments were separated by a whole week. For the injured rabbits the experiments were

repeated two-to-three times ending up in a total of five-to-six imaging sessions.

MR imaging:

A dark blood double inversion recovery (DIR) T1-weighted turbo spin echo (T1w-TSE)
sequence was used on one selected axial slice for DCE measurements. Scan parame-
ter were TR/TE:600/12ms; NEX/ETL:4/7; matrix:256x176; FOV:120x82.5mm; resolu-
tion:0.46x0.46x3mm. To avoid chemical shift artifacts caused by periadventitial fat, a
spectral fat saturation pulse was applied. A total of 60 images were acquired with a
temporal resolution of Iminlsec. Before long-term infusion a total of five precontrast
images were taken for baseline signal averaging. Anatomical fiducial markers were used
to retrieve the imaging slice between imaging sessions. All experiments were performed

on a human 3Tesla platform (Siemens Magnetom Prisma) using a 15Ch TxRx knee coil.

Data analysis:

Inner and outer vessel wall boundaries of DCE images were manually segmented using
ITK-SNAP. To uncover possible NO mediated wall relaxation effects boundaries were
used to calculate lumen areas over time. Average vessel wall signal intensities (STya1)
were calculated for each DCE time point. In addition, the normalized wall index
(NWI=wall area/total vessel area) was calculated as a measure of wall thickening. The
relative signal enhancement c¢(t) was calculated by subtracting the signal intensity SI(t)

at a given time point from the baseline tissue signal intensity SI(0) according to equation

[189]: ¢(t)=(SI(0)-SI(t))/SI(0).
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Results:

To get an idea about the plasma concentrations for albumin (HSA), NO and the blood
pool agent (BPA, B22956/1) a one-compartment model was simulated (Figure 28) [190].
For that a volume distribution (V4) of 250ml was assumed which corresponds to a blood
volume of a rabbit with a body weight of 4kg. Elimination half-life (t; ;) for albumin was
selected to be 14h based on recommendations by Liumbruno et al and corresponds to the
noted elimination rate constant (k.) of 0.8e-3min™' [191]. Together with the resorption
constant Ry the plasma concentrations using the formula c,(t) = Ho 1—e

keVa
calculated for HSA, NO and BPA.
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Figure 28: One-compartment model of plasma concentrations for the intravenous (i.v.)
continuous infusion of albumin (HSA), nitric oxide (NO) and the blood pool agent
(BPA, B22956/1). Left curve shows plasma HSA (blue) and NO (green) Right curve
shows plasma BPA (B22956/1) concentrations over one hour infusion time. Vg4, volume
distribution in dl; t;/2, elimination half-life; ke, elimination rate constant in min!; k, =
In(2)/t1/2; Ro, resorption constant in mg/min; ImM HSA corresponds to 67mg/ml; 1mM
NO corresponds to 30ug/ml; 2mM BPA; infusion rate=20ml/h.

It can be seen for all three plasma concentration curves that due to the long elimination
half-life no plateau (steady-state condition) is reached within the one our infusion time
rather a linear increase can be expected and normalized to the body weight final plasma
concentrations are 9umol Gd/kg for BPA, 107ug NO /kg and 0.3g HSA /kg. Figure 29C

shows the relative vessel wall signal enhancement c¢(t) during the long-term infusion of
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S-NO-HSA-B22956/1 (green line) and B22956/1 (blue line), respectively. The relative
change in lumen area is outlined in Figure 29B and representative T1w images toget-
her with the NWI are illustrated in Figure 29A. The control NZW (CTRL-NZW) and
one balloon treated NZW on western diet (BTWD-NZW I) show a normalized wall
index (NWI) of 0.5 and the second BTWD-NZW II a NWI of 0.56. To uncover possi-
ble endothelial-independent smooth-muscle cell dependent NO mediated wall relaxation

effects the relative change in lumen area was calculated over time (Figure 29B).
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Figure 29: Endothelium-independent NO induced vasomotor response and endothe-
lial barrier function of a control NZW (CTRL-NZW) and two balloon treated NZW on
western diet (BTWD-NZW I & II) Top to Bottom. A Representative T1w MR images
together with the normalized wall index (NWI) for CTRL-NZW, NWI=0.5 and BTWD-
NZW 1T & II; NWI=0.5 & 0.56 respectively. B Endothelium-independent NO induced
vasomotor response to BPA alone (blue curve, B22956/1) and NO donor BPA com-
pound (green curve, B22956/1-S-NO-HSA). Plotted is the relative change in lumen area
as a function of infusion time. Specific vasodilation/vasoconstriction can be observed
dependent on the integrity of the arterial wall. C Endothelial barrier function to BPA
alone (blue curve, B22956/1) and NO donor BPA compound (green curve, B22956/1-
S-NO-HSA). Plotted is the relative vessel wall signal enhancement c(t) as a function of
infusion time. Specific ¢(t) can be observed dependent on the interendothelial junction
(IEJ) integrity.

For the imaging sessions with the BPA alone (corresponds to the blue curves, B22956/1),
the CTRL-NZW and BTWD-NZW I (NWI=0.5) show a final vasoconstriction of about
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20%. This process is delayed (plateau at 40minutes) for the AS induced rabbit (BTWD-
NZW 1I). For the rabbit with the NWI of 0.56 (BTWD-NZW II) no change in lumen
area could be detected. For the imaging sessions with the NO donor BPA compound
(corresponds to the green curves, S-NO-HSA-B22956/1), the CTRL-NZW shows the
highest vasodilation of about 40% and approaches a plateau after 30 minutes infusion
time. For the balloon treated animal (BTWD-NZW I) an impaired vasodilation can
be observed with a plateau of about 20% relaxation (at 10 minutes). For BTWD-
NZW 1II a delayed paradoxical vasoconstriction effect (about 20%) can be observed at
rather high NO concentrations (starting at 40minutes). To uncover possible changes of
the endothelial barrier function (endothelial permeability) the relative vessel wall signal
enhancement c(t) was calculated over time (Figure 29C). For the CTRL-NZW it can be
seen that there is a delayed as well as lower final wall enhancement for the NO donor
BPA compound (green curve) compared to the BPA alone (blue curve). Compared to
the control rabbit, the BTWD-NZW I shows no response to the NO donor (green curve)
and the signal enhancement do not differ between the applications (blue vs green curve).
For the BTWD-NZW II with the prominent wall thickening the signal behaviour is
comparable to the CTRL-NZW with the exception that the whole enhancement process
is delayed for both the NO donor BPA compound (green) and BPA alone (blue curve).
All discussed investigations were performed under general anesthesia by i.m. injection of
medetomidine, butorphanol, ketamine (MBK). This cocktail, in particular medetomidine
causes a vasoconstriction as observed from the BPA experiments. Figure 30 shows the
effect of the used cocktail compared to a also frequently used one (XAK: xylazine,

acepromazine, ketamine) in a control NZW.
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Figure 30: Influence of anesthesia cocktail (MBK vs XAK) on vasoconstriction and
endothelial barrier function. Leftmost Vasomotor response to MBK vs XAK. Plotted
is the relative change in lumen area as a function of measurement time (30minutes).
Vasoconstriction is caused by medetomidine (blue curve, about 20% change in lumen
area) while vasoconstriction of xylazine is compensated by acepromazine (green curve, no
change in lumen area). Rightmost Modulated regulation of endothelial barrier function
by MVK vs XAK. Plotted is the relative vessel wall signal enhancement c(t) as a function
of infusion time. XAK cocktail in combination with the NO donor BPA compound
(green curve) causes an increase in signal enhancement whereas the MBK cocktail in
combination with the NO donor BPA compound (red curve) causes a decrease in signal
enhancement compared to the control condition (BPA without NO donor, blue curve).
Results indicate a modulation of the NO control effect on IEJ integrity by anesthesia.

From the leftmost Figure 30 it can be seen that the vasoconstriction effect mediated
by xylazine is compensated by acepromazine which acts as a vasodilator and hence no
change in lumen area can be expected (green curve) compared to the vasoconstriction
effect mediated by medetomidine (blue curve, about 20% change in lumen area). Anot-
her interesting effect is that the NO control on IEJ integrity is modulated by the used
anesthesia cocktail as can be seen from the rightmost Figure 30. The XAK cocktail in
combination with the NO donor BPA compound causes an increase in the signal en-
hancement (green curve) whereas the MBK cocktail in combination with the NO donor
BPA compound causes a decrease in the signal enhancement (red curve) compared to

the control condition (BPA without NO donor, blue curve).

Discussion:
In this work, we demonstrated for the first time the feasibility to investigate vascular
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permeability (endothelial barrier function) and NO induced endothelium-independent
(smooth-muscle cell dependent) vasomotor response of the abdominal aorta in control
and balloon denuded rabbits simultaneously. The role of NO in controlling the interen-
dothelial junctions and therefore to regulate the endothelial barrier is discussed quite
controversial in literature [9]. NWTI is a measure of wall thickening and a promising
marker of plaque burden and values above 0.56 have been associated with fibrous cap
rupture and intraplaque hemorrhage [192]. As a result, a difference in plaque develop-
ment between the two AS induced rabbits can be assumed. Given that a delayed wall
enhancement (decreased vascular permeability) and vasodilation of the NO donor car-
rying compound can be observed, a regulation of the endothelial barrier function as well
as an NO induced endothelium-independent vasomotor response of the control rabbits’
vessel is assumable. In detail, this lets assume a decrease in vascular endothelial perme-
ability mediated by the NO carrying compound possible triggering a strengthening of
the interendothelial junction (IEJ) integrity. Vasoconstriction is expected for the BPA
sessions as this is an effect of the administered anesthesia cocktail (medetomidine, bu-
torphanol, ketamine). For the balloon treated NZW I (BTWD-NZW I) no differences
in wall enhancement (loss of IEJ integrity) but an NO triggered impaired relaxation of
the artery can be observed, indicating a vascular damage with endothelial dysfunction
but existing vasorelaxation of smooth muscle cells. BTWD-NZW II with a prominent
thickening of the wall (NWI=0.56) shows a reconstituted delayed endothelial function
and contraction of the artery, assuming advanced plaque burden with possible endot-
helial regrowth and paradoxical NO induced vasoconstriction. In detail, it seems that
the possible reconstituted but delayed endothelial barrier function regulates a decrease
in vascular endothelial permeability in response to NO. Recent results also indicate a
modulation of the NO control effect on IEJ integrity by the applied anesthesia cocktail
(XAK vs MBK). XAK in combination with the NO donor causes an increase in vascu-
lar endothelial permeability corresponding to a weakening of the IEJ integrity whereas
MBK in combination with the NO donor causes a decrease in vascular endothelial per-
meability corresponding to a strengthening of the IEJ integrity. To conclude, our work
indicate that the extend of impaired vasodilation (vasoconstriction) as well as IEJ inte-
grity control by NO is associated with the degree of plaque burden. Future work will
investigate the influence of plaque progression on endothelial barrier regulation and va-
somotion which may help to predict the formation of atherosclerotic plaques. The found
influence of the anesthesia on IEJ integrity has also to be addressed and investigated in

more detail.
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5.3 Atherosclerotic plaque MR imaging using (super)paramagnetic

blood pool agents

Introduction

As already outlined, atherosclerosis (AS) is a chronic inflammatory disease of the large
arteries, ending in clinical manifestations. Gadolinium chelates and iron oxide probes
represent the two major families of MR contrast agents, both successfully applied in
atherosclerotic plaque MRI. Whereas the latter one is recognized as safe, a possible as-
sociation between nephrogenic systemic fibrosis and gadolinium based agents is supposed
[193]. To reveal information on the molecular level (e.g. binding affinity of a contrast
agent to certain plaque features), gadolinium based blood pool agents were successfully
applied in the past for fibrous plaque detection via the altered vascular permeability and
albumin as vehicle into the lesion [194]. Meding and co-workers showed that Gadofluo-
rine (Schering AG, Germany), a gadolinium based blood pool agent, exploits the injured
regions to penetrate the vessel wall and binds to several extracellular matrix constitu-
ents within the extracellular space of the fibrous plaque. Gadofluorine is a Gd-DO3A
derivative that forms micelles (5nm) in an aqueous solution whereas in plasma binding
to albumin (ratio 1:1) imparts blood pool properties with a long circulation half-life (~
10h in rabbits). Beside fibrous plaque imaging it was also successfully applied for early
plaque detection, tracking plaque progression/regression and its accumulation is associ-
ated with inflammation and neovascularization [195, 30, 196, 197]. Moreover, B22956/1
(Gadocoletic acid trisodium salt, Bracco Imaging S.p.A.) another intravascular high af-
finity serum albumin binding blood pool agent (see Chapter 5.2) was also applied to
image neovessel and macrophage density in atherosclerotic rabbits [186, 187]. Cornily
and colleagues could show that a signal enhancement at an early time point (8min post
injection) correlates with neovessel density whereas the signal accumulation at a later
time point (2h post injection) highly correlates with macrophage density. A graphical
representation of the found signal enhancement values (temporal resolution 8minutes)
from the Cornily paper (Figure 31A) between an unspecific agent (Gd-DTPA) and the
B22956/1 clearly depicts the stronger plaque enhancement as well as prolonged imaging
time window for the proposed blood pool agent. Moreover, our experiments (Figure
31B) also confirm the behaviour of the agent in plaque tissue (LCC, left common caro-
tid artery) and additionally provide information of the accumulation in a healthy vessel
wall tissue (RCC, left common carotid artery). Wash-in and wash-out effects from both

healthy and plaque tissue are accelerated for the unspecific agent compared to the blood
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pool agent.
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Figure 31: Plaque signal enhancement of B22956/1 vs an unspecific agent. A Pla-
que enhancement (PE) as a function of time. MRI parameter: 2D DB-T1w-TSE,
TR/TE=800/5.3ms; temporal resolution=8minutes; Data of Ref. [186]. B Relative
vessel wall signal enhancement as a function of time. MRI parameter: 2D DB-T1w-
TSE, TR/TE=250/9.7ms; bolus:0.5ml/s; 0.lmmol Gd/kg; temporal resolution=45sec;
The data clearly depict the stronger plaque enhancement as well as prolonged imaging
time window for the proposed blood pool agent when compared to an unspecific one.

However, because of a possible association between nephrogenic systemic fibrosis and
gadolinium based agents, iron oxide nanoparticles represent a valuable alternative for
contrast enhanced MRI [193]. Among the diversity of these nanoconstructs, ultras-
mall superparamagnetic iron oxides (USPIOs) had been successfully applied in passively
tracing of atherosclerotic inflammation and as functionalized probes to uncover early
markers of inflammation (VCAM-1, P-selectin, E-selectin) in models of atherosclerosis
as discussed in Chapter 5.1. A fairly high concentration of USPIOs was used (up to
Immol Fe/kg body weight) in the past to allow for passive targeting of inflammation in
animal models of atherosclerosis. In contrast, targeted particles at rather low concentra-
tions (in the range of 100umol Fe/kg body weight) allow imaging of endothelial markers
and also reduce effects of unwanted unspecific targeting. As outlined in Chapter 5.1 the
coating material (dextran, carboxy-dextran etc.) of the iron oxide core directly effects
the behaviour of the particle like blood half-life or distribution pattern in atherosclerotic
lesions. An interesting approach proposed by Xie et al and Quan et al was the use of
albumin coated iron oxide nanoparticles for efficient cell labeling or as drug delivery
vehicle for cancer therapy, respectively [198, 199]. The purpose of the investigation was

to explore whether plaque imaging by Gadofluorine P can be translated to BSA coated
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ultrasmall superparamagnetic iron oxide nanoparticles (USPIOs) in a mouse and rabbit
model of AS. The findings presented in the following section were performed in colla-
boration with the Clinical Institute of Medical and Chemical Laboratory Diagnostics
(Gunter Almer, Harald Mangge), Medical University of Graz, the Institute of Medical
Engineering (Rudolf Stollberger), Graz University of Technology, Austria, the Institute
of Biophysics (Ruth Prassl, Daniela Frascione, Caroline Vonach), Medical University of
Graz, Austria. These results were also presented at the 28-30th Annual Meetings at the
European Society for Magnetic Resonance in Medicine and Biology (ESMRMB, clinical
review poster presentations) [200, 201, 202].

Methods:

Contrast agents:

Two agents were used for imaging aortic atherosclerosis. Gadofluorine P (invivoCon-
trast) a daughter product of Gadofluorine M (Schering AG, Germany) with improved
tolerability is a macrocyclic, amphiphilic, low molecular weight (1322.17g/mol) blood
pool agent with a blood half-life of about 10 hours in rabbits. BSA coated USPIOs
(nanomag-D-spio BSA, micromod Partikeltechnologie GmbH) with a hydrodynamic di-
ameter of 20nm and a protein binding capacity of 1.5ug albumin/mg particle (~ 1:1

ratio).

Animal model:

A total of five rabbits (age at MR experiment:20+7months; body weight:4.5+1kg) were
used for Gadofluorine P imaging. In detail, two New Zealand White (NZW) rabbits,
two Watanabe heritable hyperlipidemic (WHHL) rabbits and one wild type (WT) rabbit
were used. One NZW and WHHL were fed a high cholesterol diet (1% cholesterol,
western diet, WD) for six months to induce aortic atherosclerosis or to augment plaque
progression, respectively. The remaining three rabbits were fed a normal chow diet.
A total of two rabbits were used for BSA-USPIO imaging. In detail, one NZW on
normal chow diet (age at MR experiment: 15month; body weight:5.8kg) and one NZW
on WD (1% cholesterol; age at MR experiment: 40month; body weight: 4.5kg) for
eight months. In addition, two ApoE-/- mice were also used for BSA-USPIO imaging
(advanced age+WD). Before starting the imaging procedure rabbits were sedated and
anesthetized by an i.m. injection of ketamine (10mg/kg), butorphanol (0.1mg/kg) and

medetomidine (0.2mg/kg). ApoE-/- mice were anesthetized using isoflurane inhalation
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1-2%. All animal procedures were approved by the Ministry of Science and Research,

Austria.

MR imaging:

All rabbits underwent a baseline and 24h post contrast measurement. Equivalent doses
of 50pmol/kg body weight Gadofluorine P (n=>5) or 40-50pumol Fe/kg body weight (n=2)
were administered intravenously prior to the 24h post scan. Axial images of the thoracic
aorta were acquired in the supine position using a multislice 2D dark blood T1-weighted
turbo spin echo (T1w DB-TSE) sequence (n=>5) or a 2D multiecho gradient echo (me-
GRE) sequence (n=2). For mouse MRI (n=2) 50 and 350umol Fe/kg body weight of
BSA-USPIOs were administered i.v. prior to post contrast measurement time points (up
to 12days). To improve wall-lumen delineation, spatial saturation bands inferior and su-
perior to the imaging plane ensured suppression of signal from flowing blood. To avoid
chemical shift artifacts caused by periadventitial fat, a spectral fat saturation pulse was
applied. Sequence parameter were in detail: T1w DB-TSE: TR/TE= 600/9.7ms; NEX=
2; TA= 8min; matrix= 312x384; FOV= 98x120mm?; resolution= 0.31x0.31mm?; THK=
3mm. meGRE: TR= 1400ms; TE= 4.92, 12.3, 19.7,27.1, 34.4ms; FA= 25°; NEX= 2;
TA= 28min; matrix= 384x384; FOV= 120x120mm?; resolution= 0.31x0.31%; THK=
3mm. 2D-FLASH for mouse: TR/TE= 700/7.59ms; FA=50°; NEX= 5; TA= 23min;
matrix= 384x384; FOV= 60x60mm?; resolution= 0.156x0.156%; THK= 1mm. All experi-
ments were performed on a human 3Tesla platform (Siemens TimTrio Magnetom) using
an eight channel multifunctional coil (NORAS MRI products GmbH) for rabbits and
a dedicated volume coil (quadrature detector 35mm inner-diameter, Rapid Biomedical)

for mice measurements.

Data analysis:

The inner and outer boundaries of the vessel wall in the Tlw and meGRE images
(pre and post contrast) were manually segmented using an in-house built Matlab script
(The MathWorks). For the Tlw sequence, beside the calculation of the wall signal
intensities (Slyan), region-of-interests (ROIs) in the paraspinal muscle adjacent to the
aorta (Slyuscie) were delineated. The relative signal intensity rSI (STyan/Shhusce) as well
as the change in relative signal intensity (rSlehange=TSlpost-tSIpre) Was calculated. For
the meGRE measurements, a Levenberg-Marquardt nonlinear least squares fitting algo-
rithm was applied to SI(Ty) = Spe’®/": for calculating T; relaxation times voxel-wise

(two-parameter fitting routine) and to generate quantitative maps. The change in Ty
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relaxation times (75 change = 1 — Ty post/ T pre) Was also determined.

Results:

Figure 32 shows the Gadofluorine P enhanced MRI results for rabbits of different strains
(NZW, WHHL, wild-type WT) and diets (normal chow diet, 1% cholesterol diet). The
experiments revealed for the WT /NZW/WHHL a change in rSI of 2/4/30% in the normal
chow diet group and a change in rSI for NZW/WHHL of 30/75% in the WD group.
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Figure 32: Gadofluorine P enhanced MRI of the descending thoracic aorta for rabbits of
different strains (WHHL, NZW, WT) and diets (normal chow vs high fat diet). Left Bar
plot displays semi-quantitative rSI of rabbit vessel walls at baseline and 24h post contrast
agent injection time point; relative signal intensity, rSI= Slyan/Slhuscle; blue bar: change
in 151, r8lchange= I'SIpost-I'SIpre; SIchange 0f WT, NZW, WHHL on normal chow diet: 2,
4, 30%; rSlchange of NZW, WHHL on high fat diet: 30, 75%. Right Representative 2D
T1w-DB-TSE images of a WT on normal chow diet, NZW and WHHL on WD for the
baseline and post injection time point. The degree of signal enhancement clearly differs
dependent on the strain/diet condition.

Figure 33 shows the results of the BSA-USPIO experiments for two NZW rabbits on
normal chow and high fat diet, respectively. The data revealed for the NZW on nor-
mal chow no change in relaxation time (4%) whereas the NZW on WD showed a 16%

shortening of the 75 relaxation time.
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Figure 33: BSA-USPIO enhanced MRI of the descending thoracic aorta for NZWs on
a normal chow diet and high fat diet, respectively. Left Bar plot displays 7% relaxation
time values of the rabbit vessel walls at baseline and 24h post contrast agent injection
time point; blue bar: change in 7%, 15 change = 1 — 15 post/ L5 pre; Tt change of NZW on
normal chow diet 4% and NZW on high fat diet 16%. Right Representative meGRE
images (shortest echo time) of both animals for the baseline and post injection time
point with superimposed 735 maps. The degree of T} shortening clearly differs between
the two diet condition.

In addition to the rabbit experiments BSA-USPIO enhanced MRI of two ApoE-/- mice
was performed and imaging was repeated up to twelve days after contrast agent admi-
nistration (Figure 34). Gross qualitative visual inspections of both experiments clearly
showed a strong signal drop of the pathological transformed vessel wall for the high
dose case with full cancellation of the whole wall for the total examination period. In
comparison to that, no accumulation of BSA-USPIOs in the thickened arterial wall was

found for the low dose case.
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Figure 34: BSA-USPIO enhanced MRI of the descending thoracic aorta for two ApoE-
/- mice fed a high fat diet (advanced age + WD). MR imaging was repeated up to
twelve days after contrast agent administration. Gross qualitative visual inspections of
both experiments clearly indicate a strong signal drop of the pathological transformed
vessel wall for the high dose case (350umol Fe/kg body weight) with full cancellation
of the whole wall for the total examination period (5days). In comparison to that, no
accumulation of BSA-USPIOs in the thickened arterial wall can be seen for the low dose
50pmol Fe/kg body weight case.

Discussion:

Gadofluorine P enhanced MRI clearly reveals an accumulation of the blood pool agent
in all cases of pathological transformed vessel walls. Furthermore, the accumulation of
the contrast agent in injured walls is animal model and diet dependent. WHHL wit-
hout dietary triggering exhibit similar enhancement behaviour as do NZW on WD. The
strongest enhancement was found for the WHHL on WD. As already outlined in Chap-
ter 2.1, NZWs require a stimulus (dietary or dietary plus mechanical trigger) to develop
atherosclerotic lesions compared to the WHHL strain which spontaneously generates le-
sions and in case of an additional dietary trigger plaque progression is accelerated. That
implies more advanced lesions for the WHHL on WD and a similar plaque formation for
WHHL on normal chow and NZW on WD. Intact healthy vessel walls can be expected
for the control animals as there was no visible accumulation of the agent on the 24h post
contrast images. BSA-USPIO enhanced plaque MRI as a proposed surrogate marker
for Gadofluorine P imaging seems feasible but lack detailed evaluation because of the
small animal size. The uptake of the agent in the wall may be mediated by the particles
albumin surface indicating an active lesion with increased vascular permeability. To test
a higher agent concentration additional experiments were performed on ApoE-/- mice
with advanced age and fed a high fat diet. The low dose injection (clinical range) failed

to reveal any accumulation in the descending aortic wall while the high dose injection

90



(seven fold) showed a full cancellation of the wall on the MR images for the total exa-
mination period. That implies stabilized advanced plaques with an altered endothelial

barrier function but still vulnerable for passive targeting of inflammation by using a

fairly high iron oxide dosage.
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6 Outlook

Cardiovascular magnetic resonance vessel wall diffusion anisotropy in carotid arteries:
The major finding of the presented data was the significant linear relationship between
fractional anisotropy (FA) and volunteers age. To get a more complete picture of on-
going processes in the vessel wall with advancing age postmortem carotid arteries (all
age groups healthy and diseased) provided by the Institute of Pathology (Prof. Johannes
Haybaeck, Medical University of Graz) will be imaged at high resolution. In addition,
in vivo measurements of healthy volunteers will be continued to increase the control
cohort and patients from the Stroke Unit (Prof. Kurt Niederkorn, Division of General
Neurology, Medical University of Graz) will be recruited to establish a cohort of parti-
cipants suffering from atherosclerotic lesions. These tasks are already approved by the
institutional review board (IRB; Medical University of Graz). In addition to MRI, his-
topathology, immunohistochemistry as well as microscopy (second harmonic generation
(SHG) for collagen and two-photon-excited fluorescence (2PEF) for elastin) is planned
for the postmortem tissue samples but has to be discussed with the corresponding ex-
perts. Taken all these information together (in vivo & postmortem) questions will be
answered whether lesion formation lead to specific diffusion anisotropy patterns within
the vessel wall and whether the found relationship of age and FA will survive. The
overall aim is to find a parameter that allows a prediction of the cardiovascular fitness

and risk stratification of possible future cardiovascular events.

Nanoparticle enhanced plaque MR imaging / molecular imaging:

The simultaneous measurement of the endothelial barrier function (interendothelial
junction integrity) and nitric oxide induced endothelium-independent (smooth-muscle
cell dependent) vasomotor response of the abdominal aorta in rabbits was shown by
the use of a nitric oxide donor blood pool agent compound. In another study bovine
serum albumin coated iron oxides were used to to gain insight into the leakiness of
the endothelial layer via the altered vascular permeability and albumin as vehicle into
the lesion. Findings are promising but lack detailed evaluation so far because of the
small animal sample size. Again, these investigations aimed at identifying alterations
of vascular permeability and function as endothelial dysfunction is a marker of plaque
progression, destabilization and precedes the development of atherosclerosis. In both

cases more animals and experiments are required to confirm the exciting findings and
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allow statistical analysis. The identification of a nanoparticle that is able to uncover
early wall remodeling processes is of valuable interest as can be noticed by the bunch of
publications in the field of molecular imaging. Challenges in the design and development
of an appropriate nanoparticle include its property to be biodegradable, biocompatible,
nontoxic, nonimmunogenic and the ability to load it with imaging agents and/or thera-

peutic drugs.

Balloon catheter device for use in an aorta of a rabbit or a human being:

The pressure controlled balloon injury device clearly showed its superiority to the ma-
nual technique keeping a prescribed balloon inflation pressure during the passage of the
catheter. Current steps include the preclinical evaluation of the prototype device in
rabbits within the prolonged work package of the EU project NanoAthero as well as a
patent cooperation treaty (PCT) application (date: 25th of August, 2017). The evalu-
ation procedure is a two step process and consists of the analysis of balloon denuded
aorta samples which are drawn I) immediately after the mechanical intervention (days)
and II) after the generation of atherosclerotic lesions (months). Experiments to assess
functional parameters like endothelium / smooth muscle cell dependent vasomotion (re-
sponse to norepinephrine, acetylcholine) by myography as well as tissue morphology by
histology will be performed to compare the pressure controlled balloon injury device
with the conventional technique. Final expectations are to find immediate effects of
pressure variations on the wall integrity as well as long-term effects on homogeneity and
reproducibility of lesion development. In parallel to that tasks and with the support of
the BioNanoNet Forschungsgesellschaft mbH (Andreas Falk) national funding opportu-
nities are explored and a partner company has already been found for the realization and
implementation of a product device. Moreover, a translational application of a possible
pressure controlled balloon thromboembolectomy is agreed and in a first step will be
implemented to monitor balloon pressure behavior during surgery between professionals
and doctors-in-training. For that, a wireless communication between the pressure sensor
balloon catheter unit and a receiver unit (computer) will be installed to satisfy (hygiene)

health care standards and regulations.
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BALLOON CATHETER DEVICE FOR USE IN AN AORTA OF A RABBIT
OR A HUMAN BEING

FIELD OF THE INVENTION

The invention relates to a balloon catheter device for use in an aorta of a rabbit or a
human being. In particular, the present invention deals with the development of a
standardized balloon injury device for the generation of reproducible minimal
invasive-lesions in rabbits (pressure controlled balloon injury). At the same time the

device should also be adapted for being used safely in balloon thrombectomy.

BACKGROUND OF THE INVENTION

In the field of pre-clinical atherosclerosis (AS) research, New Zealand white (NZW)
rabbits are the standard model to investigate plaque development and therapy.
Importantly, atherosclerotic vascular lesions of these animals are closer to human
pathology then example given lesions of ApoE deficient mice. Typically, abdominal
aortic AS is induced by a combination of a balloon catheter denudation and a high-

fat diet. As the abdominal aorta is markedly narrowing from proximal to distal (5 to

LE:CSC
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3 mm in diameter) a constant balloon volume (manual balloon injury) introduces
significant pressure differences (1 to 3 bar) when retracted. Consequently, a

heterogeneous plaque development is observed.

By now, manual balloon injury is performed from the iliac bifurcation to the renal
artery (or take arch) or vice versa introducing a balloon catheter through the carotid
artery or femoral artery, respectively. Respective methods are described e.g. in the
article “detection of new vessels in atherosclerotic plaques of rabbits using dynamic
contrast enhanced MRI and 18 F — FDG PET” by Calcagno et al, published in the
journal “arteriosclerosis, thrombosis, and vascular biology — Journal of the American
Heart Association” on 8 May 2008, or in the article “Reproducibility of black blood
dynamic contrast enhanced magnetic resonance imaging in aortic plaques of
atherosclerotic rabbits” by Calcagno et al, published in the “Journal of magnetic

resonance imaging 32; 191 — 198 (2010)” in 2010.

It is known to inflate the balloon manually using a liquid or gas filled syringe.
During the passage of the catheter, inflation pressure variations are introduced.
Effects of inflation pressure on plaque development are the topic of the article
“effects of inflation pressure of balloon catheter on vascular injuries and subsequent
development of intimai hyperplasia in rabbit aorta” by Asada et al, published in
Atherosclerosis 121 (1996) 45 — 53 in 1996.

Regarding balloon thromboembolectomy in acute arterial occlusion, there is a need
for an improved technique which especially helps junior doctors to manage such a
surgery in less training time and, more important, improves patient safety and
potentially lower catheter induced material injuries. This is very important as the
procedure is the most frequently required emergency procedure in vascular surgery,

for example with more than 20,000 operations per year in Germany.
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SUMMARY OF THE INVENTION

It is an object of the present invention to provide a balloon catheter device for use in
an aorta of a rabbit or a human being which enables inducing homogeneous and
reproducible injuries in the aorta of the rabbit and to avoid injuries in the aorta of the

human being.

The problem is solved by the subject matter according to the independent claims.
The dependent claims, the following description and the drawings show preferred

embodiments of the invention.

One core of the invention lies in that the balloon catheter device according to the
present invention comprises means which are adapted for automatically adapting a
volume within a balloon of a balloon catheter to changing diameters of an aorta of a
rabbit or a human being into which the balloon has been inserted. By this, an
inflation pressure of the balloon and a pressure respectively force which the balloon
exerts on the aorta of the rabbit of the human being can be controlled, in particular in
such a way that said pressure respectively force is kept stable at a predefined value.
Furthermore, the balloon catheter device comprises means which are adapted for
pulling out or retracting the balloon out of the aorta of the rabbit or the human being
at a constant speed. The balloon catheter device further comprises a control circuit
for controlling aforementioned means for adapting the balloon volume and for

retracting the balloon out the aorta.

The combination of both effects, namely the stable pressure of the balloon and the
constant retracting speed of the balloon out of the aorta, enables inducing
homogeneous, standardized and reproducible injuries in the aorta of the rabbit

respectively to avoid injuries in the aorta of the human being.
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According to an aspect of the invention, a balloon catheter device for use in an aorta
of a rabbit or a human being is provided. The balloon catheter device comprises a
balloon catheter, a syringe, an actuator, a pressure sensor, a balloon retracting unit, a

first control unit and a second control unit.

The balloon catheter comprises a flexible tube and a balloon at a distal end of the
tube, and the syringe comprises a chamber containing a fluid, wherein the chamber is
connected to a proximal end of the tube. The fluid within the chamber of the syringe
can be liquid, e.g. NaCl, or gaseous. The whole system, i.e. the chamber of the

syringe, the flexible tube and the balloon can be filled with the fluid.

The syringe can further comprise a housing and a rod with a plunger, wherein the
plunger is disposed at a distal end of the rod. The chamber can be variable in its
volume and can be defined by an inner wall of the housing of the syringe and the
plunger. In a known manner, the rod can be slid into the housing of the syringe and
pulled out of the housing of the syringe, thereby increasing the volume of the
chamber (when being pulled out of the housing) or decreasing the volume of the

chamber (when being slid into the housing).

The actuator is adapted for injecting the fluid contained in the chamber of the syringe
into the flexible tube, thereby increasing a volume of the fluid contained within the
balloon, and for sucking in fluid contained in the flexible tube into the chamber of

the syringe, thereby decreasing the volume of the fluid contained within the balloon.

In particular, the actuator can be a linear actuator which can be adapted for linearly
moving the rod of the syringe in a distal direction of the syringe for injecting the
fluid contained in the chamber of the syringe into the flexible tube, thereby

increasing a volume of the fluid contained within the balloon.
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The linear actuator can further be adapted for linearly moving the rod of the syringe
in a proximal direction of the syringe for sucking in fluid contained in the flexible
tube into the chamber of the syringe, thereby decreasing the volume of the fluid

contained within the balloon.

The pressure sensor is adapted for sensing an inflation pressure of the balloon. The
pressure sensor can e.g. be situated or disposed within the flexible tube, where the
pressure sensor can sense the pressure within the flexible tube and determine the
pressure within the balloon. Alternatively, the pressure sensor can be disposed
between the syringe and the flexible tube and can be in a fluid connection with both

the syringe (i.e. its chamber) and the flexible tube.

The balloon retracting unit is adapted for retracting the balloon out of the aorta. For
example, the balloon retracting unit can comprise means by which the flexible tube
can be pulled in a direction such that the balloon at the end of the flexible tube is

pulled out of the aorta.

The first control unit is communicatively connected to the pressure sensor and the
actuator, in particular the linear actuator. Such a connection can be made by wires or
wireless in a known manner. In particular, the first control unit can receive pressure
data generated by the pressure sensor, wherein the pressure data represent measured
balloon inflation pressures. Also, the first control unit can send command signals to

the actuator, in particular the linear actuator.

The second control unit is communicatively connected to the balloon retracting unit.
Such a connection can be made by wires or wireless in a known manner. In
particular, the second control unit can send command signals to the balloon retracting

unit.
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The first control unit is adapted to receive pressure data representing the inflation
pressure of the balloon measured by the pressure sensor and to control the actuator,
in particular the linear actuator, depending on the received pressure data, such that
the inflation pressure of the balloon is kept stable at a predefined inflation pressure
value. In this context, the term “stable” can in an ideal case mean that the inflation
pressure of the balloon is kept constant at a predefined inflation pressure value. In
reality, the inflation pressure of the balloon may deviate around the predefined

balloon inflation pressure in a certain range.

In particular, the first control unit can receive pressure data from the pressure sensor
according to which the pressure within the balloon is rising. This can be due to a
decrease in the diameter of the aorta of the rabbit or the human being into which the
balloon has been inserted. The first control unit can control the actuator, such that the
volume of the chamber of the syringe is increased. In particular, the first control unit
can control the linear actuator, such that the linear actuator pulls the rod out of the
housing of the syringe, thereby increasing the volume of the chamber. As a result, a
vacuum is built within the chamber which forces fluid contained within the flexible
tube to move into the chamber. However, the volume of fluid contained within the
flexible tube remains constant. As the total volume of fluid contained within the
chamber, the flexible tube and the balloon is always constant, fluid contained within
the balloon, which is flexible, is forced to move out of the balloon and into the
flexible tube. Thereby, the volume of the flexible balloon is decreased. By this, the
volume of the balloon is being adapted to a decreased diameter of the aorta in order
to stabilize the inflation pressure of the balloon respectively the pressure within the
balloon, wherein a pressure respectively force which the balloon exerts on the aorta

is also being adapted in a way that it is kept stable at an intended value.

In an opposite case, the first control unit can receive pressure data from the pressure
sensor according to which the pressure within the balloon is falling. This can be due

to an increase in the diameter of the aorta of the rabbit of the human being into which
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the balloon has been inserted. The first control unit can control the actuator, such that
the volume of the chamber of the syringe is decreased. In particular, the first control
unit can control the linear actuator, such that the linear actuator pushes the rod deeper
into the housing of the syringe, thereby decreasing the volume of the chamber. As a
result, fluid contained within the chamber is forced to leave the chamber and to flow
into the flexible tube. As a consequence, less fluid is contained within the chamber,
wherein the volume of fluid contained within the flexible tube is constant. As the
total volume of fluid contained within the chamber, the flexible tube and the balloon
is constant, the volume of the flexible balloon is increased. By this, the volume of the
balloon is being adapted to an increased diameter of the aorta in order to stabilize the
inflation pressure of the balloon respectively the pressure within the balloon, wherein
a pressure respectively force which the balloon exerts on the aorta is also being

adapted in a way that it is kept stable at an intended value.

Furthermore, the second control unit is adapted to control the balloon retracting unit,
such that the balloon is retracted out of the aorta at a constant speed. As an overall
result, the balloon can be pulled out of the aorta of the rabbit of the human being at a
constant speed and at a stable predetermined inflation pressure. By this, the aorta of
the rabbit can be damaged in such a way that homogenous plaques can be induced on
the one hand, and on the other hand, the aorta of the human being can be saved from

damages when pulling out the balloon.

According to an embodiment, the balloon catheter is a balloon catheter for generating
reproducible minimal-invasive lesions in the aorta of the rabbit, wherein the
predefined inflation pressure value is high enough to cause the balloon to generate
intended lesions in the aorta of the rabbit, if the balloon has an inflation pressure as

high as the predefined inflation pressure value.

According to another embodiment, the balloon catheter is a balloon catheter for use

in pressure controlled balloon thrombectomy on the human being, wherein the
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predefined inflation pressure value is not high enough to cause the balloon to
generate lesions in the aorta of the human being, if the balloon has an inflation

pressure as high as the predefined inflation pressure value.

The pressure sensor can be a Luer lock pressure sensor. The Luer lock pressure

sensor can be connected to a Luer lock fitting of the syringe on the one side and to
the flexible tube on the other side. The Luer lock pressure sensor is comfortable to
and can be combined with lots of different types of syringes because the Luer lock

fitting is standardized.

The balloon catheter device can further comprise an encoder and recording unit and a
quadrature encoder, wherein the encoder and recording unit is adapted for receiving,
encoding and storing pressure data representing measured pressures from the
pressure sensor and step data representing a number of steps performed by the linear

actuator from the quadrature encoder.

The encoder and recording unit can be adapted for calculating a volume of the

balloon depending on the received pressure data and step data.

The balloon catheter device can further comprise a computer unit, wherein the
encoder and recording unit is adapted for transmitting the received pressure data and
step data to the computer unit, and wherein the computer unit is adapted for storing
the transmitted pressure data and step data and for creating real time plots of both the

transmitted pressure data and step data.

According to another embodiment, the first control unit and the second control unit
are integrated into a single control unit. Furthermore, the encoder and recording unit

can also be integrated into the single control unit.
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According to another embodiment, the balloon retracting unit comprises a rack, a
sled, and driving means, wherein the sled is slideably mounted on the rack, and
wherein the syringe and the linear actuator are fixedly mounted on the sled. The
driving means are adapted for driving the sled such that the sled is sliding along the
rack at a sliding speed, and the second control unit can control the driving means,

such that the sliding speed of the sled is constant.

The rack can comprise two guiding rods, wherein the driving means can comprise a
rotating stepper and a spindle drive. The sled can be guided in a linear direction by
means of the two guiding rods, wherein the spindle drive can drive the sled such that
the sled is sliding along the two guiding rods at the sliding speed, and wherein the
second control unit can control the spindle drive, such that the sliding speed of the

sled is constant.

According to another embodiment, the balloon retracting unit comprises a retracting
roll assembly, and an electric motor, in particular a DC gear motor. The electric
motor is adapted for driving the retraction roll assembly such that the retracting roll
assembly is rotating at a rotating speed, wherein the retracting roll assembly is
configured for advancing the flexible tube of the balloon catheter such that the
flexible tube is retracted out of the aorta when driven by the electric motor, and
wherein the second control unit is configured for controlling the electric motor, such

that the rotating speed of the retracting roll assembly is constant.

According to another embodiment, the first control unit comprises a memory unit,
wherein a predefined upper limit value of the balloon inflation pressure is stored in
the memory unit, wherein a predefined lower limit value of the balloon inflation
pressure is stored in the memory unit, and wherein a predefined actuating speed of

the linear actuator is stored in the memory unit.
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The first control unit is adapted for deflating the balloon by driving the linear
actuator at the predefined actuating speed, such that the rod of the syringe is moved
in a proximal direction of the syringe at a speed proportional to the predefined
actuating speed and sucks in fluid contained in the flexible tube into the chamber of
the syringe, thereby decreasing the volume of the fluid contained within the balloon,
if a value of a measured inflation pressure is higher than the predefined lower limit

value of the balloon inflation pressure.

The first control unit is also adapted for inflating the balloon by driving the linear
actuator at the predefined actuating speed, such that the rod of the syringe is moved
in a distal direction of the syringe at a speed proportional to the predefined actuating
speed and injects the fluid contained in the chamber of the syringe into the flexible
tube, thereby increasing a volume of the fluid contained within the balloon, if the
value of the measured inflation pressure is lower than the predefined upper limit

value of the balloon inflation pressure.

Furthermore, the first control unit is adapted for inflating the balloon, if the value of
the measured inflation pressure is higher than the predefined lower limit value of the
balloon inflation pressure and if the value of the measured inflation pressure is lower

than the predefined upper limit value of the balloon inflation pressure.

These and other aspects of the invention will be apparent from and elucidated with

reference to the embodiments described hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

In the following description, exemplary embodiments of the invention are explained

with reference to the accompanying schematic drawing in which
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Fig. 1 shows a top view of a device in accordance with a first embodiment of

the invention,

Fig. 2 shows a top view of a device in accordance with a second embodiment

of the invention and

Fig.3 shows a diagram illustrating a chronological sequence of a balloon
inflation pressure being controlled by the device according to Fig. 1 or

2.

Fig. 1 shows a balloon catheter device 1 for use in an aorta of a rabbit (not shown) or
a human being (not shown) in accordance with an embodiment of the present
invention. As described in the following, the balloon catheter device 1 can be
adapted for generating reproducible minimal invasive lesions in the aorta of the
rabbit or for being used in pressure controlled balloon thrombectomy on the human

being.

The balloon catheter device 1 comprises a balloon catheter 2, a syringe 3, a linear
actuator 4, a pressure sensor 5, a balloon retracting unit 6, a first control unit 7, a

second control unit 8 and an encoder and recording unit 9.

The balloon catheter 2 comprises a flexible tube 10 and a balloon 11 at a distal end
12 of the flexible tube 10. The balloon 11 is also flexible, meaning that it can be
inflated by filling it with a fluid and deflated by sucking the fluid out of it. The
flexible tube 10 is in a fluid connection with the balloon 11. In particular, a fluid
contained in the flexible tube 10 can be pushed into the balloon 11 and vice versa in
order to inflate or deflate the balloon 11. The flexible tube 10 and the balloon 11 are
adapted to be inserted into the aorta of the rabbit and the human being. The balloon
catheter 2 can be positioned within the aorta, wherein the balloon 11 is in a deflated

state. When brought into position in the aorta of the rabbit, the balloon 11 can be
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inflated with sufficient pressure and be retracted by retracting the flexible tube 10,
thereby causing a minimal-invasive lesion in the aorta of the rabbit, as will be
described further below. Furthermore, when brought into position in the aorta of the
human being, the balloon 11 can be inflated with sufficient but not too high pressure
and be retracted by retracting the flexible tube 10, such that an occlusion respectively
a thrombus within the aorta of the human being can be removed without causing an

invasive lesion in the aorta of the human being, as will be described further below.

The syringe 3 comprises a housing 13 in which a rod 14 having a plunger 15 can
slide in opposite directions, namely in a proximal direction x; and in a distal
direction x4 of the syringe 3, thereby increasing or decreasing a volume of a chamber
16 within the housing 13. The chamber 16 is filled with a fluid and is connected to a
Luer cone region 17 of the syringe 3. The flexible tube 10 and the balloon 11 are
filled with the same fluid as the chamber 16, also. The fluid within the chamber 16,
the flexible tube 10 and the balloon 11 can be liquid, e.g. NaCl, or gaseous. The Luer
cone region 17 comprises an injection port 18 which is in a fluid communication
with the chamber 16. A proximal end of the flexible tube 10 is fixedly connected to
the Luer cone region 17 of the syringe 3, such that the chamber 16 is in a fluid

connection with the flexible tube 10 via the injection port 18.

The pressure sensor 5 which is a Luer lock pressure sensor is mounted on the syringe
3 in the Luer cone region 17. The pressure sensor 5 is in a fluid connection with the
flexible tube 10 on the site shown right in Fig. 1, and the injection port 18 on the site
shown left in Fig. 1, such that the pressure sensor 5 senses a pressure within the
flexible tube 10 which indicates the pressure in the balloon 11 of the balloon catheter
2. The pressure sensor 5 generates according pressure data which represents the
inflation pressure of the balloon 11. The pressure sensor 5 continuously senses the

pressure as described above and generates respective a number of pressure data.



10

15

20

25

30

- 13-

The first control unit 7 and the second control unit 8 can be integrated into a single
control unit 19 which fulfills all the functions of the first control unit 7 and the
second control unit 8. Although not shown in Fig. 1, the encoder and recording unit 9
can also be integrated into the single control unit 19, wherein the single control unit
19 fulfils all the functions of the encoder and recording unit 9. The first control unit 7
can comprise a first memory unit 20, the second control unit 8 can comprise a second
memory unit 21 and the encoder and recording unit 9 can comprise a third memory

unit 22.

The first control unit 7 can example given be mounted on an Arduino UNO board.
The first control unit 7 can comprise a stepper driver 45 (e.g. a DRV8825) to operate
the linear actuator 4 respectively its driving unit 37 as described below. Furthermore,
the first control unit 7 can comprise an external power supply (not shown) for the
stepper driver and an “on/standby” button (not shown). If the “on/standby” button is
pressed, the stepper driver 45 of the first control unit 7 controls the driving unit 37 in
such a way that the balloon 11 is filled to a predefined balloon inflation pressure,
wherein the predefined balloon inflation pressure is hold stable by a threshold
technique as described in conjunction with Fig. 3 further below. By pressing a “go-
home” button (not shown) of the first control unit 7 the stepper driver 45 of the first
control unit 7 controls the driving unit 37 in such a way that stamp 36 of the linear
actuator 4 is moved into a starting position, thereby emptying the balloon 11 up to a
starting volume. Data representing said starting position can be predetermined and
stored in the first memory unit 20. Additionally, the first control unit 7 can comprise
an interface (not shown) for a connection with the pressure sensor 5 and an interface

(not shown) for a connection with the linear actuator 4.

Retracting of the flexible tube

The balloon retracting unit 6 according to the exemplary embodiment shown by Fig.

1 comprises a rack 23, a sled 24, a holder 25 and driving means 26. The rack 23
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comprises two guiding rods 27 and 28. The driving means 26 comprise a rotating

stepper 29 and a spindle drive 30.

The holder 25 is a part of and fixedly mounted on the sled 24 on an upper surface
thereof. The sled 24 comprises parallel through-holes 31 and 32 (indicated by dashed
lines) of such size and length that the two guiding rods 27, 28 can be pushed through
the through-holes 31 and 32 and the sled 24 together with the holder 25 can linearly
slide along the guiding rods 27, 28 in the proximal direction x; and in the distal
direction xd. By this, the sled 24 together with its holder 25 is slid ably mounted on
the rack 23, wherein the sled 24 is guided in a linear direction, namely in the
proximal direction xp and in the distal direction x4, by means of the two guiding rods

27, 28.

The sled 24 together with its holder 25 can be driven, in particular can be slid along
the two guiding rods 27, 29 of the rack 23 in the proximal direction xp and in the
distal direction x4 as described above by the spindle drive 30 which, in turn, can be
driven by the rotating stepper 29 of the driving means 26. In particular, the sled 24
can be driven by the spindle drive 30 at a constant speed. The second control unit 8 is
communicatively connected to the rotating stepper 29 of the retracting unit 6. The
second control unit 8 is adapted to control the balloon retracting unit 6, such that the
balloon 11 of the balloon catheter to is retracted out of the aorta of the rabbit or the

human being at a constant speed.

In particular, the second control unit 8 controls the rotating stepper 29 such that it is
moved an intended number of steps in an intended turning direction, thereby causing
the spindle drive 30 also to rotate an intended number of steps in an intended turning
direction. The second control unit 8 controls the rotating stepper 29 such that it is
moved the intended number of steps at a constant frequency, thus enabling a constant
rotating speed of the spindle drive 30 as well as a constant sliding speed of the sled

24 together with its holder 25. As it will be described further below, the flexible tube
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10 is fixed to the holder 25 of the sled 24. Therefore, if the sled 24 is driven by the
spindle drive 30 in the proximal direction X; at a constant speed, the flexible tube 10
is also moved in the proximal direction xp at a constant speed. By this movement of
the flexible tube 10 in the proximal direction xp, the flexible tube 10 and especially
the balloon 11 of the balloon catheter 11 can be retracted out of the aorta of the rabbit
or the human being by use of the balloon retracting unit 6, if the flexible tube 10 and

the balloon 11 have been inserted into the aorta before.

The spindle drive 30 comprises an external thread (not shown) and is guided through
a third through-hole (not shown) within the sled 24. The third through-hole runs
parallel to the first through-hole 31 and to the second through-hole 32. The third
through-hole comprises an internal thread (not shown) corresponding to the external
thread of the spindle drive 30. The third through-hole is of such length and size that
the spindle drive 30 can be pushed through the third through-hole. If the spindle
drive 30 is rotating as described above, it drives the sled 24 together with its holder
25, such that the sled 24 slides along the rack 23 in the distal direction x4 (if the
spindle drive is turning in a first rotating direction) or in the proximal direction xp (if
the spindle drive is turning in a second direction, wherein the second rotating

direction is opposite to the first rotating direction).

A respective algorithm to control the rotating stepper 29 is stored on the second
memory unit 21 of the second control unit 8. For example, the sled can be driven at a
constant speed of 5 mm/s. The inventor found out that such a speed is ideal because
it enables a relatively fast retraction of the balloon 11 and the flexible tube 10 out of
the aorta of the rabbit of the human being on the one hand, and on the other hand
such a speed is not too high (which could negatively influence the first control unit 7
in that the first control unit 7 cannot adapt the volume respectively the inflation
pressure of the balloon 11 fast enough, which could lead to an explosion of the

balloon 11 or in the worst case of the aorta of the rabbit or the human being).
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Inflating (Filling)/Deflating (Emptying) of the Balloon

The linear actuator 4 is fixed to the holder 25 at a traverse 33 of the holder 25. The
housing 13 of the syringe 3 is also fixed to the holder 25. By this, the syringe 3 and
the linear actuator 4 are fixed to the sled 24. The housing 13 can e.g. be fixed on a
second sled 34 which can be fixed on holder 25 in different positions with regards to

the distal direction x4 respectively the proximal direction xp of the syringe 3.

The linear actuator 4 comprises a cylindrical housing 35, a stamp 36, a driving unit
37 and a quadrature (rotary) encoder 38. The stamp 36 can slide into the cylindrical
housing 35 in the proximal direction xp and out of the cylindrical housing 35 in the
distal direction x4. A distal end of the stamp 36 of the linear actuator 4 is fixed to a
proximal end of the rod 14 of the syringe 3. The cylindrical housing 35 of the linear
actuator 4 is fixed to the traverse 33 of the holder 25.

If the stamp 36 is moved in the distal direction X4, the rod 14 of the syringe 3 is also
moved in the distal direction x4, and the volume of the chamber 16 within the
housing 13 of the syringe 3 is decreased. As a result, fluid contained in the chamber
16 of the syringe 3 is pushed through the injection port 18 of the syringe 3 into the
flexible tube 10 of the balloon catheter 2 where it displaces fluid into the balloon 11
and the balloon 11 of the balloon catheter 2 is inflated. By this, the linear actuator 5
is adapted for linearly moving the rod 14 of the syringe 3 in a distal direction x4 of
the syringe 3 for injecting the fluid contained in the chamber 16 of the syringe 3 into
the flexible tube 10, thereby increasing a volume of the fluid contained within the

balloon 11.

If the stamp 36 is moved in the proximal direction xp, the rod 14 of the syringe 3 is
also moved in the proximal direction xp, and the volume of the chamber 16 within
the housing 13 of the syringe 3 is increased, thereby inducing a vacuum within the

chamber 16. As a result, fluid contained in the flexible tube 10 of the balloon catheter



10

15

20

25

30

-17 -

2 is sucked through the injection port 18 of the syringe 3 into the chamber 16 of the
housing 13 of the syringe 3 and the flexible balloon 11 of the balloon catheter to is
deflated. By this, the linear actuator 5 is adapted for linearly moving the rod 14 of the
syringe 3 in a proximal direction xp of the syringe 3 for sucking in fluid contained in
the flexible tube 10 into the chamber 16 of the syringe 3, thereby decreasing the

volume of the fluid contained within the balloon 11.

The driving unit 37 in the form of a stepper motor drives the stamp 36 in small steps
into the cylindrical housing 35 in the proximal direction xp and also in small steps out
of the cylindrical housing 35 in the distal direction xd. The stepper driver 45 of the
first control unit 7 is communicatively connected to the pressure sensor 5 and the
driving unit 37 of the linear actuator 4. A microprocessor P of the first control unit 7
receives the pressure data generated by the pressure sensor 5 and controls the stepper
driver 45 which in turn controls the driving unit 37 of the linear actuator 4 depending
on the received pressure data. In particular, the stepper driver 45 controls the number
of steps by which the driving unit 37 drives the stamp 36 and the direction into which
the stamp 36 is moved into the cylindrical housing 35 or out of the cylindrical

housing 35.

As the balloon 11 and the flexible tube 10 of the balloon catheter 2 are retracted out
of the aorta of the rabbit or the human being by use of the retracting unit 6 as
described above, the pressure within the balloon 11 may vary, if a volume of the
balloon 11 remains constant and the diameter of the aorta is changing. For example,
an abdominal aorta can narrow from proximal to distal from about 5 mm to about 3
mm in diameter. At a constant balloon volume this can introduce significant pressure
differences from about 1 bar to 3 bar when retracting the balloon 11 out of the aorta.
As the balloon 11 is in contact with the aorta and is exerting a force on the aorta,
wherein the force corresponds to the pressure within the balloon 11 respectively the
balloon inflation pressure, a change of the inflation pressure of the balloon 11 results

in a respective variation of the force exerted on the aorta by the balloon 11. When
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being inserted into the aorta of the rabbit, this leads to heterogeneous invasions and
plaque development in the art of the rabbit. When being inserted into the aorta of the

human being, this can lead to unintended lesions of the aorta of the human being.

To solve these problems, the microprocessor P of the first control unit 7 controls the
stepper driver 45 which in turn controls the number of steps by which the driving
unit 37 drives the stamp 36 and the direction into which the stamp 36 is moved into
the cylindrical housing 35 or out of the cylindrical housing 35 in such a way, that the
inflation pressure of the balloon 11 is kept stable at a pre-defined inflation pressure
value. This is done by adapting the volume of the fluid contained within the balloon
11 to the changing diameter of the aorta. For example, an intended predefined
inflation pressure value may be stored in the memory unit 20 of the first control unit
7. This pressure value can be in a range high enough to cause the balloon 11 to
generate intended lesions in the aorta of the rabbit, if the balloon 11 has an inflation
pressure as high as the predefined inflation pressure value and if the balloon catheter
2 is inserted into the aorta of the rabbit. The intended predefined pressure value
alternatively can be in a range not high enough to cause the balloon 11 to generate
lesions in the aorta of the human being, if the balloon 11 has an inflation pressure as
high as the predefined inflation pressure value and if the balloon catheter 2 is

inserted into the aorta of the human being.

The first control unit 7 may receive first pressure data representing a first inflation
pressure of the balloon 11 and second pressure data representing a second inflation
pressure of the balloon 11 from the pressure sensor 5. The second inflation pressure
of the balloon 11 may be higher than the first inflation pressure of the balloon 11.
This pressure difference may be due to a decrease in the diameter of the aorta of the
rabbit or the human being. The microprocessor P of the first control unit 7 controls
the stepper driver 45 and is adapted for determining and controlling a direction as
well as a number of steps by which the linear actuator 4 has to move the rod 14 of the

syringe 3 in order to decrease the volume within the balloon 11, such that the second
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inflation pressure is decreasing towards the first inflation pressure. In this case, the
microprocessor P of the first control unit 7 controls the stepper driver 45 and will
determine and control the driving unit 37 in such a way that the stamp 36 of the
linear actuator 4 is moved into the proximal direction, thereby forcing the rod 14 also
to move in the proximal direction x4. By this, the volume of the fluid contained
within the balloon 11 can be decreased as well as the pressure of the balloon 11 as

described above.

The second inflation pressure of the balloon 11 also may be lower than the first
inflation pressure of the balloon 11. This pressure difference may be due to an
increase in the diameter of the aorta of the rabbit or the human being. The
microprocessor P of the first control unit 7 controls the stepper driver 45 and is
adapted for determining and controlling a direction as well as a number of steps by
which the linear actuator 4 has to move the rod 14 of the syringe 3 in order to
increase the volume within the balloon 11, such that the second inflation pressure is
increasing towards the first inflation pressure. In this case, the microprocessor P of
the first control unit 7 controls the stepper driver 45 and will determine and control
the driving unit 37 in such a way that the stamp 36 of the linear actuator 4 is moved
into the distal direction x4, thereby forcing the rod 14 also to move in the distal
direction xd. By this, the volume of the fluid contained within the balloon 11 can be

increased as well as the pressure of the balloon 11 as described above.

A respective algorithm for controlling the driving unit 37 may be stored in the
memory unit 20 of the first control unit 7. For example, the algorithm can be
uploaded on and stored in the Arduino UNO board on which the first control unit 7 is

mounted.
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Storing (Recording)/Plotting of Pressure Data and Step Data

The quadrature (rotary) encoder 38 is communicatively connected to the driving unit
37 of the linear actuator 4. In particular, the encoder 38 is adapted for receiving data
from the driving unit 37 with regards to the number of steps the driving unit 37 has
moved the stamp 36 and an according direction into which the stamp 36 has been
moved by the driving unit 37. The encoder 38 is also communicatively connected to
the encoder and recording unit 9. In particular, the encoder 38 can transmit data
which it has received from the driving unit 37 to the encoder and recording unit 9 as
described above. The encoder and recording unit 9 can encode and store the data
received from the encoder 37 in the memory unit 22 of the encoder and recording
unit 9. Additionally, the encoder and recording unit 9 can also be communicatively
connected to the pressure sensor 5 (not shown). In particular, the encoder and
recording unit 9 can receive and encode pressure data which have been generated by
the pressure sensor 5 (e.g. the same pressure data which the pressure sensor 5 is

transmitted to the first control unit 7).

If the encoder and recording unit 9 has received data from the encoder 38, wherein
the data represents a number of steps and a respective direction into which the stamp
36 has been moved by the driving unit 37, the encoder and recording unit 9 can
calculate a volume of the balloon 11 or a change of volume of the balloon 11. In
other words, the number of steps and the direction can be calculated into a volume of
the balloon 11 respectively a change of volume of the balloon 11. For example, the
driving unit 37 can drive the stamp 36 with 0.0121 mm/step. An inner diameter of
the chamber 13 of the syringe 3 can be for example 4.7 mm. If the driving unit 37
drives the stamp 36 for example 800 steps, the encoder and recording unit 9 can
calculate the volume of the balloon 11 of the balloon catheter 2 as follows: 0.0121
mm/step * 800 steps * (4.7 mm)? pi/4 = 168 pL. The flexible tube 10 can have for

example a maximum capacity for fluid of 750 uL.
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The encoder and recording unit 9 can also be communicatively connected to a
computer unit 39 which comprises a fourth storing unit 40. In particular, the encoder
and recording unit 9 can transmit the step data received by the encoder 38 and the
pressure data received by the pressure sensor 5 to the computer unit 39. Similar to
the encoder and recording unit 9 the computer unit 39 can store the pressure step data
and pressure data in the fourth memory unit 40. Especially, the computer unit 39 can
create real time plots of the step data and the pressure data stored in the fourth
memory unit 40. Aforementioned functions of the computer unit 39 can also be
fulfilled by the single control unit 19 into which the computer unit 39 can be

integrated, too.

Fig. 2 shows a balloon computer device 1 according to another embodiment of the
present invention. The device 1 is similar to that shown by Fig. 1. The difference
mainly lies in the configuration of the balloon retracting unit 6. In the following, only
differences between the devices 1 as per Fig. 1 and Fig. 2 are described in order to

avoid repetitions.

The balloon retracting unit 6 as per Fig. 2 comprises a retracting roll assembly 41
and an electric DC gear motor 42. The retracting roll assembly 41 comprises a first
roller wheel 43 and a second roller wheel 44 and advances the flexible tube 10 of the
balloon catheter 2 such that the flexible tube 10 is retracted out of the aorta when
driven by the motor 42. In detail, the flexible tube 10 is guided and quenched
smoothly in-between the roller wheels 43 and 44, such that a rotational movement of
the roller wheels 43 and 44 — by friction between the wheels 43 and 44 and the
flexible tube 10 — leads to a movement of the flexible tube 10 in the distal direction
xd or in the proximal direction xp, depending on the turning direction of the roller
wheels 43 and 44. For example, if the second roller wheel 44 is turning in a
clockwise direction with regards to the view as per Fig. 2, the flexible tube 10 is
moved by the roller wheels 43 and 44 in the distal direction x4. If, on the other hand,

the second roller wheel 44 is turning in an anti-clockwise direction with regards to
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the view as per Fig. 2, the flexible tube 10 is moved by the roller wheels 43 and 44 in
the proximal direction xp. By this, the retracting roll assembly 41 can advance the

flexible tube 10 of the balloon catheter 2.

The DC gear motor 42 is coupled to the second roller wheel 44, such that the motor
42 can drive the second roller wheel 44 into opposite turning directions (clockwise
and anticlockwise according to the view as per Fig. 2) at a rotating speed. As the
flexible tube 10 is moved in the proximal direction xp or in the distal direction x4, the
first roller wheel 43, which is in frictional contact with the flexible tube 10 is rotating
in a turning direction, which is opposite to the turning direction of the second roller
wheel 44. The DC gear motor 42 is communicatively connected to the second control
unit 8. In particular, the second control unit 8 controls the motor 42, such that the
motor 42 drives the second roller wheel 44 at a constant speed. As a result, the
rotating speed of the retracting roll assembly is constant. By this, the flexible tube 10
especially can be advanced in the proximal direction xp such that the balloon 11 and
the flexible tube 10 of the catheter 2 are retracted out of the aorta of the rabbit or the

human being at a constant speed.

Threshold Technique

Fig. 1 and Fig. 2 each show a device 1 comprising a first control unit 7 being capable
to hold a stable predefined balloon inflation pressure over the whole retraction
distance of the balloon catheter 2 out of the aorta of the rabbit or the human being.
The balloon inflation pressure is measured by the pressure sensor 5. The linear
actuator 4 is coupled to the syringe 3 and adjusts the volume of the balloon 11
(filling/emptying) depending on the actual balloon inflation pressure. The chamber
16, the flexible tube 10 and the balloon 11 are filled with the fluid, for example
NaCl. The predefined balloon inflation pressure may be hold stable by a threshold

technique, which is described in the following.
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Fig. 3 shows a first diagram in the upper part of Fig. 3 and a second diagram in the
lower part of Fig. 3. The first diagram comprises a horizontal axis (time in seconds)
and a vertical axis (balloon inflation pressure in bar measured by the pressure sensor
5 and transmitted to the first control unit 7). The pressure sensor 5 continuously
determines the pressure within the balloon 11 (balloon inflation pressure p),
generates respective pressure data, and transmits the pressure data to the first control
unit 7 as described above in conjunction with Fig. 1 and 2. The chronological
sequence of the balloon inflation pressure p is shown by the first diagram.The second
diagram comprises a horizontal axis (time in seconds) and a vertical axis with 2
different values (value “1 “ representing a “state 1” in which the balloon 11 is
inflated as described above in conjunction with Fig. 1 and 2 by filling the balloon 11
with the fluid contained within the chamber 16 of the syringe and the flexible tube
10; value”0” representing a “state 0” in which the balloon 11 is deflated as described
above in conjunction with Fig. 1 and 2 by sucking out fluid contained within the
balloon 11 into the flexible tube 10 and into the chamber 16 of the syringe 3). The

chronological sequence of state 1 and state 0 is shown by the second diagram.

The horizontal axis of the first diagram and the second diagram run parallel to each
other, wherein a certain time on the horizontal axis of the first diagram corresponds
to the same time on the horizontal axis of the second diagram, meaning that for
example a value of 2 seconds on the horizontal axis of the first diagram is situated

vertical above a value of 2 seconds on the horizontal axis of the second diagram.

In the memory unit 20 of the first control unit 7 especially three values are stored: a
predefined upper limit value of the balloon inflation pressure pu (e.g. 1.2 bar), a
predefined lower limit value of the balloon inflation pressure Pi (e.g. 1.0 bar) and a
predefined actuating speed v [steps of the driving unit 37/per second] (e.g. 150

steps/sec) of the linear actuator 4.
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The main principle of the threshold technique as depicted by Fig. 3 is that the
microprocessor P of the first control unit 7 controls the stepper driver 45 and
therefore the microprocessor P compares the pressure data which are generated by
the pressure sensor 5 with the upper limit value of the balloon inflation pressure pu
and with the lower limit value of the balloon inflation pressure pi1. Based on the result
of such comparisons the stepper driver 45 controls the driving unit 37 of the linear
actuator 4 in such a way that the balloon 11 is either inflated or deflated as described

above in conjunction with Fig. 1 and 2.

In a first comparison, the pressure data are compared with the lower limit value of
the balloon inflation pressure pi. It is checked, whether a balloon inflation pressure
value generated by the pressure sensor 5 exceeds the lower limit value of the balloon
inflation pressure pi (requirement 1). If requirement 1 is fulfilled, the stepper driver
45 controls the driving unit 37 of the linear actuator 4 in such a way that the balloon
11 is deflated as described above in conjunction with Fig. 1 and 2. This could be
implemented in a computer program e.g. as follows: “If p (e.g. 1.1 bar) > pi (e.g.=1.0

bar), then “state 0.

In a second comparison, the pressure data are compared with the upper limit value of
the balloon inflation pressure pu. It is checked, whether the balloon inflation pressure
value received by the pressure sensor 5 is below the upper limit value of the balloon
inflation pressure pu (requirement 2). If requirement 2 is fulfilled, the stepper driver
45 controls the driving unit 37 of the linear actuator 4 in such a way that the balloon
11 is inflated as described above in conjunction with Fig. 1 and 2. This could be
implemented in a computer program e.g. as follows: “If p (e.g. 1.1 bar) <pu (e.g.=1.2

bar), then “state 1”.

If requirement 1 is fulfilled but not requirement 2, the stepper driver 45 controls the
driving unit 37 of the linear actuator 4 in such a way that the balloon 11 is deflated

(state 0). If requirement 2 is fulfilled but not requirement 1, the stepper driver 45
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controls the driving unit 37 of the linear actuator 4 in such a way that the balloon 11
is inflated (state 1). If both requirements 1 and 2 are fulfilled, the stepper driver 45
controls the driving unit 37 of the linear actuator 4 in such a way that the balloon 11

is inflated (state 1).

Referring now to Fig 3, at the beginning (i.e. starting from 0 s) the balloon inflation
pressure p is rising but still below the lower limit value of the balloon inflation
pressure pi. Requirement 1 is not fulfilled but requirement 2. Therefore, the stepper
driver 45 controls the driving unit 37 of the linear actuator 4 in such a way that the

balloon 11 is inflated (state 1).

In its further course, at a first point in time t1 the graph of the balloon inflation
pressure p crosses a first auxiliary horizontal dashed line representing the lower limit
value of the balloon inflation pressure pi. At this point of time ti1, the balloon
inflation pressure p equals the lower limit value of the balloon inflation pressure pi.
Requirement 1 is not fulfilled but requirement 2. Therefore, the stepper driver 45
controls the driving unit 37 of the linear actuator 4 in such a way that the balloon 11
is inflated (state 1). In its further course, up to but not including a second point in
time t2 the balloon inflation pressure exceeds the lower limit value of the balloon
inflation pressure pi but still is below the upper limit value of the balloon inflation
pressure pu. Therefore, both requirements 1 and 2 are fulfilled and the balloon 11 is

inflated.

However, at the second point in time t2, the graph of the balloon inflation pressure p
crosses a second auxiliary horizontal dashed line representing the upper limit value
of the balloon inflation pressure pu. At this point of time t2, the balloon inflation
pressure p equals the upper limit value of the balloon and inflation pressure pu.
Requirement 1 is fulfilled but not requirement 2. Therefore, the stepper driver 45
controls the driving unit 37 of the linear actuator 4 in such a way that the balloon 11

is deflated (state 0).
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In its further course, the graph of the balloon inflation pressure p is still rising up to a
third point in time t3, although the balloon is already being deflated (state 0). This is
due to the fact that a change from inflation to deflation influences the inflation
pressure of the balloon 11 with some delay because of a delay duration in the system
(it takes some time until a movement of the rod 14 of the syringe 3 in the proximal
direction xp leads to a decrease in pressure within the balloon 11) respectively due to

a loop time, i.e. a time period until the conditions are queried again.

At the third point of time t3 the delay duration is over and the balloon inflation
pressure p starts to decrease. At a fourth point of time t4 the balloon inflation
pressure p equals the upper limit value of the balloon inflation pressure pu again.
Therefore, at the fourth point of time t4 the same conditions apply as at the second

point of time t2 (state 0).

As the balloon pressure value further decreases, both conditions 1 and 2 are fulfilled
in-between the fourth point of time t4 and a fifth point of time ts. Therefore, the
balloon 11 is inflated again (state 1). In-between the fourth point of time t4 and a fifth
point of time ts the graph of the balloon inflation pressure p is still declining up to the
fifth point of time ts, although the balloon is already being inflated again (state 1).
This is due to the fact that a change from deflation to inflation influences the
inflation pressure of the balloon 11 with some delay because of a delay duration in
the system (it takes some time until a movement of the rod 14 of the syringe 3 in the
distal direction x4 leads to an increase in pressure within the balloon 11) respectively
due to a loop time, 1.e. a time period until the conditions are queried again. At the
fifth point of time ts the delay duration is over and the balloon inflation pressure p
starts to increase again. At a sixth point of time ts the balloon inflation pressure p
equals the upper limit value of the balloon inflation pressure pu again. Therefore, at
the sixth point of time t¢ the same conditions apply as at the fourth point of time t4

and at the second point of time t2 (state 0).
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In its further course, the graph of the balloon inflation pressure p describes a zigzag
course around the upper limit value of the balloon inflation pressure pu. A maximum
deviation of the balloon inflation pressure p to the upper limit value of the balloon
inflation pressure pu in said zigzag course is a threshold value. The zigzag course is
generated by the controlling of the driving unit 37 by the stepper driver 45 of the first

control unit using the threshold technique as described above.
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Claims

1. A balloon catheter device (1) for use in an aorta of a rabbit or a human
being, comprising:

a balloon catheter (2),

a syringe (3),

an actuator (4),

a pressure sensor (5),

a balloon retracting unit (6),

a first control unit (7) and

a second control unit (8),

wherein the balloon catheter (2) comprises a flexible tube (10) and a balloon
(11) at a distal end (12) of the tube (10),

wherein the syringe (3) comprises a chamber (16) containing a fluid, wherein
the chamber (16) is connected to a proximal end of the tube (10),

wherein the actuator (4) is adapted

for injecting the fluid contained in the chamber (16) of the syringe (3) into the
flexible tube (10), thereby increasing a volume of the fluid contained within the
balloon (11), and

for sucking in fluid contained in the flexible tube (10) into the chamber (16)
of the syringe (3), thereby decreasing the volume of the fluid contained within the
balloon (11),

wherein the pressure sensor (5) is adapted for sensing an inflation pressure of
the balloon (11),

wherein the balloon retracting unit (6) is adapted for retracting the balloon
(11) out of the aorta,

wherein the first control unit (7) is communicatively connected to the
pressure sensor (5) and the actuator,

wherein the second control unit (8) is communicatively connected to the

balloon retracting unit (6),
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wherein the first control unit (7) is adapted to receive pressure data
representing the inflation pressure of the balloon (11) measured by the pressure
sensor (5) and to control the actuator (4) depending on the received pressure data,
such that the inflation pressure of the balloon (11) is kept stable at a predefined
inflation pressure value, and

wherein the second control unit (8) is adapted to control the balloon retracting

unit (6), such that the balloon (11) is retracted out of the aorta at a constant speed.

2. The balloon catheter device (1) according to claim 1,

wherein the balloon catheter (2) is a balloon catheter for generating
reproducible minimal-invasive lesions in the aorta of the rabbit, and

wherein the predefined inflation pressure value is high enough to cause the
balloon (11) to generate intended lesions in the aorta of the rabbit, if the balloon (11)

has an inflation pressure as high as the predefined inflation pressure value.

3. The balloon catheter device (1) according to claim 1 or 2,

wherein the balloon catheter (2) is a balloon catheter for use in pressure
controlled balloon thrombectomy on the human being, and

wherein the predefined inflation pressure value is not high enough to cause
the balloon (11) to generate lesions in the aorta of the human being, if the balloon

(11) has an inflation pressure as high as the predefined inflation pressure value.

4. The balloon catheter device (1) according to one of the preceding claims,

wherein the pressure sensor (5) is a Luer lock pressure sensor.

5. The balloon catheter device (1) according to one of the preceding claims,
further comprising:
an encoder and recording unit (9) and

a quadrature encoder (38),
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wherein the encoder and recording unit (9) is adapted for receiving, encoding
and storing pressure data representing measured pressures from the pressure sensor
(5) and step data representing a number of steps performed by the linear actuator (4)

from the quadrature encoder (38).

6. The balloon catheter device (1) according to claim 5,
wherein the encoder and recording unit (9) is adapted for calculating a

volume of the balloon (11) depending on the received pressure data and step data.

7. The balloon catheter device (1) according to claim 5, further comprising a
computer unit (39),

wherein the encoder and recording unit (9) is adapted for transmitting the
received pressure data and step data to the computer unit (39),

wherein the computer unit (39) is adapted for storing the transmitted pressure
data and step data and for creating real time plots of both the transmitted pressure

data and step data.

8. The balloon catheter device (1) according to one of the preceding claims,
wherein the first control unit (7) and the second control unit (8) are integrated into a

single control unit (19).

9. The balloon catheter device (1) according to claim 8, wherein the encoder

and recording unit (9) is integrated into the single control unit (19).

10. The balloon catheter device (1) according to one of the preceding claims,
wherein the balloon retracting unit (6) comprises

arack (23),

a sled (24), and

driving means (26),

wherein the sled (24) is slideably mounted on the rack (23),
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wherein the syringe (3) and the linear actuator (4) are fixedly mounted on the
sled (24),

wherein the driving means (26) are adapted for driving the sled (24) such that
the sled (20) is sliding along the rack (23) at a sliding speed, and

wherein the second control unit (8) can control the driving means (26), such

that the sliding speed of the sled (24) is constant.

11. The balloon catheter device (1) according to claim 10,

wherein the rack (23) comprises two guiding rods (27, 28),

wherein the driving means (26) comprise a rotating stepper (29) and a spindle
drive (30),

wherein the sled (24) is guided in a linear direction (Xp, Xd) by means of the
two guiding rods (27, 28),

wherein the spindle drive (30) can drive the sled (24) such that the sled (24) is
sliding along the two guiding rods (27, 28) at the sliding speed, and

wherein the second control unit (8) can control the spindle drive (30), such

that the sliding speed of the sled (24) is constant.

12. The balloon catheter device (1) according to one of the preceding claims,

wherein the balloon retracting unit (6) comprises

a retracting roll assembly (41) and

an electric motor (42), in particular a DC gear motor,

wherein the electric motor (42) is adapted for driving the retraction roll
assembly (41) such that the retracting roll assembly (41) is rotating at a rotating
speed,

wherein the retracting roll assembly (41) is configured for advancing the
flexible tube (10) of the balloon catheter (2) such that the flexible tube (10) is

retracted out of the aorta when driven by the electric motor (42), and
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wherein the second control unit (8) is configured for controlling the electric
motor (42), such that the rotating speed of the retracting roll assembly (41) is

constant.

13. The balloon catheter device (1) according to one of the preceding claims,

wherein the first control unit (7) comprises a memory unit (20),

wherein a predefined upper limit value of the balloon inflation pressure is
stored in the memory unit (20),

wherein a predefined lower limit value of the balloon inflation pressure is
stored in the memory unit (20),

wherein a predefined actuating speed of the linear actuator (4) is stored in the
memory unit (20),

wherein the first control unit (7) is adapted for deflating the balloon (11) by
driving the linear actuator (4) at the predefined actuating speed, such that the rod (14)
of the syringe (13) is moved in a proximal direction (xp) of the syringe (3) at a speed
proportional to the predefined actuating speed and sucks in fluid contained in the
flexible tube (10) into the chamber (16) of the syringe (3), thereby decreasing the
volume of the fluid contained within the balloon (11), if a value of a measured
inflation pressure is higher than the predefined lower limit value of the balloon
inflation pressure, and

for inflating the balloon (11) by driving the linear actuator (4) at the
predefined actuating speed, such that the rod (14) of the syringe (3) is moved in a
distal direction (xd) of the syringe (3) at a speed proportional to the predefined
actuating speed and injects the fluid contained in the chamber (16) of the syringe (3)
into the flexible tube (10), thereby increasing a volume of the fluid contained within
the balloon (11), if the value of the measured inflation pressure is lower than the
predefined upper limit value of the balloon inflation pressure,

wherein the first control unit (7) is adapted for inflating the balloon (11),

if the value of the measured inflation pressure is higher than the predefined

lower limit value of the balloon inflation pressure and
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if the value of the measured inflation pressure is lower than the predefined

upper limit value of the balloon inflation pressure.
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ABSRACT

The invention relates to a balloon catheter device (1) for use in an aorta of a rabbit or
a human being. The device (1) comprises a balloon catheter (2), a syringe (3), an
actuator (4), a pressure sensor (5), a balloon retracting unit (6), a first control unit (7)
and a second control unit (8). The balloon catheter (2) comprises a flexible tube (10)
and a balloon (11) at a distal end (12) of the tube (10) and the syringe (3) comprises a
chamber (16) containing a fluid, wherein the chamber (16) is connected to a
proximal end of the tube (10). The actuator (4) is adapted for increasing/decreasing a
volume of the fluid contained within the balloon (11). The pressure sensor (5) is
adapted for sensing an inflation pressure of the balloon (11) and the balloon
retracting unit (6) is adapted for retracting the balloon (11) out of the aorta. The first
control unit (7) is adapted to receive pressure data representing the inflation pressure
of the balloon (11) measured by the pressure sensor (5) and to control the actuator (4)
depending on the received pressure data, such that the inflation pressure of the
balloon (11) is kept stable at a predefined inflation pressure value, and the second
control unit (8) is adapted to control the balloon retracting unit (6), such that the

balloon (11) is retracted out of the aorta at a constant speed.

Fig. 1
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