-1 Universiteit
%47 Leiden
The Netherlands

Biomechanical studies on type B aortic dissection
Veger, H.T.C.

Citation
Veger, H. T. C. (2022, March 24). Biomechanical studies on type B aortic
dissection. Retrieved from https://hdl.handle.net/1887/3280049

Version: Publisher's Version
Licence agreement concerning inclusion of doctoral
License: thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/3280049

Note: To cite this publication please use the final published version (if
applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3280049

Biomechanical Studies on
Type B Aortic Dissection

Hugo Thomas Christian Veger



ISBN 978-94-6361-607-2

Layout and printed by Optima Grafische Communicatie, Rotterdam, the Netherlands

© 2022 Hugo Veger
All rights reserved. No part of this thesis may be reproduced, stored or transmitted in any way or by any

means without the prior permission of the author; or when applicable, of the publishers of the scientific papers.



Biomechanical Studies on
Type B Aortic Dissection

Proefschrift

ter verkrijging van
de graad van doctor aan de Universiteit Leiden,
op gezag van rector magnificus prof.dr.ir. H. Bijl,
volgens besluit van het college voor promoties

te verdedigen op
donderdag 24 maart 2022
klokke 13:45 uur

door

Hugo Thomas Christian Veger
geboren te Dronten

in 1982



Promotor

prof. dr.).F. Hamming

Copromotor
dr.R.G.S. van Eps

Review committee
prof. dr. PH.A. Quax
Department of Experimental Vascular Medicine

Leiden University Medical Center

dr.ir.).J.M.Westenberg
Department of Radiology
Leiden University Medical Center

prof. dr. M.D.Ackermann
Department of Physics

University of Twente

dr.A. Schepers
Department of Vascular Surgery

Leiden University Medical Center

prof. dr.J.A. van Herwaarden
Department of Vascular Surgery

University Medical Center Utrecht



CONTENTS

Chapter |.

Chapter 2.

Chapter 3.

Chapter 4.

Chapter 5.

Chapter 6.

Chapter 7.

Chapter 8.

Introduction to acute aortic type B dissection.

Aims and outline of the thesis.

The role of branch vessels in aortic type B dissection.An in-vitro study.

The influence of aortic wall compliance on false lumen expansion in aortic

dissection.An in-vitro study.

Wall shear stress assessment of the false lumen in acute type B Aortic
dissection visualized by four-dimensional flow magnetic resonance imag-
ing (4D flow MRI).An ex-vivo study.

Where to fenestrate in type B aortic dissection? An ex-vivo study.

General discussion

Summary

Samenvatting in het Nederlands

List of Abbreviations
Acknowledgements (Dankwoord)
List of Publications

Curriculum Vitae

23

37

47

6l

71

8l

89

90

91
93






Introduction to Acute Aortic Type B Dissection

Adapted from; Understanding Acute Aortic Type B Dissection:
Are There New Horizons In Patient Selection?

H.T.C.Veger
J.F. Hamming
M.). T.Visser

Reviews in Vascular Medicine. 2013






Introduction to acute aortic type B dissection. Aims and outline of the thesis.

HISTORY

The dissection process of blood vessels was first described more than three hundred years ago by
Sennertus. However the first detailed descriptions of the clinical entity was published by the British
physician named Nicholls in 1760." In 1802 Maunoir described the penetration of blood through
the media of a diseased aorta. At the end of the |9th century the first correct ante-mortem
diagnosis of aortic dissection was made by Swaine. It took almost half a century before the first
surgical intervention with an aortic fenestration procedure was attempted to treat malperfusion
syndrome. The first primary open surgical repair of an acute aortic dissection was performed by
De Bakey and Cooley in 1954.%The first reports of endovascular repair of acute aortic dissection

with stent graft technology were at the end of the 20th century.?

PATHOFYSIOLOGY

Aortic dissection (AD) begins with an intimal tear which allows blood to enter and split the
medial layers. Intimal disease, such as that associated with atherosclerosis, is not a prerequisite,
although underlying medial disease due to both elastic fiber and smooth muscle cell degeneration
is the rule.”

The most frequent site of entry in the descending thoracic aorta is just beyond the insertion of
the ligamentum arteriosum, where the relatively mobile arch becomes anchored to the thoracic
cage.Aortic dissection results in a false and true lumen.The false lumen having pressures greater
than or equal to those in the true lumen. Expansion of the false lumen occurs due to its thin
outer wall, which contains only about one-third of the elastin of the total vascular wall. The
elastin-poor outer wall of the false lumen then dilates more than the elastin-rich nondissected
inner wall to generate the wall tension required to balance a given blood pressure. * Dilatation
of the false lumen is multi-factorial and depends on the (intra-luminal) blood pressure, residual
wall thickness (depth of dissection plane in the media; wall shear stress), percentage of the wall
circumference involved in the dissection. The dissection can evolve in either an antegrade or
retrograde direction. Because of pressure differences, the false lumen may compress or obstruct
the true lumen. ® In general, after dissection several sequelae can occur. Acute dissection may be
complicated by loss of blood supply to a vital organ because of branch arterial obstruction with
either dynamic or static mechanisms. ¢ In static obstruction, the dissection flap enters the branch
vessel with absent or inadequate distal re-entry and causes ischemia by reducing the true lumen
diameter. In contrast, the dissection flap in dynamic obstruction intermittently prolapses across
the orifice of the branch vessel during the cardiac cycle, and this subsequently results in end-organ
ischemia. ® The false lumen may remain patent, thrombose, recommunicate with the true lumen

through fenestrations, or rupture.
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AETIOLOGY

Aortic dissection results from an interaction between abnormal hemodynamic circumstances and
/ or abnormal morphological characteristics of the aortic wall.

The two causes of abnormal hemodynamic factors are hypertension - found in at least two-
thirds of all cases - and aortic coarctation. Causes of abnormal morphological characteristics of
the aortic wall can be due to atherosclerosis, connective tissue disorders, iatrogenic factors or

trauma (Tabel 1). ¢

Tabel I. Conditions contributing to abnormal morphological characteristics of the aortic wall

Atherosclerotic Risk factors Hypertension
Dyslipidemia
Smoking
Cocaine
Connective tissue disorders Congenital Bicuspid aortic valve

Cystic medial necrosis

Turner’s syndrome

Marfan syndrome

Ehlers-Danlos syndrome

Loeys-Dietz syndrome

Hereditary Familial thoracic aortic aneurysm

Acquired Giant cell arteritis

Takayasu’s arteritis

Syphilitic aortitis

Behcet disease

latrogenic Aortic catheterization

Aortic (valve) surgery

TEVAR

Trauma Deceleration injuries

Cocaine serves as both a predisposing factor to aortic dissection due to its effect on aortic
connective tissue and as a precipitating factor due to its propensity to produce abrupt and severe
hypertension.’

Connective tissue disorders can be congenital, hereditary or acquired. Congenital causes
includes bicuspid aortic valve and is associated with aortic aneurysm and dissection.This suggests
the possibility that a bicuspid valve is an identifiable manifestation of a systemic connective tissue
disorder. ® In cystic medial necrosis there is a degenerative breakdown of collagen, elastin and
smooth muscle caused by aging contributing to weakening of the wall of the artery. Turner’s
syndrome is associated with high blood pressure and aortic dilatation. * Structural weakness of
the aortic wall is associated with multiple connective tissue disorders such as Marfan syndrome,

Ehlers-Danlos and Loeys-Dietz syndrome.

10
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Acquired disorders include inflammatory diseases, which can destroy the medial layers of the
aortic wall and lead to weakening, expansion, and dissection of the aortic wall. ° Autoimmune
processes may affect vasa vasorum and promote nutrient deficiency of aortic wall layers. * lat-
rogenic aorta dissections can result from aortic (valve) surgery, aortic catheterization or after
Thoracic EndoVascular Aortic Repair (TEVAR). Rare but not uncommon is aorta dissection after

high deceleration trauma.

INCIDENCE OF AORTA DISSECTION

Aortic dissection is the most frequently diagnosed lethal condition of the aorta and occurs nearly
three times as frequent as rupture of abdominal aortic aneurysm. '° The overall incidence of aortic
dissection has been estimated to 2.9 to 3.5 cases per 100 000 person-years. * The mean age at
presentation is reported at around 60 years. '' Males are more frequently affected than females,
the rate is considered between 2:1 and 5:1.° Women may be affected less frequently, but have
worse outcome as a result of atypical symptoms and delayed diagnosis.’

An important risk factor is a positive family history of thoracic aortic diseases.Acute TBAD has
a prevalence of 13- 22% in patients who have a first degree relative with a history of descending

thoracic aneurysm or AD. 6

CLASSIFICATION

Anatomical

The Stanford classification system of AD, described in 1970, has come to be the most widely used
in the literature. Type A affects the ascending aorta proximal of the brachiocephalic artery, type B
distally (Figure 1.).The most frequent site of entry in the descending thoracic aorta is just beyond
the insertion of the ligamentum arteriosum, where the relatively mobile arch becomes anchored
to the thoracic cage.

Recently a new anatomical classification system was introduced by the Society for Vascular
Surgery/Society of Thoracic Surgeons (SVS/STS). This is based on the location of the entry tear
and the proximal and distal extent and redefines nomenclature associated with Type B Aortic
Dissection (TBAD) (Figure 2.)."?

This new classification provides a clear framework of language that will allow more granular

discussions and reporting of aortic dissection in the future. >

Complications

Complicated TBAD (cTBAD) is associated with rupture, mal-perfusion syndrome, refractory

pain, rapid aortic expansion at onset or during hospital stay and failure of medical management
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Type B

Figure |. Stanford classification system of aortic dissection

Proximal Distal
Extent

2
3

2

2

NogYeNoOOARWON 2O
NSO NOGAWN=O

Figure 2. Society for Vascular Surgery (SVS) and Society of Thoracic Surgeons (STS) reporting standards for

type B aortic dissections. *

(see paragraph Treatment). Uncomplicated TBAD (uTBAD) occurs without the aforementioned

complications.

Time of onset
A subdivision in onset of uUTBAD is “acute” and should refer to <2 weeks, “subacute” from 2 to 6

weeks, and “chronic”’>6 weeks from symptom onset.
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CLINICAL PRESENTATION

Acute AD is clinically suspected at initial evaluation in fewer than half of patients ultimately
diagnosed with the disease. °® Acute aortic dissection is frequently confused with acute coronary
syndrome, resulting in delayed diagnosis and inappropriate treatment with antiplatelet, antithrom-
bin, and fibrinolytic therapies. On the other hand a variety of symptoms can initially suggest
acute aortic dissection but ultimately prove to represent other conditions.The stimulated sensory
fibers in acute aortic dissection may share the common spinal segments with those arising from
the heart, pericardium, pleura, and esophagus. *

The majority of patients with dissections have a previously documented history of hypertension
(sensitivity 64%). "> Most patients with acute aortic dissection present with pain (sensitivity 90%)
of severe intensity (sensitivity 90%) with sudden onset (sensitivity 84%). '* The presence of a
tearing and ripping pain sensation has a specificity around 95%. "* Clinical findings for thoracic AD
during physical examination are present in less than half of all cases. '* The sensitivity of a clinical
finding suggesting a dissection is disappointing with a reported sensitivity of only 31% in case of

pulse pressure differential between carotid, radial and femoral arteries. '*

IMAGING

In the 20" century aortography was used as the best imaging technique for assessing patients
with clinically suspected thoracic aortic dissection. Currently, the noninvasive modalities most fre-
quently used to identify aortic dissections are ultrasonography (US), helical computed tomography
angiography (CTA) and magnetic resonance angiography (MRA).

US include transthoracic echocardiography (TTE) and transesophageal echocardiography (TEE).
The image quality of TTE is adversely affected by obesity, emphysema, mechanical ventilation,
chest-wall deformities, or small intercostal spaces resulting in sensitivity between 31%-55% for
dissections involving the descending aorta. > TEE may be used in the primary care setting to
visualize the descending thoracic aorta from the Left Subclavian Artery (LSA) to coeliac artery
with sensitivity up to 100%. However TEE in the awake patient can lead to more hypertension
introducing more risks. If a patient is intubated for TEE further clinical symptoms are masked by
sedation. This has to be balanced in the acute situation. US also have major general shortcomings,
the diagnostic accuracy depends largely on the investigator’s experience and the images can’t be
used to plan therapy. "* This makes US as diagnostic imaging modality for AD not very helpful.

The standard technique for diagnosing and classifying thoracic aortic dissections are contrast-
enhanced CTA, 3-dimensional (3D) MRA and 4-dimensional (4D) MRI.

The gold standard for imaging TBAD is Computed Tomography Angiography (CTA). '® Imaging
should include a noncontrast study, followed by an early and late phase contrast study and should

examine the part of the body between the thoracic inlet and the common femoral arteries. CTA

13
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has the advantages of shorter acquisition time, wide availability, and high diagnostic accuracy with
sensitivity of 100% (Cl 95% 96-100) and specificity of 98% (Cl 95% 87-99). " False-negative CTA
results can occur due to inadequate contrast opacification caused by cardiac failure or to the
thrombosed lumen being mistaken for an aortic aneurysm with mural thrombus. ®

Over the last two decades, CTA has become more sophisticated and is more readily avail-
able, with an increase in the number of scanners, the use of ECG-gated techniques, and through
advances in post-processing software. These advances have resulted in motion free images with
higher resolution, reduced scanning times, and better visualisation including three dimensional
reconstruction. '®

A major disadvantage of CTA is the static aspect of images, interpretation of the volume and
flow changes in the true and false lumen during cardiac cycle is not possible. Contrast-enhanced
3D MRA has several advantages over CTA, including lack of nonionizing radiation, multiplanar
evaluation, “safer” (ie, nonnephrotoxic) contrast material and greater vessel coverage at high
resolution with fewer sections.® 4D flow MRI can accurately visualize and quantify the functional
flow and access hemodynamic information such as as entry tear flow, blood flow patterns in the
false and true lumen and Wall Shear Stress (WSS). '* The WSS expresses the viscous force per unit
area applied by the fluid on the wall in a direction at the local interface.

Nevertheless, 3D and 4D MRA has its clinical limitations. It cannot be performed in unstable
patients due to longer acquisition time and difficulty in monitoring, and it is also not appropriate
for patients with implanted electronic devices or metal implants.

Performing CTA or MRA first for confirming or ruling out thoracic aortic dissection should
depend on the availability of each imaging test because time delay increases the mortality rate in
untreated patients.’ However, 3D MRA may prove to be the optimal imaging modality in medically

stable patients with aortic dissection. ”'

TREATMENT

Current treatment modality depends on whether the TBAD is categorized as either uncompli-
cated or complicated.About one third of the TBADs are complicated. > Intractable pain, rapid ex-
pansion and/or rupture, and organ and/or lower limb ischemia (malperfusion) are signs of cTBAD.
The therapeutic options for cTBAD are endovascular therapy (fenestration and / or TEVAR) and
open surgery. Endovascular fenestration can be performed in case of cTBAD with malperfusion
syndrome due to dynamic compression. * Fenestration of the dissection flap decreases the load
and pressure inside the false lumen by increasing communication between the true and false
lumen.The concept of TEVAR was propelled by the desire to induce aortic remodeling by means
of exclusion of the false lumen and thrombosis of the false lumen and, at the same time, avoiding
the risks associated with open surgical intervention. Entry tear coverage with endovascular stent

grafting and redirection of thoracic aortic flow entirely through the true lumen have been the hall-
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marks of endovascular repair. > Creation of a sufficient proximal landing zone by over stenting the
left subclavian artery during endovascular stent grafting results in increased risk of perioperative
stroke, paraplegia and death. *® Revascularisation of the LSA offers protection against a composite
endpoint of stroke, paraplegia and death. ¢*

A feared complication after TEVAR is the occurrence of a retrograde dissection. The stress
yielded by the endograft seems to play a predominant role in its occurrence. It is important to
take this stress-induced injury into account during both design and placement of the endograft.
% Despite these disadvantages TEVAR provides improved survival in cTBAD with mortality rates
of 10% to 20% versus 20% to 30% in open surgery.®’ TEVAR is now the treatment of choice for
these extremely high-risk and complex patients. ¢’

uTBAD is diagnosed in the absence of complications and has traditionally been managed medi-
cally. Optimal Medical Treatment (OMT) includes observation in an intensive care setting with
aggressive blood pressure and heart rate control and close surveillance. ¢* ¥ Also sedation and
pain reducing management should be included. OMT for all acute uTBAD was derived from early
studies conducted several decades ago that demonstrated no survival advantage of surgery over
OMT. The goal of OMT is to reduce aortic wall stress and False Lumen (FL) pressurization. In
the acute phase, intravenous medications are aimed to control heart rate, blood pressure and
reduce the maximum change in left ventricular pressure in early systole (maximum dP/dt). ¢° "
This result in a decrease aortic wall shear stress. ®* Alpha- and betablockers such as labetalol
are useful first-line agents. If a potent vasodilator such as sodium nitroprusside is to be used, it
is imperative to be certain that the patient is on a beta-blocker with good heart rate control to
avoid reflex tachycardia.’ A significantly decrease is observed of secondary adverse events (aortic
expansion, recurrent aortic dissection, aortic rupture and/or need for aortic surgery) by reducing
the heart rate below 60 bpm. ®To achieve a systolic blood pressure of 100 to 120 mm Hg calcium-
channel-blockers, nitrates and angiotensin converting enzyme inhibitors can be administered. 7
Approximately 20% of acute uTBAD could progress to a complicated state, with malperfusion
syndrome constituting a significant portion of delayed complications. ® Despite medical manage-
ment overall in-hospital mortality for uUTBAD is around 12%.'' *® Once complications occur the
prognosis declines, with hospital mortality greater than 50%. * By evolving medicine in particular
improved perioperative management and most important the increased experience of TEVAR
the morbidity and mortality from intervention has decreased. This resulted in several studies
comparing OMT to OMT+TEVAR in subacute and acute uTBAD.

Subacute uTBAD

The INSTEAD (Investigation of Stent Grafts in Aortic Dissection) trial randomized 140 patients
with subacute uTBAD into cohorts of elective TEVAR with OMT (n = 72) to OMT alone (n = 68).
% At 2 years, no mortality difference was found for patients that had OMT+TEVAR compared
with OMT alone. OMT+TEVAR was associated with improved favorable remodeling, with a FL
thrombosis rate of 91.4%, compared with 19.4% in the OMT cohort (p < 0.001). *® Extended
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follow-up to 5 years in the INSTEAD-XL trial, the OMT+TEVAR patients had improved 5-year
aorta-specific mortality (6.9% vs. 19.3%; p = 0.045), as well as greater rates of favorable remodeling
(79.2% vs. 10%; p < 0.001).*° This survival benefit is attributed to the ability of TEVAR to prevent
late complications. In the Clinical Practice Guidelines of the European Society for Vascular Surgery
(ESVS) patients at risk of further aortic complictions with suitable anatomy for endografting, en-

dovascular repair of uTBAD: in the sub-acute phase should be considered in dedicated centres. ¢

Acute uTBAD

ADSORB is the first and only prospective randomised clinical trial of acute uTBAD.* The primary
endpoints were false lumen thrombosis, aortic dilatation, and aortic rupture. The original sample
size calculation at trial inception in 2002 called for 250 patients to be randomized, but this was
subsequently revised because of slow recruitment as well as newer data from the INSTEAD trial.
Finally 61 patients with acute uTBAD were randomized into cohorts of elective OMT+TEVAR
to OMT alone. OMT was given to both arms of this study and the mortality at 30 days was zero.
Given the small sample size and short duration of follow-up, the trial is not powered to detect
differences in aortic-related and all-cause mortality. A recent meta-analysis demonstrates that
there remains uncertainty whether TEVAR, in addition to OMT, is beneficial in acute and subacute
uncomplicated type B aortic dissection. *' The capability to accurately predict which patients
with acute uTBAD will develop cTBAD could transform clinical management by allowing earlier

intervention before complications occur.

PREDICTORS OF DISSECTION RELATED EVENTS AFTER INITIAL
CONSERVATIVE TREATMENT

Several prognostic predictors of dissection related events (dissection related death or need for
intervention) after initial conservative treatment in acute uTBAD have previously been identified.

Predictors of complications in acute uTBAD during admission are aortic diameter 240mm, a
primary entry tear >10mm, primary entry tear located on the concavity (undersurface) of the
distal aortic arch and a FL diameter > 22mm. *'-**

Prognostic predictors for dissection related events in acute TBAD during admission are a peak
CRP level >96.1 mg/L and patency of the false lumen (defined as the concurrent presence of both
flow and thrombus).

The peak CRP level is a strong predictor of long-term outcomes in acute uTBAD (Table I). *
The peak CRP may represent the extent of the inflammatory reaction in the dissected aortic wall
and may also reflect the damage to the lesion.

Patent false lumen and in particular partial thrombosis of the false lumen portends a poor
outcome. ¥’ One potential explanation for a poor outcome relates the pressure within the false

lumen to the presence of partial thrombosis.A patent false lumen may be perfused by a proximal
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entry tear and decompressed by distal reentry tear(s), formation of a partial thrombus may oc-

clude these distal tear(s), obstructing the outflow.An increase in pressure within the false lumen

will increase wall tension, which may elevate the risk of aneurysm expansion, redissection and

rupture.

Patients with complete thrombosis of the false lumen have improved outcomes, whereas those

with a patent false lumen have an increased risk of aortic expansion and death. ¢ **

Antegrade flow through the false lumen is more likely to be associated with chronic false

lumen patency than distal tears with retrograde flow. *® Complete thrombosis of the false lumen

excludes the false lumen from the circulation and is a predictor of less aortic enlargement and is

related to lower mortality. Complete thrombosis of the false lumen is thought to be a prerequisite

for complete healing.

Tabel Il. Predictors of adverse dissections related events in ABAD

HR 95% Confidence
intervals
At admission Aortic diameter 240mm ©3* 3.13 1.10 to 8.88
Primary entry tear >|0mm ¢**
Primary entry tear located on the concavity
(undersurface) of the distal aortic arch ****®
During admission Peak CRP level * 96.1 to 148.7 mg/L 2.42 1.04 to 5.61
149.0 to 326.0 mg/L 3.99 1.78 to 8.99
FL diameter > 22mm *'*
Patency of the false lumen ¢ 7.63  2.681t021.69
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GENERAL OUTLINE AND AIM OF THE THESIS

Although some clinical and image based predictors of adverse outcomes have been identified
there is still little basic mechanistic insight in the process of dissection and the behavior of the false
lumen. Better understanding of important pathophysiologic elements of the dissection process
can help to guide clinical management. This resulted in our interest to study the false lumen in
TBAD. Improved understanding of the false lumen might result in new insights to predict and
understand the development of dissection related adverse events in TBAD. The false lumen is
influenced by dissection morphology, heamodynamics and aortic wall elasticity. An in-vitro or
ex-vivo study has the potential to isolate and study one specific parameter in a controlled setting.
Previous ex-vivo studies to examine dissection pathofysiology have used a non biological silicon
tubing to simulate TBAD. For this thesis we created a porcine TBAD model and implemented it in
a previously validated circulation system to have the ability to study several individual factors that
influence the false lumen in TBAD.

In TBAD patent false lumen portends a poor outcome. Patent branch vessels originating from
the false lumen in an aortic dissection type B are assumed to contribute to persistent blood flow
and patent false lumen. Chapter 2 aims to assess the morphologic changes of the false lumen
generated by different outflow rates in the created porcine TBAD model.

In contrast to aortic wall elasticity, the influence of haemodynamics and dissection morphology
have been investigated often in multiple in-vitro and ex-vivo studies. Chapter 3 focuses on the
influence of aortic wall elasticity on the diameter and pressure of the false lumen in aortic dissec-
tion by using the porcine TBAD model.

4D flow MRI has in contrast to the gold standard for imaging TBAD the ability to visualize and
quantify flow and provide hemodynamic information such as wall shear stress. Chapter 4 examine
the influence of heart rate on the volume, mean and peak wall shear stress by 4D flow MRl in the
false lumen in the porcine aorta dissection model.

Fenestration is a minimally invasive alternative for the treatment of acute symptomatic TBAD
because it may quickly decrease the pressure gradient of the false lumen. Chapter 5 evaluates

were the optimal location of these fenestrations should be made.
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Chapter 2

ABSTRACT

Objective

In Acute type B Aortic Dissection (ABAD) patent false lumen portends a poor outcome. Patent
branch vessels originating from the false lumen in an aortic dissection type B are assumed to
contribute to persistent blood flow and patent false lumen.Therefore we studied the morphologic

changes of the false lumen generated by different outflow rates in an in-vitro model.

Materials and Methods

An artificial dissection was created in two ex-vivo porcine aortas.A thin cannula was placed in the
false lumen simulating a branch vessel originating from the false lumen.The aorta was positioned
in a validated in-vitro circulatory system with physiological pulsatile flow (1500-2700ml/min) and
pressure characteristics (130/70mmHg).The cannula was attached to a small silicone tube with an
adjustable valve mechanism.Three different valve settings were used for creating outflow of the
false lumen (fully closed, opened at 50% and fully opened at 100%).With time-resolved Magnetic
Resonance Imaging measurements of lumen areas and flow rates were assessed. The experiment
was performed twice in two different porcine aortas with a similar morphology in order to study

reproducibility.

Results

Increasing antegrade outflow through the branch vessel of the false resulted in a significant (p
<0.01) increase of the mean false lumen area at the proximal and distal location in both models.
The distal false lumen expanded up to 107% in case of high outflow of the false lumen through

the branch vessel.

Conclusion

In this in-vitro study, we showed that increasing antegrade outflow through branch vessel originat-
ing from the false lumen when no distal re-entry tear is present results in an expansion of the

cross-sectional false lumen area.
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INTRODUCTION

Uncomplicated Acute type B Aortic Dissection (ABAD) is still associated with a 30-day mortal-
ity of approximately 10%." Although the introduction of thoracic endovascular aneurysm repair
(TEVAR) showed promising results in complicated ABAD, best medical treatment (BMT) is still
todays treatment for uncomplicated ABAD. The acutely dissected aorta is fragile and TEVAR can
result in malperfusion, ischemia, retrograde dissection, rupture and finally even perioperative
mortality. The results of the ADSORB trial, as the first randomised comparison between acute
(< 14 days) endovascular surgery and BMT for uncomplicated ABAD, showed only that aortic
remodelling after one year was in favour of endograft placement. The ADSORB trial did not show
an improved | year survival rate (although not powered for survival).2. The INSTEAD trial, as the
first randomized comparison between elective endovascular surgery and BMT, justified medical
management in the early phase for uncomplicated chronic ABAD from 2 to 52 weeks of onset.'
For stable survivors of acute type B dissection, benefits of TEVAR begin to show after 2 years of
follow-up.** Although the preliminary results of the uncompleted ABSORB trial did not show any
beneficial effect of early TEVAR, theoretically early TEVAR might save the lives of around 10% of
patients, minus the induced perioperative mortality by TEVAR, with initially uncomplicated ABAD
treated with BMT.> Therefore, identification of clinical and imaging predictors of poor prognosis
in uncomplicated ABAD seems mandatory to select patients who will benefit from early TEVAR.

In the acute ABAD the false lumen may remain patent, thrombose, recommunicate with the
true lumen through fenestrations, or rupture. Complete false lumen thrombosis is a major predic-
tor of prognosis because it excludes the false lumen from the circulation and is thought to be a
prerequisite for complete healing in the long run.*® Incomplete thrombosis or patent false lumen
portends a poor outcome.”” The occurrence of thrombosis in the false lumen depends on coagu-
lability, endothelial injury/dysfunction and blood flow. The blood flow in the false lumen is highly
variable due to morphological differences between various types of dissections.'® It is conceivable
that patent branch vessels originating from the false lumen in an aortic dissection type B may
contribute to persistent blood flow and patent false lumen, and thus to prognosis. Therefore, an
in-vitro study was performed using two ex-vivo porcine aortas, both with a surgically-constructed
false lumen and an adjustable outflow branch. We studied the morphologic changes of the false
lumen generated by different outflow rates and hypothesize that increased outflow through the

branch vessel originating from the false lumen will result in an increase of the false lumen.
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MATERIALS AND METHODS

Aortic dissection model

Two fresh porcine aortas were obtained from the abattoir and within 4 hours prepared as follows:
from the aortic arch to the iliac bifurcation all side branches were ligated with prolene 5.0. At
the descending aorta a transverse semi-circular incision was made though all vessel layers and
a dissection was surgically created in the media layer resulting in a false and true lumen with a
dissection flap. The surgically created false lumen in the media may be considered comparable to
a human aortic dissection (Figure ).A thin plastic cannula (diameter of 2 mm) was placed in the
false lumen simulating a branch vessel originating from the false lumen.The morphology of both
models is representative for an aortic dissection type B with no distal tear or partial thrombosis
occluding distal tears, impending outflow resulting in a blind sac from where a single branch vessel
originates (Figure 2). The models were stored in a refrigerator for approximately 48 hours and

subsequently defrozen before the start of the experiments.

I 200 ym

Figure |.Microscopy after hematoxylin and eosin staining for the histological evaluation of the artificially cre-
ated false lumen.The false lumen is created between intima with partial thickness media and partial thickness
media with adventitia.

The cannula simulating a branch vessel was attached to a small silicone tube with an adjustable
valve mechanism enabling a setting of variable outflow rates. Three different valve settings were
used: fully closed, opened at 50% and fully opened at 100% for creating antegrade outflow of the
false lumen. Magnetic Resonance Imaging (MRI) measurements were performed (details are given
below) at four equidistantly spaced locations (32 mm apart) and perpendicular to the aortic
model: proximally to the dissection, at the beginning of the dissection, half way of the dissection
and distally to the dissection. A schematic representation of the models and measurement loca-
tions is presented in Figure 2.

In Model | data were acquired first with the valve setting fully closed, next opened at 50% and
then fully opened at 100%. For Model 2, data was acquired with valve settings in inverse order,

preventing a potential bias due to the duration of the experiment.
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Figure 2. A schematic representation of the model. The four imaging planes are indicated and the arrows
represent the flow direction.

In-vitro circulatory system

A validated in-vitro circulatory system with physiological flow and pressure characteristics was
used to simulate the human circulatory system.'"'"® The main components of this circulatory
system are: a pneumatically-driven pulsatile pump with periodic triggering connecting to the MRI
system for synchronization, simulating ECG-triggering, a compliance chamber and a watertight
synthetic box with the aortic dissection model (Figure 3). All components are connected by a
silicone tubing system.The flow depends on the resistance in the in-vitro model and varies from
1500-2700ml/min.Water doped with a low concentration of gadolinium-based contrast (Dotarem,
Guerbet) to shorten T| relaxation time was used as circulating fluid. During the experiments the
pneumatically-driven pulsatile pump was set on a fixed frequency of 68 beats/minute and at the
start of each beat, a trigger was produced by the triggering unit connected to the MRI system.The
pressure of the circulated water was 130/70mmHg and was calibrated several times.

The synthetic box with the aortic dissection model was placed inside the MRI gantry and filled
with water, resulting in a submerged aortic dissection model. The antegrade outflow through the

simulated branch originating from the false lumen vessel was redirected to the main reservoir.

Imaging

Time-resolved multi-slice two-dimensional imaging was performed with a 1.5T MRI system (Gy-
roscan, Philips Medical Systems, Best, The Netherlands) at four equidistantly spaced locations per-
pendicularly positioned to the aorta model as indicated in Figure 2.The spatial resolution used in
the MRI protocol was 1.2x1.2mm?>. Phase-contrast velocity-encoding was performed, resulting in

both anatomical images and velocity images of the through-plane flow. Specific imaging parameters
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OO
A

Figure 3. Circulation set up.A schematic representation of the circulation set up, which consisted of (A) an
artificial pneumatic heart driver, (B) a tube to left ventricle, (C) a left ventricle, (D) a silicon tube, (E) a ball
valve, (F) an air chamber, (G) the aortic dissection model (see Fig.2), (H) a watertight synthetic box, (I) a blood
pressure cuff,and (J) an open reservoir.

were: echo time 3.0ms, repetition time 5.0ms, flip angle 20°, slice thickness 8mm, field-of-view
300x150mm?, two signal averages and velocity-encoding with sensitivity of 120 cm/s. Retrospec-
tive gating was used with a total of 160 phases reconstructed. Image analysis was performed using
in-house developed and validated software and manual contour segmentation. '* Cross-sectional
area distention of the aorta was determined from the anatomical images acquired at each location.
Therefore, the lumen area of both the true and false lumen were manually segmented in each
phase of the cardiac cycle for a total of 160 phases. Lumen area (in mm?) versus time-graphs were

determined.

Statistical analysis

The cross-sectional lumen area (in mm?) at all four locations in the aortic dissection model (Figure
2) were determined for all three valve settings, creating different false luminal outflow. Paired
t-tests were used to determine statistical significance in lumen area change at each location in the
aortic dissection model during different false luminal outflow. Statistical significance was assumed
at P < .05.
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RESULTS

The general flow characteristics of the in-vitro circulation in both models are presented in Table
|. Both models had a similar morphology but differed in lumen diameter resulting in a different
vascular resistance and thereby resulting in different general flow characteristics (Table | and 2).
The mean cross-sectional lumen area proximal to the dissection increased when the outflow

settings were adjusted in model | but not in model 2 (Table 2).

Table |. General flow characteristics for models | and 2.

In vitro circulatory system flow characteristics

Model | Model 2
Heart beat/min 68 68
Mean stroke volume/beat 40 mL 21.5mL
Stroke volume/min 2,720 mL 1,460 mL
False lumen outflow/min Valve setting Closed
50% 31 mL 24 mL
100% 86 mL 58 mL

Table 2. Data summary of mean * SD lumen area for the three different outflow conditions in models | and 2

Outflow by branch vessel vs. false lumen area

Scan plane area Outflow  Model | Model 2
1y iz g 0.5 mUbeat 1.3 mL/beat 0 0.5 mL/beat 0.9 mL/beat
vessel
True lumen | 2494+ 380 274.1 £ 154 2740+ 153 159.6+38 1653+ 166 1503+ 186
False lumen 2 A (mm?) 703+322 729317 753£256 112£89 [48%103 229+ 119
True lumen 2 B (mm?) 1983 %112 187.6+73 1792+ 137 1572139 1593+ 141 (519219
False lumen 3 A (mm?) 465+82 522458 567+57 102+62 134+88 201+ 148
True lumen 3 B (mm?) 180.1 £21.4 1733+ 187 1658+ 186 1377151 [432%116 1378+ 122
True lumen 4 (mm?) 1657415 1908+386 1869 +404 1254+ 149 1283+ 155 1209+ 3.9

The proximal imaging plane was positioned at the opening of the dissection at location 2 (Figure
2). At this location, the cross-sectional area of the false lumen in model | expanded with more
than 7% (70.3mm’ to 75.3mm?; Figure 4) when the outflow of the false lumen increased to 3.3%
of the mean stroke volume (1.3ml/beat versus 40ml mean stroke volume). In model 2 the cross-
sectional area of the false lumen at the distal location (i.e., location 3) expanded with more than
104% (11.2mm? to 22.9mm? Figure 5 and 6) when the outflow of the false lumen was increased
to 4.2% of the mean stroke volume (0.9ml/beat versus 21.5ml stroke volume).

Increasing the outflow through the branch vessel of the false lumen resulted in an increase of
the mean cross-sectional false lumen area in both models (Figure 4 and 5), which was statistically
significant ( P < .05) for the three outflow settings. The range in lumen area changed during the

three different outflow conditions with the largest range observed in model 2 (Figure 4 and 5).
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In the proximal acquisition plane of the true lumen, the mean cross-sectional lumen area
changed for the three different outflow conditions (2 B, Figure 2), however no correlation was
found (Table 2.).

Distally in the false lumen (3A, Figure 2), an increase in mean lumen area was measured when
the outflow of the false lumen was adjusted (Figure 4 and 5).This increase is statistically significant
( P <.05) for the three outflow settings in both models. The distal false lumen area in model |
expanded with more than 21% (46.5mm” to 56.7mm? Figure 4) when the outflow of the false
lumen was increased to 3.3% of the mean stroke volume (1.3ml/beat versus 40ml mean stroke
volume). In model 2 the distal false lumen area expanded with more than 107% (10.2mm” to
21.1mm? Figure 5) when the outflow of the false lumen was increased to 4.2% of the mean stroke
volume (0.9ml/beat versus 21.5ml stroke volume).The range of the lumen area remains consistent
for the three different outflow conditions in model | but showed an increase in model 2 (Figure
4 and 5).

Model 1: False lumen area versus outflow by branch vessel
False lumen2 A False lumen 3 A

POl P05 @ P< Ol P03
[ 10 1 [ 10 1

T I

8
8

u
=]
2

w
=)

Mean lume n area (mm?)
]

Mean lumen area (mm2)
8

No outflow
False lumen outflow 0.5ml/beat
m  False lumen outflow 1.3ml/beat
Figure 4. Model |.The mean * SD area of the proximal and distal plane in the false lumen for the three differ-
ent outflow conditions. False lumen outflow result in significant area increase of the false lumen (2A and 3A).

Model 2: False lumen area versus outflow by branch vessel

False lumen 2 A False lumen 3 A
40 40 el ;
=

35 35
'E 30 'E 30
E ~
525 525 £<.000
& e [ 1
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2 -]
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No outflow
False lumen outflow 0.5ml/beat
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Figure 5. Model 2.The mean * SD area of the proximal and distal plane in the false lumen for the three differ-
ent outflow conditions. False lumen outflow result in significant area increase of the false lumen (2A and 3A).
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For the distal acquisition plane (3 B, Figure 2), a statistically significant decrease (p <0.01) of
the mean lumen area of the true lumen was measured in model | when the outflow of the false
lumen was increased (Table 2.). In model 2, the measured true lumen area remained stable at the
highest false luminal outflow (Table 2.).

For both models, the mean lumen area measured in the acquisition plane 4 distalto the dissec-
tion (4, Figure 2) changed during the three different outflow conditions, however no correlation

was found.

A B C

Figure 6. Magnetic resonance angiography images at the same cardiac phase of the distal false lumen in model

2 visualizing the expansion of the false lumen. (A) No outflow; (B) outflow 0.5 mL/second; (C) outflow 0.9
mL/second.

DISCUSSION

Patients with uncomplicated ABAD have an overall in-hospital mortality of around 0% despite
best medical treatment.  '* '7 Once complications occur the prognosis declines, with hospital
mortality greater than 50%.'® Early TEVAR might save theoretically the lives of around 10% of
patients with initially uncomplicated ABAD although the preliminary results of the uncompleted
ABSORSB trial did not show any beneficial effect of early TEVAR.? "?

Therefore, identification of clinical and imaging predictors of poor prognosis in uncomplicated
ABAD seems mandatory to select patients who will benefit from early TEVAR. Although theo-
retically saving lives the opposite effect of TEVAR is the procedure induced complications like
malperfusion, ischemia, retrograde dissection, rupture and finally even perioperative mortality.

Complete false lumen thrombosis in ABAD excludes the false lumen from the circulation and
is a major predictor of prognosis. ¢ However, ABAD with patent false lumen including partial
thrombosis presents a high risk of complications. > **' The occurrence of incomplete thrombosis
will depend on the presence of flow in the false lumen which is maintained by outflow of patent
branch vessel(s) and / or fenestrations including re-entries of the dissection flap. Outflow by
patent branch vessel(s) results in continuing flow in the false lumen and may contribute to adverse

events.VWe hypothesized that increased outflow by branch vessels originating from the false lumen
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results in a larger false lumen. To study this hypothesis an in-vitro study with circulatory flow
was performed in which ex-vivo porcine aortas were included with a surgically-constructed false
lumen and to which a branch vessel was added originating from the false lumen with an adjustable
outflow, representing an uncomplicated ABAD (Figure 2).To validate reproducibility of our results,
the experiment was performed in two different porcine aortas with similar morphology.

Ex-vivo models are useful for studying haemodynamics of aortic pathologies, as individual fac-
tors in a complicated circulation system can be isolated and analysed. In this study, we applied
a porcine aorta as ‘modelled’ aorta, replacing the synthetic polymer or silicon tubing used in
previous in-vitro studies. > »* Additionally we used MRI (including simulating ECG-triggering
synchronization) for time-resolved imaging, which was not described previously in in-vitro studies.
22 The presented porcine aorta model morphology is representative for dissections with no
distal tear or with partial thrombosis occluding distal tears, impending outflow resulting in a blind
sac.”

Our model confirmed that the cross-sectional area of the false lumen expanded when outflow
of the false lumen was present through a branch vessel originating from the false lumen. The
expansion of the false lumen was observed in both models and in both acquisition planes of the
false lumen, proximal and distal in the dissection.The largest expansion was observed in the distal
location of the false lumen in model 2, with an area expansion of more than 107%.

Translation of the results from our in-vitro model to a physiological situation is of course limited
and therefore, evaluation of patients should be performed to confirm our findings. Additionally, in
part due to limitations inherent to replicating in vivo conditions, preclinical testing has a limited
ability in reproducing clinical settings.”” Therefore, following limitations of the pulsatile flow model
need to be acknowledged: water was used as a circulatory medium instead of blood, which is a
thrombotic medium. Spontaneous thrombosis could either block the tubing system or disturb
the function of the pulsatile pump.?* The applied pulsatile flow was not equal to an aortic flow.
Also, the aortas were prepared, frozen and after two days de-frozen.This might have altered the
elastic properties of the arterial wall. Furthermore, the absence of dissected lamella might have
influenced the outflow vessel. Implementation of lamella in a model would be too complex and
would result in many variables. Next, the aortic model was submerged in water without support,
which is not be representative for the connective tissue normally surrounding the aorta. Next,
only two porcine aortic models were used in the experiments and more aortic models would
result in more accurate data. Finally, we studied a small spectrum of outflow by branch vessel
originating from the false lumen although these outflow settings already resulted in a significant
increase of the false lumen area.

In conclusion, our in-vitro study showed that outflow through a branch vessel originating from
the false lumen in an aortic dissection results in expansion of cross-sectional false lumen area.
False lumen expansion might result in higher stress in the aortic wall, increasing the risk of dilata-
tion which contributes to the conversion of uncomplicated into complicated ABAD. Our findings

suggest that initially uncomplicated ABADs with no distal entry tear, but patent branch vessels
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originating from the false lumen, have a higher risk for complications and that in such cases, early
TEVAR may be considered.
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ABSTRACT

Background

Haemodynamics, dissection morphology and aortic wall elasticity have a major influence on the
pressure in the false lumen. In contrast to aortic wall elasticity, the influence of haemodynamics
and dissection morphology have been investigated often in multiple in-vitro and ex-vivo studies.
The purpose of this study was to evaluate the influence of aortic wall elasticity on the diameter

and pressure of the false lumen in aortic dissection.

Methods

An artificial dissection was created in three ex vivo porcine aortas.The aorta models were con-
secutively positioned in a validated in vitro circulatory system with physiological pulsatile flow.
Each model was imaged with ultrasound on four positions along the aorta and the dissection. At
these four locations, also pressure measurement were performed in the true and false lumen with
an arterial catheter. After baseline experiments the aortic wall elasticity was adjusted with silicon

and the experiments were repeated.

Results
The aortic wall elasticity was decreased in all three models after siliconizing. In all three siliconized
models the diameters of the true and false lumen increased at proximal, mid and distal location

while the mean arterial pressure did not significantly change.

Conclusions

In this in-vitro study, we showed that aortic wall elasticity is an important parameter altering the
false lumen. An aortic wall with reduced elasticity results in an increased false lumen diameter in
the mid and distal part of the false lumen.These results can only be transferred to corresponding

clinical situations to a limited extent.
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INTRODUCTION

Consensus has been established to manage uncomplicated Acute type B Aortic Dissection
(ABAD) in the acute phase (0-2 weeks) with surveillance and optimal medical treatment (OMT)
with control of hypertension and heart rate.' The reported 30 days in hospital mortality of an un-
complicated ABAD is 2.4%, but when an uncomplicated ABAD converts to a complicated ABAD
the 30 days in hospital mortality quadruples.? In the subacute phase of an uncomplicated ABAD
with suitable anatomy there is increasing evidence of improved survival and less progression of
disease at 5 years after elective Thoracic EndoVascular Aortic Repair (TEVAR).>* Gaining more
insight in the false lumen behaviour of the acute uncomplicated ABAD may result in identifying
those patients who are at high risk of developing complications and may benefit from elective
TEVAR in the acute phase.

Aortic dissection is defined as a pathological condition characterized by the presence of an
aortic intimal tear and medial dissection, in which blood flows from the entry site into the false
lumen.’ Haemodynamics, dissection morphology and aortic wall elasticity have a major influence
on the pressure in the false lumen.® In contrast to the aortic wall elasticity, the influence of
haemodynamics and dissection morphology have been investigated often in multiple in-vitro and
ex-vivo studies.”® Aortic wall elasticity is variable and often altered in aortic dissections.”'® The
aortic wall elasticity can be influenced by aging and atherosclerosis."

Today’s literature on the influence of aortic wall elasticity on the pressure of the false lumen
consists of only one in-vitro study using a lumped parameter model.'” This study described the
role of wall elasticity as a determinant of intraluminal pressures and flow patterns.'> Additional
research is needed to better understand the role of aortic wall elasticity and its relation to false
lumen diameter and false lumen pressure characteristics in uncomplicated ABAD.We hypothesize
that a less elastic aortic wall will result in an increase of false lumen pressure and diameter.We
studied this hypothesis by adjusting the aortic wall elasticity in a validated in-vitro porcine aorta

dissection model in a pulsatile flow-model.

MATERIALS AND METHODS

Aortic dissection model

To create a porcine Type B Aortic Dissection model with patent false lumen, we used a technique
that was previously described by Qing et al.'? Fresh porcine aortas were obtained frozen from
the abattoir. The porcine aortas were defrosted and prepared as following: from the aortic arch
to the iliac bifurcation all side branches were ligated with 5.0 Prolene. The porcine aorta was
everted with the help of a clamp. Before starting, orifices of small branches on the intimal surface
were observed, and the route of creating the dissection flap was carefully planned. "> A 24-GA V.

catheter was used to puncture the intima till mid-portion of media, and approximately 10cc of
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Figure |.Schematic overview of the aortic dissection model.The four imaging planes and pressure measure-
ment positions are presented.

saline was injected, creating an intramural haematoma."” The dissection was extendend by both
injecting saline and pressing the bleb without rupturing the dissection flap resulting in a dissection
with a length of | |cm. Subsequently, the dissection flap was cut in a proximal location to create
a primary entry. Finally, the aorta was everted back to finish the procedure. The dissection area
was longitudinally divided in proximal, mid and distal (Figure I).A total of three aortic dissection
models with all similar morphology, a primary entry tear and a dissection length of |1 cm were
made (Figure |).After baseline experiments (see below) the aortic wall elasticity of each aortic
model was adjusted by applying a synthetic polymer made up of silicon to the outer layer of the
aortic model (Silicone, Bison, The Netherlands) and the experiment was repeated. The basis to
choose for this method of siliconizing was to achieve a more rigid aortic wall as can be seen by
aging and atherosclerosis.' The effect of siliconizing the outer wall was evaluated by measuring
the lumen diameter under flow conditions prior to the dissection. Approval of the Institutional

Review Board (IRB) was not needed because no animals were sacrificed for this study.

In-vitro circulatory system

A validated in-vitro circulatory system with physiological flow and pressure characteristics was
used to mimic the human circulatory system."*'*'® The main components of this circulatory sys-
tem are a pneumatically-driven pulsatile pump,a compliance chamber and the watertight synthetic
box with the aortic dissection model (Figure 2).All components are connected by a silicone tubing
system and water was used for circulating fluid. During the experiments the pneumatically-driven

pulsatile pump was set on normotensive (pressure |130/70mmHg; Mean Arterial Pressure — MAP
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Figure 2. Circulation set-up.A schematic representation of the circulation set-up, which consisted of an arti-
ficial heart driver (A), left ventricle (B), a ball valve (C), an air chamber (D), a watertight synthetic box (E), the
aortic dissection model (F),a blood pressure cuff (G) an open reservoir (H).

90mmHg) and normocardia (60 beats per minute), parameters to simulate optimal hemodynamic
parameters.The synthetic box was filled with water resulting in a submerged aortic dissection for

optimal ultra-sound visualization.

Imaging
Ultrasound (Zonare, Silicon Valley, California, USA) was used for imaging. The linear transducer
(14 mHz) was used to visualize the transverse plane at four different locations in the model; the
true lumen, the proximal false lumen, the mid false lumen and the distal false lumen (Figure I).
Five cardiac cycles were recorded in the transverse plane at the four different locations in each
model (Figure 1.). Anterior-posterior (AP) lumen diameter measurements were performed at
baseline and after siliconizing. The maximal and minimal AP lumen diameter (AP, AP.,) were
identified as the ultra-sound image with the largest and smallest lumen diameter during cardiac
cycle. In order to prevent inter observer variability, AP, and AP, measurements were per-

formed by two different observers (HV and EP) blinded to the first outcome.

Pressure measurements

Pressure measurements were performed in the center of the four different locations in the model;

the true lumen (TL), the proximal false lumen (PFL), the mid false lumen (MFL) and the distal false
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Figure 3. Ultrasound image of diameter and pressure measurement in the true (A) and false (B) lumen
Red arrow: the tip of the arterial catheter. Blue line: Anterior-Posterior (AP) lumen diameter.

lumen (DFL) (Figure 1).An arterial catheter (Patient Draeger Infinity Delta Monitor (Draeger, Inc.
Telford, Pennsylvania, USA)) was used for pressure measurements. Pressure measurements in the
TL were maintained stable at MAP 90mmHg by arterial catheter monitoring.The arterial catheter
was visualized by ultra sound and positioned in the center of each location (Figure 3). After 10

seconds the pressure was recorded.

Statistics

Lumen diameters AP,.,, AP, and pressure measurements of the true and false lumen at all four
locations in the aortic dissection planes were determined at baseline and after siliconizing. Mean
values and standard deviations are reported. Paired t-tests were used to determine statistical
significance in diameter and pressure change at each location in the aortic dissection model.
Statistical significance was assumed at p <0 .05.To calculate the significance IBM SPSS Statistics
version 24.0 (Armonk, NY, USA) was used.

RESULTS

At baseline each model had the same morphology and dissection length, though the diameters and
dissection width differed (Table I).
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Table |. Characteristics of baseline and siliconized models

Model | Model 2 Model 3
-] ] -]
] ] 1]
o N o N ) N
£ = £ = < =
g S 2 S 2 2
[} = [} = « -
(-] (7] o (7] o (7]
True lumen - prior to the dissection - (mm) 18.8£0.3 18.2+2.1 18.5+0.5 17.7+0.3 17.9%0.6 154+04
- - -
P-value
0.0/ 0.0/ 0.02
True lumen reduction (%) 32 4.1 14.0
MAP (mmHg) 90 90 90
Total Proximal Lumen (mm) 19.5+1.3 18.1+0.8 189+1.5 17.8+1.6 17.1+0.5 [5.1£1.5
Total Mid Lumen (mm) 185+0.6 17.4+2.2 18.6£2.4 17.2+28 16.1x1.0 14.8£0.8
Total Distal Lumen (mm) 17.8£1.0 17.0+0.3 17.7£0.6 16.3+1.1 15.7x0.6 14.1£1.4
Proximal True Lumen (PTL) (mm) 13.2+1.1 13.0£0.3 [1.9£1.2 11.520.5 10.6+0.2 9.5+0.2
Mid True Lumen (MTL) (mm) 11.9+0.3 10.6x1.4 10.5£2.2 7.1#0.7 9.6x04 7.7+04
Distal True Lumen (DTL) (mm) 10902 9.3+02 9.1+02 3.8+#0.6 9.0+04 6.3+0.3
Proximal False Lumen (PFL) (mm) 63102 5.1+05 7.0403 6.01xl.1 65+03 5.6%I1.3
- - -
P-value
0.07 0.04 0.08
Proximal False Lumen (PFL) MAP (mmHg) 90+2.3 92428  90+23  91+£2.0 90+1.9  94+23
- - -
P-value
0.08 0.36 0.25
Mid False Lumen (MFL) (mm) 6.6£03 6.8+0.8 8.1+0.2 10.1+2.1 6.5+0.6 7.1+x0.4
- - -
P-value
0.0l 0.01 0.03
Mid False Lumen (MFL) MAP (mmHg) 90+1.4 9218 90+0.6 91+2.1 91+2.6  95%32
- - N
P-value
0.9 0.8 0.6
Distal False Lumen (DFL) (mm) 6.9+08 7.7+0.1 8.6+04 12.5+0.5 6.7+02 7.8%l.1
- - -
P-value
0.04 <0.01 0.03
Distal False Lumen (DFL) MAP (mmHg) 9122  92+1.3  90+I.5 92+1.3 91+0.6  95%32
- - N
P-value
0.9 0.8 0.8

True lumen (TL)

The aortic wall elasticity was decreased in all three models after siliconizing. Model | showed a
mean true lumen reduction of 3.2%; 18.8 to 18.2 mm (md 18.5 * 0.40 mm, p=0.01), model 2 a
reduction of 4.1%; 18.5 to 17.7 mm (md 18.1 £ 0.50 mm, p=0.01) and model 3 showed a reduction
of 14.0%; 17.9 to 15.4 mm (md 16.7 £ 1.77 mm, p=0.05).

The MAP in the TL was maintained stable at 90 mmHg.
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Mean Diameters of the False Lumen
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Figure 4. Mean diameters of the false lumen

Proximal False lumen (PFL)

The PFL diameter only decreased significantly in model 2 after siliconizing. In model | and 3 there
were no significant diameter changes. The MAP did not change significantly after siliconizing in all
three models (Table ).

Mid and Distal False Lumen (MFL)

In all three siliconized models a significant increase of the MFL diameter was observed after

siliconizing (Figure 4) although the MAP did not show statistically significant difference (Table I).

DISCUSSION

In this study the influence of aortic wall elasticity on the diameter and pressure of the false lumen
in porcine aortic dissection models was evaluated. The main findings of this study are that an
aortic wall with reduced elasticity results in an increased false lumen diameter in the mid and
distal part of the false lumen.

Uncomplicated ABAD in the acute phase (0-2 weeks) are managed with surveillance and optimal
medical treatment (OMT) with control of hypertension and heart rate.'When the uncomplicated
ABAD converts to a complicated ABAD the mortality quadruples.? Gaining more insight in the
false lumen behaviour of the uncomplicated ABAD mighty result in identifying those that are at

high risk of developing complications. in the acute phase.
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The majority of experimental flow studies in the field of aortic diseases are based on rigid
wall models, under the assumption that the effect of wall elasticity on the quantitative results is
rather limited for the haemodynamic parameters studied.These studies using mainly silicon tubing
showed that lack of a distal tear results in a significant increase in diastolic pressure presumably
due to an impairment of outflow from the false lumen to the true lumen.” Increased pressure
of the false lumen results in increased wall stress of the false lumen.® This may contribute to
a progression of the dissection and convert an uncomplicated into a complicated dissection.
However, besides hemodynamic changes and dissection morphology, aortic wall elasticity may
have a major influence on the course of the false lumen.

Currently, there is one published article that compares pressure in the false lumen with a
changing elasticity of the aorta wall."> However, synthetic polymer of silicon tubing was used in
their in-vitro study. No further studies have examined the unique effect of wall elasticity on the
false lumen, independent of other parameters.An in-vitro study in the previously validated aortic
dissection model has the potential to study a specific parameter in a controlled setting.'*" In this
study, a porcine aorta — instead of synthetic polymer or silicon tubing - was used as a ‘modeled’
aorta.”'® Research showed that elasticity and morphology of a young porcine aorta corresponds
to the human thoracic aorta under 65 years."” In addition, the morphology of a surgically cre-
ated false lumen in a porcine aorta dissection is comparable to a human aortic dissection."” In
this study the baseline models mimic the thoracic aorta under 65 years, where the siliconized
model mimics the more rigid (atherosclerotic) thoracic aorta.This study and our previous studies
showed that this ex-vivo porcine model is a representative model to study different aspects of
ABAD."' In all three models the aortic wall elasticity (expressed in AP diameter change) was
significantly decreased after siliconizing. The diameter of the MFL and DFL expanded significantly
in all models when the aortic wall elasticity decreased. The MAP did not significantly change in
the MFL and DFL in all three models. The observed increase in false lumen diameter of the MFL
and DFL can be explained by the fact that the dissection flap is thinner than the (partial thickness
media with adventitia) outer aortic wall. When the outer aortic wall stiffness disproportionate
increases compared to the dissection flap stiffness, the dissection flap will be pushed further away
from the outer aortic wall, resulting in an increase in the false lumen diameter.

The presented in-vitro model has limitations. First, we used water instead of blood as a circulat-
ing fluid, which has a much lower viscosity than blood. However, in our experimental setup blood
cannot be used because of the thrombotic effect which will affect the tubing system or pulsatile
pump."® Secondly, the aortas were defrosted, prepared and thawed within | day, which could have
affected the elasticity of the aortic wall at baseline. Furthermore, the diameter of a porcine aorta
is smaller than that of humans. Still, this study demonstrates that wall elasticity is clearly altering
the false lumen and should be taken into account when assessing and studying aortic dissections.
With the rapid development of new MRI technology for vessel wall imaging wall elasticity can be
determined although translation of the results of this study to a physiological situation is limited

and evaluation of patients should be performed to confirm our findings.
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In conclusion, this in-vitro study showed that an aortic wall with reduced elasticity of the outer
aortic layers results in an increased false lumen diameter in the mid and distal part of the false
lumen. False lumen expansion might result in higher stress of the aortic wall and at the ending of
the dissection. The present model provides information on the role of the elasticity of the outer
aortic layers in the context of experimental aortic dissection, but that the results can certainly

only be transferred to corresponding clinical situations to a limited extent.
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ABSTRACT

Background

Four-dimensional flow magnetic resonance imaging (4D flow MRI) can visualize and quantify
flow and provide hemodynamic information such as wall shear stress (WSS). More insight in the
hemodynamic changes during cardiac cycle in the true and false lumen of uncomplicated acute

type B aortic dissection (ABAD) might result in prediction of adverse outcomes.

Methods

A porcine aorta dissection model with an artificial dissection was positioned in a validated ex-vivo
circulatory system with physiological pulsatile flow. 4D flow MR images with three set heartrates
(HR; 60,80 and 100 bpm) were acquired. False lumen volume per cycle (FLV), mean and peak sys-
tolic WSS were determined from 4D flow MRI data. For validation, the experiment was repeated

with a second porcine aorta dissection model.

Results

During both experiments an increase in FLV (initial experiment: AFLV = 2.05 ml,p<0.00/, repeated
experiment: AFLV = [.08 ml, p=0.005) and peak WSS (initial experiment: AWSS = |.2 Pa, p=0.004,
repeated experiment: AWSS = 1.79 Pa, p=0.016) was observed when HR increased from 60 to
80 bpm. Raising the HR from 80 to 100 bpm, no significant increase in FLV (p=0.073, p=0.139)
was seen during both experiments. The false lumen mean peak WSS increased significant during
initial (2.7 to 3.85 Pa; p=0.013) and non-significant during repeated experiment (3.22 to 4.00 Pa;
p=0.320)

Conclusion

Our experiments showed that an increase in HR from 60 to 80 bpm resulted in a significant
increase of FLV and WSS of the false lumen.VWe suggest that strict heart rate control is of major
importance to reduce the mean and peak WSS in uncomplicated ABAD. Because of limitations of
an ex-vivo study, 4D flow MRI will have to be performed in clinical setting to determine whether

this imaging model would be of value to predict the course of uncomplicated ABAD.
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INTRODUCTION

An uncomplicated Acute Type B Aortic Dissection (ABAD) will worsen into a complicated
ABAD in approximately 20-30% of cases.'” Once complications occur the prognosis of ABAD
dramatically declines to 30 days hospital mortality of over 10%.">* Guidelines are well established
regarding complicated ABAD and there are no controversies regarding the need to treat them
with TEVAR? On the contrary, the uncomplicated acute type B aortic dissections are prone to
discussion.® Uncomplicated ABAD has a relatively poor prognosis. The reason for this is due to
the heterogeneity of the disease and unpredictable course.® Identification of clinical and imaging
predictors of adverse outcomes in uncomplicated ABAD seems mandatory in order to identify
those patients who will benefit from early intervention by TEVAR.

The gold standard for imaging ABAD is Computed Tomography Angiography (CTA).® However,
because of the static aspect of CTA images, interpretation of the volume and flow changes in the
true and false lumen during cardiac cycle is not possible.To get more insight in these hemodynamic
changes Four-dimensional flow magnetic resonance imaging (4D flow MRI) might be helpful.” This
imaging technique can accurately visualize and quantify flow and provide hemodynamic informa-
tion such as wall shear stress (WSS).'"'? In arterial blood flow, the WSS expresses the viscous
force per unit area applied by the fluid on the wall in a direction at the local interface.” Gaining
more insight of these forces in the true but especially the false lumen in uncomplicated ABAD
during optimal medical treatment, might result in prediction of adverse outcomes. Several ex-vivo
and in-vivo studies simulating chronic type B aortic dissection (CBAD) showed an increase in false
lumen pressure during the longer diastolic phase resulting in increased wall tension over a longer
period of the cardiac cycle."*"” These studies clearly showed how changes in heart rate can affect
lumen pressure in CBAD. However; it can be argued that these ex- and in-vitro results in a CBAD
model cannot be translated to dissection in the acute setting due to difference in dissection flap
stiffness between ABAD and CBAD. The dissection flap changes during the transition from the
acute to the chronic stage with an observed increase of dissection flap thickness over time.'® "’
In ABAD there might be more expansion of the false lumen resulting in higher wall shear stress
(WSS) compared to CBAD. However, this has not been examined before in a validated ABAD
model. Therefore, the purpose of this study was to examine the influence of heart rate (HR) on
the volume, mean and peak WSS by 4D flow MRI in the false lumen in a validated ex-vivo porcine
aorta dissection model inserted in a pulsatile flow-model simulating uncomplicated ABAD.

We hypothesized that HR, volume and WSS have a linear correlation within the false lumen of

patients with uncomplicated ABAD.
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MATERIALS AND METHODS

Aortic dissection model

Frozen unmodified porcine aortas were obtained from the abattoir. They were thawed and pre-
pared as follows: from the aortic arch to the iliac bifurcation all side branches were ligated with
5.0 Prolene.The aorta was inverted inside out and the wall was punctured by a needle. Injection
of water resulted in a dissection and the dissection flap was cut in a proximal location to create a
primary entry. This technique was previously described by Qing et al.'®

The created false lumen in the media depicts an anatomic situation comparable to an acute
human aortic dissection.” In order to study reproducibility, the experiment was repeated with
another porcine aorta with a similar morphology. Institutional Review Board (IRB) approval was

not needed because no animals were sacrificed specifically for this study.

In-vitro circulatory system

A validated in-vitro circulatory system with physiological flow and pressure characteristics was
used to mimic the human circulatory system.”'** The main components of this circulatory system
are a pneumatically-driven pulsatile pump,a compliance chamber and the watertight synthetic box

with the aortic dissection model (Figure 1).” All components are connected by a silicone tubing

%o
A

-—

. 1
E—

Figure 1. Circulation set-up.A schematic representation of the circulation set-up, which consisted of an arti-
ficial heart driver (A), left ventricle (B), a ball valve (C), an air chamber (D), a watertight synthetic box (E), the
aortic dissection model (F),a blood pressure cuff (G) an open reservoir (H).
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system and water was used for circulating fluid.” The synthetic box with the aortic dissection
model was placed inside the MRI gantry. Before MRI-scanning started, blood pressure was set to
120/80 mmHg. Both models were imaged at a HR of 60 bpm, 80 bpm and 100 bpm. An arterial
catheter (Patient Draeger Infinity Delta Monitor (Drager, Inc. Telford, Pennsylvania, USA)) was
used to keep the blood pressure at 120/80 mmHg during the experiments.

Imaging

3D Time resolved MRI imaging with velocity encoding in three directions was performed to obtain
4D Flow MRI data. Imaging was performed on a [.5T MRI system (Ingenia; Philips Healthcare, Best,
the Netherlands).

For each 4D Flow MRI acquisition, 35 phases were retrospectively reconstructed. The acquired
spatial resolution in the MRI protocol was | x 2 x 2 mm’. Specific imaging parameters were as
follows: echo time 4.2 ms, repetition time 7.9 ms, flip angle 10°, slice thickness 2 mm, field-of-view
133 x 300 mm? matrix size 133%152 and velocity encoding with sensitivity of 100 or 120 cm/s.
Acceleration was achieved by Echo Planar Imaging to factor of 5.

Image analysis was performed using in-house developed and validated MASS software using
manual contour segmentation.”’ In order to obtain the false lumen volume (FLV), the dissection
segment was divided into three equal parts, the proximal, mid and distal part. Subsequently, the
lumen region of both true and false lumen was manually segmented for all three parts separately
and at each phase of the cardiac cycle for a total of 40 phases.True and false lumen area (in mm?)
versus time graphs were defined. After segmentation, an average false lumen was obtained.

To calculate the WSS CAAS MR Solutions software v5.0 (Pie Medical Imaging, Maastricht, The
Netherlands) was used. Both models were manually segmented at each HR for five phases (two
before and two after peak systole) separately. The segmented WSS was then determined for each
phase. For each phase a mean and peak segmented WSS was calculated. Thereafter the mean of

the five phases was used to measure the difference between two HR'’s for each model.

Statistics

To calculate the data IBM SPSS Statistics version 24.0 (Armonk, NY) was used. Mean values and
standard deviations are reported. A paired t-test was used to compare the mean between two

separate HR’s within the same model.A p-value <0.05 was considered significant.

RESULTS

Heart rate increase from 60 to 80 bpm

The FLV increased significant during the initial (13.3 to 15.3 ml;p<0.001) and repeated experiment
(12.8 to 13.9 ml; p=0.005).The TLV decreased during the initial experiment but slightly increased
in the repeated experiment (19.7 to 17.0ml; p<0.00/). The false lumen mean WSS increased
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significant during initial (0.44 to 0.63 Pa; p=0.007) and repeated experiment (0.3] to 0.56 Pa;
p=0.009) (Table |.;Figures 3 and 4.).The false lumen mean peak WSS increased significant during
initial (1.51 to 2.71 Pa; p=0.004) and repeated experiment (1.43 to 3.22 Pa; p=0.01/6) (Table 1
Figures 3 and 4.).

Table I.Results FLV and WSS

Initial experiment Repeated experiment
Heart rate (bpm) 60 80* 100 60 80 100
RR (mmHg) 120/80 120/80 120/80 120/80 120/80 120/80
True lumen volume (ml) 19.7£0.05  17.0£0.01 16.9£0.03  18.5£0.07 18.8+0.02  18.8+0.03
- - -
p-value
<0.001 0.250 0.010 0.742
False lumen volume (ml) 13.3£0.02  15.3£0.02  15.3£0.04 12.83x0.11 13.9£0.02  13.7%0.11
- -
p-value
<0.001 0.073 0.005 0.139
False lumen WSS (Pa) 0.462 0.728 0.383 0.306 0.565 0.601
0.431 0.608 0.493 0317 0.448 0.645
0.430 0.660 0.474 0.327 0.625 0.734
0.438 0.492 0.463 0.353 # 0.572
0.447 0.666 0.393 0.302 0.617 0.612
False lumen mean WSS (Pa) 044 £ 0.0l 0.63+0.09 044+0.05 0.31+0.0l 0.56+0.08 0.65*0.06
- - - -
p-value
0.007 0.027 0.009 0.154
False lumen Peak WSS (Pa) 1.487 2.548 3312 1.288 3.673 3.132
1.650 2510 3.858 1.374 2.117 3.462
1.553 2.559 4.648 1.496 3.407 5.763
1.463 3.460 4.100 1.656 # 2.744
1.390 2.488 3.326 1.565 3.684 3.653

False lumen Mean Peak WSS (Pa) 151 £0.10 271 +042 385+056 143+0.12 322+075 4.00+1.19

- -
-value
P 0.004 0.013 0.016 0.320

* See Figure 2. for illustration.
# CAAS did not allow to access five phases for model 2 with HR 80 bpm, therefore in this case, only 4 phases
were available.

Heart rate increase from 80 to 100 bpm

There was no significant change neither in FLV during the initial (15.3 to 15.3 ml; p=0.07) and
repeated experiment (13.9 to 13.7 ml; p=0.139) nor in TLV during the initial (17.0 to 16.9 ml;
p=0.25) and repeated experiment (18.8 to 18.8 ml;p=0.74).The false lumen mean WSS decreased
significant during initial experiment (0.63 to 0.44 Pa; p=0.027) but increased significant during
repeated experiment (0.56 to 0.65 Pa; p=0.154) (Table |.; Figures 3 and 4.).The false lumen mean
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Figure 2.4D MRI image of initial experiment at a HR of 80 bpm.A map of WSS based on 4D MR images (blue
= low WSS, red = high WSS).

peak WSS increased significant during initial (2.7 to 3.85 Pa; p=0.013) and non-significant during
repeated experiment (3.22 to 4.00 Pa; p=0.320) (Table |.; Figures 3 and 4.).

DISCUSSION

Still today it is difficult to predict the clinical course of uncomplicated ABAD.The optimum man-
agement of patients with uncomplicated ABAD is unclear.’ The principal management of ABAD
remains aggressive medical therapy for all patients, with TEVAR primarily reserved for those who
develop complications.’ In order to gain more understanding in uncomplicated ABAD it might be
helpful to clarify the hemodynamic changes during the cardiac cycle with 4D flow MRI.’

4D flow MRI can accurately visualize and quantify the functional flow and access hemodynamic

information such as WSS.'®"" During a recent in-vivo scan-rescan study by van der Palen et al, the
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Mean Wall Shear Stress (WSS) of the False Lumen
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Figure 3. Mean Wall Shear Stress (WSS) of the False Lumen during both experiments
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Figure 4. Peak Wall Shear Stress (WSS) of the False Lumen during both experiments

reproducibility of segmental aortic 3D systolic WSS by phase-specific segmentation with 4D flow
MRI was evaluated and showed a very accurate reproducibility of the WSS assesments. During our
study the same tools, with respect to 4D flow MRI acquisition and analysis were used."

The presented porcine aortic dissection models simulate ABAD, as the morphology of a surgi-
cally created false lumen in a porcine aorta dissection is comparable to a human aortic dissection
and the dissection flaps are soft.'® Furthermore, de Beaufort et al. showed that morphology and
elasticity of young porcine aortas corresponds to the human thoracic aortic under 65 years.”> This
implies together with our previously published studies that our ex-vivo porcine aorta model is a
representative model to study uncomplicated ABAD.” Earlier research on aortic dissection by

4D flow MRI was only performed using silicon models and resulted in hemodynamic insights into
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aortic dissection.* Other in-vitro study on hemodynamics in aorta dissection showed that if a dis-
tal tear in the false lumen was absent the diastolic pressure in the false lumen increased compared
to the true lumen diastolic pressure.|4 However, it should be noted that these last two mentioned
studies did not use biological tissue but were based on experiments with synthetic polymer or
silicon tubing.*'*** Data from these studies were intended to mimic a chronic dissection model.
The set-up of our study by using an ex-vivo porcine aorta model is more representative to
simulate ABAD.

This study showed a significant increase in FLV, mean WSS and peak WSS during the initial and
repeated experiment when HR raised from 60 to 80 bpm. These results support the recom-
mendations of goal-directed therapy to establish and control a heart rate of less than 60 bpm in
the 2010 ACCF/AHA/AATS/ACR/ASA/SCA/SCAI/SIR/STS/SVM Guidelines for the Diagnosis and
Management of Patients With Thoracic Aortic Disease.” Interestingly, when the HR raised from
80 to 100 bpm, no significant increase in FLV was observed but increase of mean and peak WSS
were measured (Table |, Figures 3 and 4).This finding indicates that a stable FLV does not exclude
an increase in mean and peak WSS. It illustrates the added value of 4D MR, in gaining additional
hemodynamic information compared to conventional imaging modalities. Our hypothesis that HR
and WSS have a linear correlation within the false lumen of uncomplicated ABAD could only be
proved statistically in our ex-vivo porcine aorta dissection model when HR raised from 60 to 80
bpm.

Our study has several limitations being an experimental ex-vivo model. Firstly the porcine
aorta models during the initial and repeated experiment have the same morphology but there are
mild differences (Table I.). These might be responsible for the observed differences between the
initial and repeated experiment. Secondly, the diameter of a porcine aortic is smaller than that of
humans.Thirdly, the viscosity of water is much lower than that of blood which might have its influ-
ence on the wall shear stress. However, blood could not be used in our set-up because of a risk
of thrombosis, which can block the tubing system or the pulsatile pump.'® Lastly, the porcine aorta
in our model was no longer surrounded by connective tissue that also affects aorta compliance.

In conclusion, 4D flow MRI compared to CTA provides insight into hemodynamic dimensions
such as WSS. This information might result in better understanding of the false and true lumen
behavior in uncomplicated ABAD at presentation and might provide the opportunity to better
predict the clinical course of this disease. Our ex-vivo research illustrated that an increase in HR
from 60 to 80 bpm resulted in a significantly increase of the FLV and WSS of the false lumen.We
suggest that strict heart rate control is of major importance to reduce the mean and peak WSS
in uncomplicated ABAD. Because of the limitations of an ex-vivo study, 4D flow MRI will have to
be performed in clinical setting to determine whether this imaging model would be of value to

predict the course of uncomplicated ABAD.
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Chapter 5

ABSTRACT

Purpose

Fenestration is a minimally invasive alternative for the treatment of acute symptomatic aortic
dissections because it may quickly decrease the pressure gradient of the false lumen. It remains
unclear where the optimal location of these fenestrations should be chosen.The purpose of this
study was to study false lumen volume after different fenestration strategies in porcine ex-vivo

models of aortic type B dissection.

Materials and Methods

An artificial dissection was created in ex-vivo porcine aortas.A total number of six aortic dissec-
tion models were made. The dissection flap was divided in three equal parts; proximal, mid and
distal sections. In three models a fenestration was made in the center of the proximal section of
the dissection flap. In the three others in the center of the distal part of the dissection flap. The
aorta was positioned in a validated in vitro circulatory system with physiological pulsatile flow.
Volume-measurements of true lumen volume (TLV) and false lumen volume (FLV) were assessed

with computed tomography.

Results

Performing a fenestration in the proximal part of the dissection flap resulted in FLV increase
in two of the three models. Performing a fenestration in the distal part of the dissection flap
resulted in FLV decrease in all three models. False lumen reduction was obtained significantly

in the distally fenestrated models compared to the proximally fenestrated models (9.6+3.5% vs.
0.7+2.9%, p=0.02)

Conclusion

In this in-vitro study, we showed that distal fenestration of the false lumen in aortic dissection will

result in the largest false lumen reduction.
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INTRODUCTION

Acute type B Aortic Dissection (ABAD) is still today a catastrophic disorder.Visceral, renal, spinal
and iliac malperfusion occurs in up to 30% of patients with ABAD and is strongly associated with
worse outcome.' Malperfusion can be classified as dynamic or static.'" Dynamic obstruction is
caused by the prolapse of the dissection flap into the vessel ostium. The obstruction is usually
evident during the aortic systole and causes about 80% of malperfusion syndromes. Static obstruc-
tion is the result of branch vessel compression by extension of the dissection flap into the branch
and is present throughout the cardiac cycle.' Endovascular interventions in patients with ABAD
include proximal entry closure by means of stent-graft implantation, bare metal stent implantation
in the true aortic lumen or aortic branch vessels, and percutaneous balloon fenestration of the
dissection flap.2 The first line therapy in acute type B dissection with malperfusion syndrome is
currently coverage of the proximal entry tear by Thoracic Endo-Vascular Aortic Repair (TEVAR).'
When this method is unfeasible, endovascular aortic fenestration has been proposed as an alter-
native technique.’ Endovascular aortic fenestration quickly decrease the pressure gradient of the
false lumen and can also be an adjunctive tool to other endovascular interventions.' > **The most
common endovascular technique to achieve a fenestration is the creation of a communicating
hole between the false and the true lumen followed by balloon-dilatation.’ ¢” ® Balloon-dilatation
can be performed at one or multiple sites along the dissection membrane to achieve equalibration
of pressures between the true and false lumens.’ It remains unclear where the optimal location
of these fenestrations should be made.” So, fenestration at optimal locations would result in acute
depressurization of the false lumen with reduction of its volume as result. The objective was to
study false lumen volume after different fenestration strategies in porcine ex-vivo models of
aortic type B dissection. The impact of the fenestration-site comparing more proximal and distal
locations was explored to study the hypothesis.

We hypothesize that a more distal location of the fenestration in the false lumen would lead to
better equilibration of pressures and false lumen reduction.We performed two different fenestra-
tions strategies in a validated ex-vivo porcine aorta dissection model in a pulsatile flow-model.'’

Computed tomography angiography was used for imaging and volume-measurements.

MATERIALS AND METHODS

Aortic dissection model

Unmodified porcine aortas were obtained frozen from the abattoir. They were defrozen and
prepared as follows: from the aortic arch to the iliac bifurcation all side branches were ligated with
5.0 Prolene.The aorta was inverted inside out and the intima was punctured by a needle. Injection
of water resulted in a dissection and the dissection flap was cut in a proximal location to create a

primary entry. This technique was previously described by Qing et al."
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Figure. |. (A) A turned over porcine aorta with an artificially created dissection. The fenestration in the dis-
section flap was made by a |0 x 40-mm Percutaneous Transluminal Angioplasty (PTA) balloon (AbbottVascular,
CA). (B) The fenestration in the dissection flap after removal of the PTA balloon is shown.

A total of six aortic dissection models were made.The dissection flap was longitudinally divided
in three equal sections; proximal, mid and distal. In three models a fenestration was made in the
center of the proximal section of the dissection flap. In the others in the center of the distal
section of the dissection flap. The fenestration in the dissection flap was made by a 10 millimeter
by 40 millimeter Percutaneous Transluminal Angioplasty balloon (Abbott Vascular, California, USA)
(Figure I.).

In-vitro circulatory system

A validated in-vitro circulatory system with physiological flow and pressure characteristics was
used to mimic the human circulatory system.'®'?> "> The main components of this circulatory
system are a pneumatically-driven pulsatile pump, a compliance chamber and the watertight syn-
thetic box with the aortic dissection model (Figure 2).All components are connected by a silicone
tubing system and water was used for circulating fluid with a small concentration of contrast agent
(Ultravist, Bayer; Germany). During the experiments the pneumatically-driven pulsatile pump was
set on the parameters presented in table 2. The synthetic box with the aortic dissection model

was placed inside the CT gantry.

Imaging and data processing

Computed tomography (Toshiba Aquilion One Genesis Edition™ Japan) was used for imaging
making | millimeter slices.The lumen area of one slice proximal to the dissection was determined
in each phase of the systolic and diastolic cardiac cycle, using Mass Research Software (Leiden Uni-

versity Medical Center) with manual contour segmentation (Figure 3). " Each phase was analyzed
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Figure. 2. Circulation set-up. A schematic representation of the circulation set-up, which consisted of an
artificial heart driver (A), left ventricle (B), a ball valve (C), an air chamber (D), a watertight synthetic box (E),
theaortic dissection model (see Fig. 2) (F), a blood pressure cuff (G), and an open reservoir (H).

and the phase with the largest lumen area was chosen for volume calculations of the false and true
lumen using in-house developed software with manual contour segmentation.
Two CT-scans per model were made; one at baseline (without any fenestration) and one after

fenestration of the dissection flap.

RESULTS

The general flow characteristics of the in vitro circulation in the models are presented in Table
I.The models had a similar morphology at baseline but differed in lumen diameter and dissec-
tion width resulting in differences in True Lumen Volume (TLV) and False Lumen Volume (FLV) as
presented in Table 2. Balloon fenestration of the dissection flap was performed in model |, 3 and

5 proximally and in model 2,4 and 6 distally.

Proximal fenestration of the dissection flap

Performing a fenestration in the proximal section of the dissection flap resulted in FLV increase in
models 3 and 5. However in model | it resulted in FLV decrease (Table 2.).The average false lumen

volume change of minus 0.7% (SD 2.9%) was observed after proximal fenestration.
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Distal fenestration of the dissection flap
Performing a fenestration in the distal section of the dissection flap resulted in FLV decrease in
all three models. The average false lumen volume change of minus 9.6% (SD 3.5%) was observed
after fenestration (Table 2.).

False lumen reduction was obtained significantly in the distal fenestrated models compared to
the proximal fenestrated models (9.6+3.5% vs. 0.7£2.9%, p=0.03)

Table I. In vitro circulatory system flow characteristics

In vitro circulatory system flow characterictics

Heart beat/min 70

Systolic pressure 130-mm Hg
Diastolic pressure 70-mm Hg
Mean stroke volume/beat 40 mL
Output volume/min 2800 mL

Table Il. True and false lumen outcomes by model

Model True lumen False lumen False lumen % of False lumen P value
volume (TLV) (mL)  volume (FLV) (mL) total lumen volume change

Baseline 9.75 6.25 39.0
Proximal fenestration | 1.42 6.17 35.1
-3.9%
3
Baseline 10.76 4.42 29.1
Proximal fenestration 10.65 4.73 308
1.7%
5
Baseline 18.52 15.36 45.3
Proximal fenestration 17.21 14.32 454
0.1%
Model
2
Baseline 10.25 8.88 46.4
Distal fenestration 11.82 8.13 40.7 0.03
-5.7%
4
Baseline 9.18 5.16 36.0
Proximal fenestration |1.37 391 25.6
-104%
6
Baseline 6.01 5.97 49.8
Proximal fenestration 7.28 43 37.1
-12.7%
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Figure. 3. (A) and (B). Transverse CT image of model 2 at the beginning of the dissection with manually
marked contours (B) of the false lumen (red) and true lumen (yellow).

DISCUSSION

Endovascular aortic fenestration quickly reduces the high pressure in the false lumen by com-
municating the false with the true lumen." It remains unclear where the optimal location of these
fenestrations should be chosen.We hypothesized that distal fenestration of the false lumen will
result in the largest false lumen reduction and thereby more adequate depressurisation of the
false lumen. An ex-vivo study was performed with porcine aortas with a surgically-constructed
false lumen to study this hypothesis.

In only one of the three aortic models with a balloon fenestration in the proximal part of
the dissection flap FLV reduction was observed. In the others two aortic models a slight FLV
increase was observed.These results are in contrast with the FLV’s of the models where a balloon
fenestration in the distal section of the dissection flap was performed.All three dissection models
with a balloon fenestration in the distal section of the dissection flap showed a FLV decrease.The
observations of this ex-vivo study are that performing a distal fenestration in the dissection flap
result in significant (p=0.03) FLV decrease compared to performing a proximal fenestration.

Ex-vivo models are useful to study hemodynamic changes in aortic pathologies. Factors in this
complex circulation system can be isolated and analyzed. Previous ex-vivo studies used synthetic
polymer or silicon tubing for simulating aortic dissection in contrast to the used porcine aorta in
our model. """ The morphology of the surgically created false lumen is comparable to a human
aortic dissection as showed in previous publication.'® Additionally we used CTA for imaging and
volume measurements, this imaging modality is not previously described in in-vitro studies. '*'®
'” Although volume of the false lumen and pressure in the false lumen are strongly correlated a
drawback might be the fact that measurements of the pressure gradients were not performed.
To study the changes of the pressure gradient in the false lumen invasive pressure measurement

should be performed. In pilot experiments we found out that pressure measurements of the false

67



Chapter 5

lumen by a cannula or pressure wire were highly influenced by the exact position of the cannula
or pressure wire in the false lumen. During cardiac cycle the position of the tip of the cannula
changed all the time and would not result in objective pressure measurements of the false lumen.
Translation of the results from the ex-vivo model to a physiological in-vitro situation is, of
course, limited. The presented ex-vivo model has limitations. The circulatory medium was water
instead of blood, which is not a thrombotic medium. Use of a thrombotic medium results in spon-
taneous thrombosis that could either block the tubing system, false lumen or disturb the function
of the pulsatile pump.'® The porcine aortas were prepared, frozen, and thawed after | day, which
might have altered the elastic properties of the arterial wall. Thirdly the aortic model was not
surrounded by connective tissue, which will influence the compliance of the true and false lumen.
Endovascular treatment of aortic dissection consists usually of implantation of thoracic tubular
stent-grafts to cover the proximal entry tear and redirect flow into the true lumen.' Aortic
fenestration is still in use in malperfusion syndromes and in cases not suitable for proximal aortic
tear coverage. >* ® The advantages of endovascular aortic fenestration are directly relieving organ
or limb ischemia in a faster way than by aortic graft replacement. Although aortic fenestration is
rarely used it should be in one’s endovascular therapeutic arsenal for treating aortic dissections.
Further ex-vivo experiments are required to obtain more insight between different types
of dissections with different morphology and vascular wall characteristics. But also the role of
fenestrations by branch vessels originating from the false lumen could be researched.
In conclusion, in this ex-vivo study, we showed that performing a fenestration in the distal
part of the false lumen in an aortic dissection will result in the largest false lumen reduction.This

observation might contribute in case endovascular fenestration must be performed.
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The studies presented in this thesis provide novel insight in mechanistic aspects of the dissection
process. Although it is clear that treatment of cTBAD with TEVAR has resulted in improved
outcomes optimal management of uTBAD at presentation remains an issue of much debate. First,
the in hospital mortality of this group patients treated medically is around 12 % and secondly
without early intervention there is a 20% long term risk of significant aortic aneurysm formation.'
The current treatment paradigm of TEVAR in uTBAD when complications develop is based on the
unfavorable risk-to-benefit ratio previously associated with TEVAR. As the discussion continues
whether to treat acute uTBAD by early TEVAR it is of great importance to identify patients at risk
of developing cTBAD and at the same assesment of risk factors leading to complications due to
TEVAR should be defined and reduced.

uTBAD CONVERTING TO cTBAD

Most previous studies have looked at clinical parameters or CTA based anatomic characteristics
that may predict an adverse outcome. Some of these predictors can be used in the clinical setting
to advocate early intervention in uTBAD. However there is little knowledge on basic mecha-
nistic pathofysiologic processes that define the dissection process and in particular false lumen
behaviour. Therefore we created a porcine model to experimentally examine some anatomic and
haemodynamic elements and used clinical imaging studies to delineate the dissection process.

Incomplete thrombosis or patent false lumen portends a poor outcome.”** The occurrence of
thrombosis in the false lumen depends on coagulability, endothelial injury/dysfunction and blood
flow.The blood flow in the false lumen is highly variable due to morphological differences between
various types of dissections.®

It is conceivable that patent branch vessels originating from the false lumen in TBAD may con-
tribute to persistent blood flow and patent false lumen, and thus to prognosis. Our in-vitro study
showed that outflow through a branch vessel originating from the false lumen in TBAD results in
expansion of cross-sectional false lumen area. False lumen expansion might result in higher stress
in the aortic wall, increasing the risk of dilatation which contributes to the conversion of uTBAD
into cTBAD. Besides the limitations inherent to replicating in vivo conditions as discussed later
in this section the model represents an TBAD with an intact dissection flap with no distal tear or
partial thrombosis occluding distal tears, impending outflow resulting in a blind sac from where a
single branch vessel originates.

The majority of experimental flow studies in the field of aortic diseases are based on rigid wall
models, under the assumption that the effect of wall elasticity on the quantitative results is rather
limited for the haemodynamic parameters studied. Although it is known that aortic wall elasticity
is variable and often altered in aortic dissections. ®

We showed in a porcine aortic dissection model that aortic wall elasticity is an important

parameter altering the false lumen. An aortic wall with reduced elasticity results in an increased
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false lumen diameter in the mid and distal part of the false lumen.These results support the evi-
dence that wall elasticity is clearly altering intraluminal haemodynamics compared to a rigid-wall
simulation and should be taken into account when assessing and studying aortic dissections. This
highlights the potential of new non-invasive imaging techniques that can give us the hemodynamic
information compared to conventional imaging modalities.

The gold standard for imaging TBAD is Computed Tomography Angiography (CTA).”

However, because of the static aspect of CTA images, interpretation of the volume and flow
changes in the true and false lumen during cardiac cycle is not possible. There are no clinical
hemodynamic studies that help to predict the clinical behavior of acute TBAD. Hemodynamic
parameters such as flow pattern, volume and velocity have a role in false lumen expansion. ®°
4D flow MRI can accurately visualize and quantify the functional flow and access hemodynamic
information such as Wall Shear Stress. In arterial blood flow, the WSS expresses the viscous force
per unit area applied by the fluid on the wall in a direction at the local interface. '°

Earlier research on aortic dissection by 4D flow MRI was performed using silicon models
mimicking chronic TBAD and resulted in hemodynamic insights. We focused on studying hemo-
dynamics of the false lumen in acute TBAD simulated by a porcine aorta model. A significant
increase in FLV, mean WSS and peak WSS was observed when heart rate raised from 60 to 80
baets per minute (bpm).These results support the recommendations of goal-directed therapy to
establish and control a heart rate of less than 60 bpm in the 2010 ACCF/AHA/AATS/ACR/ASA/
SCA/SCAI/SIR/STS/SVM Guidelines for the Diagnosis and Management of Patients With Thoracic
Aortic Disease. '

When the HR raised from 80 to 100 bpm, no significant increase in FLV was observed but
increase of mean and peak WSS were measured. This finding indicates that a stable FLV does not
exclude an increase in mean and peak WSS. It illustrates the added value of 4D MRI, in gaining
additional hemodynamic information compared to conventional imaging modalities. In uTBAD
4D flow MRI could be implemented as additional imaging to understand the WSS at presentation
but also during OMT. It might be of relevance in the future as this knowledge can suggest more
aggressive blood pressure lowering therapy and better heart rate control as well as to select

those who will benefit from early intervention.

INTERVENTION RISK

Retrograde dissection, spinal cord ischemia and paraplegia are known complications after TEVAR.
Retrograde dissection is the most feared complication of TEVAR and it is of great importance to
prevent retrograde dissection. The stress yielded by the endograft seems to play a predominant
role in its occurrence.The currently available stentgrafts have been designed for thoracic athero-
sclerotic aneurysms, a different disease where strong radial force for adequat sealing is needed.

Gently transferred forces (radial and “spring-back” force) of the stentgraft on the fragile inner
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wall at the proximal landing zone in aorta dissection are crucial to prevent intimal damage and
thereby the occurance of a new tear.As the spring-back force is an important factor in the stent
graft-induced injury as the more the endograft is bent, the higher the stress might be.Also is there
increased stress at the end closer to the curving point of the endograft than at the other end. A
dissection-specific stentgraft calls for lower radial force and higher flexibility (reduced “spring-
back” force). The diameter of the distal true lumen would be added into the preoperative sizing,
and a tapered device might be conducive if the distal true lumen is far smaller than the proximal
landing zone. Research on the currently available stentgrafts and the radial and “spring-back” force
will show the stentgraft with the best characteristics. Another aspect of TEVAR is the layer of
fabric that covers the intercostal arteries and can result in postprocedural new-onset paraplegia
due to ischemic spinal cord injury. The dissection-specific stentgraft could be a hybrid design of
proximal covered and distale bare stents.

In cTBAD malperfusion is caused by dynamic or static obstruction. Endovascular aortic fen-
estration quickly reduces the high pressure in the false lumen by communicating the false with
the true lumen directly relieving organ or limb ischemia in a faster way than by aortic graft
replacement. > "? It is useful in malperfusion syndromes and in cases not suitable for proximal
aortic tear coverage. '>'> A recent study shows that cTBAD complicated by malperfusion treated
with endovascular fenestration/bare metal stenting has excellent short- and longterm outcomes.'*
It remains unclear where the optimal location of these fenestrations should be chosen.Two dif-
ferent fenestrations strategies in a validated ex-vivo porcine aorta dissection model in a pulsatile
flow-model were studied. The observations were that performing a distal fenestration in the
dissection flap resulted in significant false lumen volume decrease compared to performing a
proximal fenestration. A more distal location of the fenestration in the false lumen lead to better
equilibration of pressures and false lumen reduction. Endovascular fenestration/stenting is an ef-
fective tool to treat malperfusion (dynamic and static) in acute TBAD and is a valuable adjunct to
both medical and surgical therapy (TEVAR and open repair).'*

Due to limitations inherent to replicating in vivo conditions preclinical testing has a limited abil-
ity in reproducing clinical settings. Therefore, the limitations of the pulsatile flow model need to be
addressed and suggestions for improvement are made. Water was used as a circulatory medium
instead of blood, which has a different viscosity and is not a thrombotic medium. Spontaneous
thrombosis could either block the tubing system or disturb the function of the pulsatile pump.
The use of anticoagulation in the circulatory system might prevent this.The option of adjusting the
viscosity of the circulatory fluid in the flow model would result in a more realistic simulation of
the human circulatory system. Secondly the applied pulsatile flow was not equal to human aortic
flow. Adding the aortic valve and arch to the porcine dissection model would have made it more
representative. Thirdly the aortic model was submerged in water without support, which is not
representative for the connective tissue normally surrounding the aorta. Beside the previously
mentioned adjustments one could replace water for silicon with the same properties as human

peri aortic connective tissue in future experiments to represent reality.
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In conclusion, the studies described in this thesis used a created porcine TBAD model under
pulsatile conditions to sort out the effects of biomechanical parameters on the false lumen in
TBAD. For many decades fenestration of the false lumen is performed to achieve a quickly de-
crease of the pressure gradient of the false lumen. Untill our research it remained unclear where
the optimal location of these fenestrations should be chosen.We showed in our model that distal

fenestration of the false lumen in aortic dissection will result in the largest false lumen reduction.

We proved in our model that outflow through branch vessels of the false lumen, aortic wall
compliance and hemodynamics have a major impact on the false lumen in uTBAD. The static as-
pect of CTA images makes it unpossible to be well informed on these biomechanical parameters.
Advancement of non-invasive diagnostic imaging as 4D MRI should be further studied in the
clinical setting as an alternative to the static imaging technique in current practice.This may help to
better delineate risk factors that propagate a more complicated dissection course and determine
which patients should undergo TEVAR in the early stages of uTBAD.

For our research group, the studies presented in this thesis form a foundation to formulate
novel clinically driven questions related to TBAD. Continued research by our group will focus on

the additional value of 4D MRI in acute uTBAD in clinical setting.
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SUMMARY

The first part (Chapter 2) of this dissertation gives an introduction to Type B Aortic Dissec-
tion (TBAD). This overview shows several prognostic predictors of dissection related events
(dissection related death or need for intervention) after initial medical management in acute
uncomplicated TBAD. Predictors of complications in acute uTBAD during admission are aortic
diameter 240mm, a primary entry tear >|0mm, primary entry tear located on the concavity
(undersurface) of the distal aortic arch, a FL diameter > 22mm, a peak CRP level >96mg/L and
patency of the false lumen (defined as the concurrent presence of both flow and thrombus)..

The blood flow in the false lumen is highly variable due to morphological differences between
various types of dissections. It is conceivable that patent branch vessels originating from the
false lumen in an aortic dissection type B may contribute to persistent blood flow and patent
false lumen, and thus to prognosis. Therefore, an in-vitro study was performed with a surgically-
constructed false lumen and an adjustable outflow branch (Chapter 3.).This in-vitro study show
that different outflow from branch vessels originating from the false lumen in TBAD result in ex-
pansion of cross-sectional false lumen area.This might have important consequences for patients
with uTBAD when patent branch vessel(s) originating from the false lumen and partial thrombosis
(occluding distal tears) or no distal tear are present, as these patients might be more at risk for
developing complicated TBAD.

Haemodynamics, dissection morphology and aortic wall elasticity have a major influence on
the pressure in the false lumen.The influence of haemodynamics and dissection morphology have
been investigated often in multiple in-vitro and ex-vivo studies in contrast to aortic wall elasticity.
In Chapter 4 the influence of aortic wall elasticity on the diameter and pressure of the false lumen
in aortic dissection is studied in-vitro. It shows that aortic wall elasticity is an important parameter
altering the false lumen. This in-vitro study showed that an aortic wall with reduced elasticity
results in an increased false lumen diameter in the mid and distal part of the false lumen. False
lumen expansion might result in higher stress of the aortic wall and at the ending of the dissection.

More insight in the hemodynamic changes during cardiac cycle in the true and false lumen of
uncomplicated TBAD might result in prediction of adverse outcomes. Four-Dimensional flow
Magnetic Resonance Imaging (4D flow MRI) compared to CTA provides insight into hemody-
namic dimensions such as Wall Shear Stress. In arterial blood flow, the WSS expresses the viscous
force per unit area applied by the fluid on the wall in a direction at the local interface. In Chapter
5. our ex-vivo research illustrates that an increase in heart rate (HR) from 60 to 80 bpm resulted
in a significantly increase of the False LumenVolume (FLV) and Wall Shear Stress (WSS) of the false
lumen. Hereby we confirm that strict HR control is of major importance and reduces the mean
and peak WSS in uncomplicated TBAD.

The first line therapy in TBAD with malperfusion syndrome is coverage of the proximal
entry tear by Thoracic Endo-Vascular Aortic Repair (TEVAR). When this method is unfeasible,

endovascular aortic fenestration has been proposed as an alternative technique. Fenestration is a

81



Chapter 7

minimally invasive alternative for the treatment of acute symptomatic aortic dissections because
it may quickly decrease the pressure gradient of the false lumen. It remains unclear where the
optimal location of these fenestrations should be chosen. In Chapter 6. the false lumen volume
after different fenestration strategies was studied. This in-vitro study showed that distal fenestra-

tion of the false lumen in aortic dissection will result in the largest false lumen reduction.
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SAMENVATTING IN HET NEDERLANDS

De behandeling van Type B Aorta Dissectie (TBAD) is tot op heden onderwerp van discussie.
TBAD kan worden onderverdeeld in ongecompliceerd en gecompliceerd.

Bij een gecompliceerde TBAD (cTBAD) kan er sprake zijn van ruptuur, verstoorde doorbloeding
van zijtakken van de aorta, snelle verwijding van de aorta of aanhoudende pijnklachten ondanks
medicatie. Bij een ongecompliceerde TBAD (uTBAD) zijn de eerder genoemde complicaties er
niet. Een onderverdeling in uTBAD is acuut (0-2 weken), sub acuut (2-6 weken) en chronisch (>6
weken).

De standaard behandeling bij een acute uTBAD is medicamenteuze behandeling. Dit betreft
opname op een verpleegafdeling waar vitale parameters (bloeddruk, hartslag, ademhalingsfre-
quentie etc) continu gemonitord en behandeld kunnen worden. De hoekstenen van de medica-
menteuze behandeling zijn bloeddruk en hartslag verlaging en adequate pijnstilling. Acute uTBAD
kan verslechteren in cTBAD bij ongeveer 20% van de patienten. Als er eenmaal complicaties
(ruptuur, verstoorde doorbloeding van zijtakken van de aorta, snelle verwijding van de aorta of
aanhoudende pijnklachten ondanks medicatie) optreden neemt de prognose af waarbij de kans
om te komen te overlijden meer dan 50% is.

Het eerste deel (Chapter 2) van dit proefschrift is een introductie over TBAD. Hierin worden
een aantal voorspellende waarden benoemd die een negatieve invioed kunnen hebben op een
ongecompliceerd beloop van een uTBAD. Voorspellende waarden voor dissectie gerelateerde
complicaties bij acute TBAD bij opname zijn een gestoorde nierfunctie (eGFR <60 ml/min) en een
maximale aorta diameter 240mm.Voorspellende waarden voor dissectie gerelateerde complica-
ties bij acute TBAD tijdens opname zijn een C-Reactive Protein >96mg/L en een doorgankelijk vals
lumen. De bloeddoorstroming in het valse lumen is erg afhankelijk van de vorm van de dissectie.
Zijtakken die uit het valse lumen bij uTBAD komen, kunnen bijdragen aan het niet opstollen van
het valse lumen en daardoor mogelijk invloed hebben op de prognose.

De auteurs creéerden een aorta dissectie model door in een varkens aorta een kunstmatige
dissectie te maken in de vaatwand. Het aorta dissectie model werd in een reeds gevalideerd
circulatie systeem geplaatst. In dit aorta dissectie model werd de invloed van zijtakken die uit het
valse lumen komen onderzocht (Chapter 3). Dit onderzoek toonde dat zijtakken resulteerden in
een diameter toename van het valse lumen. Deze bevinding kan van waarde zijn voor patiénten
met een uTBAD met zijtakken die uit het valse lumen komen, omdat deze groep mogelijk meer
risico loopt op het ontwikkelen van een cTBAD.

Hemodynamiek, de vorm van de dissectie en wandelasticiteit van de aorta, hebben een belang-
rijke invloed op de druk in het valse lumen. De hemodynamiek en de vorm van de dissectie zijn in
verschillende onderzoeken reeds bestudeerd dit is echter niet het geval voor de wand elasticiteit
van de aorta. In Chapter 4 wordt de invloed van de wandelasticiteit van de aorta op de diameter
en druk in het valse lumen bestudeerd. Dit onderzoek laat zien dat afname van de wandelasticiteit

van de aorta resulteert in een diameter toename van het valse lumen in het middelste en uiteinde
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van het valse lumen. Deze uitzetting van het valse lumen zou kunnen resulteren in een toename
van de wandspanning ter plaatse.

Gedurende de hartslag zijn er hemodynamische veranderingen in het ware en valse lumen.
Door dit beter inzichtelijk te krijgen, zou dit wellicht van waarde kunnen zijn in het voorspellen
van complicaties bij uTBAD. Four-Dimensional flow Magnetic Resonance Imaging (4D flow MRI)
geeft in vergelijking met Computed Tomography Angiography (CTA) wel informatie over de he-
modynamiek, maar ook over de wandspanning (Wall Shear Stress —WSS). In Chapter 5 toont het
onderzoek dat een toename van de hartslag van 60 naar 80 slagen per minuut resulteerde in een
toename van het valse lumen én een toename van de wandspanning. Dit bevestigt dat het verlagen
van de hartslag van cruciaal belang is omdat het de wandspanning (VWSS) verlaagd.

De eerste keuze van behandeling in cTBAD, waarbij er een verstoorde doorbloeding van zijtak-
ken is een Thoracic Endo-Vascular Aortic Repair (TEVAR).Als dit niet mogelijk is is endovasculaire
aorta fenestratie een alternatieve techniek om cTBAD te behandelen. Fenestratie van het valse
lumen resulteert in een snelle druk afname van het valse lumen.

Het is echter niet duidelijk op welke plaats de fenestratie in het valse lumen gemaakt moet wor-
den voor het beste effect. In Chapter 6 worden verschillende fenestratie strategieén bestudeerd.
Deze studie toont aan dat het maken van een fenestratie in het valse lumen aan het uiteinde van

de dissectie resulteert in de grootste reductie van het valse lumen.
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False Lumen Volume

Heart Rate

Magnetic Resonance Angiography
Type A Aortic Dissection

Type B Aortic Dissection
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