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Abstract

Of the approximately two million open-heart cardiac surgeries performed world-wide annually, up to
5.4% end in stroke, while less severe neurological deficits occur in an even more substantial amount
of cases. Clinical experience, procedure development, experimental findings and technological advances
have all contributed to significantly improve not only myocardial, but also neurological outcome. How-
ever, the latter remains persistent and becomes especially critical in the majority of patients requiring
cardiac intervention, i.e. older patients with multiple co-morbidities.

An extensive literature overview of aortic manipulation, yielded a comprehensive definition which
includes any surgical maneuver responsible for structural impact to the aortic wall (large deformations
or lacerations) as well as disruption of the physiological hemodynamics. Such maneuvers have repeatedly
been shown to increase the likelihood of embologenesis, especially in the presence of atherosclerosis, as
well as cerebral malperfusion. Consequently, aortic manipulation have been implicated to be one of the
main, if not the main, contributor to the stated poor neurological outcomes. Such manipulation maneuvers
do not only occur in best-practice cardiac surgery, but in state-of-the-art cardiac interventions in general,
including percutaneous interventions.

Aortic manipulation presents complex, multi-factorial risks – some of which are often left unaccounted
for or unavoidable in standard clinical practice. While prior advances have been able to substantially
improve the safety of aspects external to the patient, e.g. improved cardiopulmonary bypass (CPB) com-
ponents, or in terms of global patient homeostasis, e.g. blood pressure, acid-base levels etc., the variation
in outcome becomes dictated by local patient-specific aspects directly influenced by manipulation. Since
many specifics about the exact mechanisms responsible for adverse outcomes cannot be evaluated clin-
ically or experimentally, the mechanical nature of aortic manipulation offers the unique opportunity for
more advanced computational analysis.

Hence, a computational study was performed to evaluate two of the arguably most dangerous aortic
manipulation maneuvers. A structural investigation was performed of aortic occlusion, i.e. cross-clamping
and endo-aortic balloon occlusion (EABO), and fluid investigation of arterial cannular flow, i.e. the local
effects of the high velocity jet formed with arterial return during CPB. State-of-the-art computational
methods and material models allowed for approximating physiologically relevant effects.

The formulation of functional requirements that describe a safe, efficient and reliable aortic occluder
enabled previously unappreciated detail and scope in comparing structural occluder performance in the
context of an idealized aorta. The occluders compared included different cross-clamps, endo-aortic bal-
loon occlusion (EABO), as well as a novel occluder design, namely constrained EABO (CEABO). The
overall results indicated performance trade-offs, reflected that the current clinical trend of preferably using
cross-clamps is dictated by its simplicity, stability and cost – not its high potential danger. But it is also
further motivated by the insufficiently poor performance of EABO, also reflected in these results. Further-
more, it also demonstrated the superior performance of CEABO, which included its ability to yield the
same potential of occluding the vessel as cross-clamps, but at approximately half the increase in tensile
strain in the vessel wall (∼30%). Furthermore, it did not cause pinching of the wall as cross-clamps do
and it solved the problem of the positional instability associated with EABO. Perhaps most importantly, it
was shown to also possess the scope for addressing the main shortcoming of currently available occluders:
the reliable prediction of the load required to achieve occlusion. Its uncertainty is the reason why more
(unwanted) load is practically always applied to the aorta than what is necessary to occlude it.

Occluding a mildly calcified patient-specific ascending aorta was also considered, by applying standard
DeBakey cross-clamps and EABO at different occluder configurations, i.e. positions and/or orientations.
The results revealed a complex loading state of the aorta, responsible for significant increases in strain at
different calcification lesions. In the clinical setting, such patient-specific peculiarities would be difficult
to predict intuitively and to accurately execute – contrary to what has been suggested in literature.
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Functional requirements were also formulated for optimal proximal cannular flow effects, i.e. flow
aspects prior to entering the aortic arch. Considering an idealized aortic lumen, previously unevaluated
detail was obtained from different clinically available cannulas, as well as different cannula configurations
of a straight end-hole cannula, i.e. cannula orientation and insertion depth. Additionally, a new cannula
tip design, was also considered, not clinically available nor previously evaluated, i.e. a shielded (end-
hole) cannula. Considering only 50% of CPB flow rate, results displayed unexpected design trade-offs,
substantial cannula tip design inefficiencies and also dangers. All available tips that yielded a relatively
satisfactory flow profile entering the aortic arch, relied predominantly on the jet landing directly on the
vessel for its dissipation. This an undesirable feature, but not only observed for these cannulas. Every
cannula evaluated resulted in a region approximately half of the size of a 1-Euro-cent coin that will cause
endothelial erosion on a healthy aortic wall, not even to speak of a diseased wall. Furthermore, a high
sensitivity to the cannula configuration was also shown, i.e. cannula performance is also dependent on its
immediate orientation and tip-to-opposite wall in the cannulated vessel. Finally, the shielded cannula tip’s
overall good comparative performance came at a cost of a high pressure drop.

The cross-clamped (highly deformed) patient-specific geometries from the above-mentioned structural
study were also used to evaluate the proximal flow effects of arterial cannular flow. Considering a straight
end-hole cannula, the resulting functional performance yielded significant variability in the resulting flow
patterns when simply changing the orientation by which the vessel was cross-clamped.

The original contributions presented in this investigation, include the following: (1) A comprehensive
oversight of aortic manipulation in terms of the multi-factorial risks it poses in terms of peri-operative
cerebral vascular accidents (CVAs), bringing together vascular injury (structural) and perfusion disruption
(fluid), in a way not previously considered; (2) The use of computational models for previously unattain-
able insights into the mechanical consequences of certain clinically performed manipulation maneuvers.
Therein, certain design trade-offs, design inefficiencies and potential mechanisms by which manipula-
tion maneuvers can (hazardously) interact, were described for the first time; (3) A novel method of aortic
occlusion was proposed and an untested cannula tip design were evaluated with the aim to make these ma-
neuvers safer. Both yielded very promising results; and (4) The computational analyses of patient-specific
models demonstrated the immense variability that will be encountered clinically when performing aortic
manipulation, and its sensitivity to subtle changes in surgical technique.

Two fundamental aspects currently lacking from clinical practice, as identified in this investigation,
are occluding techniques that allow for a clinically determinable level of occlusion and arterial cannula
performance data that incorporate aspects of vessel-induced variations. Conceivably, the main reason why
many previous procedural and technological attempts to lessen the impact or to avoid aortic manipula-
tion have had limited or inconclusive benefits, is the lack of understanding/consideration of the complex
mechanisms and outcomes as a whole. To this end, the presented computational analyses are expected
to be of invaluable benefit. Consequently, the development of safer and more robust strategies for aortic
manipulation are needed in order to reduce potentially detrimental consequences within the context of
high clinical variability.
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CBF Cerebral blood flow
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CG Conjugate gradient
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DNS Direct numerical simulation
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ROIs Regions of interest
SCAD Small capillary arteriolar dilations
SEF Strain energy function
SMCs smooth muscle cells
TCD Transcranial Doppler (ultrasound)
TECAB Totally endoscopic coronary artery bypass
TEVAR Thoracic endo-vascular aortic repair
TEE Transesophageal echocardiography
VAD Ventricular assist device
WS Watershed (areas in the brain/infarction)
WSS Wall shear stress

Terminology

Aortic manipulation Any surgical intervention disturbing the physiological state of the aorta,
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Cannula Here specifically the arterial cannula, used to feed/return blood from the
heart-lung-machine to the systemic (high pressure) circulation of the pa-
tient

Cannula tip The part of the cannula that is inserted into the aorta, usually limited in
depth by a type of flange. The tip has the narrowest diameter through
which the blood has to flow

Cannula tip conduit The conduit of the tip
Cannula conduit The part of the cannula preceding the tip that is not inserted into the

cannula
Cannula configuration The orientation of the cannula and its relative insertion depth (tip-to-

opposite-wall distance)
Luer lock ∼2 cm from the inflow side, is a transverse opening to the cannula con-

duit that can easily be opened or closed to allow e.g. flushing of air, ad-
ministration of pharmacological agents, etc.

Occluder Any instrument that is used to occlude a vessel – here, the aorta. Exam-
ples include cross-clamps and endo-aortic balloon occlusion (EABO)

Occlusion site The axial position of the vessel where the occluder is/will be applied
Occluder configuration The position and/or the orientation of the occluder at the Occlusion site
Occluder loading configuration The different mode in which an occluder applies a load on the vessel
Occluding load The load applied by the occluder, not implying that the vessel is or has

already been occluded
Occlusion potential a scalar value that describes the potential of the current occluding load to

yield an occluded state of the vessel, cf. Section 7.4.1

Operators, symbols and superscripts

(·)T Transpose of a tensor
(·)−1 Inverse of a tensor or mapping
(·)−T Transpose of the inverse of a tensor
˙(·) First time derivative

xi



Nomenclature

(̂·) Prescribed quantity
(̃·) Modified or transformed quantity
(·)(e) Element
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0 Zero tensor
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⊗ Dyadic product
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Div,∇· Material divergence operator
Grad,∇ Material gradient operator
Lin Linearization operator
tr Trace operator

Nonlinear structural and contact continuum mechanics

A, a Area in the reference/current configuration
a0 Directional vector describing directional dependence of fiber-reinforced, anisotropic

material in the reference configuration
C, b Right/left Cauchy-Green deformation tensor
C Material tangent or constitutive tensor for linear elasticity
E, e Green-Lagrange/Euler-Almansi strain tensor
Ēi Green-Lagrange strain-like term (for n-fiber families)
Eint Internal energy
f Force vector
F Deformation gradient
g Gap function
Γ0 Boundary in reference configuration
Γ0,u Dirichlet partition of boundary in reference configuration
Γ0,σ Neumann partition of boundary in reference configuration
Γ0,c,Γc Potential contact partition of boundary in the reference/current configuration
Ij , Īj jth principal invariant/jth modified invariant
J Jacobian determinant, determinant of F
λ, λn,λτ Lagrange multiplier vector: all/normal/tangential component
λfib, λ

zz
fib, λ

θθ
fib Stretch in fiber direction: total/longitudinal/circumferential

λ1, λ2, λ3 Principal stretches
M1,M2,M3 Principal direction basis vectors in the reference configuration
m1,m2,m3 Principal direction basis vectors in the current configuration
N ,n Unit normal vector in the reference/current configuration
Ω0,Ω Reference/current configuration
∂Ω0, ∂Ω Boundary in reference/current configuration
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p Lagrange multiplier (for enforcing of compressibility constraint)
pn Normal contact traction (contact pressure)
P Contact mapping from slave to master surface
P First Piola-Kirchhoff stress tensor
φ Coulomb limit
Ψ, Ψ̄,Ψvol Strain energy function: total/isochoric/volumetric components
Q Orthogonal rotational tensor
R Rotation tensor
S Second Piola-Kirchhoff stress tensor
σ Cauchy stress tensor
t0, t Traction vector in reference/current configuration
tc, tτ Contact traction vector: total/tangential
u Displacement vector
U ,V Material stretch/spatial stretch tensor
vτ,rel Relative tangential velocity vector
V, v Volume in the reference/current configuration
w Weighting function vector
δW, δWint, δWext Virtual work: total/internal/external
X,x Position in reference/current configuration
χ Mapping between reference and current configuration

Physical structural quantities

αfib Fiber-family orientation with respect to the circumferential direction
αHU HU-dependent material parameter
c, c1, c2, c3 Material parameter (isotropic)
E Young’s modulus
HU Radio-density attenuation coefficient (Houndsfield unit)
k1, k2 Stress-like material/dimensionless parameter for exponential anisotropic constitutive

models
λ, µ Lamé parameters
µτ Friction coefficient
ν Poisson’s ratio
κ Bulk modulus
κd Fiber dispersion parameter
κcalc Bulk modulus for calcification

Discretized quantities

d,D Element-wise/global nodal displacement vector
fint,fext Element force vectors: internal/external contributions
Fint,Fext Global force vectors: internal/external contributions
nele Number of elements
R Global residual vector
KT Tangential stiffness matrix
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Nomenclature

Occlusion-related quantities (structural simulations)

Aadv
c , Aint

c Contact area: adventitial/intimal
|Alumen

cl | Clamped luminal area, normalized to the unoccluded luminal area
αCC Relative angle of axial rotation (of the cross-clamps)
αrot Angle between plane in which clamp-arms are hinged longitudinal direc-

tion of clamp-surfaces
BB Bounding box used in capturing Sclosed

c

C A set of all possible contour lines of a certain property
Di, Do Inner/outer diameter
ε1, ε2, ε3 principal strain components
εEA Euler-Almansi strain
ετ,max Maximum shear strain
εVM Von Mises strain
F cl, F cl

n , F
cl
τ Applied clamp force: total/normal/tangential

Fn,Fτ Contact force vectors: normal/tangential
Fmigr, Fmigr

n , Fmigr
τ Migration resistance force of the occluder: total/normal/tangential com-

ponents
hclosed

x , hclosed
y Relaxation distances to reduce the BB to sufficiently capture Sclosed

c

La, L
occl/cann
a , L

constr/EABO
a Axial (centerline) length/Occlusion site to cannula distance (measured

along centerline)/Offset between constrainer and EABO
Lrot Length of the hinged, rotating arm, i.e. hinge to start of clamp surface
Lw Clamp surface width
ncl Clamp surface normal
nvess Direction of the vessel axis, current configuration
nele, n

ROI
ele Number of elements/elements within the ROI

noccl
nd Nodes on the vessel surface making contact with the occluder
pn, p

int
n Normal contact traction or contact pressure/contact pressure on the in-

tima
poccl
n Occlusion potential – highest value of contact pressure in Pclosed
Pclosed A set of contact pressure values corresponding to each contour line in

Sclosed
c

|PEAB| EAB pressure, normalized to the maximum EAB pressure considered
Qc,Qc,i The set/subset of all possible points on the curves of Sc
q, qx, qy Cartesian coordinates of points in some subset ofQc,i, x-coordinate only,

y-coordinate only
Rv
i , REAB Inner radius of vessel/EAB, reference configuration
Sc A subset of C formed by the contact pressure pn on the to-be-occluded

surface
Sclosed
c A subset of Sc that form closed lines on the to-be-occluded surface, i.e.

valid lines along which occlusion can occur
Sopen
c A subset of Sc that does not include Sclosed

c

Tw Wall thickness
V aCalc
h , V pCalc

h Discretized calcification volume: all and pure calcification only
|VEAB| EAB volume, normalized to the maximum EAB volume considered

when only considering the EAB
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Nomenclature

Fluid mechanics

u Fluid velocity
p̄, p Hydrostatic/kinematic fluid pressure
µf Dynamic viscosity
µ∞ Maximum shear thinning dynamic viscosity
νf Kinematic viscosity
ε Strain rate tensor
ρf Fluid density

Arterial cannular flow-related quantities (fluid simulations)

Adanger Danger-zone area
Aslice Slice surface area (through fluid domain)
Av
i Surface area element (of the vessel surface)

βtip Tip angle, relative to axial direction of preceding cannula conduit
Dv
i , d

c
i Inner diameter of vessel/cannula

hb, hf Base-level/first element discretization size
Lv
a, L

c
a Axial length (centerline distance) of vessel/cannula, also referred to as

tip conduit length
La, L

cann/out
a , L

occl/cann
a Axial (centerline) length/cannula to outflow length (measured along cen-

terline)/occlusion site to cannula distance (measured along centerline)
Ldepth Relative insertion depth of cannula tip into vessel
nele Number of elements
nnd,i, n

danger
nd,i Nodes belonging to a specificAv

i /nodes belonging to a specificAv
i above

a endothelium erosion threshold (danger threshold)
nslice Outward normal of a slice through the fluid domain
nvel Normalized nodal velocity
∆P Pressure drop
Pslice Nodal values of pressure in a slice through the fluid domain
Pout Nodal values of pressure at the outflow surface
Q, Qin Flow rate, inflow flow rate
Rcenter Centerline radius of main cannula curvature
Re Reynolds number
v,vin Flow velocity/inflow velocity
vexit Exit velocity
yn Direction orthogonal to the wall, considering the calculation of WSS
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Simulation abbreviations (structural)

CC|| Cross-clamps, parallel
CCstd Cross-clamps, standard (DeBakey)
CCcrab Cross-clamps, crab pincher-like (Cosgrove/Chitwood)
CEABOn,i Constrained EABO, narrow constrainer, offset with EAB of i mm
CEABOw Constrained EABO, wide constrainer, offset with EAB of 0 mm
CEABOp,i Constrained EABO, profiled constrainer, offset with EAB of i mm
CCCalc,i

θ Cross-clamps, standard (DeBakey), patient-specific aorta with calcifica-
tions, at relative axial rotation θ and position i

CCnoCalc,i
θ Cross-clamps, standard (DeBakey), patient-specific aorta without calci-

fications, at relative axial rotation θ and position i
EABOpure Endo-aortic balloon occlusion (EABO)

Simulation abbreviations (fluid)

Endhθtrans,θlong End-hole cannula, straight, at different transverse θtrans and longitudinal
θlong orientations

Endhd,i End-hole cannula, straight, at different insertion depths i relative to
flange-determined depth

Endhstr ≡ Endh0◦,0◦ ≡ Endhd,0

Endhcurv End-hole cannula, curved, forward-facing (downstream-pointing)
Endhsh

curv End-hole cannula, curved, shielded, backward-facing
Endhic End-hole cannula, straight, in an incompletely clamped artery
EndhCC,θ End-hole cannula, straight, in a patient-specific, incompletely cross-

clamped artery corresponding to CCCalc,1
θ

Sidestr Side-hole cannula, straight
Sidecurv Side-hole cannula, curved, forward-facing
Hybrstr Hybrid cannula, straight
Hybridcurv Hybrid cannula, curved, forward-facing
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1. Introduction

(...since) the world’s first successful open heart
procedure...aortic manipulation and post-operative
neurological complications have co-existed.

— Lange et al. [206]

1.1. Background

1.1.1. Cardiac surgery outcomes: scale, impact and importance

Numerous review articles and books have covered the best practices for cardiac surgery, especially with
regards to preventing or minimizing neurological injury due to emboli or hypoperfusion, as well as
the management of systemic inflammatory response, ischemia in other end-organs, aortic dissections,
etc. [5, 31, 89, 121, 139, 162, 192, 206, 221, 257, 267, 291, 311, 318, 327]. Such a review of best prac-
tice cardiac surgery is usually compiled by considering a multitude of different equipment, patient and
procedural-related risk factors, as well as pre-, peri- and post-operative screening, monitoring, procedural
options and optimal clinical management. Since the inception of open-heart surgery in the 1950’s, pharma-
cological, technological and procedural advances and the subsequently gained experience are continually
enabling increased access to previously inoperable patients that form part of an ever increasing population
requiring such interventions, whilst keeping complication rates relatively low, as shown in Figure 1.1. Al-
though cardiac surgical procedures are expected to decrease due to improved preventative measures and
percutaneous interventions, even considering a constant decline in incidence still constitutes a substantial
amount of procedures required, as indicated in Figure 1.1c.

Nevertheless, the complication rate remains significant and needs to be further addressed due to the
immense impact these complications have on patient morbidity and mortality, as well as the strain on
health-care systems [296, 318]. Further aspects to be considered in this regard include the sheer num-
ber of open-heart procedures performed worldwide – approximately 2 million annually [121, 279], the
fact that the worldwide occurrence of cardiovascular disease is one of the major causes of death and is
still on the increase [360], that the complication rates are becoming higher as the procedure increases in
complexity [192, 257] and that the aging patient-population requiring these interventions presents more
co-morbidities, especially cerebrovascular disease and atheromatous disease, that can aggravate compli-
cations even further [64, 107, 221].

1.1.2. Cardiac surgery-related cerebrovascular accidents (CVAs)

Although exceptional advances have been made in myocardial protection during cardiac surgery, limited
progress have been achieved in protecting the brain [221]. As such, apart from procedural failure, probably
the most devastating complications associated with cardiac surgery are cerebrovascular accidents (CVA),
which can range from transient cognitive impairment to stroke and death. Patient age also increases the
likelihood of neurological deficit, which is not necessarily the case with outcomes such as myocardial
infarction or low cardiac output state [64, 221], cf. Figure 1.1b. CVAs are typically classified clinically as
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Figure 1.1.: Cardiac surgery outcomes, relative to age, co-morbidities and number of procedures per an-
num, showing (a) probabilities of main outcomes vs. age, adapted from [339], (b) probabili-
ties of outcomes vs. age and co-morbidities, adapted from [235] and (c) projected number of
annual cardiac procedures in the USA, showing scenarios of a constant incidence and constant
decline, adapted from [101].

Type I (most severe, clinically apparent), Type II (less severe, easily assessable post-operatively) and neu-
rophysiological (NP) impairment (least severe, sophisticated post-operative neuropsychometric testing
required) [296]. Citing a current review on neurological protection during cardiac surgery [291], Type I
and Type II deficits normally vary between 0.9% and 5.4% and between 3.0% and 10%, respectively.
NP impairment varies even more, with incidence rates ranging between 28% and 79% being reported
for the period immediately post-operative and between 19% and 57% of persisting NP impairment at
six months follow-up. These variations are dependent on the type of procedure performed, as well as
patient-related risk factors. Although some limitations with regards to correctly and consistently diagnos-
ing Type II injury and NP impairment do exist, including laborious testing and learning curve dependent
diagnoses [37, 299], the weight of consequences associated with CVAs during cardiac surgery is clearly
evident. Not only patient-related consequences are to be noted, but also the financial implications thereof.
Based on a landmark report in the mid-1990’s [296], it was calculated that at that stage, only considering
cerebral injury from cardiac surgery, costed the US approximately $2–$4 billion annually, which included
in-hospital, out-of-hospital and rehabilitation services. Another study found that only the direct cost of
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1.1. Background

stroke after coronary artery bypass grafting (CABG) already amounts to between $90,000 and $228,000
per patient lifetime, which excludes indirect costs such as loss of productivity [95].

The major cardiac surgery-related ischemic CVA etiologies include particulate and gaseous embolic
events, cerebral hypoperfusion and a generalized inflammatory reaction. Other etiologies are also known,
including focal vaso-motor spasm, cerebral reperfusion injury, as well as toxic and metabolic effects [121,
139, 151]. Of these, the release of emboli into the systemic circulation and hypoperfusion of the brain are
considered the most common etiologies of CVAs and are the focal point etiologies considered in this
investigation.

1.1.2.1. CVA etiology: Emboli

Emboli are gaseous or particulate matter suspended in the blood and originate from either equipment-,
procedural- or patient-related factors. It can consist of air, tube fragments generated by the pump, glove
powder, silicone anti-foam, chylomicrons, remnants of damaged cells, lipids from the surgical field, de-
bris from the disruption of atherosclerotic plaques and/or calcifications, etc. [327]. The danger of these
emboli is that they could potentially occlude an artery/arteriole, leading to tissue ischemia distal to such
an occlusion site when no sufficient co-lateral perfusion pathway(s) exist.

Of all the etiologies of emboli that can potentially lead to CVAs, the most notable has been identified as
the presence of atherosclerosis in the ascending aorta and aortic arch. Atherosclerotic lesions can poten-
tially be disturbed by aortic manipulation during cardiac surgery, giving rise to atherosclerotic/atheromatic
emboli entering the systemic circulation and potentially contributing to neurological and other end-organ
ischemia [26, 36, 38, 42, 44–46, 89, 113, 151, 186, 220, 326, 343, 344]. Probably the most definitive
demonstration that such lesions are disturbed and cause a substantial release of emboli into the arterial
circulation was in a number of studies investigating the use of an intra-aortic filter inserted distal to the
cross-clamping site during cardiopulmonary bypass (CPB) procedures, cf. Section 4.2.2.1. These studies
found that the overwhelming majority of particulate emboli physically captured with such a filter were
atheromatic in origin.

Furthermore, although equipment- and procedural-related factors responsible for emboli generation can
be controlled/minimized to a large extent – enabled especially by technological advancements, surgical
technique-related improvements and evidence-based algorithms – the patient-related factors, especially
the presence of atherosclerosis, cannot. Atherosclerosis among the patient population requiring cardiac
surgery remains prevalent and will increase in future as the world population ages and increases [107,
221], cf. Figure 1.1c. Prevalence of atherosclerosis in patients was already demonstrated in a study using
data from the 1980’s: In a large cohort of patients (n=1735, mean age=68.9 yrs) undergoing coronary
artery bypass surgery, 4.5%, 2.2% and 2.0% presented with mild, moderate and severe atherosclerosis
of the ascending aorta, respectively [241]. Since then, such prevalence has repeatedly been reported, as
shown in Figure 1.2.

All of these reviewed factors concerning the danger of disrupting an atherosclerotic lesion are clearly
evident from the following guidelines set by the American Heart Association (AHA) regarding the prin-
ciple factors affecting cardiac surgery patient outcome, as taken from Slaughter et al. [318]:

• Post-operative stroke is the second most common cause of operative mortality;

• The surgeon’s identification of an atherosclerotic ascending aorta is the single most significant
marker for an adverse cerebral outcome after coronary bypass operations;

• Atherosclerosis plays a role in at least two-thirds of adverse events after coronary bypass;

• Significant atherosclerosis of the ascending aorta mandates a surgical approach that will minimize
the possibility of atherosclerotic emboli;
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(b) Distribution of atheroma grades (n=189)
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Figure 1.2.: Common manifestations of atherosclerosis, showing (a) an axial sliced CT-scan from a typi-
cal patient requiring surgical intervention, where substantial calcific lesions in the ascending
aorta (top) and descending thoracic aorta (bottom) are indicated by white arrows and show-
ing (b) the grades of atheroma confronted clinically and patient outcomes, in a patient pop-
ulation undergoing multi-vessel on-pump coronary artery revascularization (n=248), adapted
from [155] and (c) the resulting stroke rates, adapted from [155].

• Peri-operative athero-emboli from aortic arch plaques to be the culprit in one out of three strokes
following coronary artery revascularization;

• Patients who are actually receiving cardiac surgery are older than in the past. Atherosclerosis plays
a role in two-thirds of all adverse events after revascularization.

1.1.2.2. CVA etiologies: Hypoperfusion

Hypoperfusion refers to insufficient or less than normally required, homeostatic circulatory supply of
oxygenated blood to the entire brain or parts thereof. It is widely accepted that permanent ischemic brain
injury due to circulatory arrest typically sets in after approximately four minutes. However, the extent of
permanent ischemic brain injury when oxygen supply to the brain is still present, but less than required,
varies due to a number of factors, which is especially important for any surgical intervention disrupting
normal physiological hemodynamics, such as cardiac surgery.
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1.1. Background

As stated in a recent review by Grocott [140], due to the mechanism of permanent ischemic brain
injury described above, the first mechanism of perioperative CVAs that enjoyed intensive clinical con-
sideration was that of hypoperfusion during CPB. The main parameter considered in this context was the
mean arterial pressure (MAP) that was maintained during CPB. Animal studies revealed that healthy auto-
regulatory mechanisms were responsible for preventing increases in cerebral blood flow (CBF) above a
MAP of 50 mmHg. Above this threshold, CBF basically plateaued. Clinically, MAP is usually maintained
between 50 mmHg and 100 mmHg, although patients with chronic hypertension or anemia benefit from an
increased lower threshold of MAP during CPB. Adequate MAP during cardiac surgery can be maintained
through different means, including increasing flow from the CPB, procedural alterations, anesthetic man-
agement and inducing cerebral hypothermia. The latter reduces the metabolic requirements and therefore
also the oxygen demand. Thereby, the likelihood and risk of hypoperfusion is reduced and is generally
seen as neuroprotective. Although the induction of hypothermia is a widely considered topic, it is outside
the scope of this investigation and can be reviewed elsewhere [151]. These findings are of equal impor-
tance to off-pump cardiac surgeries, since although no CPB is required, the MAP is also significantly
altered during such a procedure.

1.1.2.3. CVA etiologies: Synergy between emboli and hypoperfusion

An oversimplified, yet often considered assumption of the combined effects of these two etiologies, is to
consider them in isolation: emboli are distributed proportionally to blood flow, and therefore less perfusion
would mean less embolic risk, but increased hypoperfusion risk and vice versa.

A very telling indication that cardiac surgical-related adverse neurological consequences occur due
to a complex combination of embolic and hypoperfusion etiologies, comes from investigations of the
pathophysiology of watershed (WS) infarctions in patients with internal carotid artery disease, as reviewed
by Momjian-Mayor and Baron [249], considered in the following.

A WS infarction can be defined as an infarct occurring in the junction between two distal perfusion
fields, i.e. after many bifurcation generations, down to the levels of arterioles and capillaries, of two
non-anastomosing arterial systems. Such infarctions are in contrast to localized “wedge-shaped” and/or
deep striato-capsular infarcts. A number of studies investigating the origins of such WS infarctions have
propagated the notion that either severe hypotension or emboli are responsible for watershed infarctions –
causing considerable controversy. Hypoperfusion has been attributed as the main cause of WS infarctions
based on the supposition that perfusion pressure is the lowest at these distal perfusion fields, thereby
causing WS infarction upon repeated episodes of hypotension. This interpretation has also been supported
by radiological studies indicating that WS infarctions in these diseased conditions are more likely with a
non-competent circle of Willis, i.e. where co-lateral perfusion has been impaired. Other aspects such as
vessel stenosis, frequently associated with internal carotid artery disease, have also been implicated on the
same grounds. On the other hand, emboli have been attributed to cause WS infarctions based on emboli
found in post-mortem evaluations, especially microemboli that preferentially occlude small vessels in
these WS areas due to their distinctly small size.

Inconsistencies in findings that prefer the one etiology over the other have lead some investigators
to propose a synergism of these two etiologies based on the following: Patients where areas of marginal
perfusion exists, e.g. in WS areas, may be more susceptible to embolic events due to the already exhausted
vascular reserve and a reduced clearance/wash out of microemboli would be possible. Of course, the
etiology of hypoperfusion cannot be identified as easily as an embolic event etiology, especially in post-
mortem investigations. Although a seemingly probable etiology, at the time of this review, a hypothesis
of the synergistic effect between hypoperfusion and emboli at causing neurological injury has not been
unequivocally demonstrated to be true, or not. Notwithstanding, a more recent review considering the role
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of hypotension in perioperative stroke could still not uncover the exact mechanism, due to the complex
nature of such a multifactorial problem and the inability to clearly pinpoint the exact etiology/ies [33].

However, certain recent findings provide further evidence for and more clarity on this phenomenon,
particularly in relation to cardiac surgery outcomes. Initial support of such a synergistic relationship be-
tween these two etiologies came from a study demonstrating that patients at higher risk for embolic
stroke due to severe atheroma were more likely to have adverse neurological outcomes following cardiac
surgery when a lower MAP was maintained compared with a higher MAP [155]. Furthermore, many
research groups have found a positive correlation between the number of emboli entering the CBF and
neurological outcome [70, 175, 220, 287, 341], also clearly evident from findings from animal studies
and pathological findings in humans [160, 231, 251]. However, such a positive correlation does not im-
ply a linearly proportional relationship [326] and non-correlating findings remain [27, 213]. One of the
best examples demonstrating contradictory findings and the complex synergy of etiologies responsible
for adverse neurological outcome are studies comparing on-pump and off-pump coronary artery revas-
cularization. On the one hand, a number of trans-cranial Doppler (TCD) studies have clearly shown a
significant reduction of emboli entering the cerebral circulation, as reviewed by Dittrich and Ringelstein
[88]. On the other hand, a very recent special report considering retrospective non-randomized, prospec-
tive randomized, and meta-analyses trials comparing these two surgical approaches states that off-pump
procedures have failed to show a reduction in adverse neurological outcomes [208], despite the expected
lower embolic load entering the cerebral circulation.

These conflicting results can be attributed to the fact that only considering one etiology in isolation
within such a correlation, is a coarse assumption of a complex occurrence made with non-specific data.
The brain is a complex non-homogeneous organ with a delicate, yet robust perfusion system, which sub-
stantiates the above statement based on the following: Firstly, monitoring emboli entering the cerebral
circulation with TCD cannot as of yet unequivocally distinguish between gaseous and particulate matter,
nor the nature of the particle, and is limited in resolution [88]. TCD studies are thus far the only intra-
operative method of determining embolic load entering the cerebral circulation. Secondly, the complexity
of embolic stroke comes in part from the uncertainty about the nature, size and number of emboli, the
potential conglomeration of emboli, as well as the possible perfusion paths and whether collateral paths
exist [27, 36, 42, 292, 326]. Thirdly, the severity of an embolic occlusion also varies based on the quality
of the brain parenchyma and vascular reserve capacity [27, 64], i.e. generally, elder patients with more
co-morbidities might be affected more by embolic occlusion than younger, healthier patients. Although
not elucidated upon in these investigations, the latter aspect might conceivably be equally applicable to
considerations of cerebral hypoperfusion.

Without even considering other potential etiologies of perioperative stroke, such as systemic inflam-
matory response, it is clear that the relationship between the embolic and hypoperfusion etiologies are
complex, multifactorial in nature, still incompletely understood and thus deserves further investigation.

1.1.3. Aortic manipulation: definition and significance

Studies investigating surgical-related aortic dissections have repeatedly demonstrated the occurrence of
vascular injury due to some sort of manipulation of the aorta [61, 98, 149, 217, 324, 330], although
injury has also been demonstrated when no dissection occurred [341], as shown in Figure 1.3a. The
consequences of such vascular injuries that have repeatedly been attributed to cause or exaggerate peri-
operative CVAs, especially in the presence of atherosclerotic lesions, as reviewed in Section 1.1.2.1.
Transcranial Doppler ultrasound (TCD) studies intraoperatively monitoring emboli entering the cerebral
circulation have repeatedly shown how the embolic load relates to certain specific aortic manipulation
maneuvers, i.e. surgical interventions. Moreover, manipulation of the aorta (or the heart) has also been
shown to influence cerebral perfusion characteristics, also associated with causing or exaggerating peri-
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Figure 1.3.: (a) Epiaortic echocardiography demonstrating manipulation related injuries, adapted
from [341] with permission, showing a new intimal tear (arrow 1) and a new mobile lesion
(arrow 2), plausibly caused by manipulation and (b) a typical TCD study investigating emboli
entering the cerebral perfusion during cardiopulmonary bypass (CPB), adapted from [326]

operative CVAs, as reviewed in Section 1.1.2.2. However, demonstration of which mechanism should be
attributed for a subsequent CVAs remains difficult. From the studies reviewed in Section 1.1.2.3, it seems
plausible to assert that there may be multiple mechanisms, that some or all interact and can have a variable
influence. Current knowledge about these mechanisms of CVAs are unfortunately lacking. Nevertheless,
it clearly becomes important to better understand the consequences of aortic manipulation and how these
can be lessened.

With this background, a general definition for aortic manipulation can thus be given as any (mechanical)
surgical intervention/maneuver responsible for a disturbance of the normo-physiological function and/or
state of the aorta at any level along the arterial tree. For the purposes of this investigation, the main
focus here will remain on the ascending aorta and the aortic arch. These manipulation maneuvers include
surgical interventions that damage, deform, abrade or puncture the aortic wall, and also those that disturb
physiological hemodynamics of the aorta. Inclusion of the latter into this definition has not always been
implied when considering aortic manipulation. However, as will be made clear from this investigation,
it is pivotal that the definition explicitly includes hemodynamical consequences of handling the aorta.
Aortic manipulation maneuvers include, but are not limited to, aortic occlusion, partial-clamping, digital
palpation, arterial cannulation, antegrade cardioplegia cannulation, grafting/anastomosing onto the aorta,
arterial cannular jet flow, antegrade cardioplegia cannular jet flow, intra-aortic filters or catheterization,
etc.

With the foregoing background of aortic manipulation in mind, the motivation for the investigation
presented in this dissertation is formulated and expounded upon in the following section.

1.2. Motivation and research objective

Most manipulation maneuvers are an unavoidable part of many types of surgical treatments, which under
given circumstances imply the least overall risk to the patient. If no procedures or technologies exist
that can avoid manipulation, it must be reduced to an absolute minimum. In order to know how to avoid
or reduce it, the manifold problems associated with aortic manipulation in its entirety must be better
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understood. Although certain aspects of aortic manipulation have been well researched, a comprehensive
investigation to elucidate upon the current clinical understanding, the mechanisms of injury, its potential
far-reaching consequences, recent technological and procedural advances and novel ideas to lessen its
impact, has not been undertaken in literature.

Consequently, the research objective of this dissertation is four-fold: (1) To consider the multi-factorial
problem of aortic manipulation during cardiac surgery as it is currently understood in clinical terms, with
special emphasis on the mechanical aspects of emboli and cerebral hypoperfusion associated with CVAs;
(2) to evaluate the most critical aortic manipulation maneuvers in detail, using complex, state-of-the-
art computational models not yet done before; (3) to propose novel ideas whereby the impact of these
critical manipulation maneuvers can be lessened, using the same computational tools; and finally (4) to
supply comprehensive up-to-date insights into the risks of aortic manipulation during cardiac surgery as a
whole, in order to aid in clinical decision-making and facilitate the future directions of research that this
investigation precedes.

With this dissertation, it is the aim of the author to address both a clinical and a technical audience.
Thereby, it should firstly convey sufficient comprehension to clinicians who wish to better understand
the impact and risks associated with aortic manipulation and to those involved in new procedural de-
velopments. Furthermore, with the help of the computational investigation, it is aimed to provide better
understanding of aortic manipulation mechanisms responsible for increased risk to patient outcome, to
aid clinical decision-making, but also to act as design input for improved technologies.

The main emphasis and volume of work presented will focus on the structural mechanical consider-
ations, followed by fluid mechanical considerations. Specifically, focus will be placed on manipulation-
related etiologies responsible for CVAs or other surgical complications associated with either emboli or
hypoperfusion. The conveyance of clinical comprehension is approached from the perspective of under-
standing the problem in such a way that not only more complex analyses of these problems are realizable,
i.e. enabling correctly formulated computational evaluations, but also allow requirement formulation for
engineering improved solutions.

1.3. Outline

The above-stated research objectives are achieved in this dissertation in two parts.
Part I consists of an in-depth literature review investigating the current clinical comprehension of the

aortic manipulation in cardiac surgery, as obtained from clinical and experimental research. It is performed
for the three main categories, namely: large deformation manipulation by external equipment with the in-
tention of occlusion, partially clamping or manual palpating, Chapter 2; disrupted hemodynamics during
on-pump and off-pump procedures, Chapter 3; and direct laceration of the aorta by puncture and intra-
aortic abrasion, Chapter 4. This part is brought to an end by a concluding discussion about the current
clinical comprehension as a whole and future perspectives in Chapter 5. For improved clarity, relevant
computational investigations from literature are only considered within the next part.

Part II considers the computational investigations performed as part of this investigation and is split
from the first part for improved clarity. After presenting the computational analyses used to evaluate aortic
manipulation in Chapter 6, the structural consequences of aortic occlusion in the context of an idealized
aortic wall is investigated in Chapter 7. Chapter 8 considers proximal cannular flow effects in the context
of an idealized aortic lumen. Thereafter, patient-specific variability is respectively incorporated into the
preceding structural and fluid investigations in Chapter 9.

Finally, a summary and an outlook is given, considering all the overall findings presented in Part I and
Part II.
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Current clinical comprehension of
aortic manipulation
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2. Large deformation manipulation

Questions without answers must be asked very slowly.

— Anne Michaels

Many modern cardiac surgical procedures require the surgeon to largely deform the aorta without which
the procedure would be impossible. Such maneuvers include occlusion of the aorta to prevent blood from
entering the cardiac environment either by cross-clamping or by endo-aortic balloon occlusion (EABO),
but also the partial occlusion of the aorta in order to perform a proximal graft anastomosis or to introduce
a cannula, i.e. side-clamping. Although often considered as a side issue and part of a much more involved
and complex procedure, it can have dire consequences with regards to patient outcome. Large deforma-
tion will induce supra-physiological strains on the different components of the aortic wall, especially the
delicate intimal layer of the aorta. Additionally, in most cases such large deformations will also lead to
additional compressive and shearing forces on the intimal layer when it is brought into contact either with
itself, e.g. during cross-clamping or partial-clamping, or with an intra-luminal occluder, e.g. EABO.

The induced supra-physiological loading can lead to damage and is compounded by the presence of
vascular pathologies, especially atherosclerotic lesions. The principal danger of these maneuvers is its po-
tential to release significant amounts of embolic material into the arterial circulation. This has repeatedly
been shown in transcranial Doppler (TCD) ultrasound studies to occur in all of these large deformation
maneuvers during its application and subsequent removal, i.e. cross-clamping [26, 27, 213, 230, 255, 307,
326, 329, 332, 342], EABO [230, 307] and partial-clamping [26, 213, 255, 326, 332], and also depicted
in Figure 1.3b.

The main focus in this chapter is the structural consequences brought on by large deformation aor-
tic manipulation. Here, the background and mechanisms of injury of all aortic manipulation maneuvers
responsible for large deformation are considered, followed by an in-depth review of experimental and
clinical studies elucidating upon their risks to patient outcome. Particular emphasis is placed on the com-
parison of occluding techniques, due to the many advantages and disadvantages of both that are difficult to
directly compare. For every maneuver considered, technological and potential procedural advancements
will also be considered. Many findings and conclusions applicable to one maneuver are clearly of equal
importance to another maneuver and will therefore not be repeated. Main consideration will be given to
cross-clamping, EABO and partial-clamping, but also briefly considering digital palpation.

2.1. Aortic occlusion by cross-clamping

2.1.1. Fundamentals

Cross-clamping, also known as trans-thoracic clamping, trans-aortic clamping or external aortic clamp-
ing, refers to the occlusion of a vessel using a clamp positioned transversely across the whole vessel with
the intention to temporarily occlude the blood flow. Its use can be traced back to the 16th century, when
Ambroise Paré started to ligate arteries and devise occluding forceps instead of (largely uncontrolled)
cauterization [199]. From the first scissor-like clamps used, the design and the concept of cross-clamping
remain largely the same today, cf. angular DeBakey vascular clamp. The most commonly used clamp for
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2. Large deformation manipulation

(a) (b)

Figure 2.1.: A typical angular DeBakey cross-clamp, showing (a) the different parts of the clamp. An
example of clamp application for a certain procedural variation of performing proximal anas-
tomosis is shown in (b), adapted from [99] with permission.

this procedure is a variation of an angular vascular clamp, e.g. an angular DeBakey cross-clamp, which
significantly deforms the aorta, as shown in Figure 2.1.

The main advantages of occluding the vessel with a cross-clamp are its stability, ease-of-use and the
low direct costs involved [234, 294, 350], due to its reusability.

The three main disadvantages are the following: Firstly, it induces significant vascular injury [18, 39,
71, 94, 102, 157, 225, 226]. The main reason for this injury is simply due to the inherent configuration
of cross-clamps which will inadvertently pinch the aorta, as further expanded upon below. Furthermore,
whether or not a cross-clamped vessel has been occluded is unknown intra-operatively, unless a leak can
be physically observed, which is a highly undesirable condition. Therefore, it implies that to ensure com-
plete and stable occlusion, the vessel is always over-occluded, i.e. more force is applied to the vessel than
what is needed to occlude it. Over-occlusion is further compounded by the fact that current cross-clamp
design only allows the application of a discrete clamping force at relatively large intervals, as necessitated
by the ratchet system designed to hold the cross-clamp arms in the clamped position. Currently, typical
cross-clamp design for occlusion of large vessels has converged to a breadth of 4–5 mm and has ratchet
notches that advance the clamp surfaces 0.8–1.0 mm (own measurements), due to space-saving, dexterity
and practicality requirements. These dimensions have become standard despite the fact that a broader
cross-clamp surface will better distribute the applied force in order to occlude the artery [157] and despite
these relatively coarse notch intervals needed to occlude a large vessel with a typical wall thickness of
between 1.0–2.5 mm. Secondly, it clutters the surgical field, which can become a significant hindrance,
especially, but not limited to, minimally invasive procedures. Thirdly, upon clamping, the surrounding
vessel geometry becomes largely deformed. This is problematic when considering surgeries like valve
replacement or repair, where sewing/fixing a valve to a clamped (and therefore distorted) vessel, will in-
herently cause potential distortion of the valve after the clamps have been released. This is true to a lesser
extent when performing proximal graft anastomosis on the aorta.

The mechanism by which iatrogenic injury of cross-clamping occurs has been widely studied. The most
visible site of injury are a result of pinching of the vessel, due to the scissor-like/hinged configuration of
a cross-clamp. This injury is most severe in the intima, followed by the media and then the adventitia [18,
157, 226]. An evaluation of cross-clamping-inflicted damage in an animal study is shown in Figure 2.2.
Whereas most experimental studies only considered the subsequent injured vessel after cross-clamping
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2.1. Aortic occlusion by cross-clamping

(a)

(b)

Figure 2.2.: Vascular injury due to cross-clamping, showing the laceration caused at the pinching site upon
cross-clamping for (a) various notch levels (3, 4, 5, 6) of a standard, surgically used cross-
clamp evaluated by electron microscopy and (b) various grades of injury (mild, moderate and
severe) evaluated by light microscopy – adapted from [226] with permission.

and mostly only qualitatively due to experimental limitations, the process by which such an injury actually
progresses during cross-clamping is not completely understood.

2.1.2. Clinical considerations

Cross-clamping is considered a high risk procedure for both healthy and diseased arteries [71, 337].
The traumatic effect of cross-clamping increases the risk of emboli release in that it can cause intimal
tears and flaps, as well as disrupt atherosclerotic lesions which carry the risk of becoming dislodged as
emboli, as has been discussed in Chapter 1. It is considered to be particularly dangerous to cross-clamp an
atherosclerotic lesion directly. However, even if a detected lesion is not directly cross-clamped, the risk
of emboli occurring becomes higher for patients with a higher global atheroma burden, since it affects
the global aortic wall material properties [224, 320]. The reason for this is that the aortic quality in terms
of atherosclerosis in general has been correlated to the occurrence of CVAs [71] and because detection
methods are neither perfect nor faultless, leading to a consistent proportion of bad aortas only discovered
intra-operatively [369]. Furthermore, cross-clamping the most atherosclerotic-free part of the aorta is not
always practically possible or could add additional, unnecessary or even dangerous procedural complexity.
Additionally, subsequent mild or severe vascular injury due to cross-clamping has also been shown to
increase platelet uptake in healthy animals [225]. It has also been shown that fibrous plaques will develop
at these sites of injury or even an atheromatic plaque in patients with hypercholestrolemia [157]. Injury
to the atherosclerotic lesion may also expose lipid-laden, pro-thrombotic material that could potentially
contribute to post-operative thrombus formation [165], and have been associated with an increased risk
of delayed post-operative stroke [341]. Even just the presence and extent of atherosclerosis have been
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positively correlated with delayed stroke after cardiac surgery [344]. Thus, a number of aspects need to
be considered prior to cross-clamping, as expanded upon in the following.

Repeated clamping have been shown to cause a significant release of embolic material in a cadaver
model [39], and therefore should be kept at a minimum. With regards to patient-outcome, the large debate
between single- and multiple-clamping techniques during coronary artery bypass grafting (CABG), cf.
Section 2.4.3, has also shown the danger of repeated clamping. For example, Kapetanakis et al. [183]
showed in a series of 7272 patients from one institution that those who have had their aorta cross-clamped
and partial-clamped had a 1.8 times higher risk to have a stroke compared to patients where the aorta was
not touched. Furthermore, those patients receiving both cross-clamping and partial-clamping also had a
1.7 times higher risk to have a stroke compared to those patients whose arteries were only partial-clamped.

Duration and pressure In terms of vascular injury, the intimal and the medial layers of the aortic
wall are particularly sensitive. Under controlled experimental conditions, it was found that the measure
of intimal injury is proportional to the duration of clamping – up to ∼30 minutes, after which the degree
of damage plateaus [18]. This implies that this plateaued level of injury will always be reached during
practically all cardiac surgical procedures involving cross-clamping. Additionally, the same study showed
that neither the duration nor the occluding pressure can be regulated to completely prevent vascular in-
jury. Despite the observed injury described above, the mechanical function of an artery has been found
to be unaffected, although persistent morphological changes have been found at the clamp-sites [90]. Un-
avoidable injury to the aortic wall due to cross-clamping has been shown to occur experimentally despite
moderate clamp application pressure [226], when only cross-clamped for a single minute [18] or even
at a cross-clamping force defined as the minimum vascular occlusion force (MVOF) using a specialized
laboratory setup [94]. Different clinically used clamps have also been tested and shown to all cause some
level of trauma to the vessel [157], even though some cause relatively less than others. As mentioned
above, vascular injury due to cross-clamping has also been ascribed as being responsible for aortic dissec-
tion. Therefore, the popular notion of “atraumatic” clamps or clamp-inserts, i.e. clamping without causing
vascular trauma, is (still) a misnomer.

Clamp-site and orientation Current clinical knowledge dictates that prior to cross-clamping, the sur-
geon must consider avoiding as much of the atherosclerotic lesion as possible. He/she should take into
consideration where the pinching sites will be with respect to the atherosclerotic lesion [271, 293]. Al-
though these authors do not completely qualify or demonstrate the effectiveness of their recommendation,
it most probably stems from the fact that experimental work has shown that the maximum amount of
damage occurs at the pinching sites, as mentioned above, especially the proximal pinching site, due to the
scissor-like/hinged design of cross-clamps, cf. Section 2.1.1 and 7.5. Furthermore, such a recommenda-
tion is seen exemplified in the following: Using 24 cadavers, Boivie et al. [41] found that the distribution
of aortic plaque in the ascending aorta was the most prolific on the anterior wall, and that in 83% of cases
where plaque was present on the anterior wall, concomitant plaques were also found on the posterior wall.
A prospective study by van der Linden et al. [344] also found an elevated occurrence of atheromatic le-
sions in specific regions in a large cohort of patients referred for coronary revascularization (n = 611), by
using epiaortic echocardiographic ultrasound. Considering those patients that had atherosclerosis of the
ascending aorta (36.2% of total cohort), the highest prevalence of atherosclerosis was found in the distal
anterior and posterior segments. Therefore, the conventional orientation and site of cross-clamp applica-
tion are dangerous by default, due to the statistically averaged location where these lesions are found.
Furthermore, when relating the risk of stroke over a 5-year period with the location of atherosclerosis in
the ascending aorta, the presence of atherosclerosis in the distal and middle segments, i.e. the inner cur-
vature of the ascending aorta towards the innominate artery branch, carried the highest risk of stroke. As
such, a modification of the cross-clamp orientation seems to be absolutely necessary, as further considered
in Section 9.1.
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2.1. Aortic occlusion by cross-clamping

2.1.3. Technological advances

The technological development to significantly reduce the trauma induced by cross-clamping has been
limited, while cross-clamps suitable for minimally invasive procedures have received more attention. In
the following, a space-saving design has also been included in the discussion, since the inclusion of this
space-saving hinge configuration can potentially aggravate trauma to the vessel, as expanded upon below.

Reduction of trauma In an attempt to reduce the trauma of cross-clamping, MVOF threshold was
formulated [94] and expanded upon [337] since over-occlusion always occurs, i.e. more force is applied
to the vessel than what is needed to occlude it, as mentioned above. Even though the MVOF threshold has
been shown to exist in experimental studies, this simplified analytical model to predict MVOF has still
not been successfully translated into everyday clinical practice. The most probable reason is a combina-
tion of the complexity of the problem, the technical requirements and the inter-patient variability of the
parameters needed to determine MVOF, including the required accuracy of force applied by the clamps,
as well as determining the geometry and spatially varying material properties.

More recent attempts to reduce such trauma is to include “atraumatic” or padded inserts to existing
clamps surfaces [121, 137, 324], as shown in Figure 2.3. These are expected to distribute the clamping
force slightly better compared to not using inserts, increase the stability/grip of the clamps and cause less
damage to the adventitia. However, the extent to which vascular trauma is subsequently decreased has
not yet been elucidated upon in literature, and as such, cross-clamping without inserts are still frequently
performed. Even balloon-type inserts have been proposed [76], although its clinical practicality and ef-
ficacy is questionable, since no further investigation, advancement or commercialization of this type of
cross-clamp could be found.

Figure 2.3.: “Atraumatic” inserts are simply a soft material extrusion attached to clamping surfaces, show-
ing without (left) and with (right) inserts.

Other novel attempts to reduce vascular trauma upon cross-clamping have been to use shape memory
alloys in the clamp arm itself to limit clamping pressures [218]. Notwithstanding, such a shape memory
alloy will be limited to a single range of pressure and will subsequently be unable to sufficiently and safely
limit the pressure when geometrical and material vessel parameters vary, which is clinically required.
Another related novel proposal has been the external occlusion of the aorta with an inflatable belt [356].
However, this still does not negate the large deformation induced or the pinching/crushing brought about
by aortic cross-clamps. Consequently, none of these proposed solutions have enjoyed clinical adoption,
since they do not fulfill clinical requirements for safe, efficient and stable aortic occlusion, as put forth in
cf. Section 7.2.
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Space-saving Recent advances yielded many design variations in order to use less space in the surgical
field – specifically to enable cross-clamping during minimally invasive procedures. The three main such
commercially available, fundamentally different designs, are considered here: the Chitwood-DeBakey
clamp (Scanlan International Inc., Minneapolis, MN), the Cosgrove Flex clamp (Edwards Lifesciences
LCC, Irvine, CA) and the Portaclamp (Cardio Life Research, S.a., Belgium), shown in Figure 2.4.

(a) (b) (c)

Figure 2.4.: Example diagrams of space-saving cross-clamps: (a) Cosgrove Flex clamps (Edwards Life-
sciences LCC, Irvine, CA), (b) The Chitwood-DeBakey clamp (Scanlan International Inc.,
Minneapolis, MN) and (c) The Portaclamp (Cardio Life Research, S.a., Belgium).

The Chitwood-DeBakey clamp features a unique clamping mechanism where the clamp body and the
one clamp arm are continuous and maintains its rod-like form during clamping. Moving the clamp han-
dles therefore only moves a single clamp arm. It is a simple design that can be inserted in a small port
(stab-wound) in the intercostal space in order to cross-clamp the ascending aorta during minimally in-
vasive surgery [66]. Even though this extra port is required, it is justified by the other complexities that
it avoids and is frequently utilized in minimally invasive procedures. The Cosgrove Flex clamps feature
clamping arms similar to the Chitwood-DeBakey, but has a flexible body, perfect for hard-to-reach angles
of clamping and enabling port-access. Notably, this clamp can be used without the need for an addi-
tional port [174], as opposed to the Chitwood-DeBakey clamps. The Portaclamp is another space saving
cross-clamp technology, but has a different clamping mechanism to the cross-clamps described above.
The Portaclamp is inserted by first passing a guide wire around the vessel to be clamped. Two thin, in-
extensible, but bendable clamp arms are inserted along the two sides of the guide wire, after which a
unique system is used to fix the two clamp arms at the nearest end. Thereby the two clamping surfaces
are brought together to occlude the vessel. Clinical use of this product has been limited, but reported in a
favorable light by its inventors [78] and their collaborators [106].

The importance of presenting these cross-clamps with space-saving functionality in terms of potential
vascular trauma lies in the fact that all three these designs possess a so-called “crab-pincher” clamp design.
This means that the hinge of these clamps is far closer to the clamping surfaces than a standard angled
vascular cross-clamp, cf. Figure 2.1. This results in an even greater non-uniformity of force exerted on
the vessel and therefore also increased trauma necessary to achieve occlusion, especially at the proximal
pinching site. Even though the Portaclamp is not hinged, the configuration in which the clamping surfaces
are brought together creates an equivalently (poorly) distributed force as the so-called “crab-pincher”
designs. Therefore, the space-saving functionality comes at a cost of increased trauma. How much more
trauma has never before been elucidated upon in literature, but is further considered in Section 7.5.
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2.2. Aortic occlusion by endo-aortic balloon occlusion (EABO)

(a) (b)

Figure 2.5.: Endo-aortic balloon occlusion (EABO), showing a) a schematic of its clinical application,
adapted from [229] with permission, using it in the context of an ascending aortic aneurysm,
and b) a typical EABO system with all of its components, adapted from a brochure of Model
EC1001, Edwards Lifesciences Irvine, CA, USA.

2.2. Aortic occlusion by endo-aortic balloon occlusion (EABO)

2.2.1. Fundamentals

EABO is the intravascular occlusion of the aorta with an endo-aortic balloon (EAB). It has been marketed
as the Endoclamp system but is also known as endo-vascular balloon occlusion, endo-vascular aortic
clamp or intra-aortic balloon occlusion, etc. EABO has exactly the same purpose as cross-clamps, i.e. to
provide surgeons with a bloodless cardiac environment by occluding the concomitant artery – mostly the
ascending aorta. Figure 2.5 shows a typical EABO system and a schematic of its application. The EAB
catheter is inserted into the femoral artery and then guided to the desired occlusion site. EABO systems
also exist that can be inserted into the axillary artery or centrally in the ascending aorta.

EABO was first proposed in the 1980’s [100] and even though the number of surgeries using EABO is
small compared to the total number of surgeries performed annually [318], its frequency of use is steadily
increasing [59, 134, 177, 214], despite certain groups abandoning it completely [16, 234, 247, 275, 294].
This increase in use stems from one of its main advantages: its multiple functionalities make it partic-
ularly well-suited for a number of minimally/less-invasive/port-access cardiac procedures [134, 318]. In
this context, it is worth mentioning that these types of procedures are becoming of increased importance
and are being performed more frequently, due to its potential to yield similar operative mortality, shorter
hospital stay, shorter ICU stay, fewer blood transfusions, better cosmetic results and higher rates of mitral
valve repair compared to conventional sternotomy procedures [65, 118, 136]. A recent review that con-
sidered only minimally invasive mitral valve surgeries (n=28,143 cases), reported a significant increase in
the percentage of total number of these procedures: 11.9% in 2004 increased to 20.1% in 2008 [118].

The functionalities which give a typical EABO system its main advantage for use are the following: It
does not only provide vascular occlusion which is percutaneously insertable (usually through the femoral
artery), but it can also deliver antegrade cardioplegia, enable venting of the aortic root and enable the
monitoring of aortic root pressure – an all-in-one system. This makes the need for an extra antegrade
cardioplegia cannula redundant, thereby further reducing vascular trauma, de-cluttering the surgical field
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and winning the time and cost required by the additional procedure [59, 134]. Furthermore, EABO has
the advantage that it does not pinch/crush the vessel upon occlusion, as compared with cross-clamping –
cf. Section 7.5.

The main disadvantages of EABO are: Firstly, the initial positioning, EAB inflation and monitoring of
its position, as well as potential repositioning during the procedure are complex and delicate. Multiple
factors influence the safety and efficiency of EABO in a non-trivial way, including the interplay with the
patient-specific aorta geometry and material properties, the difference in pressure on either side of the
EAB upon occlusion and interplay with the (inner) EAB pressure and balloon volume [346]. Secondly,
as with cross-clamping, it is also associated with the release of emboli and with the occurrence of aortic
dissections, as considered in more detail below. Thirdly, EABO can also be responsible for unwanted
vessel deformation, although to a lesser extent than with cross-clamping. Finally, as with cross-clamping,
the occluded state of the aorta is unknown intra-operatively, and therefore the vessel is always over-
occluded.

Since EABO is a much more recent developed method of occlusion, fundamental research on the mech-
anisms of iatrogenic injury caused by EABO has mainly been done in the context of comparing it with
cross-clamping, as considered in Section 2.3.1.

2.2.2. Clinical considerations

As mentioned above, a very pertinent danger associated with EABO is the release of emboli during
occluding and de-occluding. Furthermore, some pertinent technical difficulties with the clinical use of
EABO have been reported. The unstable position of the EAB can cause its migration [135, 308], requir-
ing repositioning or potentially abandonment of the procedure. The migration of the EAB can also change
the geometry of a valve, thereby complicating the valve repair/replacement [144]. Furthermore, EAB mi-
gration can also lead to occlusion of the innominate artery, inferior myocardial protection, ventricular
distension or aortic valve injury [245]. A previously proposed method of preventing EAB migration re-
quires additional aortic root manipulation and potentially unwanted fixation of the catheter [300]. The
entry site of the EAB catheter also needs to be carefully considered. An axillary or femorally inserted
catheter can avoid cannulation of a severely calcified ascending aorta, cf. Section 4.1, but will be more
prone to EAB migration. Contrary to this, a centrally inserted catheter will negate the risks of peripheral
cannulation and has been found to stabilize EAB movement [134, 144, 308], but requires more invasive
vascular access. Peripheral cannulation/catheterization risks include arterial calcification or restricted ac-
cess simply due to patient size [59, 350]. Other consequences associated with the use of EABO are the
occurrence of aortic dissection [117, 246] and EAB rupture [92, 247].

2.2.3. Technological advances

Since EABO is a relatively newer and a less frequently used occlusion technique, compared to cross-
clamps, relatively few improvements have been reported.

Although a higher chance of aortic dissection was initially reported during the use of EABO, it has
become safer with increased experience, better techniques and improved technologies for EABO [117,
240, 245]. Furthermore, as mentioned above, EABO systems have been designed that do not only have
the functionality of aortic occlusion, but have multiple functionalities which reduce the requirement for
other systems and the subsequent procedures.

EABO is currently receiving an increased amount of attention from academia in aiming to understand
the factors that influence the EAB stability [346]. Although novel ways have been developed to clinically
determine whether the EAB has occluded the innominate artery [308], a current research focus is directed
at full intra-operative visualization systems to aid in the positioning and monitoring of the EAB [116]. Re-
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cently, a specialized cannula designed to facilitate the insertion of an intra-aortic filter, cf. Section 4.2.2.1
was used to insert the EAB into the lumen instead, providing a very stable EAB position and not requiring
additional aortic puncture for the EAB catheter [6], but has been associated with unwanted cannulation
site leakage.

2.3. Comparison of aortic occlusion techniques

2.3.1. Experimental comparisons

As far as the author could determine, only two such relevant qualitative experimental studies have been
performed. Farhat et al. [106] occluded the descending aorta (shunted at the occlusion site) in three groups
of five pigs each for one hour, each group with a different occlusion technique. They found that EABO was
responsible for more severe lesions of the intima and endothelial disturbance at the occlusion site, when
compared with the Chitwood-DeBakey and the Portaclamp cross-clamps, respectively. For all three types
of occlusion techniques, spongy lesions in the external third of the media and moderate inflammatory
lesions in the adventitia were observed. Anzai et al. [8] occluded the ascending aorta, while performing
CPB, on two groups of twelve dogs each for three hours, comparing a non-specified type of cross-clamp
with EABO. From histological results, both cross-clamping and EABO caused detachment of endothelial
cells, mild degeneration and necrosis of parts of the intima, as well as loosening of connective tissue of
the media. For cross-clamping, some necrotic smooth muscle cells were also found in the media, which
were not observed for the EABO.

These two studies have the same significant shortcomings with respect to assessing their value to deter-
mine the clinically safest overall occlusion technique. Firstly, only the EAB pressures were prescribed and
reported in these studies, while no indication of the clamping force, applied pressure, notch-level or vessel
thickness was given. Therefore no comparable state of occlusion could be evaluated. Whether or not the
vessel was actually occluded was not reported. Secondly, the experiments were performed under different
blood pressure conditions – the former under a pulsatile physiological pressure with a shunted occlusion
site, while the latter considered a constant perfusion pressure with a pressure difference over the occlusion
site. The influence on the iatrogenic injury due to these different pressure conditions is unknown. Finally
and probably most significantly, all these experiments were performed on healthy animals. These animals
will have significantly different arterial wall responses compared to the pathological state of the arteries
of elderly patients in which these procedures are most often performed – cf. studies on cross-clamping of
fresh cadavaric aortas [39, 40], as well as the large-scale improvements achieved by performing epiaortic
or transesophageal echocardiography (TEE) prior to aortic occlusion [89, 343]. A deeper understanding of
the influence of occlusion technique-related injuries on arteries with atherosclerotic lesions or pathologi-
cal layer delamination as a precursor for both embologenesis and dissections simply cannot be sufficiently
evaluated from these experiments.

2.3.2. Clinical comparisons

Clinically realizable visualization of these two occlusion techniques are shown in Figure 2.6. Despite
some previous comparative remarks, a summary of literature reporting the clinical results of cardiac valve
procedures that specifically report the use of the two different occlusion techniques is presented in Ta-
ble 2.1. This sub-field of cardiac surgery has been particularly interesting for such comparisons, due to
the increased use of minimally invasive valve procedures, for which EABO is particularly well-suited.
Studies were identified by searching electronic databases and scanning reference lists of articles for terms
related to aortic occlusion on human subjects reported in the English language. Only studies that distinc-
tively differentiated between the two occlusion techniques and showing the associated surgical aspects,

19



2. Large deformation manipulation

complications and post-operative results were included in the comparison. Furthermore, only cardiac
valve procedures were considered, due to the relative irregularity of other types of procedures performed
with both types of occluders.

Figure 2.6.: Typical intraoperative visualization of the two types of aortic occluders, namely endoscopic
view of the cross-clamps (left) and echocardiographic view of EABO (right). Images courtesy
of Prof. Stephen Wildhirt.

The studies considered in Table 2.1 were divided into two groups: Group A are those comparing the use
of conventional sternotomy (CST) with cross-clamping to minimally invasive valve surgery (MIVS) with
EABO and Group B are those comparing MIVS with cross-clamping to MIVS with EABO, although the
latter group of studies were not necessarily exclusively aimed at comparing the occlusion technique only.
From this comparative summary presented, further comment is warranted, as expanded upon below.

Learning curve when using EABO is higher than for cross-clamps [59, 117, 234, 346]. Table 2.1 also
gives an indication of how the experience level of these groups has increased overall, considering better
outcomes as a function of published data of each study.

CPB and aortic occlusion durations are generally reported to be higher for EABO, but not always
and not necessarily significantly. The aortic occlusion durations (commonly referred to as cross-clamp
time) are of particular importance, because it refers to the time in which the heart is in an ischemic
state, i.e. myocardial ischemic time. The disparities presented can be attributed to different concomitant
procedures/steps required by each method of occlusion. Nevertheless, differences in procedural times did
not have a clear impact on the outcomes, as shown in Table 2.1, as also confirmed in a recent review by
Loforte et al. [214].

Occlusion technique as isolated factor for outcome The studies compared here entail an array of
different equipment, procedural and patient factors, that were not all included to match the different pa-
tient groups, making conclusive comparison challenging, especially for the indicated Group A studies. In
probably the largest review to date comparing cardiac valve surgery using CST to MIVS, Cheng et al.
[65] also performed a sub-analysis of their data to shed light on the safety and efficiency of the occlusion
technique. Of the 35 studies included in their analysis, only the six listed in Group A reported findings
that specifically separated the treated patients in groups that exclusively received either cross-clamping or
EABO. Considering the limitations associated with sub-analysis of retrospective data, no difference was
found in the all-cause mortality between the two occlusion techniques. Regarding neurological outcomes,
a trend of increased stroke, albeit not significantly higher, was found when using EABO exclusively,
but was significantly worse when using a mixture of occlusion techniques in a single series of proce-
dures. These trends of stroke and in-hospital mortality are also observable for the studies of Group B.
In another recent review which considered the MIVS recorded in the The Society of Thoracic Surgeons
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2. Large deformation manipulation

Adult Cardiac Surgical Database, Gammie et al. [118] also found that the occlusion technique was not an
independent predictor of a higher stroke rate.

Monitoring of occluder performance Considering the importance and etiology of emboli release
during CPB in terms of the occlusion technique, only three of these studies made use of transcranial
Doppler (TCD) ultrasound to monitor the embolic load entering the cerebral circulation, which is an
essential parameter when considering the nature of this comparison. The only other markers of cerebral
injury that were reported otherwise were stroke and in-hospital mortality. Persistent neurophysiological
impairment was never considered. Schneider et al. [307] did not find any significant difference in the
number of emboli detected between the two groups and detected the most emboli after release of the
occluders. Here, only low-risk patients were considered, i.e. those with no calcified lesions or vessel
stenosis (<50% stenosis) at any vascular level. Maselli et al. [230] not only found that the application
and the release of the occluder caused a significant increase in brain embolic event rate, but also that
cross-clamping resulted in a significantly increased number of emboli compared to EABO. This was also
while considering a low-risk patient population. Loforte et al. [214] included a slightly higher risk profile
of patients, but matched the risk between the two groups based on pre-operative variables, and also found
that cross-clamping was responsible for a comparatively higher number of emboli detected than EABO.

Power of comparison Infrequently occurring events such as stroke, aortic dissection and mortality
need to be evaluated with caution. On the one hand, the number of occurrences were mostly found to be
very low. Combined with the relatively small study populations, the power of the comparison was not par-
ticularly strong. However, statistically, there were no differences between the two occlusion techniques.
On the other hand, these complications are of such severity, that it is understandable that only a small
difference, even if not significant, influences the clinicians’ conclusions about which occlusion technique
is safer.

Costs The differences in direct costs were often mentioned in the studies considered, but not in enough
detail to allow comparison. Grossi et al. [147] found that total hospital and blood costs were significantly
lower when performing MIVS with EABO, compared to CST with cross-clamping. Reichenspurner et al.
[294] compared the costs of MIVS with cross-clamping and MIVS with EABO to valve surgery with CST
and found that the per-patient equipment costs were $200 and $3000 higher, respectively. Of course, such
a comparison does not take into consideration the added value and benefit to the patient and health-care
system in terms of operating theater time, post-operative complications, length of hospital stay, etc. and
as such, a more comprehensive cost-analysis is required. Owing to institutional and regional differences
in costing, a more comprehensive cost-analysis is warranted to clarify the actual overall costs involved.

Indications of use Few investigations have elucidated on which occlusion technique is indicated
and contra-indicated under which circumstances. EABO has been described to be successful for limited
cases in the vascular occlusion of severely calcified ascending aortas, for which cross-clamping is contra-
indicated [212, 351], since it does not require pinching/crushing of the aorta [134]. Zingone et al. [369]
presented results contrary to these findings. However, the study design of the latter does not allow relating
adverse outcomes of performing EABO on a severely calcified aorta to the occlusion technique, but rather
reflects the influence of aortic pathology on the outcome and the technical problems to be surmounted.
Furthermore, EABO has been described as an ideal occlusion technique for redo-operations, due to the
difficulty and potential risks of cross-clamping during these procedures. This is because the placement of
a cross-clamp during redo-operations can be difficult and potentially dangerous due to the higher com-
plication risk of these patients [174]. A final aspect in this regard is that EABO is proving to be a very
useful method of aortic occlusion in robotic cardiac surgery, including totally endoscopic coronary artery
bypass (TECAB) procedures [205, 209, 263], not otherwise achievable with a cross-clamping approach.

In summary, from the above comparison it is evident that no conclusive clinical outcome-related evi-
dence exists to show that one occlusion technique is overall safer, better and more efficient than the other.
However, the simplicity, low direct costs, potentially shorter procedural times, more stable occlusion, no
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need for peripheral vascular access or retrograde perfusion, as well as comparable outcomes, have put
cross-clamps in a generally more favorable light with many clinicians – as reflected in a number of recent
reviews of MIVS [65, 118, 245, 350]. This, despite the fact that compared to cross-clamping, EABO re-
sults in less emboli entering the cerebral circulation, a similar amount of adverse consequences, causes
less cluttering of the surgical field, provides more functionality, requires no additional port creation during
MIVS, requires less aortic manipulation, e.g. no antegrade cardioplegia cannulation needed, and its use
has been shown to be favorable in cases where cross-clamping is contra-indicated.

2.4. Partial-clamping

2.4.1. Fundamentals

Partial- (or side-)clamping of the aorta, also referred to as tangential occlusion clamping, side-clamping
or side-biting, consists of temporarily occluding only a part of the aorta, in order to allow perfusion past
the partially clamped site and thereby creating a stabilized, pressure-isolated section of the aorta onto
which a graft can be anastomosed.

Some of the first partial-clamps used in modern cardiac surgery were already patented in the late 1950’s
[319] and this is currently a standard method for performing graft anastomosis in cardiac surgery. A typical
partial-clamp is shown in Figure 2.7 and is frequently used in both on-pump and off-pump coronary artery
bypass grafting (CABG) procedures. In conventional on-pump CABG, after CPB has been established,
the ascending aorta is first cross-clamped prior to performing the distal anastomosis. Thereafter, the cross-
clamps are removed and the partial-clamped site allows for the performing of the proximal anastomosis,
while simultaneously allowing oxygenated blood from the heart-lung machine to perfuse the heart – also
known as the multiple-clamp technique, cf. Section 2.4.3. In off-pump CABG (OPCAB), the pulsating
aorta is only partially occluded when the proximal anastomosis needs to be performed – no other occlusion
of the aorta is performed. Ironically, off-pump procedures using partial-clamps are often erroneously
referred to as clampless, although they are technically only clampless if neither cross-clamps nor partial-
clamps are used. This convention probably stems from the fact that in clinical language, clampless seem
to indicate no myocardial ischemic time. However, in this context, it should actually refer to when no
clamps are applied to the aorta in any way – also known as the no-touch technique, expanded upon in
Section 2.4.3.

As with cross-clamping, the advantages of using partial-clamps are its stability, its ease-of-use and the
low direct costs due to reusability. Accordingly, the disadvantages are also the fact that clamping causes
vascular injury and potentially disrupting atheromatic lesions, further aggravated by over-clamping due to
the intra-operative unknown state of the (partial) occlusion. As much as the release and the application of
a cross-clamp contribute to the release of embolic load, so too does partial-clamping, as were found in the
TCD studies referred to in the introduction of this chapter. The comparative similarities are exemplified by
Barbut et al. [26], showing that while 34% of the TCD embolic signals were due to the release of the cross-
clamps, 24% were due to release of the partial-clamps. This can be ascribed the fact that partial-clamping
involves large deformation of the aorta on a similar scale and configuration as cross-clamping, i.e. it also
induces a greater impacted proximal and a lesser impacted distal pinching site at a clinically unknown state
of occlusion. Therefore, all the same advantages and disadvantages described above for cross-clamping
are applicable here. The only real difference is that the partial-clamps cover a larger area along the length
axis of the aorta. Furthermore, a partial-clamp clutters up the surgical field and although it allows for
perfusion past the partially occluded site, it significantly influences the hemodynamics, especially during
off-pump (beating heart) procedures. The latter is considered in more detail in Section 3.2.2.2.
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(a) (b)

Figure 2.7.: A typical partial-clamp, showing the different parts of the clamp. An example of clamp ap-
plication for a certain procedural variation of performing proximal anastomosis (as taken
from [99] with permission).

2.4.2. Clinical considerations

There are two main groups of clinical investigations which provide valuable insights into the problems
associated with partial-clamping. The first group comprise of comparisons between on-pump and off-
pump coronary artery bypass grafting (CABG) and the second group of the occurrence of cardiac surgery-
associated iatrogenic aortic dissections, as expanded upon below.

Theoretically, less manipulation should imply less post-operative complications and therefore, off-
pump procedures should be more beneficial to the patient than on-pump procedures. This has indeed
been shown in a number of observational studies. However, this is a simplistic comparison of highly com-
plex problems. Without reviewing the whole, much contested debate in its entirety, it is worth considering
a recent in-depth review on randomized controlled trials (RCTs) and meta-analyses comparing cerebral
outcome between on- and off-pump CABG procedures by Alston [5]. It was shown that when consid-
ering all of the results from the stated studies, there were no differences in outcome in terms of either
stroke or cognition 6 months postoperatively. This excluded observational studies, due to being subject to
bias. In this context, it is important to realize that no differences in outcome should be regarded in terms
of the vastly different state to which a patient’s physiology is subjected during these treatments. Only
considering manipulation-related differences, on-pump procedures necessitate the puncture of the aorta
for arterial and cardioplegic cannulation and the associated non-pulsatile perfusion, aortic occlusion, the
potential use of partial-clamps, hemodilution, etc. On the other hand, off-pump procedures require either
the application of partial-clamps or an automatic graft connector on an aorta under pulsatile loading and
increased dislocation of the heart, which in turn also significantly influence the cerebral perfusion. Fur-
thermore, the surgeon also has to anastomose in a non-stationary cardiac environment, often leading to
incomplete revascularization. Additionally, TCD studies have revealed that the embolic load entering the
cerebral circulation was significantly reduced in off-pump procedures compared to on-pump. However,
owing to the similar long-term neurological outcomes, it is clear that the nature of these multi-factorial
influences on patient outcome is an insufficiently understood phenomenon and as such, partial clamping
in itself cannot be seen in isolation of the other important factors. These include insights into the structural
impact of partial clamping of the aorta, as reviewed extensively in this chapter, as well as hemodynamical
consequences of such a procedure, as considered in detail in Section 3.2.2.2.
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Iatrogenic aortic dissections during or after cardiac surgery are an infrequently occurring, but dev-
astating consequence linked to damage caused by aortic manipulation, which involves partial-clamping
specifically [61, 98, 149, 207, 217, 324, 330, 359]. Cases have also been presented where using an au-
tomatic graft connector device was responsible for dissection [274]. The quality of the aortas that are
manipulated has also been implicated as a compounding factor for the occurrence of aortic dissections,
which include calcifications, cystic medial change, Marfan syndrome, collagen vascular disorders, hy-
pertension, as well as thin and dilated aortas, but also aspects like femoral cannulation and Asian race.
Cardiac surgery-related dissections under these surgical conditions have also been found to occur in aortas
perceived to be normal [170, 262, 324]. The hypothesis that uncontrolled pulsatile pressure can further
aggravate such an injury is further considered in Section 3.2.2.2.

2.4.3. Technological and procedural advances

Technological advances of the partial-clamps have primarily only consisted of added inserts to clamping
surface and ensuring a clamp configuration which maintains as parallel as possible clamp surface config-
uration near the occluded clamping state, similar to standard cross-clamps. Otherwise, any advances in
this context have been focused on technological and procedural adjustments focusing on avoiding partial-
clamping of the aorta completely, some even focused on avoiding any type of aortic manipulation com-
pletely. To achieve this end, five different procedures/techniques have been developed and investigated,
as expanded upon below.

Single-clamp technique is used during on-pump procedures, but differs from the conventional multiple-
clamp technique in that the anastomosis/es are performed without partial-clamping, but while the aorta is
completely occluded (cross-clamped), proximal to the occlusion site. This is possible because the anas-
tomotic site is depressurized and stabilized by the occluder. The downside of this method is that it inad-
vertently increases the cross-clamping time, which implies a longer myocardial ischemic time and hence
the procedural risk – cross-clamp time has frequently been shown to be an independent predictor of in-
creased mortality following cardiac surgery [91, 272]. Nevertheless, this method has been shown to be
safe and effective, reaching outcomes comparable (and sometimes even superior) to both off-pump with
partial-clamping as well as on-pump with the multiple-clamp technique [9, 12, 52, 150, 208, 338].

No-touch technique comprises of taking either only the left internal mammary artery (IMA), or both
the left and right IMAs, and grafting the distal end of the artery/ies directly onto the desired coronary artery
for revascularization, i.e. Y- or T-graft constructions. With this technique, no proximal graft anastomosis
onto the aorta is required, since the coronary vasculature is perfused directly by the arterial perfusion.
Furthermore, these arteries have been shown to have superior long-term patency compared to commonly
used saphenous vein grafts [109]. Such a procedure can safely be performed during both on- and off-
pump CABG procedures. The benefit of its use is limited by the quality and length of the native left
and right IMAs, and should more than two graft vessels be required, an additional graft is necessary and
requires subsequent proximal anastomosis onto the aorta. Disadvantages include increased sternal wound
infection rates [145, 159], respiratory dysfunction [43] and potential insufficient perfusion through the
IMA for revascularization [179, 276]. However, apart from excellent long-term patency rates of using
these autologous arteries, the main advantage of using the no-touch technique exclusively in terms of
manipulation, is that combining it with off-pump CABG, the aorta does not have to be manipulated at
all [210, 227]. Clinical results by several groups have found a reduced rate of stroke, ascribed to the
avoidance of CPB, as well as aortic manipulation, as recently reviewed by Abu-Omar and Taggart [2].
It must be noted that performing off-pump CABG using an automatic graft connector (see below) is
sometimes erroneously referred to as the no-touch technique, since the aorta is actually manipulated
through puncturing of the aorta.
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2. Large deformation manipulation

Profound hypothermic circulatory arrest (PHCA) consists of cooling down a patient to lower tissue
metabolic requirements, enabling the heart to be arrested safely for a short period of time and thereby
allowing the performance of the required surgical procedures [132, 198, 260]. If aortic regurgitation is
not present, the heart can be operated on without requiring aortic occlusion. This procedure has been
modified to include low perfusion from CPB and is known as hypothermic low-flow bypass (HLFB) [266].
Consensus has not yet been reached on optimal temperatures, management of inflammation, duration of
arrest, cooling/rewarming rates and the use of neuroprotective medication for this type of procedure. Due
to the limited time and neurological safety concerns, this procedure is only performed as an alternative in
the rare event when contra-indications or complex procedural requirements (e.g. aortic arch replacement)
do not support the use of standard on- or off-pump procedures [132, 310].

Automatic graft connectors have been developed that only entail an aortotomy and graft suturing at
the site of proximal anastomosis, thereby only requiring puncturing the aorta and not largely deforming
it, suitable for use in both on- and off-pump anastomoses. As such, while partial-clamping of the aorta
is completely avoided, the inadvertent puncture of the aorta for achieving proximal anastomosis is still
needed, which carries certain manipulation-related complexities and consequences [148].

Simplified insertion of the arterial cannula The standard method of introducing cannulas involves
suturing one or two purse string sutures around the desired cannulation site, then partial-clamping the
site to enable aortotomy for cannulation insertion [211]. Although this method is still used, a more recent
method of inserting an arterial cannula consists also of these purse-string sutures, but instead of using
a partial-clamp, the adventitia at the aortotomy site is dissected away as a flap, after which the media
is incised until the intima can be identified – usually a blue-ish transparent color. Thereafter, a gentle
application of pressure on the cannula tip can be used to gain access to the lumen, after which the purse-
strings are immediately tightened around the cannula [122]. Alternatively, a cannula can also be inserted
by a specialized introducer tool for inserting cannulas without the need for partial clamping [293].

2.5. Digital palpation of the aorta

The most rudimentary form of evaluating the aorta for increased calcified atherosclerotic lesions is to
simply digitally palpate it, with the purpose of manually feeling calcifications. However, the increased
use of intra-operative TEE and epiaortic ultrasound scanning, as well as studies showing the comparative
insensitivity of palpation to detect lesions, especially soft atheromatic lesions, and the danger of disrupting
a lesion by palpation [77], have significantly diminished the use of palpation in standard care.
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3. Disrupted physiological hemodynamics

Our knowledge can only be finite, while our ignorance
must necessarily be infinite.

— Karl Popper

Physiological hemodynamics is inadvertently disturbed by most cardiac surgical interventions, most
notably, during a cardiopulmonary bypass (CPB) procedure, but also during beating heart procedures.
These two procedures are also referred to as on-pump and off-pump procedures, respectively. The former,
due to the need to induce cardiac arrest and using a heart-lung-machine to return oxygenated blood to the
systemic circulation, while the latter requires substantial cardiac handling and manipulation of the aorta,
thereby impairing cardiac output. This disruption of hemodynamics not only runs the risk of causing
hypoperfusion to end-organs, especially the brain, but can also lead to embologenesis. Regardless of
the cause of the disrupted hemodynamics, an immense volume of research has been dedicated to better
understanding and improving patient-outcome since the advent of cardiac surgery in the 1950’s, especially
with regards to hemodynamics and neuroprotection during cardiac surgery.

What follows in this chapter is an in-depth review of the dangers of disrupted physiological hemo-
dynamics during cardiac surgery with regards to increasing the incidence of both hypoperfusion and
embologenesis. The complete pathophysiological response due to disrupted hemodynamics are not con-
sidered here, as it has been excellently reviewed elsewhere [129, 257]. The two main topics of this chap-
ter consider surgical procedures requiring extracorporeal circulation (ECC), specifically referring to CPB
procedures and those performed on the beating heart, respectively. For each topic, its fundamentals are
considered, followed by the myriad of clinical considerations intertwined with recent technological ad-
vances.

3.1. Arterial return hemodynamics

3.1.1. Fundamentals

In CPB procedures, deoxygenated blood is taken from the venous circulation, oxygenated, filtered and
returned into the arterial circulation by a heart-lung-machine. Oxygenated blood delivered through an
arterial cannula to the arterial circulation system is known as arterial return, whereas arterial cannular
flow specifically refers to the jet of blood delivered through the arterial cannula. To initiate CPB, the
arterial cannula must first be introduced into an artery, typically the ascending aorta. To achieve safe
arterial cannula access to the (still) pressurized artery, prior to arresting the heart, purse-string sutures are
inserted into the cannulation site which can be tightened around the inserted cannula after its introduction.

The first successful open heart surgery with the help of a heart-lung-machine in 1953 in Philadelphia,
PA, USA, by John H. Gibbon, Jr, MD, was preceded by many key developments of such a procedure that
are now taken for granted, including how to best drain blood from the circulation, how to safely pump it,
oxygenate it, prevent coagulation, clear the heart from air and, of course, safely return the blood to the
arterial circulation [72]. Since then, major advances have been made clinically, e.g. improved diagnostics,
preoperative preparation, uniform anti-coagulation, improved postoperative care, training of perfusionists,
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3. Disrupted physiological hemodynamics

etc. and also technologically, e.g. improved cannulas, heart-lung-machine pumps and oxygenators, arterial
line filtration design, etc. [236, 260].

The main advantage and reason for performing a CPB procedure, is that it affords the surgeon a stable,
bloodless cardiac environment for extended periods of time. The disadvantage thereof, however, is that
it comes at a price of disrupting normal homeostasis. During CPB, (1) blood makes contact with the ar-
tificial surfaces of the extracorporeal circuit causing blood damage and mediator activation, treated with
substantial anti-coagulation; (2) physiological hemodynamics are disrupted by generally continuous arte-
rial cannular flow; (3) different grades hypothermia are used to reduce tissue metabolic requirements and
therefore also oxygen demand, especially the brain, but also the myocardium; (4) a reduced hematocrit is
the consequence of the large volume of priming fluid required in the CPB circuit at procedural start, reduc-
ing the total oxygen-carrying ability that blood can supply to tissue; (5) some degree of renal dysfunction
and changes in intestinal permeability may also occur; (6) pulmonary function is impaired, although its
severity has dramatically improved; (7) acid-base and glucose levels need to be actively maintained due
to their subsequent disruption and (8) as mentioned above, neurological damage and neurophysiological
impairment are important potential consequences [151, 172].

Of main interest in the following sections are the disrupted hemodynamics due to CPB and its potential
for adverse neurological outcomes. Contrary to the previous chapter on large deformation manipulation
maneuvers, technological and procedural advances are incorporated in the clinical considerations below.

3.1.2. Clinical considerations

In order to better understand the degree by which physiological hemodynamics are disrupted during CPB,
consider the following: The required flow rate that a heart-lung machine must deliver has been calculated
to be between 2.2 and 2.8 l/min/m2 (liters/minute/body surface area), which translates to a required flow
in most adult patients of more than 4 l/min, on average 5 l/min [50]. During a CPB procedure, such a flow
rate is generally delivered through a cannula with an inside diameter of typically 6 mm (28.3 mm2) [180,
347] inserted at an angle perpendicular to the main flow direction, with limited placement along a short
length of the aorta, or limited sites into which it can be inserted. Physiologically, approximately the
same flow rate is delivered through the ascending aorta which has a typical inner diameter of 30 mm
(706.9 mm2) [216] under pulsatile flow conditions, exhibiting a natural, preferential, helically rotating
flow pattern through the ascending aorta and subsequent branches.

Since flow rate through a pipe is inversely proportional to its cross-sectional area, flow through the ar-
terial cannula entering the arterial circulation results in a high-velocity jet. Since it is desirable to keep the
outer cannula diameter as small as possible to ensure the smallest aortotomy (incision into the aorta) re-
quired for cannulation, design variations to mitigate the detrimental consequences of the jet have focused
on the cannula-tip. Existing tip-designs either deflect the jet, disperse the jet, or do both. Tip-designs can
be classified into two categories, namely end-hole and side-hole cannulas, while some hybrid cannula
tip-designs exist that have properties of both. The main difference is, as the names imply, the end-hole
cannula which is simply a pipe with an open end, where the tip can be of arbitrary design, e.g. straight or
curved end-hole cannulas. The side-hole cannula has a closed end with holes on the side of the cannula
close to the pipe end. The main trade-offs in cannula tip-design are the strength by which the jet hits
the arterial wall, the dispersion of blood flow entering the aortic arch and the pressure gradient over the
entire cannula. The range of all the main, clinically available cannula tip-designs are shown in Figure 3.1.
Cannulas frequently evaluated include straight-tip and curved-tip end-hole cannulas (manufactured by
various companies), SoftFlow side-hole cannula (Sarns, Ann Arbor, MI, USA), Dispersion side-hole can-
nula (e.g. Research Medical Inc., Midvale, UT, USA), Stöckert hybrid cannula (Stöckert Instrumente,
Munich, Germany), Medos end-hole with stator cannula (Medos Medizintechnik, Stolberg, Germany).
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3.1. Arterial return hemodynamics

Figure 3.1.: Current cannula tip-designs, showing examples of different designs of end-hole, side-hole
and hybrid/special-tip cannulas, as reported (and extracted from) by a) Joubert-Huebner et al.
[180] and b) Scharfschwerdt et al. [305]. All figures used with permission.

Many experimental and clinical studies have investigated the arterial cannular flow characteristics of
different tip designs under various laboratory conditions [7, 50, 141, 143, 180, 244, 258, 305, 347, 357].
Testing conditions vary in terms of working fluid used, i.e. water, glycerin-water and bovine blood while
using different setups, i.e. in vitro closed-circuit in a straight tube, in vitro closed-circuit in a mock aorta,
in vitro closed-circuit, in vivo or some variation thereof and using different means and standards of quan-
tifying the danger of the jet, including peak velocities, jet force/back pressure, jet dissipation, pressure
drop over cannulas and wall shear stresses induced. All of these are not always evaluated in every study.
If the experimental setup allowed, circulation patterns in the aortic arch were also analyzed, where some
mock-up aortas were made of glass, others of silicone, some with simple outflow boundaries, others with
more sophisticated boundaries that mimic a type of naturally occurring Windkessel effect. Although vari-
ations in results exist due to different conditions, many different aspects about the jets yielded by different
cannula designs are evident, although some consequences are not.

The main detrimental consequences of this high-velocity jet in general are: (1) its potential for dis-
lodging particulate matter from the vessel wall into the arterial circulation, i.e. embologenesis; (2) the
degree of hemolysis that can occur due to pressure gradients induced by different cannula tip-designs; (3)
its influence on perfusion, especially cerebral perfusion, due to its tip-design, orientation and location of
origin, i.e. cannulation site; (4) responsible for “washing” a majority embolic matter along a consequent
dominant perfusion path, e.g. only the left cerebral hemisphere; (5) its variable effect when consider-
ing continuous and pulsatile heart-lung-machine perfusion; (6) its disturbance of the natural helicity of
flow in the aortic arch; and (7) its variability when considering different cannulation sites, i.e. central vs.
peripheral cannulation. These seven aspects are considered in the following section.

Although not explicitly considered in the following, extra-corporeal membrane oxygenation (ECMO),
especially veno-arterial ECMO, as described by Kohler et al. [201], and the arterial return of ventricular
assist devices (VAD), as described by Yang et al. [365] disrupt physiological hemodynamics in a similar
manner as CPB, and should also be considered when reviewing the risks to patient outcome considered in
the following.
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3. Disrupted physiological hemodynamics

3.1.2.1. Sandblasting effect of different cannula tips

When a jet of blood hits the arterial wall, it causes a sharp increase in the wall shear stress1 (WSS) on
the intimal layer of the artery, and as such has been commonly referred to as the sandblasting-effect2

and has been repeatedly inferred from clinical observations as being the cause of subsequent intimal
damage [114, 186, 328, 341]. Furthermore, Brown et al. [51] also demonstrated that a 90% increase in
embolic load occurred for every additional hour that a patient was kept on CPB. Such sharp increases
in the WSS do not only occur where the jet from the arterial cannula hits the arterial wall, i.e. primary
landing-site, but also at subsequent landing-sites. Such danger is also not only limited to flow from the
arterial cannula, but also from the antegrade cardioplegia cannula [215], although flow rates required for
the latter are considerably lower.

Recognizing the potential danger of the jet that could lead to embolization by “sandblasting” lead to
the development of different cannula tip designs aimed at better distributing the jet into the aorta. The
main parameter considered to deduce that one cannula is safer than another has been to measure the peak
velocity of the working fluid and/or the velocity at various distances from cannula tip. Of the standard tips
considered at comparable flow rates, the peak velocity measured was the lowest for the Dispersion (side-
hole) cannula, increasing with the SoftFlow (side-hole) and bent-tip (end-hole) cannulas, with the highest
peak velocity measured for the straigth-tip (end-hole) cannulas [143, 180, 244, 357]. Specialized cannulas
such as the Stöckert (hybrid) cannula performed better than the Medos (end-hole with stator) which in
turn performed better than the SoftFlow [305]. The typical shape of the jets produced by these different
cannula designs are shown in Figure 3.2, although these are not exactly the submerged shapes. Other
indices considered to quantify the impact of the jet have been the jet force or so called “back-pressure”,
i.e. the pressure measured at a close and specified distance from the tip [130, 258, 305], jet force derived
by integrating the jet velocity over the (assumed circular) jet area [347] and the velocity attenuation over
a distance from the tip [143, 258, 347]. Once again, considering these measured quantities, the Dispersion
cannula performed the best, followed by the SoftFlow, curved-tip and finally straight-tip cannulas.

The fluid dynamical requirements summarized from the above-mentioned investigations for the “safest”
jet are: the jet strength must be as low as possible upon exiting the cannula and reduced as much as possible
over the shortest possible distance. Considered in these terms, although not always thoroughly evaluated
for all of these factors, the safest jet is delivered by the Dispersion cannula, since the jet hits the closed
end of the cannula that causes energy dissipation, and is then freely dispersed in a fan-like pattern through
the open side-hole. The SoftFlow also reduces the jet strength quickly over a short distance, albeit to a
lesser extent, by dividing the main jet into four smaller jets. A smaller (in radius) jet of a viscous fluid
will dissipate faster than a larger one. The curved-tip cannulas also performed better than equivalently
sized straight-tip cannulas, attributed to the energy loss experienced when the fluid hits the bend in these
cannulas, thereby reducing the effective jet velocity.

While these indices above do give important insight into the danger of the jet, the actual tangential
traction, or WSS, that is induced by the jet on the aortic wall is of course the final defining parameter to
evaluate in this regard. A study by Fry [111] demonstrated experimentally that endothelial cell erosion
already occurs at a WSS of 40 Pa in a time scale ranging from minutes to hours, as is the case during
CPB. As far as the author could determine, only a single experimental study investigated the comparable
influence of the jet in terms of the risk of sandblasting-released atheroemboli. White et al. [357] compared
various cannulas in a straight, rigid tube with a sheet of charcoal granules adhered to the inner surface of
the tube. Considering similar flow rates at similar durations, they measured the weight of particles released

1This is the measure used most often in literature, but the mechanically correct indication for this is actually wall shear traction.
2As rightly pointed out by Verdonck et al. [347], sandblasting is technically large particles suspended in a fluid brought to a

high velocity which erode the surface it comes into contact with by shearing. In blood, the only particles are microscopic
blood components which would not yield a true sandblasting effect.
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(a) straight-tip (end-hole) [130] (b) curved-tip (end-hole) [244] (c) SoftFlow (side-hole) [244]

(d) Dispersion (side-hole) [244] (e) Medos X-flow (end-hole with sta-
tor) [130]

(f) Stöckert (hybrid) [305]

Figure 3.2.: Visualization of arterial cannular jets showing different cannula tip designs, as extracted from
the cited references. All figures used with permission.

from the adhesive surface. Such an evaluation is, however, trivial in its design and practically not useful,
since as rightly pointed out many years prior [141], the angle of attack of the jet combined with the jet
strength will determine the magnitude of this sandblasting effect. Here the angle of attack was arbitrarily
allowed to differ according to the tip design, i.e. a jet pointed parallel to the opposing wall would perform
better than the same jet pointed straight at the opposing wall. Furthermore, such a tip orientation cannot
be maintained or guaranteed in vivo and non-primary landing sites cannot be evaluated in a straight tube.

A proposed cannula tip design that is worth mentioning in this regard is a conically expanding diffuser-
like tip [7, 238, 357]. This tip has been designed to expand by an angle smaller than 15◦ to prevent flow
separation, thereby ensuring uniform expansion of the jet to optimally reduce velocity and increase pres-
sure – and showed very good performance in terms of peak velocity, jet attenuation and pressure gradient
(see next section). Although conically expanding diffusers are common in many industrial applications,
the problem with applying it to cannula tip design, is that the maximum tip diameter is limited to the
aortotomy size required to insert the cannula. Therefore, if one would increase the aortotomy size, one
would naturally simply select a larger nominal cannula size – not opting for a smaller nominal cannula
size with such a specialized tip. Although White et al. [357] suggested that a self-expanding tip made of
shape memory alloys might be a solution to this problem, the subsequent cost-and-complexity-to-benefit
ratio becomes highly questionable. Furthermore, the performance of the diffusive tip is dependent on the
flow rate, diffusive cone angle and tip length [238], which limits the full efficiency exploitation of this
velocity reducing feature, since flow often needs to be adjusted during CPB. Another issue is the large
size needed, with an effective tip length for use in a neonatal application being 10 mm – which would
practically be too big. Not surprisingly, such a cannula design is not currently found on the market.

Menon et al. [238] also proposed a further novel design extension to their diffusive cannula tip, namely
a four-lobe swirler inducer. It forms part of the cannula conduit prior to its tip and consists of four
lobes/channels that helically swirls the conduit of the cannula in order to passively cause a more co-
herent flow structure of the jet. Combined with the diffusive tip, the onset of turbulence by the jet was
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efficiently delayed, improving the non-turbulent dissipation of energy in the jet. However, will this benefit
be clinically observed due to the jet hitting the aortic wall before any of these jet effects have a chance of
developing? Furthermore, its clinical acceptance is questioned, simply due to its size that will clutter the
surgical field – for cannula diameterD, the swirler introducer will have a diameter 4.25D, which then sits
in the surgical field directly at the cannulation site.

Another novel development in cannula design worth mentioning is the Cobra catheter (Cardeon Corp.,
Cupertino, CA, USA) [73, 317] designed for dual-temperature management during CPB. It consists of
a long, double lumen cannula with two main outflows, one for the cold perfusiate (three orifices) to the
cerebral circulation and one for warm perfusiate to the rest of the body. It is positioned in the arch, and
also has an inflatable baffle to secure its position and to segment (not occlude) the greater and lesser
curvatures of the aortic arch, thereby also redirecting most particulate emboli originating in the aortic
root, ascending aorta or aortic arch into the descending aorta. Although the jets’ risks produced were
never studied experimentally as far as the author could determine, it is expected that jets of cold perfusiate
directed and intended to the cerebral circulation will be much weaker than the jets considered above, due
to only having a portion of the total flow passing through it, i.e. only the portion of flow intended for
the cerebral circulation. However, the main expected drawback is that these orifices are fixed and cannot
be altered to suit patient-specific needs. As such, even though these jets are relatively weak, they may
very likely not be directed straight into the branching vessel orifice and might hit the adjacent aortic wall
directly from a very close proximity. Furthermore, atherosclerotic lesions that are often found at branching
orifices are at an elevated risk than when considering other cannula tip designs. Finally, the inflation of
the baffle also has the potential of causing abrasion against a large surface area of the aortic arch, cf.
Section 4.2. Regardless of the performance of this cannula in terms of jetting effects, a randomized clinical
study revealed no conclusive evidence that it provides better results than standard treatments [191].

All of the cannula tip modifications to better disperse the high velocity jet in order to amplify its
attenuation, as described here, come at the cost of usually inducing a higher pressure gradient (or pressure
drop) over the cannula, which carries its own risks, as described in the following section.

3.1.2.2. Pressure gradient over different cannula tips

Apart from the length and diameter of the conduits from the heart-lung-machine and the arterial cannula
conduit, which often includes a narrowing taper proximal to the tip, the main variable contributor to
pressure gradients experienced by extracorporeally circulated blood is across the cannula tip itself. As
mentioned in the preceding section, cannula tips that better disperse the dangerous jets usually come at a
cost of inducing a larger pressure gradient on the blood. In fact, any tip more complex than the straight
end-hole cannula causes an increased pressure gradient over the tip. Such a high pressure gradients are
highly undesirable, because it can lead to hemolysis and plasma denaturation above a clinically accepted
pressure gradient threshold 100 mmHg [50, 171, 280]. Hemolysis in itself does not only diminish the
oxygen-carrying capacity of the circulating blood by destroying red blood cells (erythrocytes), but it also
complements activation and unfavorable changes in the mechanical properties of erythrocytes, promotes
the activation of platelets and leukocytes, and increases concentrations of inflammatory mediators [181,
362]. Consequently, it will also further contribute to the embolic load in the arterial circulation.

In terms of the pressure drop, the tip performance of each cannula was not simply inversely related to
its corresponding jet strength, jet velocity or a direct relationship with its jet attenuation characteristics.
Joubert-Huebner et al. [180] described the simple expected progression of performance, i.e. of the stan-
dard cannula tips, the curved tip (end-hole) performed the best, followed by the SoftFlow (side-hole) and
lastly the Dispersion (side-hole) cannulas. Contrary to this finding, although not evaluating the Dispersion
cannula, Muehrcke et al. [258] found that these cannulas all had similar pressure drops, while Verdonck
et al. [347] found that SoftFlow performed better than any end-hole cannulas. White et al. [357] found

32
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that the SoftFlow yielded the best performance, followed by the Dispersion, 45◦ curved tip and finally
the 80◦ curved tip. These findings also indicate the influence of the tip curved angle on the pressure drop.
Furthermore, the influence of the smoothness of such a bend might also play a role. Of the specialized
tips, Scharfschwerdt et al. [305] found that the Medos X-flow and the Stöckert cannulas both performed
better than the SoftFlow, and in turn better than the curved tip cannula. These observations confirm in part
the trade-offs existing between the different jet attenuation abilities, but it clearly shows that an optimum
has not been reached.

All these findings have one overriding limitation, namely the correct measurement of pressure gradients
over the cannula tip. The pressure gradient over a cannula is usually measured between the Luer-lock of
the cannula, i.e. close to the cannula inlet, and somewhere in the reservoir into which the jet is blown.
Four main problems arise from this evaluation: Firstly, the main conduit of the cannula, i.e. prior to the
tip, is inherently included in the measurement. This is problematic, since the conduit of some cannulas
taper down to a minimum diameter is reached at the tip, while others do not taper at all or at different
taper geometries. Furthermore, the conduit length of a cannula is by no means standard. Therefore, the
pressure gradient conventionally measured is actually the pressure drop over the entire cannula (at least
from the Luer-lock), i.e. a combination of the cannula tube and the tip. Only the study by Verdonck et al.
[347] actually considered this discrepancy and accordingly reported on the superior performance of the
SoftFlow over straight and curved end-hole cannulas in terms of pressure gradient. Their findings re-
vealed a complex relationship between the pressure drop over the tip and the preceding conduit, which
can have a significant impact on the pressure drop over the whole cannula, as further expanded upon in
Section 8.7.3.1. Secondly, an additional complexity often overlooked when trying to measure or avoid
high pressure gradients is that arterial cannulas are sized according to their outer diameter, but can have
significantly varying inner diameters [7, 180, 347]. Notwithstanding, only some of the studies considered
reported on the inner diameters. Andersen et al. [7] found that even the outer diameter of the cannula,
where it enters the aorta, varies significantly between different cannulas. A cannula of a certain material,
e.g. soft polymer, hard polymer, metal etc., can also inadvertently influence the inner diameter, because the
type and hardness of the material will ultimately determine the manufactured wall thickness. And since
cannulas are rated by their outside diameter, the wall thickness will determine the inner diameter [29].
Thirdly, blood as a testing fluid was seldomly considered, not to even mention hematocrit and temper-
ature varying influence on the viscosity of the testing fluid, or comparative values as would be present
clinically. Mostly either water or a 60%-40% water-glycerin mixture at room temperature. Furthermore,
it must also be considered that although not significantly contributing to stroke, a standard CPB circuit
is primed with 2–3 L colloid or crystalloid solution and mixed with typically 5 L of blood circulating
throughout the procedure, significantly diluting the blood [82]. Nevertheless, despite limitations in inter-
study comparison, many studies report pressure gradients over arterial cannulas currently used clinically
that exceed this 100 mmHg pressure gradient threshold for hemolysis [50, 180, 258]. All of these varying
aspects negatively influence the absolute, but also comparative value of these reports in general. There-
fore, the pressing need exists to perform such comparative studies evaluating different clinically used and
new cannulas, comprehensively considering all of the discussed factors and clinical requirements.

The difficulty to compare different cannulas as a whole is not new, as seen in the development [250] and
testing [83] of a dimensionless number for cannula performance based on the Reynolds number of flow
through cannulas, the so-called M-number, to account for the pressure/flow characteristics of cannulas
of different lengths and tip designs. The M-number of straight cannulas can be determined analytically,
whereas it must be determined experimentally for more complex geometries. However, this measure does
not include temperature dependency or hemodilution/hematocrit, which can alter the value of such a mea-
sure significantly [197]. Accordingly, this M-number has not enjoyed standard clinical adoption as far
as the author could determine. Although such an absolute value for a pressure gradient threshold is im-
portant to know, suppliers generally only present clinicians with flow-pressure data for different cannulas
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Figure 3.3.: The Reynolds number Re at the tip of a straight end-hole cannula resulting from clinically
reported variability in the cannula tip diameters din (all rated as 24 Fr) and hematocrit levels
hct cannula. Three different relevant flow rates are considered. See text for details.

using water at room temperature [29]. Therefore, clinicians can only assess the relative performance of
a cannula from supplier information, possibly only between cannulas from a single supplier, but not its
absolute performance in terms of hemolysis risk, not even to speak of the risks yielded by the concomi-
tant jet. Additionally, as discussed in this section, not even the comparative studies presented here can
necessarily be compared with one another.

All of these aspects are infrequently considered in the clinical setting, although it can have a significant
effect on the resulting cannula performance – and should therefore also be included in the cannula selec-
tion process. Figure 3.3 presents a simple analysis effectively demonstrating the significant influence that
a subtle, yet clinically relevant change to the inner diameter of the tip and hematocrit-dependent viscosity
will have on the cannula performance. By considering the minimum, mean and maximum of a range of re-
ported cannula tip inner diameters, i.e. Dinner = [5.6, 7.0] [7], and a range of operative hematocrit levels,
i.e. hct = [0.19, 0.25] [82], resulting Reynolds numbers (Re = ρQDinner

µAinner
) are plotted for three different

flow rates (Q = [4, 5, 6] l/min) of flow through a simple pipe, as shown in Figure 3.3. The mean dynamic
viscosity µ and density of blood ρ was chosen as 0.004 and 0.00106 g/mm3, respectively according to
normal physiological parameters [196]. Blood was considered here to yield a predominantly Newtonian
character (cf. Section 6.4.2). Furthermore, variation of viscosity due to change in the hematocrit hct was
calculated simply as 4% for every percentage increase or decrease in hct, which is an acceptable as-
sumption at medium to high flow shear rates [28]. As is clear from this figure, parameter variation, and
especially combination of extremes can result in Reynolds number that are almost doubled that of the op-
posite extreme. Naturally, the pressure drop will be proportional to the Reynolds number for laminar flow,
and although not linear for transitional to turbulent flow, will follow the same trend. This relatively simple
consideration did not even consider the effect of temperature, but emphasizes the variability encountered
clinically, but also cautions of analyses concluding about an optimal level of one singe such a parameter,
as have also been previously reported [96]. These conclusions will be questionable if no consideration
was given to rigorously and explicitly maintain the constancy of the other parameters referenced here.

Finally, in this regard, the recent novel backward suction cannula design used in an animal experiment
should also be mentioned, as reported by Shani et al. [312]. The cannula consists of a regular curved-tip
end-hole cannula, with an additional port located on the posterior surface of the curved-tip, i.e. facing
proximally. Through this additional port, the authors demonstrated that a high percentage of osseous par-
ticles injected in the proximal aorta can be effectively sucked out of the circulation. Thereby, the authors
propose to eliminate dangerous emboli originating proximal to the cannulation site from the systemic
circulation. Three major concerns to this cannula design arise in the context of all the effects considered
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here: (1) Even higher cannular flowrates will be required to compensate for the suction flowrate. This
can be compensated by either requiring a larger bore cannula (undesirable) or allowing an even higher
pressure gradient over the cannula (undesirable). (2) If the effect of the curved end-hole cannula on distal
(and cerebral) perfusion is in fact bad, cf. next subsection, then this design leaves the problem of poor
distal perfusion unaddressed. (3) As with the intra-aortic filter, cf. Section 4.2.2.1, only the particulate
matter that originate proximal to the cannulation site, and only when suction is switched on, have the
potential of being captured. Should this design finally be tested in humans, it is the opinion of the author
that such a study should also aim to thoroughly report the cannula location and direction. Clinical out-
comes using this device would be interesting, however, it is the opinion of the author that outcomes might
possible be inconclusive, as it was for other novel designs addressing only a single consequence of aortic
manipulation, e.g. intra-aortic filter (Section 4.2.2.1), cobra cannula (Section 3.1.2.1) etc.

Apart from trying to evaluate or determine a cannula tip design which possesses the optimal trade-off
between lowest peak velocity, shortest jet attenuation distance and pressure gradient, there are also the
further consequences of the resulting patterns of flow occurring in the patient. These patterns are not only
influenced by the jet strength, but also by the cannulation site, cannula orientation and patient-specific
aortic geometry, as expanded upon in the section below.

3.1.2.3. Distal flow disturbances due to continuous arterial cannular flow

Under healthy physiological flow conditions, typically 14% of the total flow ejected by the heart that
enters the aortic arch is perfused into the first three branches, i.e. brachiocephalic, left common carotid
and left subclavian arteries, all of which supply different cerebral arteries with typically 750 ml/min
of oxygenated blood, accounting for approximately 20% of the total body oxygen consumption. How-
ever, during hypothermic CPB with an alpha-stat acid-base-management strategy, the brain only receives
approximately 5–7% of the cardiac output. Autoregulatory mechanisms are responsible for mainting a
cerebral blood flow (CBF) of approximately 45–60 ml/100 g of brain tissue [291]. These flow quantities
and patterns of physiological flows in the aorta have been studied extensively in various imaging studies,
especially phase-contrast magnetic resonance imaging (PC-MRI) studies, as reviewed and summarized
by Morbiducci et al. [253]. They also comprehensively listed the reasons for the complex flow patterns
arising in the aortic arch. These include the complex geometry of the aortic arch, e.g. non-planar curva-
tures, branches at the superior part of the arch, a distensible and tapering vessel structure, a degree of
dynamic movement of the aortic root, structures protruding into the flow field and the complex ventricu-
lar twisting and torsional movement during contraction. Consequently, the pulsatile feed of blood into the
aortic arch gives rise to a complex, net forward, helically rotating flow pattern which mostly has laminar
to laminar-turbulent transitional properties.

Although the ratios of blood entering the different cerebral vessels may slightly vary between healthy
subjects, various homeostatic auto-regulation capabilities of the body work to maintain these levels of
perfusion [140]. However, various downstream pathologies or surgical conditions might alter perfusion
to the brain or other end-organs, e.g. carotid stenosis, aortic coarctation, impaired auto-regulation due to
global anaesthesia and of course continuous arterial cannular flow, of which the latter is expanded upon
below in detail.

General flow pattern in aortic arch due to arterial cannular flow Many experimental studies have
considered flow patterns in a mock aorta due to arterial cannular flow from different cannula tip de-
signs with 2D [141] and 3D flow visualization techniques [242, 244], some changing the cannula ori-
entation [112], while others also considered cerebral perfusion pressure [180]. All describe regions of
elevated WSS and unphysiological vortices and flow concentrations forming for the different cannula tip
designs. Joubert-Huebner et al. [180] also reported significant pressure and cerebral flow variations in
the three branches that exit the aortic arch dependent on cannula tip used and cannula orientation. Even
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though these studies only considered flow conditions for certain cannulas fixed at a certain predetermined
cannulation site, all of them also speculate that the perfusion patterns, as well as regions of elevated WSS
will vary if the cannulation site, cannula orientation, or if a cannula tip other than what was investigated,
was used.

Robust peak velocity reduction A more robust attempt at obtaining a more uniform flow with low
peak velocity entering the aortic arch has been to point the most sufficiently dispersed jet, e.g. as pro-
duced by the Dispersion cannula, towards the aortic valve. This was shown to be effective in smaller
clinical studies [142, 363], of which this effect has also been confirmed experimentally [112]. However,
its widespread clinical adoptation has not been found because of the scarcity of literature on the matter.
This can be attributed to the fact that the trade-off for obtaining such a uniform flow with a low peak ve-
locity is that the jet has to be dissipated by the aortic valve and aortic root itself. The common occurrence
of atherosclerotic lesions in the aortic root, potential aortic valvular disease or insufficiency and a shorter
distance over which the jet can be attenuated (compared to pointing the jet into the aortic arch), would
actually cause increased embolic risk brought about by such a maneuver, due to the sandblasting effect.

Diverting the problem downstream It has been suggested to advance a centrally placed cannula further
distally along the aortic arch (also referred to as a long cannula) such that the cannular jet points down
into the descending aorta, thereby causing retrograde perfusion of the cerebral vessels and presumably
preventing atherosclerotic lesions in the ascending aorta and aortic arch to be embolized by the jet and
also washing the majority of the embolic load into the descending aorta [45, 146, 193], as also shown
by monitoring the embolic signals of flow entering the cerebral arteries [259]. The latter advantage was
also advocated by the investigators of the Cobra catheter, which also aims to deflect embolic material from
entering the cerebral arteries, cf. Section 3.1.2.1. Other attempts following the same guiding principle have
spurred the developement of the Embrella Embolic Deflector (Embrella Cardiovascular Inc, Wayne, Pa) or
the EmBlocker (Neurosonix Ltd). The former is a percutaneously insertable filter device to cover the aortic
arch orifices supplying cerebral perfusion. Its efficacy to deflect the majority of emboli downstream and
the concomitant pressure drop over the filter have been shown to be satisfactory in an animal model [58]
and a pilot clinical study [270]. However, such an intra-luminal device once again increases the risk of
embolic release due to abrasion, cf. intra-aortic filter, Section 4.2.2.1. The latter is an ultrasound probe
positioned directly adjacent to the aortic arch to deflect emboli downstream. One pilot clinical study has
demonstrated its ability to reduce the embolic signals entering the cerebral circulation by half compared to
a control group [304]. Unfortunately, this intervention comes at a price of a local increase of temperature
and can therefore only be applied for intermittant periods of time. Both of these interventions, however,
also only (partly) divert the embolic risk, but do not prevent it.

Dominant particle path The disturbance caused by the continuous arterial cannular jet has also been
attributed to cause a dominant particle path, i.e. the concentration of the high velocity jet transports most
of the embolic material entering/generated in the aortic arch along a preferential perfusion path. In a
non-randomized prospective study of 2217 consecutive patients undergoing CABG surgery, Weinstein
[353] deduced that curved tip end-hole cannulas are dangerous and that side-hole cannulas should be
used instead, since the former, causing an unattenuated jet, “washes” the bulk of the embolic load into the
more distal of the cerebral arteries branching out of the aortic arch, i.e. the left common carotid artery. This
was based on their results showing that strokes in the left hemisphere were 3 times more likely to occur
than in the right hemisphere. Although making some conclusions only considering different manipulation
maneuvers in isolation of each other, they make a valid point, as also observed elsewhere [38, 259].

Disturbed helicity Another often infrequently considered disruption caused by the continuous arterial
cannular flow, is the disruption of the physiologically occurring helical flow pattern in the aortic arch.
Such helical flow patterns have repeatedly been described in vivo in healthy volunteers [194, 253, 321]. It
has been hypothesized [57, 252, 325] and supported with evidence from PC-MRI studies [253] that these
helical flow patterns develop during growth as a natural optimization of perfusion in order to reduce en-

36



3.1. Arterial return hemodynamics

ergy dissipation in the aortic arch. This is based on the fact that non-zero helical flow have been shown to
reduce energy dissipation by inhibiting energy flux from larger to smaller vorticity scales [333]. The first
investigation describing the difference between rotational flow patterns comparing patients under physi-
ological conditions, as well as when receiving CPB, was performed by Koh et al. [200]. Using TEE in
vivo, and verifying with MRI in an experimental setup in vitro, they demonstrated that aortic geometries
imposed a handedness to flow in the aortic arch and descending aorta, i.e. a patient-specific preferential
rotational direction, either clockwise or anti-clockwise. Arterial cannular flow was shown to nullify this
preference and could either maintain the handedness or change it. Based on these findings, they suggested
that the disturbance of the natural occurring helical flow caused by arterial cannular flow may have em-
bolization and hypoperfusion risks. Embolization, since certain lesions have experienced a preferential
direction and variation of WSS over a duration of time, which can be disturbed by a change in helicity.
Hypoperfusion, since the natural helicity has developmentally been adapted to provide optimal perfusion
which becomes disrupted by arterial cannular flow. However, this mechanism for cardiac surgery-related
stroke is difficult to isolate and has very seldomly been considered clinically [288].

Inadequately testable outcomes Limitations of the experimental results are that the dynamic response
of the distensible aortic wall and the Windkessel type outflow conditions are simplified. Furthermore, in
all of these, mostly water, but also water-glycerin mixtures at room temperature, were used as working
fluid. The main reason why no clinical studies could be found evaluating these disturbed flow patters can
be ascribed to the fact that very limited flow visualization capabilities exist during surgery. The only intra-
operative imaging available is transesophagoeal echocardiagraphy (TEE) and epiaortic echocardiography,
both of which cannot completely visualize the arch due to certain, at present insurmountable artifacts and
that only a single plane of measurement is available. Additionally, whether clinical or experimental, the
results from all of these studies are subject to patient-specific variability. Ultimately, all these studies do
deliver an important, albeit only qualitative, result, namely: that continuous arterial cannular perfusion
strongly influences flow patterns in the aortic arch and increases the potential of cerebral hypoperfusion
and arterial cannular jet-related embolic risks. The extent of such potential dangers might be refinable in
a general sense, but would ultimately need to be determined for every patient-specific case. However, it
seems reasonable to infer, as has been done in many of these studies, that this increased potential danger
due to arterial cannular flow is significant and needs to be addressed.

The following section considers solutions aimed at alternatives to central cannulation with continuous
arterial cannular flow.

3.1.2.4. Non-cannula adjustments influencing distal flow

While central cannulation with continuous arterial cannular flow is considered standard when performing
conventional CPB, alternatives have been suggested to surmount associated complications, although not
necessarily complications in the context of altered hemodynamics. These two strategies consider pulsatile
arterial cannular flow and peripheral cannular access sites, expanded upon below, and are considered
mainly in terms of its influence on the hemodynamical factors previously considered, i.e. their risks of
hypoperfusion and embolization.

Continuous vs. pulsatile arterial cannular flow It has been argued that extra corporeal circulation
should completely mimic the physiological conditions of a patient as closely as possible, and therefore
pulsatile perfusion needs to be used during these procedures. However, only comparing the cannular
flow characteristics of a range of clinically used cannulas, it was found that arterial cannular jet peak
velocities averaged 45% higher when considering pulsatile to continuous flow. More specifically, for the
same set of cannulas evaluated, continuous and pulsatile flow yielded peak jet velocities of 3-9.5 times
and 6-17 times that of normal aortic flow velocity (80 cm/s), respectively [141]. Considering the above
reviewed aspects of arterial cannular flow, this automatically implies a more dangerous jet and higher
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pressure gradients over the cannula. Furthermore, as pointed out in a recent review, conventional pulsatile
pump systems actually only deliver sinusoidal pulsatility, which is not physiological [140]. Therefore,
since the cannulation position and cannula orientation influenced distal flow in an unintuitive way, it is
not clear at all whether adding pulsatility to the cannular flow will enhance replication of physiological
hemodynamics in the aortic arch.

Although limited clinical studies have been done to elucidate on the benefits of pulsatile perfusion, a
systematic review by Alghamdi and Latter [4] found that the evidence from the available clinical studies
was conflicting and insufficient to argue for or against a particular perfusion strategy to reduce stroke
and myocardial infarction. This conclusion was drawn despite the expectation that pulsatile perfusion
improves micro-circulatory flow, myocardial perfusion, oxygenation, and indices of contractility. Addi-
tionally, this conclusion was drawn even despite the fact that pulsatile perfusion has been demonstrated
to decrease fluid retention in the lungs and reduce the frequently observed rise in systemic vascular re-
sistance during CPB by being able to maintain normal levels of aldosterone, catecholamines and plasma
angiotensin. As pointed out by Murkin [261], regardless of the fact that such comparative studies need to
be better designed and controlled, pulsatile perfusion may be beneficial to a certain patient profile due to
some promising results. Nevertheless, the standard of care remains continuous perfusion due to technical
difficulties in achieving pulsatile flow [5], as well as the unproven benefit and the hemodynamical aspects
considered here.

Peripheral cannular flow Multiple reasons exist why it may be unsuitable or undesirable to cannu-
late a patient centrally, i.e. in the ascending aorta, but rather cannulate peripherally. Such reasons pre-
dominantly include severe atherosclerosis of the ascending aorta [318] or as required for performing a
minimally invasive procedure [65]. The aorta or any of its branches can be cannulated at any level, even
through the apex of the left ventricle, provided safe access exists, no pathologies detrimental to cannu-
lation exist in this region and that the aorta is of sufficient size to allow insertion of a cannula that can
provide the perfusion required. The main alternative cannulation sites, apart from central cannulation,
is axillary and femoral cannulation, considered below. Although the reason for changing cannulation site
might not be hemodynamical considerations, it will definitely result in flow patterns significantly different
than with central cannulation.

As excellently summarized by Fukuda et al. [113], the femoral artery has classically been the alterna-
tive cannulation site of choice, mainly due to its easy access and sufficient size to allow an adequately
sized cannula. However, the femoral and ilaic arteries can be severely damaged by cannulation, show
significant infection rates, can yield distal limb ischemia, are frequently affected by atherosclerosis, espe-
cially in elderly patients and are more prone to complications in patients with peripheral vascular disease,
including aortic dissection. The potential for lower extremity ischemia also exist during long-term perfu-
sion. Furthermore, since a femoral cannula is only advanced a couple of centimeters into the artery, all
arteries proximal to the cannulation site receive circulation in a retrograde fashion. As such, retrograde
femoral artery perfusion has been associated with perioperative risk in certain procedures, e.g. redo mi-
tral valve. Despite risks associated with femoral cannulation, it has been demonstrated that meticulous
screening of the affected area and taking all necessary precautions can keep the risk of associated stroke
at an acceptable level.

As far as the author could determine, studies of flow patterns created by retrograde perfusion have not
been done experimentally or clinically. However, due to the size of the femoral arteries, smaller cannulas
are generally used, but since atherosclerotic lesions can occur at any arterial level, such a high velocity
jet also poses a risk of perioperative CVAs. This becomes dangerous when considering that continuous
retrograde perfusion will definitely cause WSS on atherosclerotic lesions from another direction in a
different loading regime compared to what it receives physiologically. Such a change in loading regime
has been pointed out as being a potential mechanism of perioperative CVA due to disrupted helical flow,
cf. Section 3.1.2.3. Furthermore, as also pointed out in Section 3.1.2.3, the likelihood of atherosclerotic
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lesions existing in the descending aorta when severe atherosclerosis exists in the ascending aorta is high.
Therefore, the very reason for choosing femoral cannulation due to atherosclerosis of the ascending aorta
or aortic arch may in fact be paradoxical.

Concerning the other main alternative, axillary artery perfusion, Fukuda et al. [113] continued: Axil-
lary cannulation can either be achieved directly or by anastomosing the cannula graft onto the artery, the
latter yielding the best comparative outcome. As with femoral cannulation, peripheral vascular disease,
size and atherosclerosis of the axillary artery also play an important role as to allowing its use, although
atherosclerosis of the axillary artery occurs less frequently. Complications of this perfusion strategy in-
clude hyperperfusion of the ipsilateral arm, brachial plexus injury, compartment syndrome of the arm,
thrombosis of the artery and the rare occurrence of local or diffuse dissection of the axillary artery. Nev-
ertheless, complications associated with axillary perfusion have been low. Axillary perfusion has the
advantage over femoral retrograde perfusion, that at least antegrade perfusion can be delivered to the
right carotid system and can also be used for selective cerebral perfusion during major aortic procedures.
Only one experimental study considered the flow patterns caused by axillary perfusion in a glass model
of the aortic arch using water [243] and noted that flow entering the aortic arch was particularly rapid.
Consequently, it was suggested that special care be taken in patients with fragile atherosclerotic lesions
around the arch vessels or the lesser curvature of the aortic arch when performing such perfusion. Altered
cerebral flow was not considered.

Other variations of the cannulation site perfusion strategies that have been successfully attempted in-
clude the brachiocephalic and carotid arteries, as well as transapical cannulation of the left ventricle. The
frequency at which these have been performed clinically is low and therefore their clinically efficacy un-
clear. Although many studies have compared smaller cohorts of patients comparing all of the cannulation
site perfusion strategies considered here, no randomized studies have been performed to elucidate which
site-specific perfusion strategy is optimal for patient outcome [113]. Furthermore, there also exists a lack
of homogeneity among patient cohorts compared in the available studies, and studies of altered hemody-
namics are lacking. Nevertheless, relatively safe alternative cannulation site perfusion strategies exist that
can be used when another is contra-indicated or not preferred.

3.2. Beating-heart (off-pump) procedure hemodynamics

3.2.1. Fundamentals

Off-pump beating-heart procedures refers to cardiac surgical procedures where no CPB is used, also
commonly referred to as off-pump procedures. The most common procedure is coronary revascularization,
and also the main focus of this section, which requires additional external instrumentation to stabilize the
local region on the heart where the distal anastomosis will be made.

Although some of the first coronary revascularization procedures were performed on a beating heart [21],
the mid-1970’s brought the safety standardization of CPB. The technical challenges of operating on a
bloodless and stationary field and growing concerns for increasing the risk of myocardial injury while
performing temporary coronary occlusion in the beating heart, lead most surgeons to abandon such pro-
cedures [23]. However, during the 1980’s off-pump surgery resurged in resource-limited centers, due to
advantages posed by this procedure [60]. Evidence from these centers and a growing interest in perform-
ing minimally invasive procedures lead to a global resurgence of off-pump procedures in the late 1990’s.
The Society of Thoracic Surgeons’ database reported that in 2001, already 18.6% of all coronary revas-
cularization procedures were performed off-pump [219].

Although much has already been said concerning its main advantages, disadvantages and outcomes
compared to on-pump procedures, these were mostly done in relation to the dangers of partial-occluding
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involved in many of these procedures, cf. Section 2.4. It is therefore the purpose here to concisely con-
sider maneuvers responsible for temporary disruption of the physiological hemodynamics, specifically
with regards to coronary revascularization procedures, owing to the large volume of research on this
topic. Finally, although not considered pure cardiac surgery, the endo-vascular repair of the thoracic aorta
disrupts the CBF in a similar manner as during off-pump coronary revascularization, and is considered
here for completeness sake.

3.2.2. Clinical considerations

The two manipulation maneuvers which can significantly alter the physiological hemodynamic state is
the dislocation of the heart and the partial-occluding used when performing the proximal anastomosis.
Although the latter can be avoided and the former is technically not aortic manipulation per se, both of
these are used and can alter hemodynamics in the aorta in such a way as to hold risks of procedural-related
CVAs.

3.2.2.1. Cardiac handling

The physiology and anesthetic management of off-pump coronary artery bypass have been extensively
reviewed by Chassot et al. [60] and will be used as a guideline for considering the following hemody-
namic consequences of this procedure. The three main aspects that influence physiological hemodynam-
ics considered in this review are obtaining adequate exposure to the distal anastomotic site on the heart,
restraining the motion of this site and disrupting coronary flow during distal anastomosis on the heart.
Although critically important to myocardial outcome, the latter falls outside the context of perioperative
CVAs and will therefore not be considered here.

The exposure of the distal anastomotic site(s) and the stabilization thereof have been shown to signif-
icantly increase the atrial pressure and causing a marked decrease of cardiac output (<2 liter/min/m2).
These consequences are attributed to the displacement of the heart and compression (or restriction of
movement) of the ventricular wall. Different maneuvers performed during such a procedure will have dif-
ferent hemodynamical consequences, of which the main maneuvers are considered here. Firstly, the heart
is tilted vertically with the apex pointing upward. As such, blood has to flow upward (against gravity),
into the ventricles. This increases the filling pressures that need to be achieved by the atria. Secondly,
the stabilizer device pushes against the walls of the heart, thereby restricting its local movement and its
ventricular distensibility. Especially critical is when the movements of the anterior and lateral walls of a
ventricle are blocked, because these contribute the most to stroke volume. Thirdly, the vertical position,
as well as twisting involved to gain better access to anastomotic sites, cause distortion of the mitral and
bicuspid valve annuli and can lead to not only severe regurgitation, but also a temporary induced valvular
stenosis. Such consequences have also been reported for the aortic valve. The severity of the hemody-
namic disturbance is mostly linked with the site of anastomosis, i.e. more cardiac tilting, twisting and
compression of the ventricular walls are required to gain access to the circumflex artery on the lateral side
of the left ventricle, compared to the left anterior descending artery on the anterior of the left ventricle.
Finally, in an attempt to decrease the left ventricular preload, the patient is positioned in the Trendelen-
berg position (tilted longitudinally downwards towards the head between 15–30◦). This can alter central
venous pressure even more and thus has to be carefully considered/monitored.

These hemodynamic disturbances can be managed with rigorous pressure adjustments by specialized
anesthetic strategies, aiming to perform such impacting maneuvers as quickly as possible and even by
strategies such as leg elevation to help increase cardiac output. However, the hemodynamical alterations
are not without certain risks. Since cerebral perfusion pressure depends on the difference between mean
arterial and central venous pressures, a decrease in the former (due to decrease cardiac output) or an in-
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crease in the latter (due to increased atrial pressure) can also be a potential mechanism of hypoperfusion.
Although distal anastomoses are performed in both on-pump and off-pump procedures, such hypoperfu-
sion is much more prevalent during off-pump procedures due to the dislocation of the heart, as confirmed
in a comparative study estimating cerebral hypoperfusion by considering jugular bulb oxyhaemoglobin
saturation of less than 50% between the two types of procedures [86].

3.2.2.2. Temporary stenosis by partial-clamping

Not considered in the above-mentioned review on hemodynamical disturbances during off-pump CABG [60]
is the potential hemodynamical influence of a partially occluded ascending aorta. Although partially oc-
cluding the aorta to achieve proximal anastomosis can be avoided by a “no touch strategy” or using an
automatic graft connector, cf. Section 2.4.3, there are still indications for the use of off-pump CABG:
mainly its stability, simplicity and low cost. Such a partial occlusion does not merely cause structural
damage, but also temporarily constricts the aorta at the proximal anastomotic site. Such a constriction
implies the manipulation of the aorta under pulsatile, inadequately controlled pressure conditions, which
causes an increase in afterload for the heart, i.e. pressure that the heart must overcome to expel blood from
the ventricle.

Pulsation against the partially clamped aorta An incompletely understood phenomenon is the
manipulation of the pressurized aorta, especially under inadequately controlled pulsatile conditions during
off-pump procedures. This fact is highlighted in a group of studies investigating cardiac surgery-related
aortic dissection, also referred to in Section 2.4.2. When considering the origin of an aortic dissection,
it is clear that some tear in the intimal wall at a certain pressure will force layers of the aorta apart.
Consequently, hypertension is considered a risk factor for aortic dissection, also reflected in the fact that
perfusion pressure during on-pump procedures is, typically, specifically maintained at no higher than
60 mmHg during manipulation procedures in consideration of the dissection risk, among other reasons.
Furthermore, uncontrolled hypertension has also been identified as a major risk factor in the occurrence
of aortic clamp trauma [324].

Chavanon et al. [61] found a more frequent occurrence of dissections after off-pump procedures than
on-pump procedures. Despite the low number of these cases, they and others [149, 313, 330] have hy-
pothesized that pulsation aggravates the laceration caused by the fixation of a partial clamp onto a portion
of the aorta, which partly limits its distensibility. Such is the case during partial-clamping in off-pump
procedures, but potentially also the case for any manipulation of the aorta, e.g. fixation of a part of the
aortic wall by an automatic graft connectors [274]. In on-pump procedures, the perfusion pressure is gen-
erally non-pulsatile and more controllable. This hypothesis is further supported by outcomes from a recent
analysis of The Society of Thoracic Surgeons database from 2004–2007 considering the occurrence of all
cardiac surgical-related aortic dissections. Although not explicitly distinguishing between on-pump and
off-pump coronary revascularization procedures, the analysis revealed that of the 0.06% rate of aortic
dissection associated with coronary revascularization, two-thirds of these dissections occurred during off-
pump procedures [359]. Furthermore, in a recent review following a case-presentation of aortic dissection
during off-pump surgery [330], it was suggested that the frequency of dissections during off-pump pro-
cedures is underestimated. This is because it has been found that intra-operative dissections occur more
frequently during on-pump procedures, whereas early post-operative dissections occur more frequently
with off-pump procedures, which are usually hard to detect, diagnose correctly or determine its origin.

However, although there is compelling evidence to support such a hypothesis, more focused investi-
gations are required to elucidate on the proposed increased severity of laceration and increased risk of
perioperative dissections associated with the partial-clamping of the aorta under uncontrolled, pulsatile
pressure conditions.
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Ascending aortic temporary quasi-stenosis As far as the author could determine, very little has been
reported regarding the influence of proximal anastomosis on hemodynamic stability. This aspect was not
even mentioned in the comprehensive review on the hemodynamical influences of off-pump surgery [60].
Furthermore, the paucity of available literature on this topic was emphasized in a recent case study by
Santos et al. [302].

These authors presented two cases of off-pump coronary revascularization where hemodynamic in-
stabilities were recorded that were associated with the partial occlusion of the aorta. In the first case
presented, the patient had a small ascending aorta luminal diameter (28 mm), which lead them to deduce
that the decreased luminal diameter due to partial occlusion increased the afterload to such an extent as
to affect ventricular function and thereby also causing an increase in pulmonary artery pressure. This was
observed immediately after partial-clamp application, as recorded by the pulmonary artery catheter. In
the second case, a patient with preoperative left ventricular dysfunction remained hemodynamically sta-
ble until the partial clamp was applied, attributed to the same effect, as also monitored by the pulmonary
artery catheter.

Such an effect can be explained relatively simply by considering the fluid dynamical effects of a con-
verging nozzle directly coupled with a diverging nozzle, which is effectively what the partial clamping
produces. The decrease in cross-sectional area of the converging nozzle will cause a reduction in pres-
sure but an increase in velocity, whereas the opposite will occur in the diverging part. However, this
converging-diverging nozzle created by partially clamping the aorta is expected to significantly alter the
perfusion, as was observed in stenosis flow and indexing studies [120, 281, 345]: Firstly, pressure losses
will be significant since the converging and diverging profiles are steep. Large variations of cross-sectional
diameter are also induced and the pulsatility of flow will continually yield transient flow patterns dissipat-
ing energy. Additionally, this “nozzle”-structure is partly distensible and will therefore further dissipate
energy compared to a rigid walled structure. Secondly, such a constriction so close to the heart will also
yield an increased pressure experienced by left ventricle, i.e. an increased afterload, as observed in the
above-mentioned case-studies. Such an increase in afterload comes in addition to the other causes de-
scribed by Santos et al. [302].

3.2.2.3. Temporary aortic occlusion by TEVAR

For completeness sake, although outside of the scope of this dissertation, the following is briefly consid-
ered.

In beating-heart vascular (non-cardiac) surgical procedures, the aorta is only occluded distally to the
main branches supplying the brain with oxygenated blood. Within certain time limits, this can be done
without the need of additional CPB, e.g. during open repair of abdominal aortic aneurysms (AAA). Such
disturbances to physiological hemodynamics due to aortic occlusion are significant on all organ systems,
since it results in increased systematic vascular resistance, increased impedance to aortic flow, increased
afterload, redistribution of blood volume caused by collapse and constriction of venous vasculature distal
to the occlusion site with a subsequent increase in preload. Such changes in hemodynamics also result in
the release of many different mediators that may reduce or increase the harmful effects caused by not only
occlusion, but also occluder release, i.e. reperfusion injury. All of these factors depend further on the level
at which the aorta was occluded and the duration of occlusion. For a detailed review of the mechanisms
and consequences involved, the interested reader is referred to Gelman [129].

The only exception where the aorta is temporarily occluded proximal to the cerebral perfusion supply-
ing branches in a beating-heart procedure is during total or hybrid endo-vascular aortic repair (EVAR) of
the thoracic aorta, also referred to as thoracic endo-vascular aortic repair (TEVAR). In such procedures,
deployment of the stent-graft requires an EAB to expand in order to sufficiently plastically deform the
stent material to hold the stent-graft in place. Such deployment by an EAB causes temporary occlusion
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of the aorta. Strokes associated with EVAR are generally considered to be of embolic origin as demon-
strated by TCD studies, but the hemodynamical disturbances must also be considered. Although limited
reporting of the concomitant hemodynamical consequences exists, it has been reported that during bal-
loon inflation/molding, the cerebral blood flow in the middle cerebral arteries, as measured by TCD, was
significantly altered [35]. Additional consequences include significantly altered hemodynamics due to
existing patient-specific stenosis or incomplete circle of Willis [237], while the stent-graft may also cut
off certain crucial branches relying on other colateral perfusion pathways. Sometimes such flow is not
sufficient and requires revascularization thereof to reduce procedural-related strokes or other end-organ
ischemia, e.g. stent-graft covering the left subclavian artery [140, 286].
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Seek first to understand, then to be understood.
— Stephen Covey

From the preceding two chapters, it is abundantly clear that large deformation of the aorta and a multi-
tude of procedural maneuvers influencing hemodynamics can be initiators of various embolic or hypoper-
fusion events during cardiac surgery. However, apart from all of these, there is another group of maneuvers
performed during cardiac surgery not covered by the above-mentioned, which specifically holds risks of
embolization. Such a group involves maneuvers where the artery is directly lacerated, and of critical im-
portance is the laceration to the intimal layer of the artery. These maneuvers include the puncture of the
arteries and intra-arterial abrasion. Of prime interest is, of course, cardiac surgery-related maneuvers re-
sponsible for direct laceration of the aorta, but certain interventional cardiological procedures that can
lead to similar direct lacerations are also briefly considered. As will be shown in this chapter, such manip-
ulation maneuvers induce similar types of injuries as have already been considered, and therefore, a more
concise overview suffices in order to emphasize the gravity of the associated risks. Here the terms “artery”
will be used to indicate the general risks associated with direct lacerations without loss of applicability to
aorta-specific manipulation maneuvers.

The chapter will begin by considering arterial puncture, followed by considering an array of different
maneuvers responsible for intra-aortic abrasion produced by both surgical and interventional cardiological
interventions.

4.1. Arterial puncture

4.1.1. Fundamentals

Arterial puncture, also referred to as aortic perforation, can be defined as a continuous laceration stretch-
ing through the complete thickness of the aortic wall, which is broader than the term aortotomy, because
it includes puncturing of the wall by suture. Maneuvers performed during cardiac surgeries responsible
for arterial puncture include the introduction of an arterial cannula or a catheter [122, 211, 293] – cf.
Section 2.4.3 – anastomosis onto/into an artery and possible concomitant removal of a diseased portion
of artery [48, 282], access to debride an artery of some lesion [113], or due to any type of suture reaching
the intima [324, 340].

4.1.2. Clinical considerations

Regardless of the maneuver responsible for aortic puncture, the consequences are similar: Firstly, puncture
exposes atmospheric pressure and potential air trapped in the cannula tip to the luminal blood pressure,
thereby increasing the risk of air entering the arterial circulation as gaseous emboli, as seen experimen-
tally [30] and in TCD studies correlating maneuvers to number of emboli entering the cerebral circulation
during cannulation and decannulation, cf. TCD studies considering all CPB manipulation maneuvers,
Figure 1.3. Secondly, a tear in a pressurized conduit is at risk of tearing further in patients with con-
nective tissue disorders such as Ehlers-Danlos type IV syndrome [69]. Thirdly, the media and adventitia
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are exposed to the luminal blood pressure which increases the risk of aortic dissection, especially when
the purse-string sutures are fixed around the cannula leading to luminal blood pressure directly on these
layers, cf. discussions on iatrogenic aortic dissections in Section 2.4.2 and 3.2.2.2. Fourthly, an intimal
lesion is created that can increase the chances of atheromatic lesion formation, as seen in animal studies
investigating cross-clamping-related damage, cf. Section 2.1.2. Finally, puncturing the artery poses the
risk of dislodging embolic material into the arterial circulation, especially at fragile lesions of the artery,
as emphasized in experimental studies [38, 40], studies promoting echo-guided cannula placement [137]
and in the TCD studies investigating all manipulation maneuvers, mentioned above.

Specific risk factors for arterial puncture have always been discussed in terms clinical risk factors re-
lating to the above-mentioned consequences, but not identified explicitly in literature, as far as the author
could determine. However, based on the literature reviewed in the preceding chapters, it seems reasonable
to assume that the size of the puncture, its location in terms of existing atherosclerotic lesions, existing pa-
tient vascular pathologies, and luminal pressure magnitude and character (continuous or pulsatile) during
and after such maneuvers will influence the risk posed to patient outcome.

4.2. Luminal abrasion

4.2.1. Fundamentals

Luminal abrasion refers to any manipulation maneuver responsible for direct laceration inflicted from
within the lumen to the aortic wall, ranging from superficial intimal laceration or scraping to lacerations
stretching through to the adventitia, but not complete puncture. Indirect laceration are those caused by
an external manipulation, such as cross-clamping, cf. Figure 2.2. Similar to the risks involved in aortic
puncture, described above, luminal abrasion increases the risk of particulate embologenesis as well as the
risk of aortic dissection. Various inter-vascular devices can have such consequences, as expanded upon
below.

4.2.2. Clinical perspectives

4.2.2.1. Intra-aortic filter

An excellent example of intra-aortic abrasion is the use of an intra-aortic filter (IAF).Recognizing the dan-
ger of embologenesis during the application and the concomitant release of the cross-clamps, especially
in the presence of atherosclerotic lesions, a system was developed to capture such particulate emboli. The
only commercially available IAF, as part of the Embol-X Glide protection system (Edwards Lifesciences,
Irvine, CA), basically consists of inserting a filter covering the aortic lumen through a port in the can-
nula, negating additional puncture of the aorta. The IAF is inserted distal to the cross-clamping site and
proximal to the arterial cannula. IAFs have been shown to capture life-threatening particulate emboli orig-
inating from surgical interventions [25, 153], mainly consisting of fibrous atheroma and platelets/fibrin,
but also calcified particles. However, the first randomized study investigating the usefulness of IAFs could
only demonstrate a significant positive effect on the occurrence of renal-failure, but could not demonstrate
improved neurological outcome [25]. The low potential for improving neurological outcome and/or diffi-
culties in application of IAFs might explain its relatively poor clinical acceptance [31].

Among many other reasons that can be put forth to explain the clinical failure of such a device, in terms
of manipulation-related CVAs, is the subsequent intra-aortic abrasion inflicted by an IAF. Whether or not
an IAF consistently covers the entire luminal area to be able to capture all of the particulate proximally
emboli originating is unknown clinically. Consequently, the filter will always be expanded more than what
is necessary to cover the luminal area and will therefore press harder against the aortic wall than necessary

46



4.2. Luminal abrasion

– analogous to why a vessel is practically always over-occluded, because clinically the state of occlusion
is indeterminable, yet essential, cf. Section 2.1.1. Furthermore, movement of the fine-wired filter in its
deployed state cannot be completely restricted and will therefore be prone to shear against the intimal
wall. Such luminal abrasion injuries that release particles additional to those captured by the IAF have
been shown experimentally in a cadaver model [40] and clinically [25]. No further investigations into the
extent of the injury, increased risk of embolization and neurological outcome associated with the use of
an IAF is foreseen due to its clinical failure to show efficacy.

Within this context, it is worth considering a recent development following the same guiding princi-
ple which yielded the IAF, namely the CardioGard cannula (BEL Bioengineering Laboratories, Italy).
This arterial cannula has a standard bent-tip end-hole cannula design that must be pointed distally, but
possesses an additional lumen pointing proximally. By simultaneously sucking blood through the addi-
tional lumen while conventional arterial cannular flow continues through the primary lumen, its intention
is to remove embolic material released from the manipulation sites proximal to the arterial cannulation
site, and to subsequently filter the removed blood and introduce it back into the available blood reservoir.
Thereby, additional manipulation with an IAF is avoided. In an animal study, it has been successfully
demonstrated to have an embolic retrieval rate of 77%, with no significant changes in hemodynamical or
blood parameters [312]. However, two limitations can be pointed out here in hindsight of what has been
reviewed in Section 3.1.2: Firstly, by removing more blood from the arterial system, more blood need to
be returned. As such, the required increase in flow rates for concomitant removal of blood to maintain
adequate cerebral perfusion will need to be closely considered in a clinical setting, as it could become
dangerously high. Reduced flow regimes, as described in this study, can of course only be maintained
for short periods of time, but adds to the risk of cerebral hypoperfusion. Secondly, this solution does not
address the embolic and hypoperfusion risks associated with cannular flow through an end-hole cannula.

4.2.2.2. Cardiac catheterization

Whether performing coronary angiography, percutaneous coronary intervention (PCI), some kind of catheter-
ized carotid intervention or endo-vascular aortic repair, a catheter will not only have to puncture an artery,
but will be advanced a certain length to the desired state of application. Therein lies the risk of catheter
scraping/direct laceration being responsible for embologenesis, but also aortic dissection. Unfortunately,
patients with more severe coronary artery disease (CAD) requiring a PCI due to certain clinical risk fac-
tors that contra-indicate open surgical repair, more frequently present with more severe cases of atheroma
and are consequently at a higher risk of atheromatic disruption and therefore stroke [176]. This was con-
firmed in a recent meta-analysis of comparing outcome between PCI and on-pump CABG treatment of
multivessel CAD [315]. This study revealed that in such a patient-population, only a trend of more strokes
occurred in patients receiving on-pump CABG, compared to PCI, i.e. not a significant difference. Such a
result is impressive considering the amount of manipulation that is avoided in PCI compared to on-pump
CABG, as reviewed in this report. However, PCI is more advantageous in terms of stroke risks when
considering a broader patient population in terms of CAD severity, also considering a recent systematic
review [47].

Although much has been said on the topic, the following considers information supplied by a recent
clinical perspective of periprocedural stroke occurring during cardiac catheterization by Hamon et al.
[152]. Periprocedural stroke associated with cardiac catheterization is low, 0.2–0.4%, of which clinical
risk factors include hypertension, diabetes mellitus, prior stroke, renal failure, previous catheterization,
previous IABP, or emergency procedures (where less care is taken). The main mechanism by which
strokes occur is considered to be embolic in nature, as confirmed by TCD studies during such procedures.
The main sources include air, thrombus formation on the catheter surface, as well as aortic atherosclerosis.
One study reported that such aortic plaques/lesions are scraped in >50% of PCI cases. Since antegrade
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perfusion is maintained during these catheterization procedures, the ascending aorta and aortic arch have
been identified as the sources of embolic material. Understandably, atheroma in the aortic arch have been
identified as an independent risk factor for recurrent stroke – as already comprehensively presented in
Section 1.1.2.1.

Apart from the laceration danger posed by the catheterization itself, the angioplasty or stenting carries
its own risks. Both are principally performed to treat an artery stenosed by some sort of atheromatic plaque
build-up. This is achieved by inserting a balloon catheter into the stenotic region and inflating it to literally
break open the stenosis. Stenting differs from angioplasty in that a metal mesh structure is crimped over
the deflated balloon. Therefore, the balloon expansion causes permanent plastic deformation of the stent
to approximately the diameter of the inflated balloon, thereby mechanically supporting the broken open
stenosis and ensuring lumen patency. Stenting was developed in reaction to the limited therapeutic benefit
of angioplasty, since without stenting, restenosis and often complete occlusion frequently sets in, espe-
cially in coronary interventions [314], although stenting does not completely eliminate these risks [202].
Despite excellent successes achieved with stenting and limited success angioplasty, its inherent require-
ment to break open the stenotic region, is still associated with embolization in the case of carotid [34] and
coronary procedures [22]. Of course, due to the comparatively larger size of carotid stenosed lesions and
being part of the main arteries supplying cerebral perfusion, embolization carries a much higher risk of
periprocedural CVAs compared to coronary treatments, whereas the latter increases the risk of embolic-
related myocardial ischemia.

Finally, it should also be noted that due to the thromboembolic risks involved during cardiac catheter-
ization, even when the instrumentation is heparinized, there has been a tendency to employ increasingly
aggressive antithrombotic treatments during these interventions. Such strategies have been found to in-
crease the risk of cerebral hemorrhages [152].

4.2.2.3. Endovascular aortic repair (EVAR)

Apart from the risk presented by aortic puncture and the catheterization when performing endovascu-
lar aortic repair (EVAR), the scraping/laceration of the wall during stent-graft deployment will further
add to this risk. Embolic events have been attributed as being the main cause of stroke following EVAR
procedures as demonstrated in TCD studies [35, 334], although malperfusion risks do also exist, cf. Sec-
tion 3.2.2.3.

Of particular significance to periprocedural embolic events responsible for CVAs is thoracic EVAR,
or TEVAR. Although TEVAR treatments initially yielded more embolic signals entering the cerebral
circulation compared to conventional open repair [334], procedural and technological advances have lead
to lower mortality and morbidity compared to open repair, although some series still recorded stroke
rates of up to 6% [204]. Proximal landing site and grade of atherosclerosis in the aortic arch have been
attributed as significant and independent predictors of periprocedural strokes [204, 237]. Although some
debate existed whether the proximal landing site during TEVAR played a role in predicting stroke [35],
it has been proposed that landing zones distal to the left subclavian artery actually hold a similar risk,
simply due to the fact that the guide wires involved mostly also need to enter the aortic arch [204].

4.2.2.4. Balloon occlusion and counterpulsation

Apart from the EAB used in PCI, carotid artery interventions, or those used to expand stent-grafts during
EVAR, the two other applications of EAB hold the potential of lacerating the intimal wall by shearing,
namely endo-aortic balloon occlusion (EABO) and intra-aortic balloon counterpulsation (IABC), as con-
sidered below.
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Although EABO has been considered here in detail, it has mostly been considered in a comparative
context in relation to aortic cross-clamping, cf. Section 2.2 and 2.3. However, as inferred from studies
reviewed in these preceding sections, the balloon expansion upon occlusion as well as axial movement of
the EAB catheter will be responsible for increased WSS against the intima, thereby potentially causing
direct intimal laceration by shearing. Such damage was also implicated in an increased incidence of aortic
dissections during the initial use of this type of occlusion [117].

IABC is a percutaneous therapeutic device typically positioned in the descending aorta and counter-
pulsates relative to the heart. Thereby, diastolic pressure is increased in order to subsequently increase
coronary arterial perfusion, which has been found especially useful in cases of cardiogenic shock as a
result of acute myocardial infarction. Despite the fact that indications for the use of IABC remain con-
troversial, its use under certain indications have been demonstrated to prevent early infarct extension and
ventricular remodeling [265, 316]. However, despite this primary functionality, a recent systematic re-
view and meta-analysis by Sjauw et al. [316] showed that the use of IABC lead to a significant increase
of stroke of 2% higher than the control groups. Mechanisms for such stroke has mostly been attributed to
intra-aortic abrasion, especially in the presence of severe atheromatic lesions [164, 184], although hemo-
dynamical disturbances in terms of CBF were not considered, as far as the author could determine.

4.2.2.5. Debridement by endarterectomy

Endarterectomy is the process by which an atherosclerotic lesion is removed surgically by scraping,
bluntly dissecting or aspirating (with an ultrasonic aspirator) the lesion from the wall. Its can be performed
at different arterial sites, of which the most common application is in carotid endarterectomies. Currently,
a large and important debate surrounding the use of either endarterectomy or stenting/angioplasty when
treating carotid stenosis exists for different patient risk profiles in literate [1]. Different indications fa-
vor different treatments, although both have their validity within vascular surgical treatments. Confining
endarterectomy to cardiac surgical procedures presents a different picture, as expanded upon below.

The debridement by endarterectomy of the ascending aorta or aortic arch is a technically feasible pro-
cedure and is sometimes still suggested as potential treatment of patients with severe grades of atheroma
undergoing cardiac surgery procedures, as shown in some single center studies [10, 331]. However, one
earlier single-center study revealed the contra-indication for such treatment in considering a subgroup of
268 out of 3404 patients (8%) undergoing cardiac surgery who presented with a severe grade of aortic
arch atheroma (≥5 mm) [323]. Of this subgroup, 43 patients received an aortic arch endarterectomy in
conjunction to their cardiac surgical procedure in an attempt to prevent perioperative stroke. Although
the average stroke rate for the entire subgroup was high (15.3%), the stroke rate for those patients receiv-
ing concomitant endarterectomy was three times as high. In this entire series, only age and aortic arch
endarterectomy was identified as independent predictors of intraoperative stroke.

As stated in a current review [206], adverse outcomes after aortic arch endarterectomy could be at-
tributed to the disruption of the intimal surface, resulting in new thrombus formation that can become
dislodged. Another potential mechanism could simply be debris left over after the procedure. Such con-
flicting data in literature and the lack of large RCTs have caused surgeons to rather opt for more con-
servative alternative of surgical technique, compared to a rather aggressive maneuver, such as aortic arch
endarterectomy. Alternatives include change of occlusion technique or location, cannulation site, cannula
tip design, etc., as considered thoroughly in this dissertation. The reason why carotid endarterectomy
yields comparatively more favourable outcomes than aortic arch endarterectomy has not been elucidated
in literature, but is expected to be related to the size of the lesion debrided, the post-procedural WSS
induced on the debrided site, the technique of debridement, irrigation strategies, the composition of the
atherosclerotic lesion as well as concomitant thrombotic factors.
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If the brain was simple enough to understand, we would
be too simple to understand it!

— Arrowsmith and Ganugapenta [11]

Aortic manipulation maneuvers either cause large deformation of the aorta, disturbance of flow patterns
in the aorta, direct laceration to the aorta or even a combination thereof. As reviewed extensively in
the preceding chapters, an array of aortic manipulation maneuvers exist in cardiac surgery which can
cause disruption or damage to the aorta and cause subsequent embolization, especially in the presence
of atherosclerotic lesions, although other sources of emboli do also exist. Concomitantly, many such
maneuvers disrupt the normo-physiological perfusion volume and patterns, predominantly to the brain –
some, on top of also increasing the risk of embolization. As also briefly considered due to its importance
in this context, interventional cardiological treatments can also lead to such consequences.

Although other mechanisms have been identified, emboli and hypoperfusion constitute the main aortic
manipulation-related etiologies responsible for perioperative CVAs. Notwithstanding that many procedu-
ral and technological advances have yielded increased safety in terms of perioperative CVAs associated
with these manipulation maneuvers, it remains a very pertinent risk with far-reaching consequences, not
even mentioning other potential consequences such as non-cerebral end-organ ischemia and aortic dissec-
tions.

5.1. Current clinical thinking about aortic manipulation

As derived from the reviewed literature, it is evident that current clinical comprehension of aortic ma-
nipulation has been focused on a policy of prevention is better than cure. This is also emphasized in
a review by Grocott [140] stating that non-pharmacological solutions have been attributed to yielding
greater success in terms of overall clinical outcome than pharmacological solutions.

Prevention by inter-procedural changes in manipulation strategies include e.g. echo-guided change
of manipulation site to prevent embolization of atherosclerotic lesion, choosing a more dispersion can-
nula tip, preventing partial-clamping by utilizing a single-clamp technique, limiting large cardiac distor-
tions, using automatic graft connectors instead of partial-clamping, using the internal mammary arteries
to revascularize the myocardium instead of performing a proximal anastomosis etc. Prevention by intra-
procedural factors include performing off-pump instead of on-pump CABG, performing PCI instead of
CABG surgery etc.

Unfortunately, as stated before, some aortic manipulation maneuvers are inadvertent and as a whole
yield the least overall risk to patient-outcome. As such, some cure-focused strategies also exist to dimin-
ish the consequences of manipulation maneuvers, such as using soft clamp-inserts, dispersion cannula tips
maintaining safe pressure gradients, the use of intra-aortic filters, diverting emboli released in the ascend-
ing aorta and aortic arch into the descending aorta etc. Although not considered here, other cure-focused
strategies with significant benefit are anesthetic strategies, such as maintaining glucose and pH-levels,
temperature management and administering certain pharmacological agents.
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Interestingly, as also seen in the preceding chapters, both preventative- and cure-based strategies have
often not yielded the desired results, in spite of being implemented based on good theoretical premises.
Some of which deserve more consideration, as expanded upon below.

5.2. Well-intended advancement, marginal or no improvement

As found relatively frequently in literature, a new surgical tool or procedural alteration is proposed to
either prevent or lessen the impact and/or consequences of aortic manipulation. Most are based on in-
depth understanding from clinical and experimental experience, while others seem to be based only on
limited conclusions from previous studies. Many such suggested improvements consequently suffer one
of the following fates:

• Nothing happens. Investigation does not extend beyond the experimental, computational or clinical-
case studies due to limited or no demonstration of clinical benefit or unnecessary increase in com-
plexity, e.g. balloon-type clamp inserts to reduce trauma, shape memory alloy clamp arms (Sec-
tion 2.1.3).

• Some benefit is demonstrated in prospective animal and clinical observational studies, but its marginal
improvement and/or implied complexity did not (yet) yield sufficient momentum to facilitate fur-
ther investigation, e.g. Portaclamp (Figure 2.4), Medos X-flow cannula tip (Section 3.1), pointing a
dispersion cannula at the aortic valve for better distributed flow in the aortic arch (Section 3.1.2.3).

• Benefit is demonstrated in prospective animal and clinical observational studies and held enough
potential to be the focus of a prospective RCT, but then yielded no clear demonstrable benefits
to patient-outcome, e.g. Embol-X intra-aortic filter system (Section 4.2.2.1), Cobra catheter (Sec-
tion 3.1.2.1).

• Benefit is demonstrated in prospective animal and clinical observational studies, although yielding
some clear disadvantages. The scale of its benefits and disadvantages did not justify performing
a RCT. However, it enjoys some clinical adoption due its potential for enabling/simplifying other
procedural aspects, e.g. EABO enabling totally endoscopic or minimally invasive valve surgery
procedures (Section 2.3.2), automatic graft connectors (Section 2.4.3).

• No, or little benefit is demonstrated or supposed, yet its apparent and marketable benefit and seam-
less integration into current clinical setting allows for clinical adoption, e.g. “atraumatic” inserts
(Section 2.1.3), change of cross-clamp orientation (Section 2.1.2).

• Much benefit is demonstrated in prospective animal and large clinical observational studies, fol-
lowed by a favourable RCT findings. However, paradoxical outcomes consequently trigger more
RCTs, some finding benefit, others not. As a result, its benefit becomes controversial and/or limited
to certain indications, e.g. off-pump CABG over on-pump CABG (Section 1.1.2.3 and 2.4.2) and
even PCI as an alternative to on-pump CABG [315]1.

The progression seen here is evident, showing in fact that preventative strategies are better than cure
strategies, although both are needed. Furthermore, its not that these procedural or technological advance-
ments do not bring about any benefits, but rather that they only lead to similar outcomes, failing to demon-
strate significant improvement over a general patient-population. However, all such improvements have

1These are arguable two of the current most contested discussions in the cardiac surgery/interventional cardiology field. The
author does not claim to have reviewed these in full, although the cited references yield very strong conclusions stating that
the one type of treatment is not unequivocally better than the other.
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not been made in vain, when considering that some of these alternative procedures and technologies are in
fact better when the conventional has been contra-indicated or some alternatives have had other secondary
benefits like reducing operating field clutter, costs, concomitant treatments etc.

The reason why these advancements have not been able to provide significant improvements to pa-
tient outcomes could be attributed to the fact that they are aimed at addressing a single or a limited
amount of consequences of maneuvers that pose a non-trivial, multifactorial, definite amount of risk to
patient-outcome. Additionally, the current wealth of medical and technological knowledge and experience
have enabled the optimization of cardiac surgical conditions to a level that such isolated considerations
of manipulation-related etiologies and consequences, as well as an incomplete understanding of these
consequences, will no longer suffice to enable significant procedural or technological improvements in
patient-outcome.

Therefore, the success of future advancement will hinge on an increased understanding of the extent of
complications caused by aortic manipulation, multi-factorial influences and also a comprehensive under-
standing of clinical adoption involved. Furthermore, it will be required that any new future advancement
be scrutinized by these criteria. All of this is further considered below.

5.3. Open issues for future consideration

5.3.1. Extent of complications

Determining the extent of complications resulting from aortic manipulation is a multifactorial problem
and needs attention on different levels, even when considering only CVAs, as expanded upon below.

A more specific understanding of the basic mechanical conditions coupled with the biochemical and
molecular conditions responsible/indicative of cerebral injury. Although the latter is an actively research
topic, as reviewed by Weiss and Baumgartner [355], certain open questions remain with regards to patient-
specific translation in terms of hypoperfusion and embolic risks, e.g. what influences the properties of an
atherosclerotic lesion and how prone to disruption is it upon manipulation? How does the perfusion pres-
sure distribution in the brain vary among patients? How sensitive is such a distribution to hypoperfusion
and emboli and by which extent? To which extent will a specific manipulation maneuvers contribute to
the increase extent of an etiology? etc.

A feasible clinical implementation of these basics are also required, supplemented by means to obtain
predictive, pre-operative and peri-operative measures required to better facilitate clinical decision-making.
This includes understanding which global patient-specific risk factors will aggravate the extent of the pres-
ence of these etiologies brought about by aortic manipulation, as well as a standardized, comprehensive
patient-specific assessment of these risks with a sufficiently detailed system of classification. Further-
more, clarity is also required as to conditions which contra-indicate specific manipulation maneuvers.
Finally, improved intra-operative cerebral and aortic arch monitoring will aid in assessing risk, potential
mechanisms of injury but also allow potential intervention to reduce the severity of the complications.

Currently, as reviewed in the preceding chapters, the only basic measures of the extent of the presence
of these etiologies due to manipulation are mostly limited to qualitative results from in vitro, animal and
cadaver experiments, as well as some TCD studies. Many more clinical monitoring devices exist to aid
in assessing risk and incidence of cardiac surgery related CVAs, both preoperatively and perioperatively,
including aspects relating to emboli, hypoperfusion, but also brain function, as excellently reviewed by
Arrowsmith and Ganugapenta [11]. However, as these authors point out, despite the clinical availability
of such monitors it adoptation has largely been confined to specialist centers, researchers and enthusiasts.
Furthermore, it principally only provides global measures which could be used to indicate intervention.
The failure of large-scale clinical adoption is most significantly attributed to a lack of incontestable evi-
dence of outcome benefit. Clinical patient-specific risk factors predicting adverse neurological outcome
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have been more comprehensively considered and include age, proximal aortic atheroma, diabetes, hyper-
tension, use of IABC, unstable angina, pulmonary disease, excessive alcohol intake, baseline intellectual
function, baseline functional status [291]. However, these risk factors are not directly linked to a specific
manipulation maneuver, with the indirect exception of proximal aortic atheroma. Thereby, the chain of
events of pathology-manipulation-disruption-CVA is incomplete and remains unclear. Finally, patient-
specific pre-operative classification to reduce the extent of manipulation-related complications basically
only consists of gradation of the extent of atherosclerosis using a global classification system principally
based intimal thickening and lesion thickness protruding into the lumen, cf. [186]. Such pre-operative
screening strategies to detect, but not necessarily classify such risks are only now starting to become
widely adopted in the clinical setting.

It is therefore clear that the extent of the complications related to aortic manipulation and its clinically
translatable potential has much left to be desired, and need significant attention in future studies.

5.3.2. Multi-factorial influences

As already presented in Section 1.1.2.3, clinical evidence seems to suggest certain synergistic effects
between emboli and hypoperfusion exist which will aggravate CVAs, not to even mention other etiologies.
Such interdependencies between these two etiologies, in turn depend on multifactorial aspects related in
part to aortic manipulation, some more apparent, some less apparent, as considered in the following.

Firstly, one manipulation maneuver could pose multiple risks in terms of these etiologies, of which
probably the best example is the arterial cannula choice. Not only are pressure gradients influenced by the
cannula length, tapering factor and tip design that could lead to hemolysis, but the risk of sandblasting,
malperfusion of the cerebral arteries, disturbance of the natural pulsatile character and helical flow is
also implicated. This consideration does not even consider the influence of cannulation, cannulation site
and cannula orientation, all of which potentially contribute to both embolization and hypoperfusion, cf.
Section 3.1.2.

Secondly, multiple manipulation maneuvers at the same time could compounded the risks in terms
of these etiologies. For example, interplay between partial-clamping and the aortic cannula has been
suggested to be a compounding factor [324], but never considered further. A further important example
is that shown in Figure 1.3. Consider the fact that both cross-clamp application and removal only last for
a couple of seconds and both are performed while CPB is on, i.e. during arterial cannular flow. For this
short time a significant portion of the total embolic load entering the cerebral circulation is generated.
Additionally, ∼50% of the embolic signals are not associated with a particular maneuver, but is CPB
still on in this time? Such a figure falsely creates the impression that these maneuvers are performed
independent from each other. Such compounding interplay between the cross-clamped aorta and arterial
cannular flow has also been mentioned before and recommended that pump flow be reduced prior to
cross-clamping, but was never considered further [324].

Thirdly, the timing and duration of manipulation maneuvers could also compound the risks in terms
of these etiologies. Classically, for example, cross-clamp (or occlusion) duration and CPB duration is
associated with myocardial ischemia time and systemic inflammatory response syndrome time. However,
a lot of other factors will also ultimately influence patient outcome, including patient-specific risk fac-
tors, perioperative difficulties, surgical and anesthetical skills, postoperative care etc. [272]. However,
manipulation related influences were not mentioned in this context and could very well also play a role.
For example, one study demonstrated a 90% increase in embolic load occurred for every additional hour
that a patient was kept on CPB [51]. Furthermore, as found experimentally, cross-clamping time also
increases the damage that occurs, although the level plateaus after approximately 30 minutes, cf. Sec-
tion 2.1.2. Therefore, it seems reasonable that manipulation-related effects can at least partly help explain
findings that relate these procedural times to of adverse events.
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Fourthly, certain clinical patient-specific risk factors could also compound the risk in terms of these
etiologies. As already mentioned, patient-specific risk factors can cause a further compounding effect
with regards to cerebral outcome, for example, based on the quality of the brain parenchyma and vascular
reserve capacity, cf. Section 1.1.2.3.

Finally, a less apparent interplay is that a single embolic bolus is not necessarily limited to only have
occlusive consequences. As reviewed by Hammon and Stump [151], of the three main constituents of
emboli entering the cerebral circulation are air, atherosclerotic debris and fat – all of which can be caused
by manipulation. A massive air embolism can cause not only ischemic injury, but its gaseous nature
may also directly damage the endothelium. Furthermore, recent identification of small capillary arteriolar
dilations (SCAD) raises questions whether fat might not only cause vessel occlusion, but also release
cytotoxic free radicals which may significantly increase damage to lipid-rich neurons.

The main challenge to prevent the manifestation of manipulation-related etiologies, as is evident from
the preceding chapters, is how to diminish risks by considering the entire multifactorial nature of aortic
manipulation in the risk that it would pose to patient outcome, as brought about by a variety of different
patient, procedural and technological aspects. The multifactorial aspects considered above are only an
indication of the interdependencies that have been shown to exist. Further study is needed to elucidate
on these and other unknown interdependencies responsible for aggravated CVAs. Finally, new procedures
and technologies aiming at reducing manipulation-related CVAs have to be rigorously tested against as
many as possible of these known factors.

5.3.3. (Hampered) clinical adoption

Although no comprehensive study on the clinical adoption of new procedures and technologies has been
performed, some remarks are warranted here.

In order to conclusively evaluate a new procedure or technology and thereby substantiate its place in
standard clinical practice, the current gold standard is to perform a prospective RCT. However, its not
that straight-forward. Substantial funding and effort is required to reach the stage of a RCT evaluation, as
well as the RCT itself. Furthermore, to perform a RCT (or RCTs) to test a single new procedure or device
on reducing cardiac surgery-related CVAs on an fairly progressed optimized clinical setting would most
probably require an infeasibly large patient cohort to provide sufficiently powered outcomes [5]. There-
fore, as already mentioned, new procedures or technologies have to be aimed at addressing a multitude of
these factors for a likelihood of improved outcome.

Another noteworthy aspect is with regards to costs. When testing a new procedure or product, cost
is seldomly mentioned, unless it significantly justifies a its use or its rejection. Then costs are usually
described in terms of direct material costs or length of hospital stay, e.g. Reichenspurner et al. [294]
comparing direct material costs of using EABO compared to cross-clamps and Slaughter et al. [318]
relating the number of emboli entering the cerebral circulation detected intra-operatively related to length
of hospital stay. Otherwise, broad economic indices such as direct and indirect costs are made on a global
scale, cf. Section 1.1.2. Although these are relevant numbers, even only direct costs in terms of material
and hospitalization specifics are not systematically reported and therefore, cannot be compared when
evaluating a new therapy. Furthermore, a very relevant index would be to consider the direct and indirect
costs arising from a specific grade of CVA.

Finally, although not considered here, marketing aspects as well as surgeon preferences play a very
important, albeit sometimes unintuitive, role in clinical adoption of new therapies. A good example is the
persistence of advocates for one therapy over another even though the former has been shown to be less
effective [208].
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5.4. Limitations

In the presented evaluation of the current clinical comprehension of aortic manipulation, some limitations
are present and considered here.

With regards to emboli, the distinction between micro- and macro-emboli has often been made. How-
ever, as stated in a recent review by Bhudia et al. [32], this distinction is arbitrarily set at 200 µm, based
on its ability to occlude a vessel of this size. More useful classification of emboli are actually in terms of
its nature, i.e. gaseous or particulate, and if particulate, its constitution, i.e. biological or non-biological.
Limitations still exist in determining the nature and constitution, as mentioned above, but foreknowledge
could aid in identifying the sources and concomitant strategies to reduce its occurrence. Furthermore, fo-
cus was placed mostly on particulate emboli from an atheromatic origin, although as stated in a review by
[151], apart from atherosclerotic debris, the main types of emboli responsible for brain injury in clinical
practice are air and fat. Both of these have their clinical relevance, but were not considered for brevity
sake.

Two aspects omitted here for the sake of brevity, is the potentially significant permanent disruption of
hemodynamics as a result of aortic arch repair, e.g. [48, 282], as well as the timing that CVAs occur post-
operatively. Considering the latter, a recent review by [355] discussed that early-onset CVAs are most
likely attributable to hypoperfusion, emboli and systemic inflammation, whereas late-onset CVAs to the
preoperative neurological state of the patient and certain cardiovascular risk factors.

Finally, as set in the research objectives, the main focus of the reviewed literature was to extract
the multifactorial aortic manipulation influences responsible emboli generation and cerebral hypoper-
fusion. Although briefly mentioned but not considered in detail in the preceding chapters, other non-
pharmacological as well as pharmacological strategies have played a paramount role in the reduction in
the rate of perioperative CVAs. The important non-pharmacological strategies include temperature, blood-
gas, acid-base, hematocrit and glucose management [140, 291]. The available pharmacological strategies
are too numerous to mention – the interested reader is referred to Harrington et al. [154]. The interdepen-
dencies of these aspects with aortic manipulation were not considered.

5.5. The need for more sophisticated analyses

As made abundantly clear from the reviewed material, is that aortic manipulation maneuvers cannot be
considered in independent of each other when evaluating the concomitant adverse neurological outcomes.
With that being said, there is also a need for previously unachieved detailed evaluations of the impact
of every aspect of each manipulation maneuver. All of which should work together to not only aid clin-
ical decision-making, but also the development of new procedures and technologies for either avoiding
manipulation or making the needed manipulation safer.

The advent of computational models not only yielded the potential of providing local detail about an
aspect of one maneuver, but also when considering a multitude of aspects for multiple maneuvers. In this
context, and as investigated in the second part of this dissertation, computational mechanical models will
be used to elucidate on some of these aspects which hold risks relating to aortic manipulation.
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Part II.

Computational evaluation of aortic
manipulation
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6. Computational modeling

The ships hung in the sky in much the same way that
bricks don’t.

— Douglas Adams

The following chapter provides the basis upon which further computational consideration of selected
aortic manipulation maneuvers is build. It includes an overview of the tools required for the computa-
tional modeling of (structural) solid and fluid mechanics, respectively. This includes the consideration
of the necessary continuum mechanical principals and considerations, the incorporation of experimental
information into relevant constitutive relations and aspects on numerical solution strategies that can be
applied to appropriate models for simulating the desired aortic manipulation maneuvers. Following the
solid and the fluid mechanics sections, respectively, detailed information is given as to how the models
for each selected maneuvers were constructed, which includes its geometry, computational mesh gener-
ation, selection of appropriate material models and parameters, followed by the presentation of further
maneuver-specific details.

In terms of the continuum mechanics problem formulation, each type of mechanical phenomenon is
modeled as a continuum body/domain in three-dimensional Euclidian space and naturally lends itself to a
preferred formulation in terms of a reference system. Structural solid mechanics often need to account for
large deformations and is therefore particularly suited to a Lagrangean or material formulation. Such a for-
mulation uses the material frame as a reference system, where the movement of a point in the continuum
body is followed during deformation. Conversely, fluid mechanics often need to account for large fluxes,
and is therefore more suited to an Eularian or spatial formulation. Such a formulation uses a fixed spatial
frame as a reference system, where the flux through the borders of a control volume in the continuum
domain are considered. In the present work, structural solid and fluid continuum mechanical principals
are considered independently of each other, as it relates to the selected aortic manipulation maneuvers.

6.1. Solid mechanics

6.1.1. Kinematics

Commonly used deformation measures for solid structural bodies using a material formulation are briefly
presented in the following section, guided by the detailed formulations considered in Holzapfel [166] and
Humphrey [169].

Consider an undeformed, stress-free body, which is by definition in the reference (undeformed, mate-
rial, initial) configuration Ω0. The position of an arbitrary point on this body in the reference configuration
is given by the vector X . Any deformation of the body places it in the current (deformed, spatial) con-
figuration and the previous position of the chosen arbitrary point is now described by the vector x in the
same orthogonal Cartesian coordinate system. Thus, the deformation of such a point can be described by
a mapping function χ transforming the body from Ω0 to Ω, as follows,

χ :

{
Ω0 → Ω
X 7→ x

(6.1)
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6. Computational modeling

Mapping a quantity from the reference to the current configuration is referred to as a push-forward oper-
ation, while mapping from the current to the reference configuration is known as a pull-back operation.

Throughout this dissertation, the notational convention used by Holzapfel [166] will be followed to in-
dicate quantities in the reference configuration Ω0 by capital lettered symbols and possibly also a subscript
0, while quantities in the current configurations Ω either by lower-case lettered symbols. The bold-faced
letters will indicate vector or second-order tensor quantities depending on the variable, as is also clear
from Eq. (6.1). The deformed or current position x can therefore be described in terms of the reference
positionX and the absolute displacement u as,

x = X + u (6.2)

In the finite elasticity problem under consideration, cf. Section 6.1.3, the reference point position X is
considered the known independent variable, whereas the deformation map χ or the material displacement
u are the unknown(s) to be solved for. An exception occurs in an aspect of the cardiovascular problems
considered, where the current configuration is known and the reference configuration needs to be solved
for, as further considered in Section 6.1.4.2.

A fundamental kinematic measure is the deformation gradient F , defined as,

F = Grad(x) =
∂x

∂X
= 1 +

∂u

∂X
(6.3)

where F for the considered problems is constrained to J = detF > 0 in order to guarantee affine
mappings. Here, J is the Jacobian determinant, which represents the transformation of an infintesimal
volume element between the current and the reference configuration,

dv = detF dV = J dV . (6.4)

Analogously, the transformation of an infintesimal area (Nanson’s formula) and line element is given
respectively as,

da = J F−T · dA (6.5)

dx = FdX . (6.6)

Using the polar decomposition theorem, cf. [166], Eq. (2.93), the volume preserving rigid body motion
and the volume non-preserving stretch that a body undergoes can be obtained separately by the splitting
of F ,

F = RU = vR . (6.7)

Here, R is the orthonormal rotation tensor, while U and v are the material (right) and spatial (left)
stretch tensor, respectively. The latter two tensors are positive definite and symmetric. By considering the
eigenvalue problem of the right U and left v stretch tensors, respectively, i.e.

UMi = λiMi, for i = 1, 2, 3 (6.8)

vmi = λimi, for i = 1, 2, 3 (6.9)

the normalized eigenvectors M1, M2 and M3 and the corresponding eigenvalues λ1, λ2 and λ3 of U ,
as well as the normalized eigenvectors m1, m2 and m3 and the corresponding eigenvalues λ1, λ2 and
λ3 of v can be obtained. The eigenvectors Mi can be interpreted as the principal axes in terms of the
reference configuration, with the eigenvalues λi being the corresponding principal stretches. Similarly, the
eigenvectorsmi can be interpreted as the principal axes in terms of the current configuration, sharing the
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6.1. Solid mechanics

same corresponding eigenvalues principal stretches, λi of the previous vector. The spectral decomposition
of these tensors yield,

U =
3∑
i=1

λiMi ⊗Mi , (6.10)

v =
3∑
i=1

λimi ⊗mi (6.11)

where ⊗ indicates a dyadic product.
Utilizing the orthogonality of the rotation tensors obtained from 6.7, the right Cauchy-Green deforma-

tion tensor is defined as,
C = F TF = UTRTRU = UTU = U2 . (6.12)

As a fundamental measure of deformation, C has the advantage over F that it is defined only with
respect to the reference configuration, whereas F is a two-point tensor, i.e. it refers to both reference and
current configurations. Furthermore, C is an objective measure of deformation, since it does not change
due to any imposed rigid body motion, whereas F is not objective. The eigenvalues of C are λ2

i for
i = 1, 2, 3. These properties make C an ideal basis to formulate suitable finite strain measures upon.
Thereby, the Green-Lagrange strain tensor is defined as,

E =
1

2
(C − 1) (6.13)

which ensures a consistent definition of a zero strain state in the reference configuration. The spatial
counterpart of C and E are the left Cauchy-Green deformation b and Euler-Almansi strain e tensors,
respectively, defined as,

b = FF T = v2 , (6.14)

e =
1

2
(1− b−1) . (6.15)

Analogous to their counterparts in the reference configuration, b and v have the same eigenvectors, while
the eigenvalues of b are λ2

i for i = 1, 2, 3.
Although many other strain measures exist, the above-mentioned measures are exclusively considered,

due to their frequent use owing from the favorable properties discussed. Various concomitant stress mea-
sures have also been developed, as considered in the next section.

6.1.2. Stress concept and governing equations

In general, stress can be defined as a measure of force acting on an area. Different stress measures are
mainly distinguished by whether the force and the area of its application, respectively, is taken in the
reference or current configuration. To derive an adequate stress measure describing the internal stress
state of an elastic body, it is helpful to consider the traction vector t acting on an arbitrarily cut section of
the body, defined as,

t = lim
∆a→0

∆f

∆a
=
df

da
. (6.16)

As shown in this equation, the resultant force ∆f originating from the part of the body that has been cut
away, acting on the cut section ∆a, both in the current configuration, yields the traction stress vector t in
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the zero limit. Whereas t is dependent on the orientation of the cut surface, the Cauchy stress tensor σ is
independent of this orientation and can be derived using the Cauchy theorem as follows,

t = σn (6.17)

showing that σ can be projected by the normal of the arbitrarily cut body n to yield the traction vector t.
Considering a state of equilibrium in the absence of body forces or any transient effects requires that the
integral of the total traction acting upon the boundary of a body ∂Ω must be equal to zero,∫

∂Ω
tda =

∫
∂Ω
σnda = 0 . (6.18)

Applying Gauss’ divergence theorem and integration by parts allows the preceding relation to be ex-
pressed in terms of the current configuration body domain Ω as, which, when considering only an in-
finitesimal body domain, yields the static point-wise balance equation,

div(σ) = 0 (6.19)

where the divergence operator div(·) acts on Ω. While σ is symmetric and represents the true internal
stress state of the body, it is a priori unknown in the current configuration.

Additional stress measures include the first Piola-Kirchhoff stress tensor P that can be obtained by
using Nanson’s formula, Eq. (6.5) and Eq. (6.17) to obtain,

P = Jσ · F−T . (6.20)

P is an unsymmetric, two-point tensor, which is useful under experimental conditions, since it can be
physically interpreted as the force acting on the body in the current configuration, while considering the
corresponding area in the reference configuration. A stress measure purely defined in the reference con-
figuration, the second Piola-Kirchhof stress tensor S can be obtained by a pull-back operation performed
on P ,

S = F−1P = JF−1σF−T . (6.21)

S is a symmetric stress tensor that becomes helpful in the boundary value problem discussed below, but
is difficult to interpret physically. This is owing to the fact that it represents the actual force pulled back
into the reference configuration acting on the area in the same configuration. In summary, the different
stress measures considered here are,

P = JσF−T = FS (6.22)

S = JF−1σF−T = F−1P (6.23)

σ = J−1PF T = J−1FSF T . (6.24)

The boundary value problem (BVP) of the quasi-static nonlinear solid structural mechanics in absence
of body forces described above consist of a coupled set of second-order partial differential equations
that has to satisfy equilibrium and a set of boundary conditions. Appropriate boundary conditions can
be applied by decomposing the boundary domain ∂Ω0 = Γ0 into a complementary set of boundaries,
where Γ0,u represents the Dirichlet boundary with displacements prescribed as û, while Γ0,σ represents
the natural or Neumann boundary with tractions given as t̂. These boundaries are disjoint sets and can
therefore be written as,

Γ0,u ∪ Γ0,σ = Γ0 , Γ0,u ∩ Γ0,σ = ∅ . (6.25)

62



6.1. Solid mechanics

By considering these boundaries and the static point-wise equilibrium stated in Eq. (6.19), the entire BVP
in the reference configuration is formulated as,

DivP = 0 in Ω0 (6.26)

u = û on Γ0,u (6.27)

P ·N = t̂0 on Γ0,σ (6.28)

The BVP is also generally referred to as the strong form of the nonlinear mechanics, which in itself
is a priori statically indeterminate, since Equations (6.26) to (6.28) are formulated for each point in the
continuum Ω0. This well-posed set of partial differential allow for the existence of a unique solution.
Reformulating the BVP in the so-called weak form of the nonlinear mechanics, forms the basis for which
numerical discretization can be performed to find an approximate solution to the BVP, such as the Finite
Element method, considered below in Section 6.1.4.

6.1.3. Constitutive modeling

Having established appropriate measures for strains and stresses needed for the problem under consid-
eration, constitutive (or material) models are necessary to link the kinematics and the response of the
material. All of the structural solid constitutive models in this investigation only considers continuum
bodies undergoing purely elastic, isothermal deformation, implying that no internal dissipation occurs.
Such hyperelastic material properties allow a Helmholtz free-energy function Ψ to be postulated, defined
per unit reference volume. The above-mentioned assumptions imply that this free-energy function is only
dependent on the F , i.e. Ψ = Ψ(F ) – also referred to as a strain energy function (SEF). In other words,
under these assumptions, the stored energy Ψ is only dependent on the current strain state of the body
and is derivable from the SEF. Similarly, the stress state can also be derived from the SEF when the
strain state of the body. Accordingly, the specific strain measure used to derive stress via the SEF will
naturally yield its so-called energy conjugated stress. The equivalence of such energy-conjugate pairs are
demonstrated below in terms of the total internal energy of a body,

Eint =

∫
Ω
σ(F−TEF−1) dΩ =

∫
Ω0

PF dΩ =

∫
Ω0

SE dΩ (6.29)

where the deformation tensor F−TEF−1 simply represents the push-forward of E, which itself is in the
reference configuration. From this equivalence, it can be seen that the energy vanishes under purely rigid
body motions, due the intentional formulation of E and F .

Using this information, for example, the first Piola-Kirchhoff stress tensor P can be derived from its
energy-conjugated strain type tensor, the deformation gradient F , and the SEF, as follows,

P =
∂Ψ

∂F
(6.30)

In the event that incompressibility needs to be enforced, a volumetric constraint can be added to the
constitutive equation Eq. (6.30) yielding,

P =
∂Ψ

∂F
− pF−1 , J = 1 (6.31)

where p is a Lagrangian multiplier that enforces incompressibility of the material and J = 1 is the
incompressibility condition stating that the volume remains constant, cf. Eq. (6.4).
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6. Computational modeling

Another useful constitutive equation can be found in an analogous manner, namely the second Piola-
Kirchhoff stress tensor P with its energy-conjugated Green-Lagrange strain tensor E,

S =
∂Ψ

∂E
= 2

∂Ψ

∂C
(6.32)

Here, the constitutive equation is also written in relation to the right Cauchy-Green strain tensor C due
to its formulation enabling straight-forward incorporation into the Finite Element method. Since the re-
lationship between S and E is generally nonlinear, the material tangent fourth-order tensor C in the
reference configuration is required, calculated as,

C =
∂2Ψ

∂E2
= 4

∂2Ψ

∂C2
. (6.33)

Such a measure is basically the linearization of this relationship at a specific strain state and is especially
important in the context of the linearization-based solution strategies of the boundary value problem, cf.
Section 6.1.4.1.

Requirements of any suitable SEF include that the free energy yielded by the SEF must vanish in the
residual stress-free reference configuration, described by,

Ψ(F = 1) = 0 (6.34)

as already eluded to in Eq. (6.29). It must be noted, however, that a body is not necessarily stress-free in
the reference configuration, despite the absence of external loads, due to the potential existence of residual
stresses.

Furthermore, a suitable SEF must be objective, i.e. the stored energy must be independent of rigid
body motions. Considering that the deformation gradient F is independent of rigid body translation, the
following considers only rigid body rotations: the subsequent objectivity requirement is,

Ψ(F ) = Ψ(QF ) (6.35)

where Q is an arbitrary orthogonal rotational tensor. Therefore, choosing Q = RT, Eq. (6.7), the objec-
tivity requirement can also be written as,

Ψ(F ) = Ψ(U) (6.36)

implying that the SEF is objective if it only depends on the stretch contribution U . Since a SEF can also
be written in terms of E, C, or their invariants (see below), such SEFs will also be a priori objective.

Finally, a suitable SEF should fulfill convexity or polyconvexity requirements to ensure stability in
numerical applications, depending on the type of SEF. For a detailed consideration, the reader is referred
to Holzapfel [166] and Balzani [24].

In terms of the directionality that a hyperelastic SEF can describe, distinction is most commonly made
between isotropic and anisotropic material responses. A material is isotropic relative to its reference con-
figuration if the strain energy remains equal for any rigid body motion, as imposed by an arbitrary chosen
orthogonal tensorQ, that is,

Ψ(F ) = Ψ(FQT) . (6.37)

As soon as Eq. (6.37) is not satisfied, the SEF is said to be anisotropic. Although the basic physical re-
quirements state that a SEF must be objective during rigid body motions, cf. Eq. (6.35), it is fundamentally
different to that which is stated here in Eq. (6.37). The latter equation simply states a material-dependent
requirement that may or may not be satisfied, whereas the former states a property that needs to be fulfilled
by all SEFs.
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6.1. Solid mechanics

In the formulation of constitutive models, it is especially helpful to consider the principal invariants of
the C and b,

I1 = I1(C) = I1(b) = trC = λ2
1 + λ2

2 + λ2
3 (6.38)

I2 = I2(C) = I2(b) =
1

2
[(trC)2 − tr(C)2] = λ2

1λ
2
2 + λ2

1λ
2
3 + λ2

2λ
2
3 (6.39)

I3 = I3(C) = I3(b) = detC = λ2
1λ

2
2λ

2
3 = J (6.40)

where the last equation basically describes the Jacobian determinant, mapping a volume element from the
reference to the current configuration, cf. Eq. (6.4).

Invariance of the scalar-valued tensor function Ψ under rotation allows it to be expressed in terms of
the principal invariants of its argument (e.g. C or b), cf. Holzapfel [166], p. 215. Thereby, an isotropic
hyperelastic material can alternatively be formulated as,

Ψ = Ψ(C) = Ψ(I1(C), I2(C), I3(C)) . (6.41)

Due to numerical difficulties of modeling perfectly incompressible materials, but also due to real ma-
terials not exhibiting perfect incompressibility, it is often desired to model such materials as nearly-
incompressible, i.e. to allow a limited, reasonable amount of material compression. Assuming compress-
ibility, F can multiplicatively be decoupled into an isochoric (distortional, volume preserving) and a
volumetric (dilatational, volume changing) component, as first proposed by Flory [110],

F = I3(C)
1
3 F̄ = J

1
3 F̄ . (6.42)

When the material is perfectly incompressible, then J = 1 and consequently the isochoric deformation
gradient F̄ will revert back to the original F . In the context of the soft biological tissues considered in this
dissertation, it is assumed that the materials allow for an additive split of the SEF into according parts,

Ψ(F ) = Ψ̄(F̄ ) + Ψvol(J) (6.43)

where the isochoric strain contribution to the strain energy simply being dependent on the modified strain
measure. For example, modified counterparts for selected measures given as,

C̄ = J−
2
3C , Ī1 = Ī1(C̄) = J−

2
3 I1 , Ī2 = Ī2(C̄) = J−

4
3 I2 , Ī3 = Ī3(C̄) = detC̄ = 1 . (6.44)

A multitude of different isotropic hyperelastic constitutive models exist that can be used to model
the nonlinear behavior of hyperelastic materials. For example, the Neo-Hookean model, written in the
isochoric-volumetric split (or decoupled) form in terms of its first invariant, looks as follows,

ΨNH = c(Ī1(C̄)− 3) + Ψvol(J) (6.45)

with c = µ
2 related to the shear modulus µ. The first and second terms describe the SEF contributions due

to isochoric and volumetric deformations, respectively. This model is also frequently extended to include
higher order terms, such as the Yeoh-model,

ΨYeoh = c1(Ī1(C̄)− 3) + c2(Ī1(C̄)− 3)2 + c3(Ī1(C̄)− 3)3 + Ψvol(J) (6.46)

Different suitable volumetric SEFs exist by which the contribution of the volumetric deformation to the
total SEF can be calculated, including the one by Ogden [273],

ΨOG
vol =

κ

β2

(
J−

β
2 + βlnJ

1
2 − 1

)
(6.47)

β=2
=

κ

4
(J − lnJ − 1) . (6.48)
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Another common isotropic, hyperelastic constitutive model is the St.-Venant-Kirchhoff model considered
here, formulated below in its coupled form, i.e. no isochoric-volumetric split,

ΨSVK =
λ

2
(trE)2 + µE : E (6.49)

where λ and µ are the Lamé parameters, which can be written in terms of the Poisson’s ratio ν and the
Young’s modulus E,

µ =
E

2(1 + ν)
, λ =

Eν

(1 + ν)(1− 2ν)
. (6.50)

The fundamental difference between the neo-Hookean and the St.-Venant-Kirchhoff models are that
substituting Eq. (6.49) and (6.45) into (6.32) and (6.33), respectively, shows that a linear relationship
between S and E exists for the St.-Venant-Kirchhoff model, while a nonlinear relationship exists for the
Neo-Hookean model.

Of particular relevance in modeling biological soft tissue, is to consider fiber-reinforced material mod-
els. These consist of a combination of a ground substance and one or more families of fibers, and re-
sulting in a composite, heterogeneous, hyperelastic, anisotropic constitutive model. Its main advantage,
especially in terms of arterial modeling, stems from how it corresponds to the two main mechanically
relevant physiological constituents of an arterial wall, namely elastin (ground substance or matrix ma-
terial) and collagen (family of fibers). Conversely, its biggest drawback is the increased computational
cost compared with conventional isotropic materials, e.g. Eq. 6.49 and 6.45, and also limited knowledge
about how to practically combine these different types of materials. Nevertheless, such models have at-
tained wide acceptance in literature. For an in-depth consideration of these aspects, the reader is referred
to [55, 166, 167]. In general, such a composite anisotropic constitutive models is given as,

Ψ = Ψ(C,a0 ⊗ a0) (6.51)

with the directional dependence direction a0 not present in the formulation of an isotropic material model.
Performing a multiplicative split of the deformation gradient F (Eq. 6.44) allows for the decoupled

additive split of the anisotropic SEF of the form,

Ψaniso = Ψ̄matr(C̄) + Ψ̄fib(C̄) + Ψvol(J) (6.52)

representing the different individual contributors to the strain energy, namely the isochoric part of the
matrix material Ψ̄matr(C̄) and each family of fibers Ψ̄fibi(C̄), respectively, as well as the volumetric part
Ψvol(J). Here, it is once again helpful to formulate specifics of these constitutive relations in terms of
invariants, referred to as pseudo-invariants in terms of C and a0 ⊗ a0,

I4 = C : (a0 ⊗ a0) = (F · a0)2 = λ2
fib (6.53)

where a0 ⊗ a0 represents a second order tensor, build up from the directional dependence direction in
the reference configuration a0 in the case of anisotropy, see Eq. (6.51). This preferential direction in this
case is the orientation direction ascribed to a family of fibers. Additional pseudo-invariants can be defined
in this regard, but can be neglected due to it either being constant or for simply restricting the number
material parameters. In the biomedical application considered here, cylindrical type geometries are often
considered, making it useful to define a circumferential direction θθ and an axial direction zz. Eq. (6.53)
also indicates that I4 represents the squared stretch in the fiber direction λfib, such that it can also be
written as,

I4 = λ2
fib = (λθθfib)2cos2αfib + (λzzfib)2sin2αfib (6.54)
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where the λfib is simply split into components relating the fiber direction to a certain angle αfib relative to
the circumferential direction θθ, not the axial direction zz. The concomitant isochoric-volumetric split of
these pseudo-invariants, similar to what was done in Eq. (6.44), are,

Ī4 = J−
2
3 I4 . (6.55)

This pseudo-invariant, together with the three principal invariants, are sufficient to describe material
anisotropy in the special case of a single family of fibers, i.e. transverse isotropy. For more than one
such preferential directions, additional invariants are required to relay the relationship of the interaction
between these different preferential directions. Other invariants are omitted for the sake of brevity. The
interested reader is referred to Holzapfel [166].

Based on the constitutive relations and models presented here, appropriate models and associated pa-
rameter choices for all simulated structural solid bodies are considered below. Specifically, the modeling
of the aortic wall (Section 6.2.2), calcifications that occur within the aortic wall (Section 6.2.3), as well
as the different materials used to model the occluders are presented (Section 6.2.4).

6.1.4. Numerical solution

This section briefly reviews key aspects of numerically solving the stated BVP, including the Finite Ele-
ment (FE) formulation, prestressing of the vessel obtained from medical data, suitable FE element tech-
nology employed, specialized boundary conditions used, frictional contact considerations, and efficient
solvers for the models presented.

6.1.4.1. Finite Element method for solid structures

As mentioned in Section 6.1.2, the solution to the BVP can be approximated numerically by considering
the weak form of the BVP. The numerical solution strategy employed in this dissertation is the FE method.
For full details into the background, detailed derivations, variations and limitations of the FE method, the
reader is referred to Zienkiewicz and Taylor [367] and Wriggers [361]. In the following, only a brief sum-
mary of components of the method is given, which is needed for clarification of specific considerations
in subsequent sections. Only the required BVP is considered, formulated as a quasi-static relation of a
hyperelastic 3D solid structure domain in the absence of body forces in the reference configuration.

The FE method utilizes the weak form of the BVP, which is obtained by applying the method of
weighted residuals to the equilibrium equations, defined by the balance of static equilibrium in Eq. (6.26)
and the traction boundary condition in Eq. (6.28). The multiplication of these equations with a weighting
(or test) function w yields the weak form,∫

Ω0

DivP ·w dΩ +

∫
Γ0

[
t̂0 − PN

]
·w dΓ = 0 (6.56)

By identifying the arbitrary test function as a variation of the displacement field (or virtual displacement)
δu leads to the variational principal of virtual work (PVW), which states that the external work on the
body by boundary tractions and internal work by the stress field of the body have to be in equilibrium.
After performing integration by parts followed by Gauss’ divergence theorem, the relation reads,

δW = δWint − δWext = 0 (6.57)∫
Ω0

δF : P dΩ−
∫

Γ0

δu · t̂0 dΓ = 0 . (6.58)
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Inserting Eq. (6.22) into the relation and utilizing the symmetry of S gives,∫
Ω0

δE : S dΩ−
∫

Γ0

δu · t̂0 dΓ = 0 . (6.59)

This PVW relation describes the displacement based equilibrium in the reference configuration. It also
holds when certain additional aspect causing additional internal loads, e.g. body forces, external loads etc.
are consistently brought into the BVP and subsequently weighted as described above. As is evident here,
the BVP is formulated using the initial (reference) configuration as reference, also referred to as the Total
Lagrange Formulation.

The relation of PVW can now be solved numerically by discretizing the 3D continuum domain into a
finite number of subdomains Ω

(e)
0 , namely finite elements. The approximate total virtual work obtained

from the discretized problem, by element-wise integration and summation over the whole body can be
written as,

δW ≈ δW (e) =

nele∑
e=1

[∫
Ω

(e)
0

δE : S dΩ−
∫

Γ
(e)
0

δu · t̂0 dΓ

](e)

= 0 (6.60)

From this point it is possible to approximate the displacements and virtual displacements by u(e) =
N (e)(X)d and δu(e) = N (e)(X)δd, respectively, with the nodal displacement values d(e) and the
so-called shape functions N (e). For the remainder of this work, a Bubnov-Galerkin approach will be
employed in the context of structural FE, implying that the test function δd and the unknown d are
interpolated in the same way, namely by piecewise-linear polynomial functions, unless otherwise stated.
Omitting details about the linearization for brevity sake, the linearization obtained after inserting the
approximate displacements into the preceding relation results in,

δW (e) =

nele∑
e=1

[
δd
{∫

Ω
(e)
0

∂E(d)

∂d
: S(d) dΩ−

∫
Γ
(e)
0

N · t̂0 dΓ
}](e)

(6.61)

=

nele∑
e=1

[
δd
{
f

(e)
int (d)− f (e)

ext

}]
= 0 (6.62)

where f (e)
int (d) is the displacement-dependent internal element force vector and f (e)

ext is the displacement-
dependent element load vector. Considering the assembly of the element-wise quantities f (e)

int (d) and f (e)
ext

to the corresponding global quantities Fint(D) and Fext, yields the following system of equations,

R(D) = Fint(D)− Fext = 0 (6.63)

where the global displacements D is a vector the size of the global number of degrees of freedom ndof .
Due to the nonlinear relationship between the S and E in Eq. (6.61), Eq. (6.63) describes a multidimen-
sional nonlinear system of equations requiring an iterative solution scheme, such as the typically employed
Newton-Rhapson method. The method consists of a linearized consideration of R at Di, obtained from
the Taylor series expansion (ignoring higher order terms),

LinR(Di) = R(Di) +
∂R(D)

∂D

∣∣∣∣
Di

∆Di+1 (6.64)

where i represents the current nonlinear Newton iteration step and ∆Di+1 = Di+1 − Di. For each
iteration step, LinR(Di) is required to vanish, thus requiring the solution of the linearized form and the
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updated state variable, respectively,

∆Di+1 +K−1
T R(Di) = 0 (6.65)

Di+1 = Di + ∆Di+1 (6.66)

with the tangential stiffness matrix KT = ∂R(D)/∂D. The iterative scheme is applied until ||R(Di)||
reaches a user defined tolerance. The advantage of this method lies in the fact that this relation can be
manipulated so that the solution ofDi can be obtained without requiring the explicit inversion ofKT .

6.1.4.2. Prestressing

The aortic wall is subjected to a substantial amount of blood pressure, pulsating typically at 1 Hz be-
tween diastolic and systolic pressures, i.e. between 80 and 120 mmHg (10.67 and 16.00 kPa). Typical
CT angiography employed and considered here utilizes a gated (to the electrocardiogram (ECG)) image
acquisition technique that ensures that the repeated image acquisition occurs under the least amount of
aortic motion, namely during late diastole. Therefore, the CT angiographic data represents the aorta un-
der diastolic blood pressure. It also implies that the aortic wall geometry extracted from CT data is not
stress/strain free. To recover the so-called ”prestressed” state of the CT-acquired aortic geometry under
diastolic pressure, a modified updated Lagrangian formulation (MULF) strategy was performed. This
strategy has previously been shown to be effective in approximating prestressed-state of patient-specific
aortic geometries in the case of AAAs [223, 224]. For a detailed explanation of MULF prestressing, the
reader is referred to [127, 128, 222]. The following gives a brief overview of the key components.

It is clear that the only non-trivial solution of the balance equation in Eq. (6.59) where S 6= 0, is when
either the deformation gradient is not unity, i.e. F 6= I when non-zero displacements yield a non-unity
deformation gradient, i.e. u 6= 0.

In the Total Lagrange Formulated FE that starts with the known, unloaded, reference configuration Ω0,
considered thus far, cf. Eq. (6.59), the deformation gradient resulting from the current load increment t is
calculated as follows: The current displacement increment ∆xt+1 is obtained by iteratively solving the
nonlinear system of balance equations, Eq. (6.63). Thereby, the displacement in the current configuration
of the previous load increment can be updated additively, xt+1 = xt + ∆xt+1, and the deformation
gradientF calculated accordingly, cf. Eq. (6.3).F can then be used to calculate the corresponding stresses
and strains.

Contrarily, in the MULF FE that starts with the known, loaded, current configuration Ω, the deformation
gradient is now determined from the current load increment t by a multiplicative update of a specially de-
fined independent imprinted deformation gradient, instead of an incremental summation of displacements
as follows: The current displacement increment ∆xt+1 is used to determine the deformation increment
Ft+1, following Eq. (6.3),

Ft+1 =
∂xt+1

∂xt
= 1 +

∂∆xt+1

∂x
. (6.67)

Ft+1 is then used to update the above-mentioned specially defined independently imprinted deformation
gradient F̃ to obtain the (total) deformation gradient,

F = Ft+1F̃ (6.68)

where F̃ acts as a history variable, storing all prior multiplicative updates to the deformation gradient.
Since the conventional way of determining F is not performed, it is noteworthy to mention that X is not
needed to calculate Ft+1, F̃ and therefore also F . This is because in this method, x := X . Thereby,
without deforming the current configuration Ω, the stresses and the strains can be determined from the
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multiplicatively updated F , offering a suitable approximation of the stresses and strains in the imaged
arterial geometry.

MULF yields a clear advantage over a strategy of considering inverse design (ID) analysis of deter-
mining such a stress/strain state, since ID can only yield a non-unique solution when considering finite
deformation, as is the case for loaded arterial geometries.

6.1.4.3. Element technology

Despite the wide applicability of FE methods, the discretized formulation yields certain limitations in
terms of the widely-described element locking effects. In short, although a general definition of locking
is seldomly attempted, it can basically be described as a deviation of the discretized solution relative
to the analytical solution due to an artificial over-stiffening of the system matrix by so-called parasitic
stresses. The severity of such locking effects can stem from certain geometrical factors, e.g. element aspect
ratios, element type, but also from material aspects, e.g. incompressibility requirement. Many remedies
have been proposed to either partially or completely circumvent such locking effects, as reviewed by
Koschnick [203]. An often proposed partial circumvention of this problem is to increase the polynomial
order of the chosen shape functions to decrease geometrical approximation, cf. Eq. (6.61), but quickly
becomes inordinately expensive in relation to the benefit obtained. Therefore, the following two remedial
steps were taken.

Volumetric locking effects become especially critical when considering a near-incompressible constitu-
tive formulation using piece-wise linear element shape functions, as is considered in the remainder of this
work. It is because the element is incapable of point-wise fulfilling the near-incompressibility requirement
set by the constitutive formulation. This effect can be completely circumvented by employing the F-bar
method as first proposed by de Souza Neto et al. [80]. It basically entails the isochoric-volumetric split of
the deformation gradient, already introduced in Eq. (6.42) given as,

F = Fvol F̄ = (detF
1
3 1) (detF−

1
3F ) = J

1
3 F̄ . (6.69)

Furthermore, the accordingly split deformation gradient is evaluated only at the centroid of the element,
given as,

F0 = Fvol,0 F̄0 (6.70)

Using these relations, the so-called F-bar deformation gradient F is calculated from a multiplicative
mixture of the isochoric part of the deformation gradient F̄ and the volumetric part of the deformation
gradient evaluated only at the centroid Fvol,0 as follows,

F = Fvol,0 F̄ =
(detF0

detF

) 1
3
F (6.71)

where the subscript “0” refers to it only being evaluated at the centroid of the element. Thereby, by
modifying F into F in the standard FE formulation, an approximate averaged enforcement of the near-
incompressibility constraint replaces the point-wise fulfillment of this requirement, circumventing the
effects of volumetric locking. The significant improvement in results owing from the use of the F-bar
elements in the context of aortic occlusion was demonstrated in the diploma thesis of Hirschvogel [163].
In the loading context considered, it delivered results comparable to quadratically interpolated elements,
but at computational costs comparable to linearly interpolated elements.

Shear locking effects associated especially with piecewise-linear shape functions were partially circum-
vented by using a mesh consisting only of hexahedral elements with a suitable element aspect ratio, due
to the increased shear locking effects associated with tetrahedral elements and large aspect ratios [203].
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6.1.4.4. Specialized boundary conditions

Apart from the standard Dirichlet and Neumann boundary conditions of the BVP defined in Eq. (6.27) and
(6.28), certain specialized consideration of these boundary conditions, especially in FE solution defined
in Cartesian coordinates are worth noting.

The hydrostatic pressure exerted by blood to the luminal surface of the artery or by saline liquid to the
inner surface of the EAB was numerically applied considering an orthopressure application of tractions.
Here, orthopressure refers to the prescribed traction applied in the direction normal to its surface in the
current configuration. Therefore, the external element force vector term fext occurring in Eq. (6.62) is
technically not independent of displacements. Such an orthopressure load forms part of a class of Neu-
mann boundary conditions referred to as follower loads. The reader is referred to Wriggers [361] for its
consideration in the FE formulation as was employed here.

Since the clamp model used for aortic occlusion only considered prescribing displacements of the
clamping surfaces, cf. Section 6.1.4.4, clamp movement/displacement mimicking real, clinically used
cross-clamps had to be realized. This was achieved by formulating the prescribed rotational movement of
the clamp surfaces around an arbitrary axis in terms of a quaternion formulation. In this way the prescribed
displacement of the nodes in the clamp surface of the new load step ûclampt+1 can be given as,

ûclampt+1 = f(q( ˆ̇ωt+1, ˆ̇ωt, X̂
rot
0 )) (6.72)

where q represents the current attitude quaternion that enables the rotation of each node in the clamp
surface around an axis and angular acceleration described by ˆ̇ω with its origin at X̂rot

0 . Such a quaternion
formulation has been implemented into the BACI framework.

6.1.4.5. Frictional contact mechanics

In-depth computational consideration and development of frictional contact mechanics methodology have
been performed by members of our institute [133, 283], but also elsewhere [156, 361]. The following
briefly considers aspects of frictional contact employed in the consideration of aortic occlusion are con-
sidered.

The BVP presented in Section 6.1.2 can be adapted to include the consideration of frictional contact
mechanics. Such changes basically consist of considering the equilibrium described in Eq. (6.26) and
(6.28), but now for two bodies, Ω(1) and Ω(2) making contact on the two contact surfaces Γ

(1)
c and Γ

(2)
c ,

often referred to as the slave and master contact surfaces, respectively. Self-contact can be defined analo-
gously, but only considering a single body. In this work, self-contact was only allowed to occur when the
master-slave pair of contact surfaces was explicitly defined on the same body.

Traditionally, the contact constraints required to describe both components of the contact traction t(1)
c ,

namely the normal (or contact pressure) pn and tangential components (or tangential traction) tτ of contact
have been defined in terms of inequalities. The normal contact constraint is formulated as the classical
Karush-Kuhn-Tucker conditions, which enforces impenetrability, does not allow adhesive stresses and
comprises a complementarity condition that constrains the gap g(X(1)) to zero when non-zero tractions
occur, while also forcing the contact pressure to zero when the gap exists, formulated as,

g(X(1)) ≥ 0 , pn ≤ 0 , pn g(X(1)) = 0 . (6.73)

The tangential contact traction is formulated according to the phenomenological Coulomb’s law for fric-
tion, that can be formulated using the following inequalities,

ψc := ||tτ || − µt|pn| ≤ 0 , vτ,rel(X
(1)) + βtτ = 0 , β ≥ 0 , ψcβ = 0 . (6.74)
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Here, the Coulomb limit ψc is defined to constrain the magnitude of the tangential traction vector to not
exceed the product of the normal contact pressure and the friction coefficient µτ which, also defined as
the slip condition. Whenever this inequality holds, one of two distinct physical conditions occur, namely
the stick and slip states. The former, defined by the scalar parameter β = 0, forces the tangential velocity
to be zero. The latter, defined by β > 0, yields relative tangential sliding of the two bodies according to
the slip rule given by second equation in Eq. (6.74). The complementarity function for tangential friction
is given by the last equation in Eq. (6.74), which separates the two distinct physical states, namely stick
and slip.

An array of different methods exist to enforce such contact constraints, including the penalty, aug-
mented Lagrange method and Lagrangian multipliers. The latter is used throughout this investigation,
since it has the significant advantage of allowing the exact enforcement of the set contact constraints, i.e.
no modifications, whereas the others only approximately fulfill these constraints. This advantage comes
at the cost of introducing additional unknowns, i.e. the so-called Lagrange multipliers, λ. They can be
interpreted as the negative contact tractions −t(1)

c maintaining the contact constraints that lead to a mixed
variational formulation yielding a saddle point-type system matrix or system of equations to be solved.
The superscript (1) is used to indicate that it only needs to be calculated on one contact surface and not
on both – here always the slave-side.

Formulating the contact constraints as variational inequalities in the continuous settings and also con-
sidering the current configuration for ease of comparison, the weak form of the PVW to be solved as given
in Eq. (6.57) can be extended as,

δWint,ext +

∫
Γ
(1)
c

λ · (δu(1) − (u(2) ◦ P )) dΓ = 0 (6.75)∫
Γ
(1)
c

g(δλn − λn) dΓ ≥ 0 (6.76)∫
Γ
(1)
c

vτ,rel · (δλτ − λτ ) dΓ ≤ 0 (6.77)

where the latter two equations arise from the contact constraints. The function P is analogous to χ in
Eq. (6.1), but here it smoothly maps the slave surface onto the master surface such that P : Γ

(1)
c → Γ

(2)
c .

It must be noted that the PVW relations hold for an arbitrary choice of test and shape functions, but must
adhere to certain constrained space restrictions, not expanded upon here.

A number of specialized steps are performed to numerically solve for these equations. Firstly, a segment-
to-segment mortar method is used to discretize the contact surfaces, characterized by the weak fulfillment
of contact constraints. Secondly, upon discretization into FE, a dual Lagrangian multiplier approach that
considers dual test and shape functions for the contact nodes. These shape functions fulfill a biorthogo-
nality condition which allows the additional Lagrangian multipliers, that enforce the contact constraints,
to be condensed into the global system of equations. Thereby, a system of equations is yielded with the
same size as if no contact degrees of freedom were present. Not only does it reduce the global problem,
but the global matrix structure is changed from a saddle-point to a non-symmetric one. Thirdly, in order
to increase the robustness, but retain the above-mentioned advantages of these dual Lagrange multiplier
method, is to consider a Petrov-Galerkin approach. In this approach, the test and shape functions are in-
tentionally chosen differently, i.e. dual and standard shape functions, respectively [284] – in contrast to
the standard Bubnov-Galerkin approach used for structure FE, cf. Section 6.1.4.1. Finally, the contact
conditions are reformulated into so-called complementarity conditions, which express the inequalities of
Eq. (6.73) and (6.74), in equalities. This reformulation enables the application of semi-smooth Newton
methods required to solve such contact problems, because they become sufficiently smooth for the con-
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struction of frictional contact operators. For detailed consideration of these numerical aspects, the reader
is referred to the above-mentioned references.

Specific to the simulations performed, the following values for frictional coefficients were considered:
Friction between the aorta and the cross-clamps was chosen high, i.e. µτ = 0.6, in order to avoid the vessel
being pushed laterally by the clamps – which mimics that what happens clinically. The cross-clamping
contact simulations also proved to be more stable compared to using a lower µτ . Contact between the
aorta and the EAB was assumed to behave similar to a standard (untreated) low-density polyethylene
(LDPE) catheter making contact with the intima of a vessel, and taken as µτ = 0.04 as experimentally
measured by Caldwell et al. [53]. Contact between the constrainer and the aorta was assumed to be high,
i.e. µτ = 0.6, because it is a wanted property of the constrainer and can be accordingly included in the
design. Finally, self-contact of the intimal surfaces of the aorta upon cross-clamping was considered to
be frictionless, i.e. µτ = 0.0, since the displacement-based movement induced by clamps is assumed to
produce little or no tangential movement between the self-contacting surfaces.

6.1.4.6. Effective numerical solver strategy

All the methods employed in every simulation presented in this dissertation are implemented in the in-
house finite element software BACI [? ] and used accordingly. It is a C++ code developed at our institute
and integrates the open-source libraries of the Trilinos Project of the Sandia National Laboratories [161].

For large finite element models such as those considered here, solving the linear system of equations, cf.
Eq. (6.65) often accounts for the most computational cost within each time/load step. In order to consider
further aspects of effective solution strategies, the linear system of equations can also be written generally
as,

Ax = b (6.78)

where A represents the square system matrix, x the discrete unknowns to be solved for and b the so-called
right-hand side. The local shape functions used in the FE method implies an A that will typically be a
sparse matrix with a noticeable band structure. Due to the popularity of the FE method, a large amount of
research have been done on solving matrices of such structures – e.g. Quarteroni et al. [289], from which
a brief general overview of the main solution strategies are given below.

The solution strategies can be divided into two categories, namely direct and preconditioned iterative
solution strategies. Direct solution strategies typically utilize an LU-decomposition of A. However, for
larger problems, it becomes exceedingly inefficient and memory consuming, due to Gaussian elimination,
the unavoidable ”fill-in” effect caused by factorization and sub-optimal, non-straightforward paralleliza-
tion of such direct solution strategies. Preconditioned iterative solution strategies, particularly the Krylov
subspace methods, such as the conjugate gradient (CG) and the generalized minimal residual (GMRES)
solvers make up the second category. Additional to the use of these solvers, the main reason behind the
use of preconditioners are that the efficiency of the iterative linear solvers is mainly controlled by the
condition number of A, i.e. the ratio of the largest to the smallest eigenvalue of A. Thereby, the purpose
of the preconditioner is to transform the linear system given by Eq. (6.78) into an equivalent system with
a reduced condition number by scaling it with an appropriate linear operator. Examples of preconditioners
include Jacobi, Gauss-Seidel, incomplete factorization (ILU), geometric multigrid (GMG) and algebraic
multigrid (AMG) methods. After preconditioning, the chosen Krylov solver acts as a solution accelera-
tor, of which the output is again preconditioned. This iterative process is continued until a user-specified
tolerance is reached.

Even though such preconditioned iterative solutions methods represent the current state-of-the-art tech-
niques for solving large linear systems of equations, these methods typically yield non-optimal perfor-
mance when applied off-hand. This is because its performance is usually related to the underlying prop-
erties of A. As such, parameter tailoring and the choice of a problem-specific preconditioner becomes
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(a) Longitudinal section (b) Axial section at occlusion site

Figure 6.1.: The computational discretization of the idealized aorta considered here, with refinements at
the occlusion site as shown in (a), and specifically at the pinching sites, in the top and bottom
regions of (b).

crucial. The linearized system of equations originating from the consideration of aortic occlusion will be
especially poorly conditioned and have a non-diagonally dominant structure, stemming especially from
the condensed form of the dual Lagrange multipliers used in mortar contact, cf. Section 6.1.4.5, and the
near-incompressibility requirement of the aortic wall modeled, cf. Section 6.1.3 and 6.2.2.1. In order to
solve these problem-specific linear systems of equations, a paralallizable direct solver (SuperLU) was
used [84], which was integrated in the BACI solving environment.

6.2. Modeling of selected manipulation maneuvers causing large
deformation

6.2.1. Geometry, FE discretization and boundary conditions

The following section gives an overview of the how the geometries were obtained, the computational FE
meshes constructed for the different structural models considered, followed by a brief consideration of
the mesh requirements. Detailed information pertaining to all structural simulations considered is given
in Appendix A.1.

6.2.1.1. Idealized aortic wall

The idealized aorta was modeled as a straight tube with an inner (luminal) diameter of 29.7 mm, ac-
cording to a recent morphological study on luminal dimensions of the ascending aorta [216]. A length of
250 mm was chosen to eliminate all potential boundary effects of the fixed cut surfaces. A uniform spatial
wall thickness of 2.3 mm was assumed according to the average measured thickness of an atheroscle-
rotic artery [44, 298]. The geometry was constructed and meshed in Cubit v13.1 (Sandia National Labs.,
Albuquerque, NM, USA), yielding a pure hexahedral mesh with a refined region at the occlusion site,
becoming coarser as one moves further away from the occlusion site. Once the mesh was obtained, node-
sets were specified and exported as an exodus-type file. Along with appropriate boundary conditions and
material models and corresponding parameters, the input file for the FE solver, BACI was constructed.
Mesh details and refinements are shown in Figure 6.1 and listed in Table A.1.

The vessel was fixed at the truncated surfaces, i.e. Dirichlet boundary condition prescribing the dis-
placement to zero. In order to approximate the physiological stress/strain state in a vessel under blood
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(a) Near-axial section (b) No section (c) Near-longitudinal section

Figure 6.2.: The computational discretization of the patient-specific aorta considered here, showing ar-
bitrary plane sections passing through the discretization that were not allowed to cut the
elements, in (a) and (c).

pressure, a prestressing step was first performed (Section 6.1.4.2). In this stage of loading, an orthopres-
sure was ramped up linearly to 60 mmHg. After this was reached, the occluder movement/loading was
commenced.

6.2.1.2. Patient-specific aortic wall and cannula tip

The lumen of the ascending aorta and aortic arch of a 66 year-old male patient with mild calcified
atherosclerotic lesions was segmented from CT-data, followed by appropriate smoothing and trimming
steps using Mimics 16.0 (Materialise, Leuven, Belgium), similar to the process described in Maier [222],
of which the details will not be repeated here. Computational meshing was achieved by importing the
luminal geometry into Cubit 13.1 (Sandia National Laboratories, Albuquerque, NM, USA), to which a
straight end-hole arterial cannula tip geometry of internal diameter 6.6 mm was included, cf. Table A.3.
Nodes on the cannula-vessel interface were shared. The luminal surface was meshed with quadrilateral
elements. From this surface mesh, six layers of hexahedral elements were extruded normal to the luminal
surface and merged with the mesh of the cannula, resulting in a pure hexahedral mesh of the arterial wall
and arterial cannula tip with a uniform spatial aortic wall thickness of 2.3 mm, as used for the idealized
aorta above. Therefore, all elements had a radial edge length of 0.38 mm. The surface mesh, from which
the wall mesh was extruded, was refined locally relative to the importance of certain features to be cap-
tured by the model. Since the location of the pinching sites were variable, the entire occlusion site of
the aorta was given the mesh size used to resolve the pinching sites in the idealized aorta, cf. Figure 6.1.
Mesh details and refinements are shown and listed in Figure 6.2 and Table A.1, respectively. As can be
seen from this figure, the occlusion site received the finest mesh, with the mesh size gradually increasing
the further is moved away from the occlusion site. Furthermore, the characteristic aortic root bulbs can be
seen at the proximal end of this vessel, while it distally, the geometry was truncated immediately distal to
the brachiocephalic artery branch.

The same boundary conditions used for the idealized vessel were used for the patient-specific cases, as
explained in the preceding section.

6.2.1.3. Occluders

The computational meshes used for each occluder considered, for both idealized and patient-specific cases
of aortic occlusion, are shown in Figure 6.3, while geometric and mesh information are listed in Table A.1
and expanded upon in the following.
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(a) Clamp surface (b) EAB
(c) Narrow

constrainer
(d) Wide
constrainer

(e) Profiled
constrainer

Figure 6.3.: The meshes used for each occluder considered, showing either a side or axial view of each
component (top) and an isometric view (bottom). Note that these meshes are not shown in the
same relative scale.

The cross-clamp surface dimensions were extracted from standard, clinically available DeBakey cross-
clamps, while only a thin layer of the clamping surface was kept to not only reduce the computational
complexity, but also since the impact due to the specific clamp movement was of specific interest – not the
mechanical response of the cross-clamps. Three different hinge configurations of the cross-clamps were
considered: parallel, above-mentioned DeBakey and also Cosgrove/Chitwood-type clamps with a crab-
pincher-like hinge, as shown in Figure 6.4. Parallel clamps were included because of its relative simplicity
and comparability to some experimental studies. The crab-pincher type clamp was included, due to its
extreme hinge configuration and frequent use in the minimally invasive clinical setting. Dimensions of
the clamps and the respective hinge locations are listed in Table A.2.

The displacement of these extracted clamps surfaces were prescribed according to their respective hinge
configurations by utilizing the quaternion formulation described in Eq. (6.72). This ensured movement of
these clamps surfaces as were they still connected to the actual clamp geometries.

Apart from the specific hinge configurations that distinguished the different clamps considered, it is
worth noting that each of the hinged clamps, i.e. not the parallel clamps, had a parallel-gap-width tpg =
3 mm. This means that upon clamp closure, when the two opposing clamp surfaces are parallel relative
to each other, this gap between these surfaces exist.

For the EAB, the geometric details, the inflated pressure simulated, its mounted-upon catheter and its
soft catheter boundary material are given in the context of its material parameter fitting in Section 6.2.4.2.

Three different constrainers as part of the novel proposed constrained endo-aortic balloon occlusion
(CEABO) were investigated: a narrow, wide and profiled constrainer, with widths (in axial direction) La

of 4, 12.85 and 12.85, respectively. The configuration is described in full in Section 7.3. While the first
two were simply modeled as straight rings barely in contact with the vessel (constrainer-vessel gap of
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(a) Parallel (b) Standard DeBakey (c) Crab-like pinching
Cosgrove/Chitwood

Figure 6.4.: Representations of the three different hinge configurations used for the cross-clamps. Al-
though only the clamps surfaces were modeled, the movement thereof were based on these
configurations.

0.05 mm), the latter had a smooth profiled cross section described by,

C(z) =
Di

2

[
1− c0

(
1− cos

(2π(z − z0)

tw

))]
(6.79)

x = C(z) cos(θ) (6.80)

y = C(z) sin(θ) (6.81)

where z is the axial direction, Di is the same diameter as the narrow and wide constrainers, with an
expansion factor c0 = 0.0275 yielding a maximum constrainer-vessel gap of 1.05 mm. The resulting
geometry is shown in Figure 6.3e.

The cross-clamps, cannula, EAB, EAB-catheter and all three constrainers were also discretized with
purely hexahedral elements in Cubit v13.1 (Sandia National Laboratories, Albuquerque, NM, USA).

All the simulations performed and corresponding geometry and discretization details are indicated in
Table A.2 under their ”Simulation abbr.”, which include occluding the idealized and the patient-specific
aortas. The idealized aorta was occluded with the following cross-clamps: parallel cross-clamps CC||,
crab-pincher type cross-clamps CCcrab and standard clinically used cross-clamps CCstd. Furthermore,
the idealized aorta was occluded with standard endo-aortic balloon occlusion EABOpure, as well as
three different variations of constrained endo-aortic balloon occlusion investigated, namely with a narrow
constrainer CEABOn,0, a wide constrainer CEABOw and a profiled constrainer CEABOp,0. These
simulations were also repeated for the narrow and profiled constrainers with an offset between the EAB
and the constrainer of 2 and 4 mm, respectively. These simulations are referred to as CEABOn,2 and
CEABOn,4, respectively for the narrow constrainer and analogously as CEABOp,2 and CEABOp,4,
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respectively for the profiled constrainer. Although ample visualizations have been given to show the dif-
ferent simulations performed, an exemplary synopsis of all the occluders investigated in the context of the
idealized aorta is shown in Figure 7.5. The patient-specific aorta was occluded at two different axial po-
sitions. These positions were the distance measured along the luminal centerline, relative to the cannula:
L

occl/cann
a = 15 and 30 mm, respectively. At each position, the aorta was cross-clamped with standard

clamps at three different axial rotations of the clamps, namely CCCalc,i
0◦ , CCCalc,i

30◦ and CCCalc,i
60◦ at the

positions i = 1, 2. The cross-clamps were positioned orthogonal to the vessel axis at the respective axial
positions, as from visual inspection. The patient-specific aorta was also occluded with EABO, namely
EABOCalc,i with the positions i = 1, 2. These patient-specific occlusion configurations are exemplary
shown in Figure 9.3. For a comparative evaluation to ascertain the influence of the included calcifications,
three simulations were redone omitting the calcification contribution, namely CCnoCalc,i

0◦ , CCnoCalc,i
30◦ and

EABOnoCalc,i at the position i = 1.

6.2.1.4. Mesh requirements

The computational mesh properties indicated in Table A.1 represent outcomes of the term paper by
Schlenk [306] and the Masters’ thesis of Hirschvogel [163], as well as reflecting the mesh sizes used
by Gasser et al. [124] and Famaey et al. [103], cf. Section 7.1. Therefore, the mesh refinements used in
the presented structural simulations are considered as sufficient to resolve all quantities of interest.

6.2.2. Materials: Aortic wall

The section begins with a detailed consideration of the histological morphology of large arteries, followed
by a review of appropriate modeling approaches and the final choice of material model and the associated
parameters.

6.2.2.1. Large artery morphology and mechanically relevant constituents

From a morphological and histological point of view, the arterial system has been extensively described.
The following aims to give a brief overview of the mechanically relevant aspects thereof, as mainly drawn
from the comprehensive overviews by Humphrey [169] and Thubrikar [335] unless otherwise stated.

The arterial system facilitates the transport of oxygenated blood from the heart throughout the entire
body and also acts as reservoirs for blood pressure due to its distensibility. The main constituents of
a healthy artery are cellular, e.g. endothelial cells, smooth muscle cells (SMCs), fibroblasts etc., and
an extra-cellular matrix (ECM) consisting mainly of elastin, collagen, connective tissue etc. Properties
of arteries undergo gradual, but significant changes as one descends down the arterial tree, i.e. moving
from the heart into distal bifurcations. Not only does the individual artery diameter decrease, but the
combined diameter increases, and the wall thickness and microstructure also varies. Due to the application
considered in this dissertation, further consideration is mainly given to the aorta.

The aorta, along with its immediate branches, can be classified as elastic arteries and make up the largest
arteries in the arterial tree. The aorta is characterized by a mostly passive elastic response, as opposed to
more muscular arteries further down the arterial tree where local blood flow can be regulated to a certain
extent by vaso-dilation and constriction, due to the presence of an abundance of SMCs. Such a passive
elastic response plays an important role in augmenting and maintaining forward flow of blood throughout
the cardiac cycle.

All types of arteries principally consist of three concentric layers, namely the intima (inner layer),
media (middle layer) and the adventitia (outer layer), as shown in Figure 6.5. The intima consists of a
single layer of endothelial cells fixed to a very thin collagenous basal lamina. The aorta also typically
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has a subendothelial layer consisting of connective tissue and SMC, but from a mechanical point of view
of the whole artery, still plays a negligible role. Intimal thickening may increase with age or disease
progression, although it will in turn also increase the mechanical contribution to the entire aortic wall
mechanical response. An internal elastic lamina generally forms a noticeable boundary to the media,
while an external elastic lamina forms a much less noticeable boundary between the media and adventitia.
These elastic laminae structurally allow the transmural exchange of nutrients, electrolytes, water, as well
as cellular communication. The media itself consist of concentric arrangement of SMC and elastic fibers
into so-called musculo-elastic fascicles or elastic fibers. Such fascicles can basically be seen as layers of
SMC separated by very thin, fenestrated sheets of elastic fibers. Throughout these elastin sheets, bundles
of tiny collagen fibrils are interwoven. The adventitia predominantly consists of dense bundles of collagen
fibers, with fibroblasts, elastic fibers, nerves and potentially tiny vessels (vaso vasorum) supplying the
vessel itself with blood. These collagen fibers are generally longitudinally oriented.

Figure 6.5.: Representative aortic histological morphology, from [167] with permission.

The ECM provides the majority of mechanical relevance in the aorta, apart from the presence of SMCs.
Collagen fibers in the media and adventitia provide the fundamental mechanical strength of an artery to
prevent over-dilation during physiological loading. Under these loading conditions, collagen fibers are
generally undulated. The straightening of collagen during supra-physiological loads yields very stiff re-
sponse and beyond strain of approximately 10%, collagen fibers will break. Collagen fibers have a half-life
of typically 0.5 to 3.0 months, depending on certain homeostatic parameters. On the other-hand, the elas-
tic fibers are stretched under physiological loading, providing its characteristic elastic response and can
normally be stretched to a strain of 150% without breaking. Thereby, elastic fibers also enable the storage
and return of mechanical energy under pulsatile blood pressure conditions. Furthermore, due to certain
biochemical properties which make it resistant to degradation, elastic fibers can remain stable for years.
The presence of proteoglycans, and all the subsequent molecules that bind to it, play a very important
role in the mechanical response of the arterial wall, since it efficiently binds water in the ECM. Such
interstitial water not only provides a medium in which diffusive processes can occur, but also provides the
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non-fibrous portion of resistance to any compressive loading and along with other molecules, yield the
viscosity ascribed to the non-fibrous portion of the ECM, or the so-called matrix or ground substance.

Aging has a profound effect on the overall material properties of an artery. Apart from pathologies
occurring such as atherosclerosis, cf. Section 6.2.3, probably the most profound change in normal arteries
is caused by the progressive degrading of elastic fibers as a function of age, thereby explaining the stiffer,
less distensible behavior of arteries at advanced age [108].

In an elastic artery like the aorta, the relative thickness distribution of these layers are typically 11%-
57%-32% for the intima, media and adventitia, respectively [309]. The smaller quantity of SMC in the
aorta, compared to more muscular arteries, is made up by an increased concentration of elastic layers and
collagen fibers.

6.2.2.2. Modeling approaches

The arguably most fundamental development in modeling the hyperelastic behavior of arteries came from
a study by Fung [115]. Studying the simple uniaxial elongation of an arterial sample, the authors noted
the linear relationship that was observed between the stiffness, defined as dP11

dλ1
, and the stress P11. Here

P11 refers to the diagonal term of the second-order 1st Piola-Kirchhoff in the direction of elongation,
and λ1 the stretch ratio in this direction. Solving for P yielded an exponential description, albeit one-
dimensional stress-stretch relation. From this information, the authors postulated the existence of a scalar
potential function for the elastic 3D stress-strain behavior of soft tissue, namely the SEF as,

Ψ = c (eQ − 1) . (6.82)

Here, Q was taken as a polynomial function of the components of E, and was later shown that it was
sufficient to only consider the quadratic terms, i.e. Q = a1E

2
11 + a2E

2
22 + a3E

2
12 + a3E

2
21 + 2a4E

2
11E

2
22

for a 2D description. This relation formed the basis for the current considerations of modeling arteries.
Noteworthy, is that apart from the phenomenological nonlinearities, this study also described other very
important aspects of biological soft tissue response, namely material anisotropy, strain-rate dependency,
relaxation and failure properties.

Although Eq. 6.82 is extremely applicable due to the versatility of the exponential function to fit experi-
mentally derived parameters, a major limitation is the lack of physical interpretation of the experimentally
fitted parameters and no a priori restriction placed upon these to ensure convexity of the SEF. The latter
fact implies that a set of parameters could be fitted that result in a non-convex SEF [167].

A more recent, improved and widely used group of models for describing the stress-strain behavior
of arteries have been based on the composite n-fiber family model, as first introduced by the Holzapfel
group [167]. In this model , the modeling approach is to consider the respective isotropic contribution of
the amorphous, elastin matrix/ground substance and anisotropic contribution of the collagen fibers. By
additionally considering an isochoric-volumetric split of Eq. (6.43), the SEF can be written in the form
given above in Eq. (6.52). Here, the isochoric isotropic and anisotropic parts are respectively given by,

Ψ̄matr =
c

2
(Ī1 − 3) (6.83)

Ψ̄i
fib =

ki1
2ki2

n∑
i

{exp[ki2(Ēi)2]− 1} , for i = 1, 2, ..., n (6.84)

with n equal to the total number of families of fibers. The parameter c > 0 is a stress-like material
parameter related to the shear modulus of the isotropic part, while in the anisotropic part representing
each fiber family, ki1 > 0 is a stress-like material parameter, while ki2 > 0 is a dimensionless parameter.
Holzapfel et al. [167] initially proposed Ēi = Īi4 − 1 and n = 2 and that the media and adventitia be
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modeled separately, since experimentally, distinct directions of two families of fibers were observed for
each layer. Here, such a fourth invariant can be defined separately for each family of fibers. Furthermore,
each family of fibers were assumed to be mechanically equivalent, i.e. k1

1 = k2
1 = k1 and k1

2 = k2
2 = k2.

Thereby, experimental results could be used to determine the four constants, namely c, k1, k2 and αfib, cf.
Eq. (6.54), for each layer respectively.

In an attempt to account for the occurrence of fiber dispersion, i.e. the natural occurrence of fibers
deviating from each predominant fiber family direction, the Green-Lagrange strain-like term in Eq. (6.84)
was extended to,

Ēi = κdĪ1 + (1− 3κd)Īi4 − 1 (6.85)

where 0 ≤ κd ≤ 1
3 represents a parameter for fiber dispersion [125, 168], which also needs to be fitted

to experimental results. At the limit of κd = 0, Ēi reduces to the one in Eq. 6.84, while at κd = 1
3 , the

anisotropic SEF reduces to an exponential purely isotropic SEF. Thereby, κd models fiber dispersion as
a linear mixture of an exponential isotropic and anisotropic strain energy function.

Ultimately, however, fiber dispersion modeled as in Eq. (6.85) represents an axisymmetric occurrence
of fiber dispersion, while experimental results show significantly greater in-plane than out-of-plane fiber
dispersion [309]. Furthermore, even considering residual stresses present in an unloaded artery, modeling
an artery using two distinct layers fitted to experimental results do not give a continuous transmural
distribution of stresses [124] as is expected and can therefore not be considered physiological. Finally,
the contribution of the mostly circumferentially SMC are not considered separately, and as such will be
implicitly contained in the constituents considered.

These factors, among st others, motivated the formulation of a slightly different approach by the
Humphrey group, smearing all the anisotropic constituents together, i.e. the collagen fibers and SMCs in
all the layers of the artery, as probably first proposed by Baek et al. [20], which is the same as Eq. (6.84)
with n = 4, but neglects a term they included to describe the degree of muscle activation. Here, n = 4
was chosen based on the distinct families of fibers in the media and adventitia, respectively, obtained
from the above-mentioned experimental evidence by Holzapfel. Developments of the model have in-
cluded assumptions about the direction of the four families of fibers, namely that two was fixed in the
circumferential and axial directions respectively, i.e. α1

fib = 0◦, α2
fib = 90◦, while the other two diagonal

families of fibers were assumed to be symmetrically orientated around the circumferential direction, i.e.
α3

fib = α4
fib, cf. Eq. (6.54). Therefore, only one angle has to be experimentally determined. Furthermore,

assuming the mechanical equivalence of the two diagonally oriented fibers, reduces the number of un-
knowns to be fitted experimentally to eight, namely, c, k1

1, k
1
2, k

2
1, k

2
2, k

3,4
1 , k3,4

2 , α3,4
fib . Additional aspects

incorporated include mass fractions of each constituent, an extra fiber of families to model the passive
response of SMC, and also strain energy contribution of collagen fibers in compression to mimic that of
SMC in compression [55, 358]. The most recent study, however, reveals that only n = 4, with no mass
fractions or active response, and only one varying angle for all four fiber families (as explained above)
were considered to collectively capture all collagen fiber families, passive SMC and any other potential
mechanisms not yet quantified, such as lateral cross-links, physical entanglements, etc. [297].

6.2.2.3. Choice of material model and associated parameters

This last-mentioned study by Roccabianca et al. [297] is used in this dissertation as the working con-
stitutive relationship to model the aorta, due to its improvement upon the mature model provided by the
Holzapfel group, as well as refinements made since its introduction by the Humphrey group. Furthermore,
this study reveals not only an important literature review of the inter-study variability of experimentally
measured parameters and the current need for a standardization of bi-axial testing of the human aorta, but
also performs a type of reasonability test of experimentally derived parameters. The reasonability test is
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performed by calculating an estimation of the distensibility of an idealized tube under a generally assumed
in vivo prestretch, using 19 experimental data sets from different studies fitted to the currently considered
material model. In summary, the different components of the chosen Humphrey material model that make
up the general form of a SEF used for arterial modeling are,

Ψvol =
κ

4
(J − lnJ − 1) (6.86)

Ψ̄matr =
c

2
(Ī1 − 3) (6.87)

Ψ̄i
fib =

ki1
2ki2

4∑
i

{exp[ki2Ē
2
i ]− 1} , for i = 1, 2, 3, 4 (6.88)

where volumetric model is the one of Ogden from Eq. (6.48) and the contained variables are defined as,

Ēi = Īi4 − 1 (6.89)

Īi4 =

{
(λ̄ifib)2 = (λ̄θθ,ifib )2cos2αifib + (λ̄zz,ifib )2sin2αifib, λ̄ifib ≥ 0

1, λ̄ifib < 0
(6.90)

α1
fib = 0◦ , α2

fib = 90◦ , α3
fib = α4

fib = α3,4
fib (6.91)

k3
1 = k4

1 = k3,4
1 , k3

2 = k4
2 = k3,4

2 . (6.92)

As seen in Eq. (6.90), all of the fiber families are considered to carry no load in compression, as moti-
vated by the undulated configuration of collagen and idealized micromechanical model analysis [13, 167].
Even if some slight compressive loads are borne by the families of fibers or SMC, these are expected to
be captured in part by the ground matrix and the (near) orthogonally orientated families of fibers. This
assumption was further supported by findings from a preliminary study at our institute [163], showing
that above-mentioned assumptions of collagen fibers bearing compressive load [55] caused clear unphys-
iological buckling during large deformations induced by aortic clamping.

The parameters chosen for modeling the ascending aorta and aortic arch are those measured by Haskett
et al. [158] for 9 samples of the ascending aorta, as refitted to the chosen four-fiber family model in Roc-
cabianca et al. [297] and also shown to fulfill its stated reasonableness requirements, listed in Table 6.1.
The other two reasonable data sets for the ascending aorta both had c < 1 · 10−6 kPa, which was con-
sidered insufficient for simulating large deformations during aortic occlusion due to the lack of isotropic
stiffness. Furthermore, a micromechanical analysis revealed that the isotropic contribution to the strain
energy is important to ensure numerical stability of phenomenological fiber reinforced materials such as
considered here [13], cf. Eq. (6.86) to (6.92). Finally, although the k2 dimensionless parameter of the cho-
sen set was reported as 7.65 · 10−6, a numerical parameter study considering an idealized bi-axial setup
using the chosen bulk modulus κ, revealed an insensitivity in the stress/strain response up to k1

2 = 1.0,
and was accordingly chosen as k1

2 = 0.1, in line with other similar fiber-family reported as k2
2 = 0.1.

Setting k1
2 = 0.1 still yielded a solution that was <1% from the solution using the reported parameters,

whereas k1
2 = 1.0 started to have a more substantial influence. This parameter choice resulted in more

stable numerical behavior, as is evident when considering the effect that such a small k1
2 would have on

the strain energy defined by Eq. (6.88).
In order to model the near-incompressibility of the aortic wall, a bulk modulus was chosen as κ =

0.3 MPa, cf. Eq. 6.86. Its evaluation and choice is further considered in Section 7.6.3.3.
Despite the fact that the chosen Humphrey model is still phenomenological, i.e. contributions of the

individual constituents to the strain energy are lumped into the parameters of the a priori defined structure
of the SEF, it represents the current state-of-the-art in aortic wall modeling.
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Table 6.1.: Choice of aortic wall parameters from Haskett et al. [158], refitted by Roccabianca et al. [297].

c [kPa] k1
1 [kPa] k1

2 [-] k2
1 [kPa] k2

2 [-] k3,4
1 [kPa] k3,4

2 [-] α3,4
fib [◦]

47.43 35.23 0.1 40.84 0.1 15.21 2.58 48.98

Finally, it is also worth noting the near-transversely isotropic behavior of the Humphrey model with the
given set of parameters. This small degree of anisoptropy have been frequently reported for aortic material
at different levels of the arterial tree (e.g. [158]) and have lead many researchers to use isotropic models
in ranges of physiological loading, e.g. [223, 290]. However, in the context of the supra-physiological
loading brought on by aortic occlusion, it was considered advantageous to consider the more advanced
model presented here. The comparatively stiffer behavior of an isotropic material under a more complex
loading than simple uniaxial loading was demonstrated in the Master’s thesis of Hirschvogel [163]. Here,
it was shown that fitting experimental results to an isotropic and anisotropic model respectively, yielded
the same results for the range of strains input into the parameter fitting algorithm, cf. Eq. (6.98). However,
once exceeding this range, the isotropic model yielded an excessively, unphysiological, stiffening behavior
compared to the anisotropic model.

6.2.3. Materials: Calcification in atherosclerotic lesions

In this section, the origins of atherosclerosis are considered, with special focus on the occurrence of
calcifications in these lesions. Thereafter, appropriate modeling approaches are considered, followed by
the choice of modeling approach and its associated parameters.

6.2.3.1. Origins of calcific atherosclerotic lesions

Atherosclerosis is a very widely studied vascular pathophysiology due to its association with cardiovas-
cular diseases in general, yet not fully elucidated due to the multifactorial influences relating to its genesis
and proliferation. Atherosclerosis is a focal disease that most probably originates due to some mechanical
injury or dysfunctional changes to the endothelium, while it has also been proposed to be caused by the
increased aortic wall stresses brought on by elevated blood pressure. Atherosclerosis starts as fatty streaks
deposited in the sub-intimal layer in infants and young children. Based on various risk factors, it can
progress into atherosclerotic lesions over many years. Such risk factors include hypertension, smoking,
hypercholesterolemia, hyperlipidemia and diabetes mellitus. Its progression is driven by an imbalanced
lipid metabolism causing lipid accumulation, as well as a mal-adapted immune response which results in a
chronic inflammatory state of the arterial wall. Despite the potential growth, many atherosclerotic lesions
remain stable for years, while others may either continue to progress and may lead to vessel stenosis or ob-
struction, or even lesion rupture. Stenosis and obstruction is of course dangerous in terms of downstream
tissue ischemia, while rupture risks the release of embolic material, which carries its own downstream
occlusive risks including myocardial and/or neurological infarction, cf. Part I. Atherosclerotic lesions can
occur at any level of the arterial tree, but especially at complex arterial morphologies such as bifurcations
and curvatures. This summary given above was extracted from the excellent reviews by Thubrikar [335]
and Weber and Noels [352]. For a full biological description of the origin and progression of atheroscle-
rosis, the reader is referred to these reviews.

In the context of this dissertation, clarification with regards to the specific terminology used is war-
ranted: The atheromatic lesion refers to the non-cellular components that makes up a part of the atheroscle-
rotic lesion. The latter consists of a fibrous cap forming the luminal barrier, behind which lies a lipid core
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surrounded by a capsule of proliferated SMCs. Deposits of calcium can occur anywhere in this capsule as
well as the fibrous cap.

An important sub-category of atherosclerosis research is the occurrence of arterial calcification associ-
ated with atherosclerosis, especially in terms of its mechanical significance. A comprehensive overview
of the biological aspects has been done by Sage et al. [301] and Alexopoulos and Raggi [3], among st
others. What follows is a brief summary thereof: Vascular calcification was initially considered to be a
passive, unregulated, inevitable, degenerative process where discarded calcium deposits accumulate in
the vessel wall, and is simply a consequence of aging. Currently, however, it is generally accepted to be
an active process resembling osteogenesis (bone formation). As such, arterial calcium deposits resemble
bone from a nano- to a macro-scale level. The reason why this happens is not entirely clear, but one pro-
posed explanation may be a last resort immune response against progressing atherosclerosis. While some
investigations have led some researchers to conclude that a stabilizing, repairing effect of calcification
in plaques, others report an increased fragility, while overall, the calcific morphology might be deter-
minant of risk. Although calcifications were considered to only occur in late stages of atherosclerosis,
small calcific crystals (5–10 µm) are already found in early lesions in a patients’ third decade of life. The
calcification occurring in atherosclerotic lesions is most probably a cause, but also a consequence of car-
diovascular disease. It is a cause, because it induces cellular osteogenic differentiation – responsible for
the arterial calcifications that resemble bone. It is a consequence, because it impacts plaque stability by
causing a compliance mismatch between adjacent regions of steeply varying stiffnesses. Plaque rupture is
suspected to be the greatest contributor to myocardial and cerebral infarction due to arterial calcification.
Furthermore, as a consequence, it also increases the rigidity of the aorta due to medial calcification, which
can lead to hypertension, left ventricular hypertrophy, ischemia etc. It should also be noted that arterial
calcifications can also occur independent of atherosclerosis in patients with chronic kidney disease or
diabetes.

6.2.3.2. Modeling approaches

The explicit modeling strategy to incorporate calcifications into the presented aorta model briefly pre-
sented here was developed at our institute by a predecessor of the author. For a comprehensive overview of
the origins and importance of this strategy, its superiority over other published methods and the concomi-
tant insights resulting from this strategy in the context of AAAs, the reader is referred to the dissertation
of Maier [222], as well as in Maier et al. [224]. Below follows a brief description thereof.

Basically, the explicit modeling strategy employed, exploits the increased attenuation of calcific de-
posits (resembling bone, cf. previous Section) in the aortic wall as obtained from computer tomographical
(CT) x-ray images measured in Houndsfield (HU) units, combined with the common coordinate system
shared by the CT images and the FE mesh of the aortic wall, cf. Section 6.2.1.2. Thereby, a 3D linear
interpolation scheme is employed to relate an HU-value associated to each voxel from the CT data to
each specific finite element that make up the FE mesh of the aortic wall, made possible by the shared
coordinate system. In this way, additional stiffness brought on by the calcification in the aortic wall is
related to the HU-value associated with the finite element, and is incorporated into the SEF of the entire
aortic wall Ψao by extending Eq. (6.52) as follows,

Ψao = Ψ̄matr(C) + Ψ̄fib(C) + Ψvol(J) + Ψ̄calc(C) + Ψvol,calc(J) (6.93)

where the last two terms, not yet considered, were added and defined as,

Ψ̄calc(C) = αHU(Ī1 − 3) (6.94)

Ψvol,calc(J) =
κcalc

4
(J − lnJ − 1) . (6.95)
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in which the isochoric term is of a NeoHookean isotropic form with a HU-dependent shear modulus
αHU, cf. Eq. (6.45), while the volumetric term is similar to the one used in Eq. 6.48, but now with a
HU-dependent bulk modulus κcalc = 2 αHU

1−2ν .
The isochoric stiffness added to the arterial wall was made conditional by defining thresholds of HU-

values below which no calcification is assumed to exist HUmin and above which is assumed to correspond
to pure calcification in the corresponding aortic wall HUmax. Thereby, an element-wise stiffening related
to the x-ray attenuation can be assigned to the patient-specific FE mesh. The range of values between
these two thresholds can accordingly be modeled as a transitional stiffness region, defined as,

αHU =


0, HU ≤ HUmin

1
2(sin( π(HU−HUmin)

HUmax−HUmin
− π

2 ) + 1)αHU,max, HUmin < HU < HUmax

αHU = αHU,max, HU ≥ HUmax

(6.96)

and is plotted in Figure 6.6. The importance of the existence of such a smooth transition was also high-
lighted in Maier et al. [224], ascribed to the fact that including no transition causes unrealistic stress peaks
in the wall stresses.

HUmin HUmax

HU [-]

αHU,max

α
H

U
[k

Pa
]

Figure 6.6.: The conditional isotropic shear modulus as a function of the x-ray attenuation from CT scans,
demonstrating the smooth transition between no calcification and pure calcification, describ-
ing Eq. (6.96).

6.2.3.3. Choice of modeling approach and associated parameter choices

Although the above-mentioned explicit methodology trumps all other presented in computational studies
on mechanical stresses in patient-specific arterial calcifications, cf. [222], certain discretion needs to be
considered when choosing adequate parameters.

Firstly, the exact relation between the calcified wall stiffness, quantified by αHU, and the x-ray atten-
uation HU need to be determined. Following Maier et al. [224], this parameter was set to 8.929 MPa.
Secondly, some uncertainty exists with regards to adequate thresholds to be set. Although it has been
reported that the threshold for arterial calcification was HU + min > 200 [79], the contrast agent in
the blood stream caused HU > 200. Therefore, following the convention of Maier [222], HUmin was
set to 335 HU in order to be avoid maximum blood HU values from spilling over onto the wall, while
HUmax was assumed to be 630 HU, based purely on observational estimation. Finally, although arterial
calcification occurs mainly on the intimal and medial levels, making up approximately two thirds of the
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vessel wall, cf. Section 6.2.2.1, mapping revealed calcifications in the outer third of the wall. Calcifica-
tion contribution in these outer layers were, however, not excluded, due to the inability of distinguishing
between different layers that prompted the use of a smeared model for the aortic wall, cf. Section 6.2.2.3.
Furthermore, the inner (intimal) wall boundary can be much accurately segmented in relation to the outer
(adventitial) wall boundary due to the contrast enhancement of the lumen, meaning that any local intimal
and/or medial thickening that occur at atherosclerotic lesions cannot be captured by the constant wall
thickness assumption. Therefore, since the calcifications can clearly be identified in the CT images as
being part of the aortic wall and due to the homogeneous aortic wall properties assumed through the wall
thickness, the calcifications were included even when they occurred in the outer layers of the aortic wall
of the FE mesh that geometrically represents the adventitia.

The non-calcific constituents of an atherosclerotic lesion were not considered, since apart from the
slight softer behavior of the lipid pool, the all other constituents simply consist of the normal arterial
constituents, just in different proportions. The significant mechanical effect of arterial calcifications justly
assumed to override its influence, as reviewed in the dissertation of Brinkhues [49], especially in the
context of the large deformations associated with aortic occlusion.

6.2.4. Materials: Occluder and cannula structure modeling

The following section briefly covers the material models and associated parameters used for the non-
biological objects in the selected manipulation maneuvers.

6.2.4.1. Cross-clamps, constrainer and cannula

Each different type of cross-clamping considered was modeled as a thin, clamp insert-type surface driven
on the inner, non-contacting surface by a prescribed displacement delineated from real clamp movement,
cf. Section 6.2.1.3. In other words, the clamp was effectively infinitely stiff, while the insert surface was
modeled as a simple St.-Venant-Kirchhoff material, cf. Eq. (6.49) using the parameters for polyurethane
with E = 48 MPa and ν = 0.475 [74]. The same material was also used to model both the constrainer
and the cannula.

6.2.4.2. Endo-aortic balloon (EAB)

To determine adequate material parameters representing a typical large diameter EAB, pressure-volume
data for a clinically used ”Endoclamp” EAB was taken from a product brochure [97]. Furthermore, the
pressure-volume relationship of a thin-walled sphere, made of an incompressible Yeoh isotropic material,
Eq. (6.46), subjected to an internal pressure is considered,

PEAB(r) = 4
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(6.97)

where the balloon pressure PEAB is related to the volume via the sphere radius in the reference R and
current configuration r, as well as the reference balloon wall-thickness H . See the diploma thesis of
Hirschvogel [163] following Holzapfel [166] for derivation details. For computational reasons, the fol-
lowing assumptions were incorporated: the wall-thickness was chosen as 1.5 mm, even though reported
catheter balloons are typically two orders of magnitude thinner [126]. However, this thickened wall will
then be reflected in the stiffness parameters c1, c2 and c3 when performing a fit to the available pressure-
volume data. Evidently, the Yeoh material model was chosen to fit these parameters, cf. Eq. (6.46). Fur-
thermore, since only two such data points are given in the above-mentioned brochure, i.e. a minimum and
maximum value of the inflated EAB, a third point below the range of the preceding two points was used
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Figure 6.7.: The EAB pressure-volume relationship. Data available from manufacturer information
(r1, P1 and r2, P2, black diamonds) were used for parameter fitting. The parameters were
fitted to an inflating an idealized thin thin-walled hollow sphere compared. Compared to the
actual FE model used, the parameters were adjusted (as indicated) in order to reach the same
volume, i.e. r2.

to facilitate computational simplification by having a zero-pressure in the reference configuration when
r = R. Using a standard Levenberg-Marquart algorithm from Matlab (R2012a, Mathworks Inc., Natick,
MA, USA), a nonlinear optimization of the following objective function was performed,

e =
k∑
j=1

[
(P exp

EAB − P
theory
EAB )2

j + (rexp
EAB − r

theory
EAB )2

j

]
(6.98)

for each experimental-theoretical pair j of the total number data pairs k considered.
Since the actual FE model of the EAB was not a perfect thin-walled hollow sphere but rather a dis-

cretization of a thin-walled hollow sphere fixed to a stiff catheter through its center, cf. Section 6.2.1.3,
the fitted model parameters were slightly adjusted for the actual FE simulations used. The goodness of fit
of both the obtained and adjusted parameters are depicted and listed in Figure 6.7. The final chosen pa-
rameters are given in Table 6.2, along with the parameters for the catheter and the soft catheter boundary
used to mimic the response of the elongated femorally inserted catheter. As will be seen in Section 9.1,
this allowed for the EAB to move relatively freely during inflation, as is also seen clinically.

Table 6.2.: The parameters used to model the response of the endo-aortic ballon and the associated EAB-
catheter.

EAB c1 [kPa] c2 [kPa] c3 [kPa] κ [kPa] Source
60.9 18.2 0.74 2.39 · 103 Eqs. (6.97) and (6.98)

Soft catheter boundary
material

c1 [kPa] c2 [kPa] c3 [kPa] κ [kPa] Source
1.25 · 103 −0.3 · 103 0.08 · 103 49.2 · 103 [182]

Catheter E [kPa] ν [-] Source
48.0 · 103 0.475 [74]
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(a) (b) (c)

Figure 6.8.: Mapping patient-specific quantities to the computational mesh, showing the whole model
(top) and a zoomed in region of interest (bottom). In terms of mapping of the fibers, (a) and
(b) show the axial (red), circumferential (black) and the radial (blue) directions of a strip of
elements through the occlusion site, seen to obey the defined vessel geometry and not the
element orientation. Calcification mapping yielded calcified lesions in the transitional zone
(green) and those representing pure calcifications (purple), cf. Eq. (6.96).

6.2.5. Mapping of patient-specific quantities

Two patient specific quantities had to be mapped to the FE discretization of the patient-specific aortic wall,
namely the fiber directions and calcific parts of atherosclerotic lesions, simply referred to as calcifications.

To add the patient-specific calcifications to the wall elements, the CT data were used to determine the
average voxel HU value corresponding to a FE at the same point in space, mapped to the element cen-
troid, cf. Section 6.2.3.2. Having the element-specific HU value enabled its relation to increased stiffness
brought about by the presence of calcifications in the aortic wall, as defined by Eq. (6.94) and (6.96). The
results of the calcification mapping are shown in Figure 6.8a.

In order to model the two main families of collagen fibers occurring in the aortic wall, it was necessary
to determine the local circumferential, axial and radial directions throughout the aortic wall [124]. By
fitting a centerline through the patient-specific lumen geometry using Mimics 16.0 (Materialise, Leuven,
Belgium), the shortest distance between the element center and the centerline, as well as the tangent to the
centerline was used to calculate and map the circumferential, radial and axial directions accordingly to
each finite element representing the aortic wall. According to these directions, the fiber-direction for each
element in the patient-specific mesh can be determined, as shown in Figure 6.8a, as is needed for the fiber
directions of the Humphrey model, cf. Eq. (6.92). The results of the fiber mapping, or rather determining
the local circumferential, radial and axial directions for each element are shown in Figure 6.8b. It must be
noted that no direct measurements of the patient-specific fiber directions were made, but were rather based
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on experimental data indicating clear trends of collagen fiber distribution in the region of the ascending
aorta relative to its circumferential, radial and axial directions, cf. Section 6.2.2.2.

6.3. Fluid mechanics

6.3.1. Kinematics and constitutive relations

In the Eularian/spatial approach used to formulate the kinematics of the flow problem, fluid flow is con-
sidered from the perspective of an observer situated at a fixed spatial point. Flow is therefore described
in terms of the velocity vector of a particle passing through the fixed point v in the spatial configuration.
The acceleration of this particle can be described through the spatial/material time derivative as,

v̇(x, t) =
Dv

Dt
(x, t) =

∂v

∂t
+
∂v

∂x

∂x

∂t
=
∂v

∂t
+ v ·∇v (6.99)

Here, the first term describes the local time derivative that vanishes in the steady state, while the last term
describes the convective rate of change.

An additional essential kinematic quantity to be considered is the strain rate tensor defined as,

ε(v) =
1

2

[
∇v + (∇v)T

]
. (6.100)

The constitutive relation for a Newtonian fluid can be defined with the help of this strain rate tensor of
as,

σ = 2µf ε(v)− p̄I (6.101)

with µf being the dynamic viscosity and p̄ the hydrostatic pressure of the fluid.

6.3.2. Governing equations

The incompressible Navier-Stokes equations utilized for modeling blood flow are based on the local con-
servation of mass and linear momentum. Although time varying effects are now accounted for, these
balance equations are constructed similarly to their structural counterparts, of which the details are omit-
ted. With the help of defining the kinematic viscosity νf = µf/ρ and the kinematic pressure p = p̄/ρ,
and using Eq. (6.100), a density-scaled strong form of the incompressible Navier-Stokes equations in the
absence of body forces are given in the convective form by,

∂v

∂t
+ v ·∇v − 2νf∇ · ε(v) + ∇p = 0 (6.102)

∇ · v = 0 (6.103)

with the former describing the conservation of linear momentum, while the latter describes the continuity
condition. Combining these with the initial and Dirichlet and Neumann boundary conditions,

v0 = v(t = 0) = v̂0 = 0 in Ω (6.104)

v = v̂ on Γu (6.105)

(1/ρ)σ · n = t̂ on Γσ (6.106)

yield the initial boundary value problem (IBVP) to be solved for.

89



6. Computational modeling

6.3.3. Numerical solution

In the following section, certain key aspects required to numerically solve the above-stated IBVP is con-
sidered, including the Finite Element (FE) formulation and the specialized boundary conditions employed.

6.3.3.1. Finite Element method for fluids

As with the structural problem considered, the strong form of the IBVP given by Eq. (6.102) to (6.106) is
reformulated in terms of the weak form by considering the integral form, weighted with appropriate test
functions identifiable as variations of the velocity and the pressure fields, i.e. δv and δp. Since no special
additional method peculiarities were considered and the derivation having been done extensively else-
where, e.g. Donea and Huerta [93] or the dissertation by Gamnitzer [119], the derivation and formulation
of the residual-based variational multiscale (or stabilized) finite element method used is omitted here.

It is worth mentioning that this stabilized fluid FE approach used, considered standard inf-sup stable
Q1P1-elements and featured stabilization terms such as streamline upwind Petrov-Galerkin, pressure-
stabilizing Petrov-Galerkin and grad-div terms, because turbulence effects were not considered.

6.3.3.2. Specialized boundary conditions

The Dirichlet boundary conditions for each simulation, defined by Eq. (6.105), consisted of a parabolic
velocity profile prescribed on the inflow boundary and no-slip conditions prescribed for all non-moving
wall boundaries where flow was not allowed to cross, i.e. v = 0. WSS was evaluated on all arterial wall
boundary nodes and calculated as the tangential component of the traction vector at these no-slip nodes.
The Neumann boundary conditions for each simulation, defined by Eq. (6.106), consisted of applying
zero traction on the outflow boundary, since each simulations only has a single inflow and single outflow
boundary surface. Instabilities in the flow velocity occurring at the outflow boundaries due to recirculating
flow patterns were penalized according to a novel method based on utilizing the normal component of
velocity at the boundary, described in Gravemeier et al. [138], which effectively stabilizes flow entering
the domain at outflow boundaries without the without requiring additional constraints.

6.4. Modeling of selected manipulation maneuvers disrupting
physiological hemodynamics

6.4.1. Geometry, FE discretization and boundary conditions

As in the concomitant structural section above, the following section gives an overview of how the ge-
ometries were obtained, the computational FE meshes constructed for the different models considered,
followed by a brief consideration of the mesh requirements. Detailed information pertaining to all fluid
simulations considered is given in Appendix A.2.

6.4.1.1. Aortic lumens

The same inner (luminal) diameter was chosen for the fluid simulations considering an ideal aortic geom-
etry as for the structural wall, i.e. 29.7 mm, cf. Section 6.2.1.1. A vessel luminal length of 60 mm was
used with each cannula considered, with the following exceptions: the incompletely clamped artery and
the shielded, backward-facing simulations, see Table A.4, required longer lumen domains. The meshing
of the luminal geometry is described in the following subsection.

For the patient-specific considerations of cannular flow through a straight, end-hole cannula, the de-
formed luminal geometry extracted from the cross-clamping simulationsCCCalc,1

0◦ ,CCCalc,1
30◦ andCCCalc,1

60◦
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were used, cf. Section 6.2.1. All of these simulations started with a straight end-hole cannula at the same
position, sharing nodes at the cannula-vessel interface, which was free to move during cross-clamping.
The resulting ascending aorta luminal geometries investigated are shown repeatedly in Section 9.2, exem-
plary in Figure 9.9.

The boundary conditions applied to the patient-specific models were analogous to those used for the
idealized aorta, i.e. parabolic inflow profile entering the cannula, no-slip boundary at the cannula walls,
vessel wall and truncated occlusion region and the stabilized outflow Neumann boundary condition at
zero pressure, cf. Section 6.3.3.2.

6.4.1.2. Cannulas

A series of simulations were performed to comprehensively evaluate the impact of cannular flow in terms
of cannula orientation, insertion depth, clinically available cannula tips design and the influence of can-
nular flow on an incompletely clamped aorta. Simulations performed and corresponding geometry and
discretization details are listed in Tables A.3 and A.4, respectively. For a visual representation of the can-
nula tips considered, see Figure 8.2. The simulations performed are indicated under ”Simulation abbr.”,
as will subsequently be referred to.

All geometries were created in Cubit 13.1 (Sandia National Labs., Albuquerque, NM, USA) and 3-
Matics 8.0 (Materialise, Leuven, Belgium) and exported as an STL-geometry. This geometry was then
meshed in Harpoon 5.0 (Sharc Ltd., Manchester, UK) with a hexahedral-dominated hybrid mesh, i.e.
consisting of hexahedral, wedge, pyramid and tetrahedral shaped elements. A fine boundary layer mesh
was included on the aortic wall and cannula inner surfaces, respectively, as specified in Table A.3. Specific
mesh refinement zones were applied to specifically resolve the flow in the cannula itself, as well as the
jet exiting the cannula until it hit the aortic wall for the first time. Furthermore, apart from a base mesh
level size assumed for the rest of the fluid domain, the bottom aortic wall, cannular inflow, cannular inner
surface and vessel outflow surface received a higher refinement of its lateral edge length. Similar to the
process described in Maier [222], this mesh was then imported into IcemCFD (Ansys, Canonsburg, PA,
USA), where nodesets were specified and exported as an exodus-type file fully describing the mesh and
various nodesets. Similar as with the structural models, these exodus-type files along with appropriate
boundary conditions and material models and corresponding parameters were used to construct the input
file for the FE solver, BACI.

To evaluate cannula orientation, a straight, end-hole cannula Endhstr was orientated in 6 different di-
rections (or incidence angles), namelyEndhθtrans,θlong , for (θtrans, θlong) = (0◦, 0◦), (0◦,−30◦), (30◦,−30◦),
(30◦, 0◦), (30◦, 30◦), (0◦, 30◦), with Endh0◦,0◦ ≡ Endhstr These angles respectively indicate the trans-
verse and the longitudinal cannulation incidence angles with respect to the cannula axis orientated per-
pendicular to the vessel axis.

The cannula depth was evaluated considering the same cannula, pointing straight downwards, but at
four different insertion depths, namely Endhd,i for the insertion depths i = −5, 0,+5,+10 mm, where
Endhd,0 ≡ Endhstr.

For simple comparative reasons, physiological flow through this idealized aorta was also simulated
Physhb using the same mesh used in Endhstr. Here, a parabolic-profiled patient-specific inflow entering
through the vessel was considered as extracted from [196], yielding an average flow rate of 3.37 l/min.

The influence of different cannula tip designs was evaluated by considering the following different
cannula tips (given here with the corresponding short simulation names): a straight end-hole cannula
Endh0◦,0◦ (considered above), a forward-facing (downstream-pointing) curved end-hole cannulaEndhcurv,
a straight side-hole cannula Sidestr, a curved side-hole cannula Sidecurv, a straight hybrid cannula
Hybrstr and a curved hybrid cannula Hybridcurv. Furthermore, a novel shielded cannula design was
derived from a patent by Murphy and Lilly [264] in an attempt to show the possibility of improved flow

91



6. Computational modeling

from a new design not yet clinically available. It consisted of the same curved end-hole cannula used
above, but now backwards-facing (upstream-pointing) with the jet pointing into a shield suspended in
front of it, meant to disperse flow prior to hitting the aortic wall, namely Endhsh

curv. The shield geometry
was obtained by considering a circular disk with diameter of 15 mm and deforming it by fixing the center
and pulling four points along its outer circumference away from its center in the direction of its axis, as
shown in Figure 6.9. Based on a preliminary study of this configuration, the shield was also tilted down-
ward at an angle of 7◦ in an attempt to reduce jet flow from hitting the upper vessel wall. All relevant
dimensions and respective sources are indicated in Table A.4, while the different cannula tip designs are
indicated in Figure 6.9.

To evaluate the influence of the large aortic deformation owing from aortic cross-clamping on the im-
pact of the cannular flow, the following incompletely occluded, prestressed and pressurized aortic models
were considered incorporating a straight end-hole cannula: the idealized aortic geometry for parallel cross-
clamps Endhic, as well as the patient-specific geometry cross-clamped with standard clinically used (De-
Bakey) cross-clamps at three different axial orientations of the clamps, namelyEndhpatspec

CC,0◦ ,Endhpatspec
CC,30◦

and Endhpatspec
CC,60◦ . The latter three simulations were performed with the cross-clamps at axial position 1,

cf. Section 6.2.1.3. Further details pertaining to the simulations are given in respective sections presenting
their results.

Throughout all these simulation, all models were built considering specific geometrical consistencies,
including using the same idealized ascending aorta as was used for the structural simulations, a consistent
distance between the cannulation site and the vessel outflow and the same cannula conduit length for
every simulation considered.

6.4.1.3. Mesh requirements

Due to the complex flow conditions involved when considering a high-velocity jet hitting a non-flat sur-
face, a mesh-convergence study was performed considering a straight end-hole cannula pointing perpen-
dicular to the vessel axis. A representative mesh used for this investigation is shown in Figure 6.10.

The two most critical mesh parameters of interest were the base-level (or average lateral edge length)
size hb and the first (wall) element size hf , i.e. the element thickness in the radial direction of the vessel.
The boundary layer mesh covering the wall of the aorta had a lateral edge length equal to the base-level
size, while the first element size, an expansion factor and number of layers was specified.

In order to investigate whether the jet reaching the opposite aortic wall was sufficiently resolved, base-
level sizes of hb = 0.5, 0.75, 1.0, 1.25 mm were considered. In order to investigate whether the WSS
captured at the ”jet-landing” site, first (wall) element sizes of hf = 0.05, 0.1, 0.2, 0.4 were considered,
while the expansion factor and number of layers were kept constant at 1.7 and 7, respectively.

The converged mesh size was accordingly applied for all cases of arterial cannular flow, i.e. for those
considering the idealized and the patient-specific aorta.

6.4.2. Materials: Blood

As comprehensively reviewed by Nichols and O’Rourke [269], blood can be essentially considered as a
suspension of red blood cells (RBCs or erythrocytes), white blood cells (WBS or leukocytes) and platelets
(or thrombocytes) suspended in a blood plasma. The latter presents a viscous Newtonian character, i.e.
the viscosity remains constant for all fluid shear rates – related to the strain rate of Eq. (6.100) by a
given constitutive model. Most significant constituent that lends blood its non-Newtonian character are
RBCs, which make up approximately 99% of the particulate matter in blood and account for 40–45% of
blood by volume. The non-Newtonian, shear-thinning behavior of blood implies that at low shear rates,
viscosity is high and vice versa. High apparent viscosity at low shear rates are attributed to cell aggregation
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(a) Endhcurv (b) Sidecurv (c) Hybridcurv

(d) Endhshcurv (e) Endhic (f) EndhpatspecCC,0◦

Figure 6.9.: The meshes used for representative examples of the different cannulas considered.
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(a) Isometric view of axial cross-section (b) Front view of truncated axial
cross-section

Figure 6.10.: A representative mesh used to investigate sufficient mesh resolution for resolving the jet
prior to hitting the aortic wall and the WSS induced at the wall, indicating the first element
size hf and the base-level size hb.

into Rouleaux-type structures, which are broken up under higher shear rates causing a effective drop in
viscosity. At high shear rates, i.e. larger than 100 s−1, blood achieves its minimum viscosity value, µ∞.
Especially considering smaller vessels, i.e. smaller than 1 mm lumen diameter, noticeably larger non-
linear effects of viscosity changes due to higher shear rates are observed in smaller vessels. The whole
blood viscosity also increases according to an increase in hematocrit, i.e. percentage of RBC in blood
per volume. Blood as a whole also exhibits an effective viscoelasticity, which is mainly attributed to the
viscoelastic response of the RBCs itself. Due to these characteristics, blood is generally accepted to be a
shear-thinning viscoelastic fluid.

From a modeling perspective, given the context of the flow considered and the phenomena of interest,
certain simplifying assumptions have been shown to be justifiable in literature. Despite being a widely
researched topic, only certain studies are mentioned as needed.

Investigating the non-Newtonian effects of pulsatile blood flow in large arteries, Gijsen et al. [131]
considered experimental and computational setups of a blood analog fluid through a 90◦ bend. Upon
experimental verification of computational non-Newtonian fluid models, a comparison of non-Newtonian
to Newtonian models showed that for peak systole, i.e. peak forward flow, that the velocity gradients
on the inner and outer curvature were practically identical, whereas considering the velocity profile of
the Newtonian fluid presented a comparatively ”dipped” shape. The authors suggested that it is due to
a comparatively smaller characteristic viscosity of the Newtonian fluid used for the experiment. When
rescaling the Newtonian to that of the non-Newtonian fluid, good agreement in velocity distribution was
found. Furthermore, specific dimensionless measures were evaluated that are indicative of the influence
of viscoelastic effects on the velocity distribution. Since these measures were found to be well below a
critical value, the effect of viscoelastic effects were considered negligible.

In contrast to the clearly apparent differences mentioned above, much less apparent differences between
Newtonian and non-Newtonian models have been reported [178, 278], and are expected to only occur for
a fraction of the cardiac cycle when recirculation causes low shear rates. This behavior holds for the
above-mentioned threshold of blood being characterizable by Newtonian flow for shear rates larger than
100 s−1. A comparative numerical study between these different models undertaken in the context of
complex patient-specific geometries also revealed the negligible influence that the consideration of a non-
Newtonian fluid has in this context, except in areas of recirculation where low shear rates occur [19]. In
such areas, WSS is usually underestimated.
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The arterial cannular flow hemodynamics of interest in this investigation features continuous, high ve-
locity flow in large bore conduits where shear rates are expected to be very high. Furthermore, arterial
cannula technical data released and most experiments considered use either water or a water/glycerin
mixture as working fluid, cf. Section 3.1.2. Therefore, considering all the reviewed information and want-
ing to evaluate macro effects of flow, it was deemed reasonable to model blood as a Newtonian fluid, cf.
Eq. (6.101) in the context of considering the local influence of arterial cannular flow on WSS and velocity
distribution entering the aortic arch. In the latter equation, the dynamic fluid viscosity µf can be consid-
ered equivalent to the dynamic viscosity of a non-Newtonian fluid where maximum shear thinning has
already occurred, taken as a constant µ∞ = 0.004 g/mm s and a constant density ρf = 0.00106 g/mm3,
according to values for blood previously reported in a similar study [196].
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Je le pansai, Dieu le guérit.

— Ambroise Paré

From all the experimental studies reviewed in Sections 2.1.1, 2.2.1 and 2.3.1, it can be deduced that
current experimental knowledge of iatrogenic injury during aortic occlusion, regards its main consequence
as the injury induced at the pinching regions. General disturbance of certain structural components of the
aortic wall has also been reported a posteri, e.g. endothelial erosion, spongy or inflammatory lesions of the
media and adventitia etc. However, the location of these disturbances relative to the occluder configuration
(location and orientation) is mostly omitted. Consequently, clinicians are faced with the often unavoidable
need to perform aortic occlusion, while lacking in-depth knowledge pertaining to the injury mechanisms
and its progression. This has even lead some to propose theories on how to safely occlude a vessel,
probably based purely on intuition 2.1.2. In this regard, computational evaluations have played and will
play a significant role in gaining insight into the detailed mechanisms by which injury to the aortic wall
might be induced and progress by the occluder.

In this chapter, a solid structural computational study is performed to consider different occluders in
the context of occluding an idealized aorta. The specific aim is to evaluate the performance of different
occluders – existing and newly proposed – in the absence of patient-specific variability. The models
evaluated here have been introduced in Section 6.2. The structure of this chapter consists of a review
of previous studies in this regard, the formulation of functional requirements for optimal aortic occlusion,
the introduction of a novel occlusion technique and the consideration of requirements that have often been
neglected in past studies. Thereafter, the computational results are presented and comparatively evaluated,
followed by an in-depth discussion of the overall performance of the different occluders, other general
findings, limitations and ended with concluding remarks and future perspectives.

7.1. Existing computational perspectives

Recently, computational models have shed a much more detailed light on additional potential mechanisms
of the injury difficult to identify and quantify experimentally. However, the number of such investigations
is limited, with only a few cross-clamping investigations performed, while no previous computational
investigation has explicitly considered endo-aortic balloon occlusion (EABO).

7.1.1. Previous cross-clamping investigations

Probably the most simplified computational evaluations of cross-clamping were performed by Chen et.
al [62, 63], considering a 2D fluid-structure-interaction (FSI) setup of a vessel being clamped. However,
some fundamental scientific concerns arise when considering these investigations, including the use of a
3D material model in this 2D setup, no vessel pressurization or prestressing, as well as the unaddressed
issues pertaining to the highly deformed, coarse mesh of the fluid domain. Therefore, the usefulness of
these outcomes is limited and not further considered.
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Evaluation of cross-clamping an idealized aorta, similar to the one considered in this chapter, has pre-
viously been investigated to a limited extent, as expanded in the following.

Gasser et al. [124] considered a two-layered tube, representing the media and adventitia, from which
the material parameters were obtained experimentally from a human coronary artery (left anterior de-
scending). A two-fiber Holzapfel-type model was used, cf. Eq. (6.84). The residual stress present in the
unloaded configuration was modeled and pressurized up to systolic blood pressure. A linear, mixed FE
element formulation (three-field variational principle) was used, discretized with eight elements in the
radial direction. The main finding was made by considering the stress at a point on the intimal surface at a
non-pinched site along the circumference: whereas the normalized circumferential stress was slightly re-
duced upon clamping, the normalized axial stress increased four-fold relative to that of the physiologically
modeled value. This is especially significant considering that the dominant collagen fiber distribution in
the media is mainly orientated in the circumferential (not axial) direction, implying that the matrix sub-
strate (elastin) will bear most of the load and very likely experience critical loading. Furthermore, the
largest component of the axial loading will be carried by the adventitia. This finding is significant, espe-
cially considering the body’s low turnover-rate of elastin and that this phenomenon was not known prior
to this publication. However, the extent to which this finding is influenced by the discontinuity in stress
through the thickness of the vessel due to the two-layered approach is unknown. Furthermore, the vessel
was not completely occluded, leaving severity of compressive stresses due to intimal self-contact and the
according pinching site impact unexplored.

Calvo et al. [54] repeated the simulations of Gasser et al. [124], but now incorporated an uncoupled
damage model into the material model of the aortic wall. Uncoupled in this context refers to the fact that
the damage in the fibers and matrix substrates were independent of each other. Although it is unclear
whether residual stresses were accounted for, their results yielded the expected softening effect. Conse-
quently, the resulting normalized axial stress considered above, was now only increased by 3.6 times its
unoccluded value (as opposed to the above-mentioned four-fold increase). This uncoupled damage model
confirmed the dangers of matrix substrate injury by Gasser et al. [124], since the main component of
damage was obtained for the matrix substrate, while practically absent in the fibers.

More recently, Famaey et al. [103] also presented results of a computational study investigating cross-
clamping, principally evaluating a 0.2 mm long tube-segment, but also considering a longer tube of 4 mm.
The authors considered a Holzapfel-type model which included fiber dispersion, cf. Eq. (6.85). Material
parameters were fitted to a series of experiments of rat abdominal aortas. Residual stresses were accounted
for, similar to the strategy followed by Gasser et al. [124]. Reduced integration elements in the software
package Abaqus Explicit (Dassault Systemes, Waltham, MA, USA) were used, i.e. the so-called C3D8R
elements, which in contrast to the F-bar elements considered in this dissertation, cf. Section 6.1.4.3,
evaluate both the volumetric and isochoric components only at a single integration point in the element
center. The main findings from this study was basically the evolution of circumferential stress at different
sites in the tube-segment, as well as the effect of varying material parameters and clamp surface profile.
Furthermore, for the longer tube, a peak in radial stress at the pinching site and a small increase of the
axial stresses were also observed, although the increase relative to the physiological load was not reported.
While the vessel appears to be completely occluded, no mention was made of the intimal self-contact
considerations, the level of occlusion, compressive stresses upon occlusion or whether occlusion would
have occurred. In a later study by the same group [104], constituent-specific damage was incorporated in
the material model. However, in re-performing these clamping simulations, only the damage of the SMC
component was considered and the results were not quantitatively compared to the previous study. As
such, the value of those results in this context is limited. Although they claim that their computational
model was validated by their experimental results, the presented curves comparing their experiment to
their model, i.e. the applied clamp force (cf. Fig. 12 [103]), shows a clearly unconvincing trend. This large
deviation of the experimental from the computational outcome can be attributed to a number of factors.
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These factors include the fact that a different rat abdominal aorta was clamped compared to the ones
from which the material parameters were obtained, FE element technology which exhibits an overly soft
behavior in bending [85] that is clearly evident in cross-clamping, the accuracy of the contact formulation
used, the choice of bulk modulus, etc. Therefore, their statement claiming that the computational model
was fully validated based on a single, potentially variable measure that poorly coincides with experimental
results, needs to be considered with the needed reservation.

Finally, it is worth noting that all of these studies considered only frictionless contact of parallel clamps,
using node-to-segment approaches for evaluating contact and a penalty strategy to enforce the contact con-
straints (or at least as could be deduced from the supplied information), in contrast to the mortar methods
with the use of Lagrangian multipliers used in this dissertation, cf. Section 6.1.4.5. Mortar methods have
the advantage over node-to-segment methods of being variationally consistent by enforcing the contact
constraints over the entire surface and not just at the contact nodes. Furthermore, problems can be en-
countered on coarsely segmented kinked surfaces, as well as in nodes dropping over edges during the
simulation, cf. [133].

7.1.2. Previous EABO investigations

As far as the author could determine, no previous computational studies have been performed to explic-
itly consider EABO. Procedures with a similar configuration compared to EABO includes angioplasty,
coronary stenting and carotid stenting procedures, which have often been considered in a computational
setting, e.g. [54, 123].

However, it should be noted that some fundamental comparative differences between these procedures
and EABO exist. These differences include the fact that such balloons are much longer than its inflated
diameter and feature an inflation dominated by (cylindrical) radial expansion only, compared to EABO
consisting of a spherical balloon with an expanded diameter in the same range as the balloon length. This
ratio between expanded balloon diameter and length is determinant of balloon stability, which seems to
not be worth considering in the angioplasty/stenting applications owing to the fact that balloon contact
is frequently considered as frictionless. In contrast, the influence of frictional contact of a spherically
expanding balloon during EABO becomes more important, as taken into account in this dissertation.

Therefore, due to these fundamental differences, no studies were found that yielded useful comparisons
with regards to the proposed endo-aortic balloon (EAB) model used in the current investigation, cf. the
proposed , Section 6.2.1.3.

7.2. Functional requirements for optimal aortic occlusion

The detailed review of large deformation aortic manipulation in Chapter 2 allows for the formulation of
functional requirements that need to be fulfilled by an optimal aortic occlusion technique. Therefore, a
safe, efficient and reliable aortic occlusion technique should:

1. Minimize vessel damage by ensuring

a) the minimization of strains exerted in the aortic wall,

b) the maximizing the potential of occlusion occurring,

c) a low and uniform distribution of the occlusive load exerted in the aortic wall;

2. Provide stable and therefore reliable occlusion;

3. Enable the clinician to accurately position the occluder in the in vivo configuration of the vessel;
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4. Minimize the total intimal surface disruption;

5. Enable the clinician to determine whether the vessel is occluded and when its occluded for the first
time during occlusion, using only clinically determinable parameters;

6. Minimize deformation of the vessel;

7. Be simple, meaning that it should

a) maintain or decrease standard occlusion and CPB times,

b) Prevent cluttering (take up as little space of the surgical field as possible);

8. Be cost-efficient.

Therefore, a vascular occlusion technique is required that minimizes damage, that disrupts as little of
the intima as possible and allows for a known occlusion at the desired location at the minimum required
occlusive load. Furthermore, it should be stable, simple and cheap. Throughout of the rest of this chapter,
these functional requirements will be repeatedly referenced in line with evaluating the performance of
existing and new occlusion techniques.

7.3. Novel occluder design: Constrained endo-aortic balloon
occlusion (CEABO)

A novel solution for safer, more efficient and more reliable aortic occlusion proposed here, is the use of
the “DEVAAL-constrainer” that will henceforth only be referred to as the “constrainer”. It is a device to
be used in conjunction with EABO. Furthermore, the occlusion technique of using the constrainer with
EABO will be referred to as constrained endo-aortic balloon occlusion (CEABO). The ultimate function
of the constrainer is to make EABO safer and more reliable, without over-complicating it, while providing
efficient occlusion of the vessel.

The constrainer is basically a thin, bendable but inextensible strap (or band) that can be wound around
the vessel to be occluded and fixed at a desired diameter. The configuration of the constrainer around the
vessel during EAB inflation, as well as the demonstration of its main functionality, is shown in Figure 7.1,
while the three design variations tested in this dissertation have already been shown in Figure 6.3. The
dimensions of these variations are indicated in Table A.2.

By winding and fixing the constrainer around the vessel at the site where the EAB will be inflated,
the constrainer acts as an external constraint against the expanding vessel due to EAB inflation. This
is evident from Figure 7.1, when considering how much less the vessel is deformed during CEABO
compared to EABO. Thereby, as will be demonstrated quantitatively in more detail below, the constrainer
also significantly limits the damaging strain induced in the vessel, while simultaneously enabling the
occluder to more efficiently apply the force to the vessel that is needed to occlude it – the occlusive load.

7.4. Requirements complicated to evaluate and those neglected in
prior investigations

Alone from the literature reviewed, it is clear that only considering the damage or potential of damage is
not sufficient to evaluate the complete safety, efficiency and reliability of any occluder – whether existing
or new. For the sake of argument, consider a hypothetical cross-clamp design that induces less damage
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(a) (b) (c)

Figure 7.1.: The proposed new device concept for safer, more efficient and more reliable aortic occlusion:
the DEVAAL-constrainer (abbreviated as constrainer), showing (a) its basic configuration
prior to EAB inflation, i.e. CEABO, (b) CEABO after inflation and (c) without the constrainer,
i.e. EABO.

during clamping than current designs, but which possesses clamp-arms that are unable to stretch trans-
versely across the entire aortic wall. Consequently, this ”safer” cross-clamp would be utterly useless, since
it would not be able to occlude the vessel.

Exactly for this reason, the comprehensive functional requirements of a safe, efficient and reliable
occluder have been formulated in the preceding section so that every occluder can be evaluated based on
all its required functionalities. While the final resulting damage or the potential of damage has held the
predominant, if not exclusive, focus of the reviewed investigations, some aspects have remained largely
neglected or proven complicated to evaluate.

These aspects will be considered in the following subsections and be evaluated throughout the rest of
this dissertation with a previously unreported level of detail.

7.4.1. Occlusion

In the following, a computational post-processing strategy is presented to evaluate the potential of occlu-
sion occurring during the application of an occluder. The main reason for evaluating such a measure is to
evaluate the ability of an occluder (the medical instrument) to occlude a vessel in relation to the impact
that the occluder has on the vessel upon its application, i.e. a measure of the occlusion performance. By
knowing this ability, its occlusive efficiency can be evaluated based on how well it was able to occlude
relative to the amount of strain that was induced in the vessel wall.

As far as the author could determine, whether or not a vessel is actually occluded, or to what extent
or level it has been over-occluded is hardly even mentioned in the reviewed experimental and compu-
tational investigations. Here, over-occlusion, or the level thereof, can be defined as the occlusive load
applied above and beyond that which is necessary to achieve occlusion. In an experimental setting, oc-
clusion itself may be trivial, assumed or left unevaluated, while over-occlusion is seldomly considered,
with the exception of two older studies investigating the existence of a minimum vascular occlusive force
(MVOF) [94, 337]. Even the most sophisticated experimental studies to date investigating occlusion-
related aortic damage neither elaborated on occlusion nor over-occlusion – only possibly providing some
information on the occlusive load, i.e. the notch level/ clamping force [18, 102, 225, 226] or an EAB
pressure range [8, 106]. Similarly, previous computational studies have also neglected occlusion or the
level thereof. Understandably, the evaluating of occlusion in a computational setting is not trivial, but will
be considered in detail below.
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(a) (hinged) cross-clamping (b) EABO (c) CEABO

Figure 7.2.: A depiction of the fundamental differences of occluder loading configurations, showing the
expected normal contact pressure pn applied by each occluder, as well as simplified boundary
conditions.

The occlusive load, in this context, purely refers to the load that the occluder applies on the vessel
in order to occlude it – it does not indicate whether or not a state of occlusion was reached. The level
of occlusion can be defined as the first instance that the occlusive load will result in occlusion, and any
occlusive load beyond that. In other words, the level of occlusion would be a parameter that describes
the additional load that the occluder applies to the vessel after occlusion has occurred for the first time.
However, such a global measure is difficult to define, because the occlusive load applied by the occluder
on the vessel is not necessarily directly related to whether the level of occlusion is increased. This is clear
from the hypothetical example given at the start of this section and also when considering the different
configurations by which various occluders apply a load on the vessel, i.e. cross-clamps apply an external
displacement-driven load via two flat rigid surfaces moving on a hinged rotation, while EABO applies
an internal, distributed, pressure-driven load from the EAB spherically expanding from within the vessel.
Furthermore, CEABO applies the same load as EABO, but also provides additional external (to the vessel)
constriction of the spherically expanding EAB, as depicted in Figure 7.2 for the different configurations.
A comparative measure is required that is independent of the occluder configuration or vessel properties.
Another hindrance to defining and evaluating a parameter considering the level of occlusion is that it is
dependent on the unknown instance that occlusion first occurs, i.e. the occlusion threshold.

The difficulty of evaluating the level of occlusion or whether occlusion has occurred is circumvented
by proposing a measure of occlusion potential, poccl

n . This measure is defined as the maximum contact
pressure (normal contact traction) represented by a continuous contour line of contact pressure exerted on
the intima, circumnavigating the lumen of the vessel, forming a closed line. In other words, the potential
of occlusion only exists when there exists a non-zero contact pressure that stretches across the entire
lumen circumference, which forms a closed line. The referred to contour lines connect regions of the
same contact pressure, as depicted in Figure 7.3a,b, and defined as follows,

Sc =
{
C(pn)

∣∣ 0 < pn < max(pn)
}

(7.1)

Sclosed
c =

{
C(pn) ∈ Sc

∣∣ CIRCUMNAVIGATED, CLOSED
}

(7.2)

Sopen
c = Sc \ Sclosed

c (7.3)

Pclosed =
{
pn
∣∣ C(pn) ∈ Sclosed

c

}
(7.4)

poccl
n = max(Pclosed) (7.5)

where Sc is the set of all possible contour lines (or curves) C formed by the contact pressure pn on the
luminal (intimal) surface, Sclosed

c is a subset of Sc that form a closed lines that have circumnavigated
the luminal surface, i.e. valid lines along which occlusion can occur. Contour lines that do not fulfill
the criteria of Eq. (7.2), are indicated as invalid or Sopen

c . Furthermore, Pclosed is the set of contact
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pressure values corresponding to each contour line in Sclosed
c , where the occlusion potential poccl

n is then
the maximum value of contact pressure from this set.

Practically, to enable the automatic extraction of the occlusion potential required a precise definition
of Eq. (7.2). Given ideal alignment of the idealized aortas relative to the global Cartesian axes (x and y
are orthogonal to the vessel axis in z-direction), allowed a relatively simple, though coarse, strategy to
obtain the valid lines along which occlusion can occur, i.e. Sclosed

c , by using a simple bounding box BB
as follows,

Qc =
{
q
∣∣ q ∈ Sc} (7.6)

Qc,1 =
{
q ∈ Qc

∣∣ qx > BBx,max

}
; Qc,2 =

{
q ∈ Qc

∣∣ qx < −BBx,min

}
;

Qc,3 =
{
q ∈ Qc

∣∣ qy > BBy,max

}
; Qc,4 =

{
q ∈ Qc

∣∣ qy < −BBy,min

} (7.7)

Sclosed
c =

{
C(pn) ∈ Sc

∣∣ ∃q1 ∈ C(pn) : q1 ∈ Qc,1 ∧ ∃q2 ∈ C(pn) : q2 ∈ Qc,2 (7.8)

∧∃q3 ∈ C(pn) : q3 ∈ Qc,3 ∧ ∃q4 ∈ C(pn) : q4 ∈ Qc,4
}

These equations basically state that if one considers the set of points Qc, made up of every point q on
every contour line in Sc, cf. Eq. (7.6), then there potentially exists a subsets of points Qc,i for i =
1, 2, 3, 4 with x-coordinates and y-coordinates of these subsets, qx and qy, respectively, that fall outside
of a certain bounding box BB described by the near-extremes of the occluder coordinates, as illustrated
in Figure 7.3d. If there exists points in a specific contour line contained within all four of these subsets,
then it is included in Sclosed

c . To maintain simplicity of this method, all of evaluations of obtaining Sclosed
c

were performed with the given models in the reference configuration.
Based on the employed contact formulation, cf. Section 6.1.4.5, the contact tractions were only eval-

uated (and therefore only available) on the slave side. For the EAB-related occluders, the EAB-contact
surface was chosen as the slave surface. Accordingly, considering an undeformed EAB outside radius
REAB,o = 12 mm, the bounding box BB required in Eq. (7.7) was defined as [−(REAB,o − hclosed

x ),
(REAB,o − hclosed

x );−(REAB,o − hclosed
y ), (REAB,o − hclosed

y )], which described a general bounding box
according to [min(x),max(x); min(y),max(y)],as illustrated in Figure 7.3d,f. Here, hclosed

x and hclosed
y

describes the relaxation distance used to for the bounding box to sufficiently capture Sclosed
c . Naturally,

due to the idealized problem setup, the length of the BB in the z-direction could simply be allowed to
stretch along the entire vessel length.

Since the different cross-clamp simulations only had explicitly defined inner self-contact surfaces on
the vessel lumen (intimal surface), it meant that contour lines were only evaluated on one half of the
vessel. Accordingly, a contour line only had to have points in the first three subsets of points conditions
to identify Sclosed

c . In other words, for cross-clamps, Eq. (7.7) became,

Sclosed
c =

{
C(pn) ∈ Sc

∣∣ ∃q1 ∈ C(pn) : q1 ∈ Qc,1 ∧ ∃q2 ∈ C(pn) : q2 ∈ Qc,2 (7.9)

∧∃q3 ∈ C(pn) : q3 ∈ Qc,3
}

Accordingly, considering an undeformed vessel with an inside radius of Rv
i = 14.85 mm, the bound-

ing box was defined as [−(Rv
i − hclosed

x ), (Rv
i − hclosed

x );−(Rv
i − hclosed

y ), 0], with the same general
bounding box formulation as used above. Since these two explicitly defined surfaces were separated by
a line of nodes, the maximum theoretical range that a Sclosed

c could stretch in the x-direction, for the
given discretization size of idealized aorta used, implied a minimum hclosed

x = 0.0208 mm. However,
this requirement was relaxed to hclosed

x = 4.85 mm, in order to sufficiently distinguish between the dif-
ferences in Sclosed

c , and therefore in poccln , that occurred due to variation in the hinge configuration of the
cross-clamps. The relaxation in the y-direction could be made stricter, chosen as hclosed

y = 0.85 mm, as
illustrated in Figure 7.3c,e.
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(a) Cross-clamps (b) EAB-related occluders

Figure 7.3.: The extraction of the occlusion potential for the two types of occluders considered, showing
the contact pressure contour lines in the current configuration (top), an isometric view of the
bounding box BB used to aid in determining the valid contour lines along which occlusion
can occur Sclosed

c in the reference configuration (middle), and an axial view of the same BB
(bottom). Only a shortened section of the aorta is shown.
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The actual postprocessing was achieved by considering a computationally reasonable number of contact
pressure contour lines on the undeformed EAB or luminal surface, depending on the type of occluder
considered. Using both the occlusion potential and contour interval extracted at each load step, the entire
process of identifying the occlusion potential, i.e. Eq. (7.1) to (7.5), was repeated for a smaller contact
pressure range surrounding the previously extracted occlusion potential, due to computer memory limits
reached when specifying a too large number of contours. This process was repeated until the contour
interval was approximately 0.1 kPa. An example of such a set of contour lines evaluated with regards to
the stated criteria for extracting lines along which occlusion can occur is shown for EABO in Figure 7.3b.

As can be seen in Figure 7.3, the contour lines are not smooth, but rather display a kinked character.
This can be ascribed to the fact that the postprocessing software employed to perform this extraction, i.e.
Paraview, cf. Section 6.2.1, performs the contour operation by performing linear interpolation between
the nodal values. Nevertheless, despite the kinked character thereof, sufficient and comparable occlusion
potential information could be extracted.

Two final remarks of this strategy to extract the occlusion potential needs to be made. Firstly, the level-
set character of the contour lines C implies that the unlikely case exists where a contour line may be found
that is valid, i.e. satisfying all four conditions, yet not forming a closed line. However, in the current model
setup, occlusion potential could be confirmed visually and did not indicate the occurrence of such a case.
Secondly, it will not suffice in a more complicated geometrical consideration of aortic occlusion, e.g. for
a patient-specific geometry. Accordingly, in Section 9.1, the occlusion potential was extracted per hand
and left for future investigations to consider a more robust strategy.

Using this newly defined measure of occlusion potential, it is therefore possible to evaluate the occlu-
sive ability and efficiency of any occluder with any type of configuration, independent of the occlusion
threshold, because it is independent of the occluder. Occlusion potential is therefore only dependent on the
physics that will ultimately be responsible for occlusion itself: the sufficient contact pressure distributed
continuously around the entire intimal surface.

No previous measure has been used or defined to consider the actual physics of occlusion for the
application at hand or related, as far as the author could determine. Although the occlusion potential does
not relay any information about the state of occlusion, it provides the comparative basis needed to evaluate
the occlusion efficiency of completely dissimilar occluders. Should a threshold become available of when
occlusion occurs from experimental or computational findings, it will simply be a value above which the
vessel will be occluded, and anything beyond this threshold can be considered as over-occlusion.

7.4.2. Occluder stability

The lack of satisfactory occluder stability in the context of EABO has frequently been cited as a major
disadvantage, despite all of the advantages of using the EABO-system, cf. Section 2.2. Nevertheless, this
lack of satisfactory occluder stability has received very limited attention in literature, when considering
its evaluation [346] or its remedy [308].

In the computational results presented, occluder stability is evaluated in terms of the resultant force
exerted by the occluder in the direction of the vessel axis at the occlusion site. The occlusion site refers to
the axial coordinate of where the occluder is applied. Due to the equilibrium required for each load step of
each simulation, this resultant contact force exerted by the occluder would of course be zero. Therefore,
the occluder resistance force was obtained by only considering the positive force components in the vessel
direction. This quantity will be referred to as the migration resistance force of the occluder, Fmigr, and is
basically one of the two components of force needed to keep the occluder in equilibrium relative to the
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(a) EABOpure (b) CEABOw (c) CEABOp,0

Figure 7.4.: The occluder migration resistance force visualized for different EAB-related occluders at
|PEAB| = 0.8.

vessel axial direction. It is depicted in Figure 7.4 and defined as,

Fmigr = Fmigr
n + Fmigr

τ =
1

2

nocclnd∑
i=1

|Fn,i · nvess|+ 1

2

nocclnd∑
i=1

|Fτ,i · nvess| (7.10)

with the normal and tangential contact force vectors, Fn and Fτ respectively projected in the direction
of the vessel axis nvess, summed over all the nodes on the vessel making contact with the occluder noccl

nd .
For the CEABO simulations, this refers specifically exclusively to the contact between the EAB and the
vessel.

7.4.3. Applied clamp force

Although the applied clamp force is frequently reported in experimental studies, it has seldomly been
reported for computational investigations. The force required to clamp the aorta extracted in a similar
way as the occluder migration resistance force. An advantage of this measure of force is that it is one of
the few parameters that is comparable to published experimental results for validation purposes.

A strategy similar to the one presented above was used to obtain the total applied clamp force, F cl. It
consisted of the resultant force exerted normal to the vessel axis and in-line with the plane in which the
clamps remain during the hinged clamp movement, defined as,

F cl = F cl
n + F cl

τ =

nocclnd∑
i=1

|Fn,i · ncl|+
nocclnd∑
i=1

|Fτ,i · ncl| (7.11)

with the the normal and tangential contact force vectors, Fn and Fτ respectively projected in the direction
of the clamp surface normalncl, summed over all the nodes on the vessel making contact with the occluder
noccl

nd .

7.5. Comparative functional performance

In the following section, results comparing the functional performance of the existing and newly proposed
occluders are given, as obtained by the computational simulations presented. Brief discussions on related

106



7.5. Comparative functional performance

findings accompany these results, and continual referral to the fulfillment of the stated requirements will
be made. The occluders simulated comprised of three different sets of cross-clamps (parallel, standard and
crab-pincher), EABO and CEABO with three different constrainer designs (narrow, wide and profiled),
as reflected in the simulations performed: CC||, CCcrab, CCstd, EABOpure, CEABOn,i, CEABOw,
CEABOp,i for i = 0, 2, 4 indicating the occluder-EAB offset, as outlined in Section 6.2 and Table A.2.

Two independent variables are used throughout the results to allow for direct comparability of certain
dependent variables obtained from specific types of occluders. Firstly, for direct comparability between
the cross-clamping simulations, the normalized clamped luminal area |Alumen

cl | was used. It was obtained
by extracting the luminal area along a an axial slice positioned at the occlusion site, passing through the
clamped aorta and the clamp surfaces in the current configuration, and normalized to the corresponding
luminal area in the reference configuration. Therefore, a |Alumen

cl | = 1.0 meant that the luminal area
in the current configuration was the same as that of the reference configuration, while |Alumen

cl | = 0.0
implied full occlusion. Secondly, for direct comparability between the EAB-related occluders, the nor-
malized EAB pressure |PEAB| was used. It was obtained by normalizing the current EAB pressure to the
maximum EAB pressure simulated, i.e. 46.67 kPa. Therefore, |PEAB| = 1.0 represents the maximum
EAB pressure considered. Furthermore, the normalized EAB volume, |VEAB|, is also referred to. It was
obtained by normalizing the EAB-volume in the current configuration to the EAB-volume obtained when
it was inflated by itself, i.e. not considering a vessel, up to the maximum PEAB defined in Section 6.2.4.2.

The strain measure considered throughout was the Euler-Almansi strain, as defined for the 3D case
considered here in Eq. (6.15). It was useful to consider its relation in 1D for explanatory purposes, defined
as,

εEA =
1

2

(
1− L2

l2

)
(7.12)

where L and l are the undeformed and deformed lengths, respectively. This measure is particularly suited
to evaluate high compressive strains in the finite strain setting.

Furthermore, the maximum shear strain and von Mises strain were also considered, respectively calcu-
lated from the principal strain components ε1, ε2 and ε3 as,

ετ,max = ε1 − ε3 (7.13)

εVM =

√
1

2

[
(ε1 − ε2)2 + (ε2 − ε3)2 + (ε1 − ε3)2

]
(7.14)

Although, the CEABOw simulation could only be completed to |PEAB| = 0.61 (see below), its poor
performance in terms of stability seen in the acquired results, cf. Section 7.5.3, justified the inclusion of
this incomplete set of results.

7.5.1. Local progression of strain during occlusion

Figure 7.5 gives an overall impression for the impact that each occlusion technique had in yielding a
complex loading and deformed configuration of the vessel.

The next and probably most significant comparable feature of the impact that an occluder had on the
vessel, was the progression of different maximal strain measures during occlusion, at different local re-
gions of interest (ROIs) on the vessel. The ROIs considered were located at the proximal and distal pinch-
ing sites, as well as the inferior and superior clamping regions as indicated. Due to the planar symmetry of
the problem, only the inferior clamping region was considered, while for the EAB-related occlusion tech-
niques, no pinching sites were considered, due to its radial symmetry. Each ROI consisted of extracting
results from the vessel wall falling within a sphere (R = 2 mm) centered mid-wall at the desired location
as shown in Figure 7.6a. For comparative purposes, the strains in the occlusion ROI were also extracted,
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(a) CC|| (b) CEABOn,0

(c) CCstd (d) EABOpure (e) CEABOw

(f) CCcrab (g) CEABOp,0

Figure 7.5.: The von Mises strains for all the occluding techniques considered in the deformed config-
uration at a comparable intermediate stage of occluder progression. For the different cross-
clamps, these results were extracted at |Alumen

cl | ≈ 0.2 and the results refer to the top color
bar. For the EAB-related occluders, these results were extracted at |PEAB| ≈ 0.6 and the
results refer to the bottom color bar.
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Figure 7.6.: The progression of strains plotted in Figure 7.7 were extracted from (a) the inferior, proximal
pinching site and distal pinching site, as well as from (b) the entire occlusion region.

consisting of a 20 mm tubular section of the idealized vessel, centered at the occlusion site, as shown in
Figure 7.6b. Including the occlusion ROI made it possible to evaluate whether peak strains captured inside
a ROI were the highest in the occlusion region or not. The resulting strains from these ROIs are shown in
Figure 7.7

For cross-clamping, as shown in Figure 7.7a, it should be noted that for the hinged clamps (CCstd and
CCcrab), the inferior ROI results did not match the landing site of the clamp, as reflected by the response
mismatch between this ROI and the entire occlusion region. Secondly, the non-monotonous increase in the
first principal strain (positive values indicate tensile strain) can be ascribed to the fact that a prestressed
cylindrical vessel under a hydrostatic load was occluded, meaning that as the cross-clamps closed, the
principal directions in the different ROIs changed. Furthermore, as the occluder progressed, the strain of
a certain measure that dominated the overall strain response, changed. This was also clearly evident in the
resulting third principal strains (negative values indicate compressive strain), showing that up to a range
of |Alumen

cl | ≈ (0.28 : 0.18), a maximum dominated that was only captured by the occlusion region, while
after this point, it was clearly situated in the proximal pinching region. Thirdly, it can be seen that the
first principal strains were dominant in the inferior region – or more precisely, the clamp surface landing
site – for the majority of the clamp closure progression. However, prior to intimal self-contact, the strain
in the proximal pinching region started to dominate. It is noteworthy that the strain in the inferior ROI
was in a very similar range compared to the pinching site, although the pinching site showed a much
greater increase upon intimal self-contact. Fourthly, it should be noted that large tensile and compressive
strains occurred at the pinching sites. Finally, in terms of third principal strains, as already mentioned,
an uncaptured region initially dominated the maximum compressive strains, although ultimately, and at a
point prior to when tensile strains started to dominate, the strain in the proximal pinching site dominated.
Here, the compressive strain in the inferior ROI only sharply increases once intimal self contact occurs.

For the strain response of the EAB-related occluders, shown in Figure 7.7b, it is evident from the first
principal (maximum tensile) strains that these occluders yielded an overall smaller tensile stretch in the
vessel wall, while at the same time maximizing the compression to the vessel wall. Very significant, is the
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Figure 7.7.: The progression of maximum values of first principal ε1, third principal ε3, maximum shear
ετ,max and von Mises εVM strain, respectively, during occlusion for the different (a) cross-
clamps and (b) EAB-related occluders at the following extracted regions: entire occlusion
region (solid lines), the inferior region (dash-dot lines), distal pinching site (dotted lines) and
proximal pinching sites (dashed lines). These locations are graphically shown in Figure 7.6.
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way in which the constrainers were able to substantially limit the maximum stretch in the vessel – no con-
strainer yielded an increase of the first principal stress of more than∼15%, while it showed an increase in
the third principal strains that was substantially higher than EABOpure. Both are desired features, but the
latter needs to be qualified: an increase in compressive strain is an unavoidable consequence for enabling
occlusion of a vessel lumen – regardless of the type of occluder. However, the distribution and magni-
tude of these compressive strains along the entire occlusion site were important – all of which are not
entirely evident from the results presented in the figure above, but further considered in the next subsec-
tion. Nevertheless, comparing only the maximum tensile strains between the constrainers, CEABOn,0

initially outperformed CEABOp,0, since the inflating balloon still needed to push the entire aortic wall
into the depression of the profiled constrainer. Once the aortic wall was completely pushed into the profile,
the contribution of an increase of EAB-pressure was dramatically decreased. It can also be seen that the
maximum strains were not captured by the inferior region, but rather in the occlusion region. This can be
ascribed to the main contact occurring further away from the center of the EAB, where it makes contact
with the slanted surfaces of the profile, cf. Figure 7.5. For CEABOn,0, although the constrainer restricted
the tensile strain induced in the vessel wall nearly immediately after EAB contact, a further increase in
EAB-pressure caused stress-concentrations on the outer edge of the constrainer and can be related to the
thinness of the constrainer itself, ultimately performing worse than CEABOp,0 in limiting the tensile
stretch. Although CEABOw was not completed, with the results shown and the known configuration, it
is expected to outperform the former two constrainers, since it allowed no further stretch of the vessel.

In generally comparing the cross-clamping and the EAB-related occlusion techniques, a large differ-
ence between the resulting first and third principal strains can be observed – both for regimes of occlusive
loading that is required to achieve occlusion. The maximum shear and the von Mises strain do not grant
much additional insight into the mechanical phenomena at stake, but rather provide a summary of effects.
However, it is clear that a significant maximum shear strain is induced, especially in the cross-clamping
simulations, in which case it can be mainly ascribed to the pinching of the vessel wall.

The extent of impact by the exerted compressive strain was difficult to evaluate. Although it might
appear that the compressive strains dominated, cf. Figure 7.7, it should be noted that the formulation of
the Euler-Almansi strain does not allow for the direct comparison of strains in compression and in ten-
sion, cf. Eq. (7.12). In the function described by this equation, the negative limit of stretch yields a strain
of −∞, while the positive limit of stretch asymptotically increases to 0.5. Damage of the vessel will
depend depending on whether some tensile, compressive or shearing strains exceed some local material-
specific (mostly unknown) threshold. Tensile damage has been most widely described, as reviewed in
Section 6.2.2, due to the relative ease of its evaluation. Compression and shear damage evaluation for
arteries are scarcely reported in literature, which can be ascribed to the complexity of measuring such
damage in soft biological tissues. This lack of information comes from a general lack of understanding
of the exact mechanisms responsible for compressive and shear damage in soft tissue, as reflected in the
widely researched area of deep tissue injuries, i.e. injuries caused to skeletal muscle due prolonged com-
pressive and shear loading, e.g. patients lying on a particular side of their bodies for a prolonged time
without adjustment [303, 322]. One plausible mechanism that has been hypothesized and is very likely
applicable to the compression of arteries, is that the damage to muscle fibers occurs due to excessive me-
chanical deformation and the subsequent disruption of the fibers [322]. The mechanisms for fiber damage
in arteries are likely similar for tensile, compressive and shear damage, but have different (yet unknown)
paths of loading along which it occurs. Additionally, compressive damage has been shown to also depend
not only on the magnitude, but also the duration of the applied load [18, 322]. All of these factors should
also be taken into consideration when interpreting the maximum shear and von Mises strains, because
both of these are influenced by the given formulation yielding high values for the compressive strains.
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7.5.2. Requirement: Minimize vessel damage

In order to further evaluate how effective an occluder was at minimizing strain induced by the occluder,
while maximizing the occlusive potential and evenly distributing the intimal contact load, i.e. require-
ments 1, these related parameters are plotted in Figure 7.8.

As can be expected, the trend of the response for the maximum intimal contact pressure and the oc-
clusion potential did not differ much for the different occluders. However, clearly apparent was the much
larger strain that had to be induced by the cross-clamps to achieve intimal self-contact at all, when com-
pared to the EAB-related occluders. Considering only the different cross-clamps, it can be seen that a
significant amount of strain had to be induced before a state could be reached where occlusion could even
be possible, i.e. poccl

n > 0. Furthermore, the maximum contact traction induced, the stage when occlu-
sion potential was first reached and the corresponding amount of strain induced, clearly depended on the
hinged configuration. In other words, the more the configuration of a cross-clamp deviated from perfectly
parallel, the worse the impact was due to the excessive strains experienced by the proximal pinching
site, cf. previous subsection, and the worse the intimal contact would contribute to the occlusion poten-
tial. Therefore, the worst cross-clamp performance in terms of the stated requirements were delivered by
CCcrab, followed by CCstd and then CC||.

In terms of the EAB-related occluders, it can be seen that each constrainer considered was superiorly
efficient in facilitating an increase in the occlusion potential, while significantly limiting the maximum
(tensile) first principal strain induced in the vessel. Comparatively, the efficiency of EABOpure to in-
crease the occlusive potential, but also intimal contact traction, declined beyond a very early stage at
εVM ≈ 0.19. At some point it even caused more tensile strain that the cross-clamps, although the com-
pressive strains remained relatively low. Unfortunately, so too did the occlusion potential. Comparing
between the different constrainers, the configuration by which the vessel made contact with the EAB
and the differently shaped constrainers yielded a similar trend as described in the previous subsection:
the nearly immediate restriction of the constrainer of CEABOn,0 yielded initial good performance, but
was eventually surpassed by the profiled constrainer of CEABOp,0, while CEABOw is expected to
outperform both of the former in the stated requirements.

Importantly, it can be seen that CEABOp,0 yielded a comparable gradient of occlusion potential over
first principal strain as the cross-clamps, but at a global increase of first principal strain that is approx-
imately half the increase yielded by cross-clamps. Furthermore, it also showed a lower gradient of in-
creasing the third principal strains was achieved than cross-clamps, but once again at nearly half the
increase yielded by the cross-clamps. Comparatively, EABOpure clearly performed extremely poor, hav-
ing a clearly limited ability of increasing the occlusion potential, while causing significant tensile strains.

Finally, all the different CEABO variations evaluated revealed highly desirable performance features
in terms of the minimizing potential vessel damage, not achievable by the other occlusion techniques
considered. This included the constrainer’s ability to maximize the third principal (compressive) strains
in the vessel while limiting the first principal (tensile) strains. Furthermore, combined with the results
presented in this section about how the slight increase in a relatively low first principal strain caused a
steep increase in occlusion potential with a concomitant increase in the third principal strains.

7.5.3. Requirement: Provide stable, thus reliable occlusion

As defined in Section 7.4.2, the occluder stability is one of the two components of force in the axial
direction of the vessel keeping the occluder in its applied position, i.e. in equilibrium. Even though an
issue of cross-clamps migrating has not been previously reported, the migration resistance force for the
cross-clamps and the EAB-related occluders are shown in Figure 7.9.
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Figure 7.8.: The occlusion efficiency of each occluder, in terms of minimizing the impact on the ves-
sel, showing (a) the maximum intimal contact pressure pint

n and (b) the occlusion potential
poccl
n plotted against the maximum first (top) and third (bottom) principal strains, respec-

tively. These strains were evaluated in the occlusion region, depicted in Figure 7.6b. Axial
sections of representative models are shown to indicate the characteristic contact pressure ex-
erted on the intima. The two color bars represent the values displayed for cross-clamps and
EAB-related occluders, respectively.
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Figure 7.9.: The total migration resistance force Fmigr (solid lines) made up of the components of the
induced normal (dashed lines) and tangential (dotted lines) contact force, respectively, shown
for a) the different cross-clamps and b) the EAB-related occluders. Note the definition of the
normal and tangential components in Eq. (7.10).

Although the migration resistance force increased sharply for EABOpure, as well as for the other
CEABO-simulations, it was still much lower than any of the cross-clamps. As soon as cross-clamping
resulted in intimal self-contact, the migration resistance force rose sharply. The high resistance yielded by
EABOpure can be ascribed to the slanted surfaces of the vessel wall yielded by the expanding EAB. Both
theCEABOn,0 andCEABOp,0 also yielded good resistance, but because of different configurations: the
former because the EAB bulged around the sides of the constrainer, and the latter because of the constric-
tion of lateral EAB expansion by the slanted surfaces of the profiled constrainer. Here, CEABOw was
expected to perform the poorest due to its migration resistance being mainly dependent on the frictional
component. All these effects are shown as visual representations in Figure 7.8.

It is interesting to note how the total cross-clamp migration resistance force was made up of a near-
similar contribution of force from the normal and the tangential components. A lower frictional coefficient
than was chosen here will subsequently imply a greater potential increase in instability prior to occlusion.
This implies that the surgeon not only needs to over-clamp the aorta to ensure occlusion, but in the
case of a lower contact friction, potentially also needs to ensure occluder stability. For the EAB-related
occluders, the normal contact force yielded the largest contribution to the migration resistance force. This
can be ascribed to the slanted surfaces created by the EAB in different configurations as described above.

The quantity of migration resistance force needs to be evaluated with caution. A higher value does
not necessarily mean more stability, but also depends on the configuration of the occluder. To aid in its
evaluation, one has to consider the application of an axial load to the occluder to disturb the equilibrium
of forces between Fmigr and −Fmigr. For the cross-clamps, such a load will cause it to move, while the
new Fmigr during this applied axial load will remain close to the pre-disturbed value, because the clamp
arm displacement is locked into place by the ratchet system, cf. Figure 2.1. Similarly for EABOpure

and CEABOw, such a load will cause the EAB to move, while the Fmigr will remain close to the pre-
disturbed value, because after having been displaced axially, the EAB is still surrounded by a stretched
vessel (EABOpure) or a wide-region of constrained vessel expansion (CEABOw). For CEABOn,0,
such a load will push a larger portion of the EAB to bulge out around the constrainer in the direction of
the load. This will result in the EAB becoming very unstable, and it will slip out of the constrained region
and effectively recover EABO, i.e. poor stability. However, for CEABOp,0, the EAB will be forced in
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(a) CEABOn,0 (b) CEABOn,2 (c) CEABOn,4

(d) CEABOp,0 (e) CEABOp,2 (f) CEABOp,4

Figure 7.10.: The ineffective ability of the narrow constrainer, but the superior ability of the profiled con-
strainer to enable accurate positioning of the occluder, but also ensure the stability of the
EAB, even when the alignment between the EAB and the constrainer is mismatched, show-
ing EAB displacements at |PEAB| = 1.0.

the direction of the smallest diameter of the constrainer, thereby effectively preventing the EAB from
moving, i.e. the Fmigr will increase (up to a certain point) – good stability.

7.5.4. Requirement: Enable accurate occluder positioning

While the positioning of cross-clamps at the desired site of occlusion is trivial, EABO is much more
difficult. If the EAB-catheter is inserted femorally, it has to be located either manually by palpation (i.e.
more manipulation) or approximated by intra-operative fluoroscopy. The difficulties with determining its
position are clear.

Tying in with the previous requirement, a simple demonstration is considered here to indicate the ef-
ficiency of the narrow and the profiled constrainer to aid in determining the position of the EAB and
ensuring that the vessel is occluded where specified. Figure 7.10 shows the results of CEABOn,i with
i = 0, 2, 4 compared with CEABOp,i with i = 0, 2, 4.

As shown in this figure, it is clear that the profiled constrainer facilitates the positioning of the EAB,
even when the EAB and the constrainer are not perfectly aligned. Contrarily, the misalignment between
the narrow constrainer and the EAB will cause the EAB to slip away from of the constrainer region.
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Figure 7.11.: The intimal surface area in contact Aint
c due to the (a) different cross-clamps and (b) EAB-

related occluders. Furthermore, the progression of the maximum tangential contact traction
magnitude for the EAB-related occluders is shown in (c).

7.5.5. Requirement: Minimize intimal surface disruption

As explained above, a degree of normal contact traction is required to achieve and increase the occlusion
potential and is an unavoidable part of occluding the vessel. However, the tangential contact traction and
the total area of the intima that will come into contact with the occluder (EAB-related occluders) or itself
(cross-clamping) can additionally disrupt the intima. These two variables are plotted in Figure 7.11. As
stated in Section 6.1.4.5, the tangential contact traction for the displacement-controlled movement of the
clamps was assumed to have a negligible frictional coefficient and therefore are not considered further.

These results clearly show that the thin clamp arms will result in a significantly smaller area of the
intima coming into contact, while the constrainers are only partially effective at reducing this area, since
it is clearly dependent on the EAB-size. The cross-clamps once again demonstrate the effect of the hinge
configuration, while it should be noted that no cross-clamping simulation was able to reach |AEAB| = 0.
An unintended, yet telling consequence of the model setup was that the out-of-plane hinge of CCstd and
a high chosen friction coefficient, which led to the cross-clamps to pull more vessel material towards the
occlusion site, causing a slightly larger final contact area, as can be seen in Figure 7.11a. The discrete step
sizes in the resulting area plotted can be ascribed to the postprocessing of the area, where contact area
was simply calculated proportionally to the nodes in contact.

The maximum tangential contact traction induced clearly shows that the desired properties of the con-
strainer, i.e. efficiently and uniformly transferring the normal contact traction while inducing limited strain
in the wall, came at the cost of an increased maximum tangential contact traction.
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Finally, it must be noted that occlusion will always result in some degree of intimal disruption, whether
during EABO or CEABO, or even when intimal self-contact occurs during cross-clamping. This has
repeatedly been shown experimentally, cf. Section 2.1.1 and 2.3.1. One study made an exemplary conclu-
sion by stating that neither the pressure nor the duration of cross-clamping can be adequately controlled to
prevent intimal disruption [18] – in a study where the tangential contact traction can safely be assumed to
have been negligible. Therefore, simply the compression along the luminal circumference of the vessel at
the occlusion site is already sufficient to cause intimal disruption. Furthermore, despite the intimal disrup-
tion, it is mainly only a surface phenomenon, whereas higher strains in the vessel wall will be responsible
for deeper and more comprehensive damage of the vessel, cf. Section 7.5.1. Interestingly, Margovsky
et al. [226] reported an increase in the area of endothelial damage under a higher applied load for the
same cross-clamp affecting the same area, suggesting the area in contact is not the sole determinant of
intimal disruption, but also the level of stress/contact traction it is exposed to.

7.5.6. Requirement: Enable clinically determinable occlusion

For an occluder to enable clinically determinable occlusion, clinically known parameters need to be easily
relatable to the occlusive state and the level of occlusion. As thoroughly explained in Section 7.4.1, the
occlusion potential is a (scalar) parameter that combines this information into a single parameter. For
this reason, the occlusion potential is plotted against the applied clamp force and the normalized EAB
pressure, respectively, in Figure 7.12. The non-smooth character of the occlusion potential curves can be
ascribed to the postprocessing of the occlusion potential, as referred to in Section 7.4.1.

As expected, CC|| yielded a straight curve, because perfectly parallel cross-clamps clamping an ideal-
ized vessel should result in a linear relation between the occlusion potential and the applied clamp force,
as seen in Figure 7.12a. This characteristic increase was also assumed by the two earlier studies investigat-
ing minimum vascular occlusion force (MVOF), cf. Section 7.4.1 and also experimentally measured when
clamping a sheep’s carotid or femoral artery [225]. However, as soon as the cross-clamp hinge configura-
tion deviated from a parallel configuration, these results indicate that the relation lost its linear character.
As can be seen in the results of CCstd, the occlusion potential was applied increasingly less effectively as
the applied clamp force was increased, evident from the convex curving progression. Note that the results
for CCcrab only represented two non-zero values for the occlusion potential and thus did not allow for a
more detailed interpretation. Furthermore, as can be seen in the figure, a very steep gradient was yielded,
i.e. a small change in clamp force caused a large change in occlusion potential.

For the EAB-related occluders, it can be seen in Figure 7.12b that very soon after EAB-vessel contact
has occurred (from |PEAB| ≈ 0.4), the ability of the EAB to increase the occlusion potential during
EABOpure was drastically reduced (from |PEAB| ≈ 0.43), while the constrainers managed to maintain
a steady, near-linear increase. It can once again be observed that the occlusion potential for the profiled
constrainer initially rose slowly due to the vessel being pushed into the profile of the constrainer, but
eventually reached a linear character since any further increase in EAB-pressure increases the intimal
contact traction and therefore also the occlusion potential. Furthermore, this near-linear response for all
the constrainers had a steady gradient to allow finer control of the occlusion potential upon varying the
EAB-pressure. This was also seen in Figure 7.8.

The near-linear relation between the occlusion potential and the EAB-pressure, a feature displayed
by all the constrainers considered, was the most promising response of all the occluders towards the
enabling of a clinically determinable occlusion threshold. This is because despite the nonlinear response
of the vessel, the loading configuration implied that the constrainer limited the radial expansion of the
vessel, causing the contact pressure to increase due to the EAB pushing practically pressing against an
incompressible strip of material (the vessel wall), as depicted in Figure 7.2c. The variability in the EAB-
pressure vs. occlusion potential response will therefore fundamentally depend only on the compression

117



7. Aortic occlusion: comparison of existing and new techniques

25 30 35 40 45
F cl [N]

0
10
20
30
40
50
60
70
80

po
cc

l
n

[k
Pa

]

(a)

0.4 0.5 0.6 0.7 0.8 0.9 1.0
|PEAB| [-]

0

10

20

30

40

50

po
cc

l
n

[k
Pa

]

|PEAB| is clinically available data

(b)

0.2 0.4 0.6 0.8 1.0 1.2
max(pn,int) [kPa]

0

10

20

30

40

50

60

m
ax

(ε
V
M

)
[-

]

EABOpure

CEABOn,0

CEABOw

CEABOp,0

CC||
CCstd

CCcrab

0.2 0.4 0.6 0.8 1.0
|PEAB| [-]

0.2

0.3

0.4

0.5

0.6

0.7

|V
E

A
B
|[

-]

(c)

Figure 7.12.: Evaluation of the potential for a clinically determinable state and level of occlusion, by
considering a clinically determinable parameter of occlusion with the occlusion potential
for (a) the cross-clamps and (b) EAB-related occluders – showing also the pressure-volume
relationship for the latter occluders in (c).

of the vessel wall. In contrast to this, during EABO, the EAB presses against this incompressible strip of
material that is only limited by the amount by which it can stretch laterally with an expanding EAB, as
shown in in Figure 7.2b. Here, the variability will not only depend on the vessel wall compression, but
also the stiffness of the surrounding wall in the circumferential and axial directions. Finally, the loading
configuration of cross-clamps must also be considered, as shown in Figure 7.2c. It is clear that although
the cross-clamp configuration also similarly limits the expansion of the strip of material (the vessel wall)
as during CEABO, it is dependent on the compression of twice the wall thickness and the pinching of the
vessel wall will introduce additional variability to the load required, due to the unknown stiffness resulting
from the clamped pinching sites. Material inhomogeneities are expected to aggravate these variabilities
for cross-clamping and for EABO. For CEABO, the influence of such inhomogeneities are expected to
be minimal, because the hydrostatic pressure-driven, load controlled configuration of the EAB pressing
the vessel wall against a non-expanding surface will naturally cause an even distribution of the contact
traction.

Consequently, determining a safe level of occlusion during CEABO becomes predominantly dependent
on the geometry, with very little influence of the material parameters. Thereby, these results effectively
demonstrated the superior ability of CEABO to enable the (simple) prediction of the lowest required EAB
pressure required to safely occlude a vessel, by using only clinically determinable parameters.
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Table 7.1.: The relative functional performance of the different occlusion techniques in providing safe,
efficient and reliable occlusion, with the scores indicating how well an occlusion technique
fulfilled the stated requirements – “5‘” being the best and “1” the worst.
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1a Minimize vessel damage: minimize strain 1 1 1 2 3 5 4
1b Minimize vessel damage: maximize occlusion potential 1 1 1 2 5 5 4

1c
Minimize vessel damage: ensure low and uniform
distribution of occlusive load

1 1 1 3 4 5 5

2 Provide stable (i.e. reliable) occlusion 5 5 5 2 1 1 4
3 Enable accurate positioning of occluder 5 5 5 1 2 2 3
4 Minimize total intimal surface disruption 5 5 5 1 2 2 2
5 Enable clinically determinable occlusion threshold 2 1 1 2 5 5 5
6 Minimize vessel deformation 1 1 1 2 3 5 4

7a
Simple: maintain/decrease standard occlusion and CPB
time

3 3 3 2 2 2 2

7b Simple: do not clutter surgical field 1 1 1 3 2 2 2
8 Be cost efficient 3 3 3 1 1 1 1

Total 28 27 27 21 30 35 36

7.5.7. Requirement: Minimization of vessel deformation

As exemplary demonstrated in Figure 7.5, CEABO performed the best at minimizing the vessel deforma-
tion, followed by EABO, while any type of cross-clamping severely deformed the vessel.

7.6. Discussion

The presented computational study made use of state-of-the-art material models with experimentally de-
rived parameters, advanced contact formulations, specified FE element technology suited for the appli-
cation, occluder models accurately representing that which is used clinically and the consideration of
measures previously not considered or sparsely evaluated. Thereby, it was possible to not only obtain
previously unevaluated, quantitative, clinically relevant, mechanical insights into each of the occlusion
techniques considered, but also provided the means to allow for the evaluation and comparison of key
requirements needed for safe, efficient and reliable occlusion, as considered in the following.

7.6.1. Summary of functional performance/requirement fulfillment

In order to evaluate the overall comparative outcome of how well each occlusion technique fulfilled the
stated requirements, a relative scoring system was employed following the convention defined in Ap-
pendix B. The resulting scoring of all the occlusion techniques is shown in Table 7.1. These scores were
based on the computational results presented in the preceding section and the fundamental and clinical
aspects of aortic occlusion reviewed in Chapter 2.
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The requirements not assessable through the computational study of this chapter need some further
clarification: The simplicity of the occlusion technique as to maintain/decrease the standard occlusion
and CPB times were derived from the comparative findings presented in Table 2.1 showing that it is not
entirely clear which method will incur the most time. This is because the “all-in-one” features of the
EABO-system negates the insertion of an additional cardioplegic catheter. The cluttering of the surgical
field by CEABO was assumed to be minimal, while the cost is of course slightly higher than EABO,
because an additional component would be required.

Another interesting observation is that in terms of relative performance of all the occluders, the standard
and crab-like cross-clamps did not differ in their performance. Note that parallel clamps are not available
clinically. Of course, compared with each other, the standard cross-clamps produced comparative occlu-
sion potential at lower induced strains, but other than that, very little differences were found. Combined
with the clinical uncertainty of occlusion naturally resulting in over-occlusion, it is questionable whether
standard cross-clamps would ultimately be safer than crab-like cross-clamps, especially in a high-risk
situation, i.e. in the presence of calcified lesions. This is because both cross-clamps will severely damage
the vessel, especially at the pinching sites, even if the standard cross-clamps will do so to a slightly lesser
extent.

It must be noted, that these scores do not include any weighting of importance nor exclusion crite-
ria. For instance, the importance of occluder stability might be considered to be more important than
its cost, underlining the value of weighting each score by an importance ratio/percentage. Furthermore,
CEABOn,0 and CEABOw displayed such poor fulfillment of ensuring occluder stability, that its per-
formance should actually exclude it from being further considered. Matters of weighting and exclusion
increases the subjectivity of such an evaluation, and is best done by the end-users of the occluder – the
clinicians.

Nevertheless, the presented score card reflects the current trend of clinicians to no longer use EABO, but
rather cross-clamps, cf. Section 2.3.2. Taking a closer look at the scores, the cross-clamps are considered
more favorable based on their simplicity, cost and ability to provide stability and accurate positioning.
This finding arose despite its poor performance in preventing damage and minimizing deformation.

Furthermore, the score card also indicates the clear potential of CEABO with a profiled constrainer to
be a feasible alternative to cross-clamping and EABO. This can be attributed to the main functionality of
the constrainer: maximizing the occlusive load uniformly over the intimal surface, while constraining the
tensile strain (and therefore damage) induced. Furthermore, no previous occluder has practically shown
any potential of offering a clinically determinable occlusion threshold. Finally, requirements not tested
by the computational models presented are easily evaluated since the only complexity that CEABO will
add to the already clinically accepted EABO, is the placement and securing of the constrainer around the
vessel at the desired site of occlusion.

But once again, the weighting of importance will play an important role: if occluder choice is clini-
cally guided by the consideration of minimizing vessel damage (and therefore also patient-outcome), then
it is definitely the best option. Furthermore, as opposed to all other occlusion techniques, CEABOp,0

was occlusion technique exhibited the least comparatively poor performance, i.e. a very good perfor-
mance overall. However, this poorly fulfilled requirement is the cost of the occluder. As discussed in
Section 2.3.2, the material costs for EABO clearly exceeds those of cross-clamping, although no proper
evaluation of the total treatment cost has been made. Regardless, the cost of a medical device is definitely
also a strong proxy for clinical procurement decision-making.
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Figure 7.13.: The progression of the applied clamp force F cl, also showing the components of normal
(striped lines) and tangential (dotted lines) contact force which make up the total value
(solid lines).

7.6.2. General findings

7.6.2.1. First steps towards validation of the presented models

Although the applied clamp force did not reflect a specific requirement, its outcome yields certain impor-
tant perspectives, especially in terms of validating the model, as stated in Section 7.4.3. The progression
of the applied clamp force during cross-clamp closure for the different clamps considered is shown in
Figure 7.13. It is worth noting that the majority of the total applied clamp force consists of the corre-
sponding normal components of the contact force, i.e. the choice of frictional coefficient had a minimal
influence. Furthermore, the applied clamp force expectedly rose steeply as soon as intimal self-contact
occurred for the first time. Another feature visible in these results, is that CCstd had an out-of-plane hinge
and a large friction coefficient, causing the cross-clamp progression to pull more vessel material towards
the occlusion site. This resulted in an earlier state of inner self-contact and a larger clamp force, as also
seen in Figure 7.10.

These results provide valuable insights into the actual validity of these models in terms of its compari-
son to occluding an actual artery under in vivo loading conditions. In considering either carotid or femoral
arteries of sheep, [226] used an experimentally derived formula to determine the applied clamping force
based on the external diameter, the clamped thickness of the vessel and the contact area of the clamps –
all for different notch levels of the clamp. For carotid and femoral arteries with mean external diameters
of 7.2 and 5.3 mm, clamping forces of 3.76-6.61 N and 5.68-9.57 N for notch levels 3–6 were reported,
respectively. Unfortunately, the clamped thickness was not reported although used in their formulation.
However, the idealized artery modeled is expected to be in the range of twice the thickness and diameter
of the carotid and the femoral artery in humans. If it can be assumed that the inter-species scaling between
sheep and humans are minimal and that these ranges of dimensions hold, or perhaps slightly smaller for
sheep weighing 40-50 kg, then the range of applied clamping forces resulting from the presented compu-
tational models are at least in a reasonable range and definitely in the right order of magnitude.

Regretfully, all of the other studies considered where an actual artery was clamped did not provide
sufficient information to determine or derive the applied clamp force [8, 18, 90, 106, 157]. Furthermore,
the scale of the difference between the human aorta considered here and studies cross-clamping the aorta
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of a small rodent(s) [94, 103, 337] was considered too large for comparative purposes. These studies
reported applied clamp forces in the range of 1 N.

Since full validation of the presented models was not possible and beyond the scope of this inves-
tigation, the stresses induced in the vessel wall were also not reported. Although this information was
available from the chosen constitutive models, it was intentionally excluded. This was done because the
strain yields a good and interpretable analog to the stress in the vessel, while also avoiding placing too
much emphasis on stress quantities that are not yet validated. In this regard, the force quantities reported
above also need to be evaluated with the proper consideration.

Finally, it should be noted that currently, the applied clamp force seems to be the only computational
parameter directly comparable with an experimental parameter. As considered further in Section 7.6.3.3,
it is clear that computationally, the clamping force will be dependent on a number of different factors that
are not trivial to isolate. This is also evident from the curve that Famaey et al. [103] put forth as validation
for their cross-clamping simulations, which actually showed a rather poor correlation.

7.6.2.2. The perils of load-controlled clamping

Probably the most fundamental difference between the application of the load between cross-clamping and
an EAB-related occlusion, is that the former is displacement-controlled and the latter is load-controlled.
It has frequently been suggested that load-controlled cross-clamps would be desirable, since quite simply,
the load would be controllable. Examples of concepts based on this premise include a study by Darcin
[76], in which the clamp surfaces were covered with balloon inserts of which the internal pressure can
be controlled, effectively controlling the applied load. Another example is the concept presented by Luo
et al. [218] proposing the incorporation of a shape memory alloy into the cross-clamp arm in order to limit
the maximum load that can be applied to the aorta. Of course, the already mentioned studies on MVOF
(Section 7.4.1) were also performed presupposing the feasibility of load-controlled cross-clamping.

However, from the results shown in Figure 7.13, it can be seen that for an idealized artery, the clamp
force very steeply rises when intimal contact first occurs. This marked increase does not necessarily imply
a proportional increase in the occlusion potential, cf. Figure 7.8. Therefore, since parallel cross-clamps are
not clinically available, the clamp force at which occlusion will be first reached, will depend on the hinge
configuration and exactly where the vessel is located relative to the hinge. This point of when occlusion
first occurs will also lie somewhere on the steep gradient of the force response (only after intimal self-
contact has occurred). Additionally, reaching such a point will not only require very sensitive load-control,
but the desired level of applied clamping force where occlusion is first reached will be very sensitive to
any variations of the clamping force measurement. Furthermore, should it be possible to find the clamping
force where occlusion first occurs, then occluder stability might become an issue if the friction between
the vessel and the clamp surfaces are insufficient, cf. the values obtained for EABOpure in Figure 7.9.
This is because currently in the clinical setting, the stability of cross-clamps are increased by increasing
the applied clamping force. Finally, as already depicted in Figure 7.2, the variability of the load required
to sufficiently compress the vessel wall at the pinching sites will also play an important, non-trivial role in
determining the load required to achieve occlusion. Factors such as variable local vessel wall thickness,
material inhomogeneities and clamp orientation relative to the vessel axis all contribute to this variability,
cf. Figure 7.13.

Therefore, the complexity of a load-controlled cross-clamping setup and the variability that are faced,
seems to not justify further research on the topic. In the light of the presented results, it seems more
reasonable to rather pursue alternative new solutions, such as CEABO, that is introduced here.

These above-mentioned aspects also further emphasize the reason why clinically determinable occlu-
sion has not been practically realizable, despite being a desired feature of an occluder.
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7.6.2.3. General model response characteristics

The results of the presented models of different aortic occlusion techniques qualitatively correspond to
what has previously been reported, as reviewed in Section 7.1. These phenomena include an elevated
axial stress in the region making contact with the cross-clamp, cf. inferior region of Figure 7.7, and also
elevated tensile and compressive strains in the pinching sites.

The presented models further provide previously unevaluated detail using different cross-clamp config-
urations, considering EABO and also three design variations of the newly proposed occlusion technique,
CEABO, as well as a detailed insights into the resulting strains and contact phenomena induced.

Although the idealized vessel was modeled to be 150 mm long, a limited influence on the strain re-
sponse of the vessel was observed due to the complete fixation of the boundaries, i.e. the Dirichlet bound-
ary condition preventing the displacement of the vessel ends, cf. Section 6.2.1. The influence of that the
boundaries had are best explained by considering Figure 7.14, followed by the numerical results shown
in Figure 7.15 of representative examples. In the former figure, the directions of the first principal strains
experienced in each element are shown as lines, for a single ”slice” of elements in the vessel wall.

Figure 7.14a shows such a slice taken at the boundary and the occlusion site of CCcrab, respectively.
It can be seen that while the first principal strains were initially directed in the circumferential direction,
the increase in clamp-progression changed its direction. However, its magnitude was practically not influ-
enced as the occluder progressed, cf. Figure 7.15a. This change in the first principal direction, but not its
magnitude, then explains the concomitant increase and decrease of the second and third principal strains,
respectively, due to the large deformation of the vessel. Therefore, the influence of the strains induced at
the fixed boundaries were considered to have a sufficiently small impact on the strains at the occlusion
site to be considered negligible.

The results for EABOpure yielded no change in principal strain directions or magnitudes in the slices
extracted at the boundaries, as shown in Figure 7.15b. Furthermore, it can clearly be seen that for the EAB-
related occluders, as shown in Figure 7.14b that the first principal strain remained in the circumferential
direction at the occlusion site at the full EAB-pressure. Therefore, the influence of the strains induced at
the fixed boundaries on the strains at the occlusion site could also be neglected.

7.6.3. Limitations

Considering all of the excellent research on modeling of the arterial stress-strain response as reviewed
and used here, cf. Section 6.2.2, these models still require further improvement. In the following, brief
comments are made concerning the limitations of the presented models, which nevertheless represent the
current state-of-the-art.

7.6.3.1. Occluder models

Cross-clamping with clinically available clamps technically do not deliver a purely displacement-driven/dependent
load, due to the slenderness in the clamp arms and the presence of the parallel-gap-width, cf. Sec-
tion 6.2.1.3. This parallel-gap-width has a good average dimension of 3 mm, implying that the pinched
thickness of the average large-bore artery with a pinched thickness of 3 mm or less will experience clamp
surfaces that are nearly parallel upon first intimal self-contact. A vessel with a clamped thickness less than
the parallel-gap-width will benefit from the relatively slender clamp-arms hinging on the distal pinching-
site, thereby increasing the pressure on the proximal pinching-site. However, a thicker clamped thickness
or an excessive cross-clamp load will result in the clamp-arms hinging on the proximal pinching site and
cause a decrease in the occlusive load towards the distal pinching-site. This effect could not be evaluated
in the presented models due to the prescribed displacement of the clamp surfaces itself. Such effects will
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Figure 7.14.: The first principal strain directions of a ”slice” of elements taken from the vessel wall, show-
ing the directions of (a) a boundary and occlusion site slice for different stages of progression
of CCcrab, and the occlusion site slice at a maximum EAB progression for (b) EABOpure

and (c) CEABOn,0. Note that the boundary slice indicated in (a), corresponds to the slice
that is the closest to the boundary, shown in Figure 7.15c and d.124



7.6. Discussion

1.0 0.7 0.4 0.1
|Alumen

cl | [-]
0.05

0.06

0.07

0.08

0.09

0.10

0.11

m
ax

(ε
1)

[-
]

0.44 0.6 0.8 1.0
|PEAB| [-]

0.05

0.06

0.07

0.08

0.09

0.10

0.11

m
ax

(ε
1)

[-
]

1.0 0.7 0.4 0.1
|Alumen

cl | [-]
−0.02

−0.01
0.00

0.01

0.02

0.03

0.04

0.05

0.06

m
ax

(ε
2)

[-
]

0.44 0.6 0.8 1.0
|PEAB| [-]

−0.02

−0.01
0.00

0.01

0.02

0.03

0.04

0.05

0.06

m
ax

(ε
2)

[-
]

1.0 0.7 0.4 0.1
|Alumen

cl | [-]

−0.08

−0.07

−0.06

−0.05

−0.04

m
ax

(ε
3)

[-
]

0.44 0.6 0.8 1.0
|PEAB| [-]

−0.070

−0.065

−0.060

−0.055

−0.050

−0.045

−0.040

−0.035

m
ax

(ε
3)

[-
]

1.0 0.7 0.4 0.1
|Alumen,cl| [-]

−0.7
−0.6
−0.5
−0.4
−0.3
−0.2
−0.1

0.0
0.1

m
ax

(ε
1)

[-
]

Slice 1
Slice 2
Slice 3
Slice 4

(a) CC||

0.44 0.6 0.8 1.0
|PEAB| [-]

−0.05

0.00

0.05

0.10

m
ax

(ε
1)

[-
]

Slice 1
Slice 2
Slice 3
Slice 4

(b) EABOpure

(c) (d)

Figure 7.15.: The distribution of strain data at different equi-spaced axial slices, showing the results for
two representative occluders in (a) and (b). The location of the slices relative to the boundary
occlusion site are shown in (c) and (d). The axial slice intervals were 1.5 mm, starting
3.5 mm from the boundary progressing towards the occlusion site, considering the total
vessel length of Lv,a = 150 mm.
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become critical when clamping arteries with increased wall-thickness, especially with crab-pincher cross-
clamps and should be considered in future investigations. However, given the already poor performance of
any type of cross-clamps in terms of minimizing damage, the main question of interest will be whether a
thicker vessel wall or an excessive clamping load could actually be responsible for a decrease in occlusion
potential in increased applied clamp force.

Furthermore, the prescribed rotational movement of the clamp-surface around a fixed axis implied that
the real configuration of the cross-clamps were not perfectly captured, especially considering the crab-
pincher clamps. In reality, this type of clamp consists of one fixed arm, while only the opposite arm is
moved. The effect of this exact configuration is not known and should be considered in the future.

Due to the boundary conditions chosen to fix the EAB in place, it was not possible to accurately deter-
mine how much resistance the EAB-catheter would provide in stabilizing the EAB. However, considering
that the catheter is femorally inserted, its contribution is expected to be limited, due to the translational
freedom of movement of the catheter in the much larger aorta.

7.6.3.2. Boundary conditions

As shown in Section 7.6.2.3, the fixation of the vessel at its furthest boundaries had a very limited influence
on the strains yielded at the occlusion site.

The other main limitation of the presented model was that a constant follower-load on the entire intimal
surface was used to model the hydrostatic pressure that would be exerted by the blood. However, no
variation in this pressure due occluder-intima or intima-intima contact was considered. It meant that upon
intimal contact, the hydrostatic load was still exerted upon the region in contact, which is obviously
unphysical. However, equilibrium was of course always maintained after completion of each simulated
time step. Thereby, some variation in the occluder-intima loading magnitude might exist, compared to
reality. Nevertheless, this influence is expected to be more or less constant throughout and expected to
yield only a slight difference in the presented results. However, the full effects of this phenomenon need
to be considered in future studies.

Furthermore, once a valid line along which occlusion can occur was formed, i.e. Sclosed
c exists, the

hydrostatic load remained unchanged. Clinically, however, occlusion of the ascending aorta during CPB
will mean that the higher pressure from the systemic circulation is cut off from the proximal side, where
the pressure will drop because of a (partially) emptied heart. Its effect was not investigated, but is expected
to be less than the fully pressurized side.

Finally, no consideration was given to dynamics, which will especially be critical when doing a more in-
depth evaluation of occluder stability faced with dynamic loads, such as an instantaneous and substantial
change in blood pressure on either side of the occlusion site.

7.6.3.3. Modeling the pinched aortic wall

Modeling of the pinched aortic wall can safely be considered as the most challenging feature of the
presented simulations, because it involves a number of aspects that lay bare the limitations of the chosen
model assumptions, as considered in the following.

Hyperelastic material modeling Firstly, despite the maturity and development behind the used mate-
rial model, itself and others commonly used in literature, remain phenomenological in nature. No specific
components are considered, but rather lumped together in a model describing a general, near transversely
isotropic response, assuming that the fibers in compression can bare no load. As demonstrated from a
micromechanical perspective by Ateshian [13], no such phenomenological models can fully mimic the
strain induced anisotropy generated. This is because in the deformed configuration under a load causing
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a mix of fibers in tension and compression, the material symmetry is only dictated by those fibers in ten-
sion. Material symmetry depends on the single fiber angular distribution and strain field in the deformed
configuration, which cannot be represented by these lumped models.

Secondly, when considering the parameter fitting from experiments to material models like the Humphrey
model used here, Eq. (6.86) to (6.88), it is important to note the non-uniqueness of the final fit, as well as
the fact that the parameter values were not bounded during the fitting procedure – as was the case in the
study of Roccabianca et al. [297] where the chosen parameters for the aortic wall were obtained from, cf.
Section 6.2.2.3. This publication featured five sets of data for each direction measured from five different
loading protocols of bi-axial tests extracted from literature. Thereby, 10 sets of data were available to fit
the 8 unknown parameters. However, as shown in some preliminary studies conducted at our institute
(unpublished data), when the angle of the diagonal fiber direction, α3,4

fib , was allowed to vary, a unique
set of parameters could be obtained for every angle. Furthermore, when no parameter bounds are set, it
is possible for that parameter to reach very small values (close to zero), as can be seen in the resulting
fits done by Roccabianca et al. [297], e.g. consider the values from data sets shown to be “reasonable”
for the Labrosse and Martin sets of data for the ascending aorta, with the isotropic (matrix) component
c < 10−6. Although this result may be mathematically valid, it will otherwise yield numerical instabilities
and is physically questionable. Conversely, very large values of cwill cause an increased bending stiffness
of the material [81, 163]. Nevertheless, the chosen parameters reflect a valid response of the arterial wall,
with diagonal fiber angles in the range of what is typically measured for the adventitia and media [309].
Additionally, these limitations were considered during the choice of the material parameters, as reflected
in Section 6.2.2.3.

Thirdly, not only the large inter-study variability in experimental protocol, but also the according vari-
ability between estimated parameters has also been exemplarily demonstrated in the publication of Roc-
cabianca et al. [297]. Despite the concerns expressed above, this large variation of biological data, also
in the context of vascular tissue, has been well documented. The sensitivity of the presented models to a
variation in material parameters were not tested.

Fourthly, the matter of tissue incompressibility and the modeling thereof remains a highly debated
issue. The incompressibility of any cardiovascular tissue is often postulated for loading under a physio-
logical regime, based on the fact that its main constituent is water, e.g. [169, 349]. However, experiments
already performed in the 1980’s by Fung’s research group revealed that a very small percentage of water
is extruded from a vessel wall under compressive stress, deeming it slightly incompressible. Furthermore,
in using their exponential type model, cf. Eq. (6.82), a completely different set of material parameters was
obtained from the fitting procedure when assuming near-incompressibility as opposed to perfect incom-
pressibility [68]. Since incompressibility in computational models is frequently modeled by penalizing
the volumetric change of volume, as done in the presented work, cf. Eq. (6.86), perfect incompressibility
will never be reached, since it would require a bulk modulus κ (or penalty parameter) of infinity. This does
not prove problematic, because it is not observed experimentally [256], further justifying the assumption
of near-incompressibility.

Fifthly, tying in with the previous point: difficulty arose when choosing a value for the bulk modulus
representing the correct amount of compressibility, since its choice will influence the stresses quantities,
as well as the conditioning of the system matrix to be solved. For isotropic materials, the bulk modulus is
easily derived from the given shear modulus and the desired Poisson’s ratio. For the fiber-reinforced hy-
perelastic model employed here, this choice is not so obvious, infrequently elucidated upon, and will have
a significant effect on the stress values [268]. In the computational studies of cross-clamping reviewed,
Gasser et al. [124] simply chose a high bulk modulus 10 MPa, given the shear modulus of 27 kPa and
7 kPa for the media and adventitia, respectively. Famaey et al. [103] did not indicate the unit used for the
reported bulk modulus, but if consistent with the other parameters presented in another publication [105],
they chose 5 MPa, given a shear modulus of 23.63 kPa. No further consideration was given to this matter
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in this publication. The parameters used in this investigation were in the same range and ratio as these
two studies, cf. Table 6.1. The bulk modulus was simply chosen based on a similar ratio between the bulk
and the shear moduli and one that ensured acceptable and feasible numerical solution times. No further
consideration was given to the matter of incompressibility, although in the light of the reviewed data, a
sensitivity analysis of this parameter is warranted, which should precede the full model validation in a
future study.

Finally, it must be noted that the isochoric-volumetric split of the SEF employed here, cf. Eq. (6.42), has
recently been shown to produce unphysical results because of the hydrostatic component of the load [268,
348]. This occurs because the strain energy of the fibers only contributes to the total strain energy when
the isochoric stretch component is larger than one (no contribution for fibers under compression) and
not the actual (original, coupled isochoric-volumetric) fiber stretch. Therefore, the tensile stretch from the
volumetric loading of an element will not contribute to the strain energy and consequently to all its derived
quantities. The implications, as well as the remedy to this material limitation is unknown, but the cause can
be attributed to its inherent formulation. However, it should be noted that the internal hydrostatic pressure
(modeling the influence of the blood pressure) and the load from the EAB always acted orthogonal to the
wall and therefore out-of-plane with the fibers of families. This partially minimizes the stated unwanted
effect, since the resulting strain energy will predominantly come from the contributions of Ψvol and Ψ̄matr,
cf. Eq. (6.86) and (6.87), respectively. Furthermore, despite the compressive load from the cross-clamps,
the pinching site appears to have been dominated by isochoric loading, as evident from looking at the
deformed computational mesh (Figure 7.8), as well as from the quantitative results showing how the
strains in at the pinching sites dominated. However, this was not analyzed further and definitely requires
further consideration in future investigations.

Modeling of damage The experimental biaxial tension data to which the chosen parameters were fit
were up to a ε ≈ 0.15, while the actual fit was only done up to ε ≈ 0.12. From the presented results,
it is clear that the applied occlusive load induced strains beyond this range and therefore relied on the
validity of this data being extrapolated. Due to the limited strength of both the fibered, matrix and cellular
components responsible for the mechanical strength, inclusion of a suitable damage model would reveal
more accurate information with regards to the resulting damage [54, 228, 354]. Such a damage model
would especially be important to not only reveal primary regions of damage, but also secondary effects
due to primary material failure. Additionally, inclusion of damage modeling will be key when considering
the stress-strain state of the aorta after occlusion or due to repeated occlusion, but was beyond the scope of
this investigation. Nevertheless, the regions of increased strain can be interpreted as regions with a higher
potential for primary damage occurring.

Additionally, as already discussed in Section 7.5.1, the effect of damage under tensile loading is not the
only concern, but also loading in compression and in shear. Although experimental studies on occlusion
have not been able to distinguish between the different types of loading responsible for damage, it is clear
that the compressive loading at the pinching sites played a significant role in damage, as seen in the result-
ing lacerations on the intimal surface due to cross-clamping, cf. Figure 2.2. This has not been considered
in previous computational studies on aortic occlusion that incorporated damage models, cf. [54, 103].
Furthermore, since the duration of aortic occlusion during CPB is typically more than 30 minutes [18],
the influence of compressive soft tissue damage mechanisms will be all the more critical [303, 322].

Finite element technology As discussed in Section 6.1.4.3, a number of aspects were incorporated
into the presented models to minimize the effects of numerical locking. These included the so-called F-
bar elements, purely hexahedral meshes and high mesh refinement in areas of extreme loading (stretch,
compression, bending). In this way, volumetric locking effects could be eliminated, while shear locking
effects could be partly circumvented. However, the extremeness of the loading at the pinching sites (severe
bending, shear and compression) requires further evaluation to justify the extent of the shear locking
effects.
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Patient-specific aspects There are a number of patient-specific factors that will be responsible for
variability in the results presented, including the lack of patient-specific geometry and heterogeneous
material distribution due to natural biological variation of the wall thickness, as well as local stiffening
of wall due to aging processes and calcifications. Due to the importance of these aspects to provide more
clinically relevant results, it is considered further in Chapter 9.

7.7. Conclusions and future perspectives

7.7.1. Computational models

Apart from supplying certain restrictions associated with the presented models, the limitations presented
above emphasize the challenging consideration of the computational modeling of aortic occlusion. This is
because it entails modeling the aortic material under a complex state of loading, with the aorta consisting
of a composite, nearly-incompressible, anisotropic material in a range of loading where damage to its
components are likely to occur. Furthermore, these components not only have different damage thresh-
olds, but the thresholds themselves are dependent on the type and duration of loading. Additionally, the
mechanical interaction between these components and inter-component interactions are not fully under-
stood. All of these aspects clearly show the pressing need for future investigations to improve material
models of such complex composite materials.

Nevertheless, despite these limitations, a single parameter, i.e. the applied clamp force, cf. Section 7.6.2.1,
indicated that the presented results were at least in a suitable range, although there were many factors that
could have influenced this quantity. Therefore, although not fully validated, at the very least, the extracted
results represented qualitative results within a reasonable quantitative range. This observation was also
seen in the curve that [103] claimed to have validated their results. As stated in Section 7.1.1, such in-
formation cannot be used to fully validate the model. These authors did not consider reasons for their
presented deviation, as was done in the preceding paragraphs.

The performance of the different constrainers designs during CEABO were of special interest. This
occluder loading configuration, cf. Figure 7.2, resulted in the least extreme loading of the vessel wall, i.e.
predominantly compressive loading, compared to the complex and extreme loading of the other occluders.
This was also intended in its design, and also had the added benefit of presenting less effects that would
bring its computational results into question.

The models of this dissertation improved upon and extended the work of all previous computational
studies on the subject, i.e. modeling real clinically used and new occluders, using a more suited material
model and better FE technology. However, much future work is required to be able to model this complex
state of loading in the given material. Models with these capabilities will not only provide valuable infor-
mation in improving the safety, efficiency and reliability of occluders and new occluder designs, but will
also prove valuable in applications of robotic surgery, where soft tissue response due to manipulation by
robotic components will become increasingly important.

7.7.2. Occlusion potential and thresholds

The newly formulated measure of an occlusion potential presents a whole new array of research ques-
tions: can an experimental setup be designed to effectively evaluate the occlusion potential and occlusion
threshold? Since the occlusion threshold is a pressure value, one possibility might be to keep the occluder
loading constant and vary the fluid pressure to extract such levels experimentally. Furthermore, can this
measure be successfully related to the occlusion potential derived from computational results?

Since the occlusion potential is only dependent on the normal contact traction (or contact pressure) and
whether a closed contour line formed along the to-be-occluded surface, it will also be especially useful
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when considering so-called “wet” contact conditions. Here, only “dry” contact conditions were consid-
ered. The progression of the occlusion potential might be different than reported here, since the fluid
pressure could influence the contact pressure, but its validity is not expected to be compromised. Further-
more, although it was defined here for occluding a vessel, without a loss of generality, this definition can
be used to evaluate occlusion potential for any type of geometry, although its automated extraction, as
given in Eqs. (7.6 to 7.4.1) will most likely have to be altered.

Finally, it should be noted that occlusion potential is not limited to vascular occlusion, but will be useful
in the occlusion of any type of conduit where the over-loading or damage in one or both of the materials
in contact become critical, e.g. occluding only a part of the aorta (partial clamping, cf. Section 2.4),
occluding other biological conduits such as the intestines, the esophagus, etc. Furthermore, industrial
application using polymer seals to separate fluid pressure between two compartments can also benefit
from such a measure, e.g. an O-ring used to separate the combustion chamber from the piston-shaft and
rotor housing – if such a similar measure does not already exist.

7.7.3. Improvement of existing occlusion techniques: cross-clamping

As already discussed in this chapter, cross-clamping is a dangerous procedure in terms of inflicting vessel
damage. Having a hinge-configuration that deviates the least from a parallel orientation will make the
impact slightly less, but will be dependent on the applied load – which arbitrarily depends on how strongly
the clinician chooses to apply the clamps. Furthermore, clamps provide a predominantly displacement-
driven load, whereas the value of load-controlled clamping is questionable, simply due to the sensitivity
required, the high magnitude of unavoidable damage that will be caused, especially due to pinching but
large deformation in general, and the unknown state of occlusion.

Aspects that require further research attention are understanding the influence of clamping inserts,
and how it can be improved upon. Furthermore, not considered in this chapter, was the influence of
applying the cross-clamps to the aorta, whilst deviating from an orthogonal angle with the vessel axis.
What will the influence be of a potentially larger contact area between the clamps and the vessel? And
will such an adjusted clamp position also implicate more arterial wall material in the pinching site, cause
more damage? This aspect inherently occurs in patient-specific cases and has been further considered
in Section 9.1.2.3. Finally, as already mentioned in Section 7.6.3.1, the parallel-gap-width needs to be
fully investigated when considering occlusion of vessels with clamped wall thicknesses larger than the
parallel-gap-width – and potentially how such a parameter can be optimized along with the slenderness
of the clamp arms to improve the cross-clamp load delivery.

7.7.4. Improvement of existing occlusion techniques: EABO

As extensively reviewed here, the main problem with EABO is its stability, but ultimately its entire cost-
to-benefit ratio. The most apparent improvement to this occlusion technique, as comprehensively analyzed
in the preceding chapter, is the addition of a constrainer to achieve CEABO. No other improvement to the
EABO system itself without the use of a constrainer is foreseeable, because the problems associated with
EABO do not depend on the EABO-system itself, but rather on the unconstrained stretching of the vessel
to be occluded.

From the preceding analysis, it was also clear that the profiled constrainer would be the best, but much
room for improvement remains. This includes optimizing the profile shape to the inflated EAB – or even
optimizing both. It is noteworthy that the exemplary results were obtained using CEABO with a profiled
constrainer with a maximum profile amplitude of 1 mm, with a shape not directly considering the in-
flated shape of the EABO. Furthermore, it is apparent that the frictional response between the EAB and
the vessel are unwanted and unnecessary, because occluder stability is largely determined by the normal
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component of contact force, cf. Figure 7.9, whereas EABO relies strongly on both the normal and fric-
tional components. Therefore, as opposed to EABO, CEABO can be made even safer by considering an
EAB with a treated surface to lower the frictional coefficient, e.g. [53], because its stability is largely
provided by the normal contact pressure exerted on the slanted edge of the profiled constrainer. Of course,
the final delivery of such a new and improved device will require additional detailed design, material se-
lection, application considerations and regulatory approvals, not considered here due to being beyond the
scope of this investigation.

Finally, although cross-clamping might still have the advantage of simplicity and stability, CEABO
offers improved patient protection and a high cost-to-benefit ratio – which is (or at least should be) the
deciding factor for the clinical acceptance of a vascular occlusion technique. Furthermore, a safer proce-
dure responsible for better clinical outcomes does not only hold the potential to reduce patient morbidity
and mortality, but will also subsequent patient-care costs. In the light of such expected benefit, initial high
material costs might be justifiable. However, before all of this can be considered, the experimental and
then clinical efficiency and usability of CEABO still needs to be demonstrated in future studies.
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8. Proximal flow characteristics resulting from
high-velocity arterial cannular flow jet(s)

Problems are only opportunities in work clothes.
— Henry J. Keiser

From the comprehensive review of the different aortic manipulation maneuvers that will disrupt phys-
iological hemodynamics during arterial return in Chapter 3.1, it is evident that the complete influence is
multi-factorial in nature. However, as with the aortic occlusion considered in the previous chapter, cur-
rent experimental and clinical data supply a non-specific, incomplete understanding in terms of the type
of disturbance, its extent and the consequences of arterial return. Thereby, clinicians are left to make
case-specific decisions about key aspects of a treatment, based either on an existing solution shown to
have yielded acceptable (or at least predictable) outcome with its associated variation, or a supposedly
improved solutions with outcome variability that is simply not known. Of course, these two extremes
form the boundaries of a spectrum of different cases that require clinical decision-making. Nevertheless,
especially considering the complexity and the variability, but also the range of disturbances that can be
traced back to the region of the aorta where the oxygenated blood is fed back into the systemic circulation
(arterial return), computational evaluations of the influences of proximal flow disturbances produced by
arterial cannular flow become essential. However, such evaluations, as presented here, often lack findings
that can be translated into clinical practice. Consequently, such evaluations are urgently needed to increase
the knowledge base in order to aid in better (case- or) patient-specific clinical decision-making.

This chapter considers the fluid computational study of proximal flow disturbances caused by arterial
cannular flow jets for various cannula variations. In this context, these proximal disturbances refer to any
non-physiological effect of the fluid on the region of the ascending aorta between the occlusion site and
first major branching of the aorta into the brachiocephalic artery. The specific aim is to evaluate of the
proximal disturbances caused by the cannula configuration, i.e. the tip orientation and its insertion depth,
as well as the tip design – clinically used and a newly untested cannula – in the absence of patient-specific
variability. The models used to evaluate these effects have been introduced in Section 6.4. The structure of
this chapter entails a review of previous computational studies performed in this context, the formulation
of functional requirements for optimal proximal flow characteristics during arterial return, the considera-
tion of computational mesh requirements and the introduction of a newly proposed cannula tip design not
yet clinically available. Thereafter, comparative evaluations of the computational results are performed,
followed by a detailed discussion of the overall comparative outcomes due to cannula variations consid-
ered, other general findings, limitations of the current study and closed off with concluding remarks and
future directions.

8.1. Existing computational perspectives

A number of investigations in recent years have focused on the disruption of physiological hemodynamics
due to arterial return. These are considered in detail in the following, specifically from the perspective of
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assessing the proximal influence of the impinging jet, as well as considering its comparative value with
the results of this investigation.

8.1.1. Arterial return during VAD

The development of ventricular assist devices (VAD) in recent years have lead to a number of investi-
gations considering the effects of arterial return during VAD, i.e. getting the blood from the VAD back
into the systemic circulation (native aorta). Although such a configuration is not exactly equivalent to an
arterial cannula pointing into the aorta, many similarities exist: most devices provide continuous flow and
possess an aortic outflow conduit, sutured to the aorta (end-to-side anastomosis). Such a configuration is
very similar to the cannulas considered in this investigation. Information about additional flow coming
from the heart during VAD support or related aspects are not considered in the following.

Probably the first series to consider these flow effects of VAD arterial return on the physiological hemo-
dynamics is by May-Newman et. al [232, 233]. Both studies considered different angles of attachment of
the conduit having a diameter of 12 mm. The first study only considered an idealized ascending aorta, i.e.
a short tube, while the second study considered an idealized aortic arch with no branches, i.e. a curved
tube. The lack of mesh information (global mesh refinement is reported, but no element sizes) and the
over-simplified geometry makes it difficult to conclude on the quantities reported. However, qualitatively
it can be stated that the angle of conduit attachment and its position along the aortic arch significantly
influenced the WSS and flow fields.

A more comprehensive series of studies by Yang et. al was performed investigating the effect the VAD
yielding continuous flow [364], pulsatile flow [366], and a comparison of these two flow regimes [365].
Since the first two studies built up to the third, specifics given below refer specifically to the third study.
A VAD outflow conduit with an inner diameter of 6 mm in the shape of a bent tube was modeled to
be anastomosed to the ascending aorta of the aortic arch obtained from pediatric patient (8 yrs) with an
aortic inlet diameter of 11.6 mm. Full flow through the conduit was 1 l/min, yielding a maximum in-
flow Reynolds number of 1011 and 4269 for continuous and pulsatile flow, respectively. Turbulence was
considered using an implicit Large Eddy Simulation strategy and quantities averaged of an appropriate
number of flow cycles. A hexahedral-dominated hybrid mesh with a boundary mesh layer to resolve the
viscous sub-layer caused during turbulent flow, as well as the WSS. Suitable mesh refinement yielded
acceptable results with a first element size of hf = 0.05 mm and a base level size of hb = 0.7 mm, cf.
Section 8.5 below. In terms of the conduit jet hitting the opposite wall, a stagnation point is described in
this region where the WSS is at its lowest and pressure at its highest. Although not explicitly reported,
estimated from the graphical representations, peak WSS was ∼150 Pa and ∼350 Pa (time-averaged), and
peak pressure was ∼9 kPa and ∼15 kPa at the opposite wall for continuous and pulsatile flow, respec-
tively. It should be pointed out that peak WSS values over the entire aortic arch were reported occurring
at the kinks on the fluid boundaries, i.e. suture line of the conduit into the aorta, the inflow boundary and a
bifurcation region. However, simply from a physical point of view, these quantities raise some concerns.
One possible explanation might be that errors occurred in computing the surface normals at these kinks,
which will significantly influence the computation of the WSS, cf. Eq. (8.4) below. Apart from a hemoly-
sis index reported, the division of the flow into the respective branches of the aortic arch was given much
attention and finally considered a purely resistive outflow boundary condition, i.e. pressure at the outflow
was increased proportional to the flow. It was once again emphasized that the physiological hemodynam-
ics are largely disrupted – for both continuous and pulsatile VAD inflow. Furthermore, the position of the
conduit along the aorta also played a significant role in this regard. However, a restriction on the findings
of the pulsatile flow simulations are that only resistive boundary conditions were considered at the out-
lets, which cannot capture certain important time-dependent impedance characteristics of the downstream
vasculature [173].
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8.1.2. Arterial return during CPB

The previous studies considering the hemodynamic disturbances caused by arterial cannular flow are
specifically reviewed for extracting information relevant to this investigation.

One of the first studies on this topic was reported by Tokuda et al. [336], simulating a single case of a
curved end-hole cannula located at the ascending aorta, pointing towards the upper branches of the aortic
arch. However, due to the preliminary state of this study, reflected in paucity of information regarding
the cannula shape, inner diameter, mesh adequacy, concerns about high flow rates considered without
consideration for turbulence and the simplified boundary conditions used (zero pressure at all outlets), it
is not further considered.

A more thorough attempt in the same year was reported by Pekkan et al. [277], comparing physiological
and pulsatile CPB neonatal aortic hemodynamics considering all branches from the aortic arch. A cannula
with an inner diameter of 2.46 mm was used to supply 0.61 l/min at 94 bpm yielding a peak Reynolds
number of 1936 and a peak jet velocity of ∼3000 mm/s. No turbulence modeling was considered. Global
mesh refinement was performed, but no details were given on mesh sizes or any local mesh refinement.
Resistance boundary conditions were applied at the outlets, with the flow patterns significantly altered
when the split ratios were changed by 10%, i.e. split between the amount of blood entering the first
three branches of the aortic arch and the descending aorta. The split ratio is dependent on the values of
resistance at each outlet in relation to the others. Apart from a hemolysis index considered and different
indexes for quantifying the efficiency by which the pulsatility was transferred, the local effects observed
for the cannular flow were high WSS at the landing site (WSS = 147 Pa), but also a decrease in perfusion
pressure of the branches past which the jet flowed – a Venturi-type effect. Despite meticulous attention
to ensure realistic boundary conditions, the outflow boundary conditions appeared to lack crucial time-
dependent impedance considerations, as mentioned above. Furthermore, the mesh resolution at the walls
was not reported, the cannula was unfortunately/conveniently pointed along the longest traverse section
of the aortic arch and the study consisted only of a single case. Therefore, the influence of the cannular
flow on the landing site is difficult to verify due to the uncertain mesh resolution used and represents a
best-case scenario for the impact that the cannula can have on the aortic wall. Furthermore, it should be
mentioned that although a clamped neonatal geometry was employed, no particular effects of this clamped
geometry was reported, presumably also because the cannula was pointed in the opposite direction of the
clamp-site.

In an attempt to thoroughly investigate the influence of cannula position, orientation, but also the can-
nular jet-induced Venturi effect described above, Kaufmann et. al simulated arterial cannular flow through
a curved end-hole cannula for patient-specific geometries [187, 188]. However, no indication was given
of the computational methods employed, the mesh size, mesh convergence, cannula size/type, specifics
about all the cannula positions and orientations tested. Furthermore, a constant static pressure boundary
conditions was applied to all the outlets. Since the pressure at these outlets should represent the response
of distal vasculature, a resistive boundary condition at the very least is critical, especially considering the
flow characteristics that were investigated. Due to these shortcomings, this series was not further consid-
ered.

In a more recent study series by Kaufmann et. al [189, 190], a similar setup as the preceding was in-
vestigated, but now reporting that a global mesh sensitivity study was performed. These investigations
differed from the former due to the inclusion of a simplified auto-regulatory boundary condition at the
outflow of the cerebral vessels based on a desired, non-patient-specific cerebral perfusion pressure vs.
cerebral blood flow rate. Unfortunately, once again very little information was given about the cannula
geometry and the computational methods used, especially considering the high cannular flow rates con-
sidered (4.5 to 6 l/min). Furthermore, the auto-regulation boundary conditions were only applied to the
cerebral vessel outlets, not other outlets where auto-regulation can be active. However, interesting to note
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is that results indicated that the inclusion of such boundary conditions lessened the disruption of flow to
the cerebral vessels during CPB – i.e. a reduced influence of the above-mentioned jet-induced Venturi ef-
fect that potentially caused back-flow through one or more of the aortic arch branches. Nevertheless, such
conclusions need further elucidation, since it does not include time varying or system-specific feedback
to enable closed-loop auto-regulation, e.g. [195].

A recent series of studies by Menon et. al extended the neonatal simulation performed by Pekkan et al.
[277], considering two different straight end-hole cannula orientations (Di = 2.0 mm, Qin = 1 l/min,
Re = 2150, resistive outflow boundary conditions) [239]. The follow-up study considered model setup,
but now with 17 different orientations of the same end-hole cannula and an additionally proposed end-hole
cannula with a with diffusive tip, of which the diffusive cone angle was also varied [238]. The first study
considered considered an unstructured Cartesian grid with mesh sizes adequate to consider it as a direct
numerical simulation (DNS) of the considered flow. Despite the high mesh resolution, aspects like WSS
could not adequately be assessed due to the type of mesh used and was therefore not reported. The main
finding was that the orientation can influence the pressure-drop vs. flow rate characteristics of the cannular
flow and in turn, also the amount of hemolysis induced. In the second study, an unstructured tetrahedral
mesh was used with refinement only done to adequately resolve vessel outflows, bringing into question
values of WSS reported. However, it was shown that with the employed resistive boundary conditions,
(unwanted) flow reversal in the brachiocephalic artery caused by cannular flow at all tested orientations
from the straight end-hole cannula can be prevented when adding a diffusive tip to the considered cannula.
In other words, more diffused flow will benefit cerebral circulation during CPB.

In a recent study series by Avrahami et. al [14, 15], arterial cannular flow through three different aortic
cannula tips for four patient-specific aortic arches at six different orientations at effective flow rates of
between 4.5 and 5.5 l/min was considered – 44 models were considered in the second study (the bigger
of the two studies). The cannulas used were end-hole cannulas with a straight, curved, and curved with
backward suction tip, respectively – evaluation of this novel tip design characteristics itself has been
reviewed in Section 3.1.2.2. Findings once again indicated the significant and varying influence that the
cannula tip design/geometry, cannula orientation and the patient geometry had in the resulting aortic
flow character. Furthermore, two different clamping orientations applied to the aortic geometries were
considered, although only pictorial details are given as to the relative location thereof or how the geometry
was accordingly deformed. No further mention to the influence of the clamped geometry was reported.
Since flow rates at the cerebral vessel outflows were prescribed and only one layer of boundary mesh
elements of an unspecified size were given yielding values of WSS compared with studies that clearly
were not capable of resolving the WSS [254, 336], the ultimate value of these results are qualitative at
best.

8.1.3. Summary of findings from literature

Whether from VAD or from cannular flow, it is clear that the cannulation site, patient-specific geometry,
cannula orientation, tip design, flow character (continuous or pulsatile) and flow rate all had a significantly
disrupting effect on the the physiological arterial flow.

But probably the most important aspect to note, from a modeling perspective, is that these variations
are not trivial to model. In order to accurately model such effects, an accurate geometry of the cannula
tip, inserted at the actual cannulation site, orientated in the given direction is required. Furthermore, an
appropriate computational mesh size in the fluid field in general and also specifically along the aortic
wall is necessary. It was also clear that the outflow boundary conditions play a very important role in
the resulting flow structures and directions when considering such flow through a domain with multiple
outlets. In this context, it also becomes paramount to include time varying effects such as impedance of
the distal vasculature and auto-regulation mechanisms when considering time-varying flow.
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Further modeling aspects that do require further consideration in this context is the influence of consid-
ering turbulence modeling in high flow regimes typical of CPB, including its proximal effects where the
jet lands and its distal effects in influencing the resulting flow structures. Moreover, no comparative effect
of the influence of using a non-Newtonian fluid was considered, but it was expected to be minimal due
to the high expected shear rates caused by cannular flow, cf. Section 6.4.2, especially proximally. Only
the studies by Kaufmann et. al considered a non-Newtonian fluid model but neglected to show any results
justifying the necessity of its use. Finally, the influence of vessel distensibility was not considered and
would also require further consideration in future studies.

8.2. Functional requirements for optimal proximal flow
characteristics during arterial return

The formulation of the functional requirements listed below did not only require the detailed knowledge
gained from the reviewed literature, cf. Sections 3.1 and 8.1, but was updated iteratively as new insights
were obtained from the computational study presented below. As such, a cannula that delivers optimal
arterial cannular flow has to,

1. Minimize the impact on the blood by

a) Ensuring adequately low shear rates/pressure drop induced by cannula tubing (preceding the
tip) and the tip design,

b) Offering a suitable, bio-compatible surface coating;

2. Maximize jet dispersion by

a) Minimizing jet exit strength – defined in Section 8.6.3,

b) Minimizing peak WSS exerted at the (primary) jet landing site,

c) Minimizing the danger zone area – defined in Equation 8.3,

d) Facilitating (physiologically) distributed flow entering the aortic arch;

3. Prevent jet from landing near the occlusion site;

4. Be simple, meaning that it should

a) Constrain the tip insertion depth,

b) Possess a small inserted tip size,

c) Provide straight-forward insertion and extraction;

5. Robustly yield similar performance despite clinical variations, including cannulation site, orienta-
tion, insertion depth, flow rate etc.;

6. Minimize cannulation site leakage;

7. Be reliable in the sense that the tip will not break, crack, bend or come off – and thereby hampering
its performance;

8. Be cost-efficient.
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Requirements 1 and 2 were specifically separated, because these aspects are not simply inversely re-
lated, as discussed in Section 3.1.2.2. Evidently, the functional requirements of cannular flow for optimal
distal flow conditions will naturally overlap these. However, no further consideration was given to distal
flow requirements, due to the stated scope of this computational evaluation.

As with aortic occlusion, it is once again not sufficient to say that one cannula is better than another
based on any one single parameter, cf. Section 7.4, but has to take all of the functional requirements
into consideration. This is evident from the multitude of requirements formulated above. Many of the
parameters that are not easy to define or evaluate are further considered in Section 8.4.

8.3. New cannula tip design: Shielded cannular flow

As already introduced in Section 6.4.1.2, the shielded, backward-facing, curved end-hole cannula (hence-
forth: shielded end-hole cannula) was derived from an idea published in a recent patent [264] and con-
sidered as a potentially safer alternative for cannular flow. It is conceived to better disperse the jet prior
to hitting the aortic wall, thereby reducing the “sandblasting” effects. Its efficiency of achieving this goal,
was of course not evaluated in the patent. Based on the reviewed literature, formulated requirements and
practicality considerations, the backward-facing configuration with our own proposed shield geometry (as
opposed to the others presented in this patent) was considered better to evaluate. No filter-like membrane
that was proposed in this patent was considered, due to its potential abrasive consequences to the intima
when deploying an intra-aortic filter, cf. Section 4.2.2.1.

8.4. Measures to evaluate specific requirements

The computational results obtained required a number of or specific postprocessing steps to extract and
evaluate the requirements of interest, as expanded upon below.

In order to ensure comparability in the amount of dissipation owing to the conduit of the cannula tip
(not the cannula tubing), the same tip conduit length of Lca = 25 mm was assumed, cf. Table A.3. For the
end-hole cannulas, this distance stretched from the center of the cannula outflow orifice upstream along
its centerline. For the side-hole cannula, this length stretched from the diverting cone upstream along its
centerline. While for the hybrid cannula, it stretched from the start of the final orifice upstream along its
centerline.

The jet strength and the flow exiting the vessel was evaluated by considering four equi-spaced slices
consistently positioned to capture not only the velocity distribution through that slice, but to also be able
to observe the dissipation of the flow strength through the decreasing velocity of each consecutive slice.
Only forward/outward flow velocity magnitude, or here defined exit velocity, formulated as,

vexit =

{
||v||, ||nslice + nvel|| ≥ 1

0, ||nslice + nvel|| < 1
(8.1)

considering each node in a slice, with nslice being the outward normal of the slice, i.e. in the main di-
rection of cannula outflow, and nvel the normalized nodal velocity – essentially allowing for the removal
of the component of flow moving backwards/inwards through the slices. Only considering the exit ve-
locity allowed for the comparable distribution of flow originating from arbitrarily shaped cannulas –
whether evaluating it close to the jet outflow region or only at the vessel outflow region. To evaluate jet
strength, equi-spaced, consecutive, spherical slices were used for evaluating the exit velocity, as shown
in Figure 8.6.3 below. The center point of these spherical slices was positioned at the cannula conduit
length starting point – see above – and the following slice-radii was used for each tip, with radii equal to
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8.5. Mesh resolution required for capturing proximal arterial cannular jet effects

7.0, 8.0, 9.0 and 10.0 mm, respectively The only exception was for the shielded end-hole cannula, where
planar slices were positioned along the flow direction of the fluid leaving the shield, as also shown in the
above-mentioned figure. These planar slices were taken at the same intervals as the spherical slices above,
relative to the shield outflow, namely distances of 5.0, 6.5, 7.0 and 8.5 mm away from the shield outflow,
respectively. To evaluate vessel outflow distribution, equi-spaced, consecutive, planar slices were used
positioned axially along the vessel centerline close its outflow, as shown in Figure 8.7. The slices were
separated by a constant interval of 3.75 mm, starting from 0.5 mm into the flow domain relative to the
outflow and progressing inwards. A larger interval was used than used for the jet exit velocity distribution
described above, in order to capture a broader impression of vessel outflow exit velocity attenuation.

The pressure drop ∆P was evaluated by considering a planar slice through the cannula (resulting in
a surface), 4 mm from its inflow surface at each timestep. Since each considered simulation only had
a single inflow and outflow, with a zero traction Neumann boundary condition at the outflow surface,
the pressure drop was calculated obtaining a single value for the pressure in the slice by performing the
following,

∆P =
1

Aslice

∫
PslicedA−

1

Aslice

∫
PoutdA (8.2)

where Pslice represents the all the discrete nodal values of pressure in the slice integrated over each dis-
cretized surface element area dA of the area of the sliceAslice =

∑
dA. Pout simply refers to the resulting

pressure at the outflow surface.
Since it was found that the WSS was exceedingly high and varied for different cannula tip configura-

tions and designs, it was desirable to have a measure quantifying not only the peak WSS, but the entire
area that exceeds some threshold of injury occurring. Basic science experiments by Fry [111] found that
endothelial erosion already occurs at a WSS exceeding 40 Pa. Accordingly, a danger-zone area, Adanger,
is defined as the sum of each discretized vessel surface area element Av

j , calculated proportional to the
nodes in the ratio of the nodes of that particular surface element yielding a WSS above the damage
threshold ndanger

nd to the total number of nodes in the same surface element nnd, formulated as,

Adanger =

nele∑
j

Av
j

[
ndanger

nd

nnd

]
Av
j

with ndanger
nd = nnd(WSS > 40 Pa). (8.3)

8.5. Mesh resolution required for capturing proximal arterial
cannular jet effects

In order to obtain an adequate computational mesh to capture all relevant physical effects of the prob-
lem under consideration, the mesh resolution was evaluated for sufficiently resolving the jet based on
the values of the nodal pressure p and WSS on the vessel wall at the jet landing site, as described in
Section 6.4.1.3.. As seen in the literature reviewed in Section 8.1, the WSS in similar fluid dynamical
considerations has often been very poorly evaluated due to insufficient mesh resolution. This comes de-
spite its notable sensitivity to the mesh height orthogonal to the wall being well described in literature,
e.g. [119, 285]. This high sensitivity originates from the WSS that can effectively be calculated as,

WSS = µf
dv

dyn
(8.4)

with yn being the direction orthogonal to the wall. The typical steep nature of this velocity gradient near
to the wall naturally considering a no-slip wall boundary condition, implies that the discretization size is
crucial for the accurate evaluation of the WSS. Otherwise, the WSS will be significantly underestimated
if it remains under-resolved.
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8. Proximal flow characteristics resulting from high-velocity arterial cannular flow jet(s)
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Figure 8.1.: The steady state results for the mesh convergence study showing for (a) pressure and (b) WSS
magnitude, showing a complete (top) and close-up (middle) of the results extracted along a
line on the circumference of the vessel wall (bottom).

All of the results for the mesh convergence study were extracted after a steady state flow of 3 l/min
was reached. The pressure and WSS measured along a line on the wall surface where the jet landed is
shown for each base-level size hb and first element size hf used in Figure 8.1. As shown, the symmetry
of the problem allowed to easily position the line along the circumference, and the vessel surface in its
axial direction, in order to capture the respective peak values obtained. The results extracted along the
axial direction of the bottom vessel wall yielded similar results as shown in Figure 8.1, but was omitted
for brevity.

As can be seen in the figure, the pressure exerted on the wall is mainly dependent on hb, while the WSS
is mainly dependent on hf . As referred to above, it can be seen that the coarser hf cause an exponentially
worsening result in the WSS.

Based on these results, a mesh size was chosen to provide adequate accuracy while also affording
reasonable computational costs. The chosen mesh resolution for all the simulations considered below was
with hf = 0.2 mm and hb = 0.5 mm. These values corresponded to those reported by Yang et. al, cf.
Section 8.1.1, also being the only of the computational studies found to evaluate the mesh sensitivity
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8.6. Comparative functional performance

pertaining to adequately capturing the WSS. In order to facilitate adequate meshing for all of the different
cannula geometries, the hb had to be slightly adapted, but never more than 10% of the specified value.
The complex geometries of the hybrid cannulas were resolved by halving the hb at these regions. Apart
from the vessel surface, the cannula surface also received the same boundary layer mesh, but with one
less layer, cf. Table A.3.

8.6. Comparative functional performance

The following subsection considers the comparative evaluation of the fulfillment of each stated require-
ment that was quantifiable from the presented models. Continual reference to these requirements are made
throughout. Each related finding is briefly discussed along with the presented results. Measures considered
that were not defined in Section 8.4 are briefly defined when necessary.

All of the different simulations performed, accompanying parameters and geometrical info are given in
Section 6.4 and Table A.4.

Seven different cannula tip designs were considered, including straight and curved end-hole, straight
and curve side-hole, straight and curved hybrid and the shielded end-hole cannula, with the simulations
respectively referred to as, Endhstr, Endhcurv, Sidestr, Sidecurv, Hybrstr, Hybrcurv, Endhsh

curv.
Four different insertion depths of the straight end-hole cannula were considered with the base insertion

depth (given the subscript d, 0) determined by the actual insertion depth-constraining flange. The simula-
tions performed were Endhd,−5, Endhd,0 (≡ Endhstr), Endhd,+5,
Endhd,+10. In the presented results, a change of cannula insertion depth always referred to these simula-
tions performed only with the straight end-hole cannula at the same base orientation.

Six different orientations of the straight end-hole cannula were considered relative to a base orientation
of the cannula pointing perpendicular to the vessel axis (given the subscript 0◦, 0◦), with the simulations
respectively referred to as, Endh0◦,0◦ (≡ Endhstr), Endh0◦,−30◦ ,
Endh30◦,−30◦ , Endh30◦,0◦ , Endh30◦,30◦ , Endh0◦,30◦ . In the presented results, a change of cannula ori-
entation always referred to these simulations performed only with the straight end-hole cannula at the
same base insertion depth.

As introduced in Section 6.4.1.2, one additional simulation was performed with the same end-hole
cannula at base orientation and insertion depth, but now with a longer vessel to include the consideration
of the clamped geometry, clamped with parallel clamps to |Alumen

cl | = 0.4, cf. Section 7.5. This simulation
was referred to asEndhic. The cannula was intentionally constrained to not move and therefore possessed
exactly the same cannula configurations as Endhstr.

It must be noted that the straight end-hole cannula used for the mesh convergence study shown in the
previous section differed from the one considered here, in that the former practically had no cannula
conduit length, as seen when comparing Figures 6.9 and 6.10.

All cannular flow simulations were evaluated at a cannular flow rate of 3 l/min, unless otherwise in-
dicated. The flow rate was ramped up linearly from 0 to 3 l/min in 3 s and kept constant until 4.5 s was
reached. Single values reported represent data extracted at a time step between 4 and 4.5 s, whereas means
and standard deviations reported refer to all corresponding quantities extracted from a time of 3 to 4.5 s.

8.6.1. General flow characteristics

Analogous to the aortic occlusion evaluation, it is helpful to first obtain a general comparative impression
for the jet shape yielded by each considered cannula tip design and configuration, i.e. the orientation and
insertion depth, as well as the subsequent downstream effects. Figure 8.2 depicts the respective velocity
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8. Proximal flow characteristics resulting from high-velocity arterial cannular flow jet(s)

magnitudes thresholded above 800 mm/s for representative examples of the different cannula tips and
configurations considered.

These figures effectively demonstrate the often cited Coanda effect of the flow adhering to the vessel
wall [180, 238, 239]. Even though it seemed to not occur for those cannula tips capable of dividing and
deflecting the jets, i.e. the non-end-hole cannulas, it was only less pronounced. The flow adhering to the
wall that is not visible in these figures can be ascribed to the more efficient jet dissipation responsible for
lower velocities that will be thresholded out of these visual representations.

8.6.2. Requirement: Minimize impact on blood

To assess the cannula tip design’s impact on blood damage, the pressure drop defined in Section 8.4, is
plotted for the different cannula tip designs, insertion depths and orientations considered in Figure 8.3.
As reviewed in Section 3.1.2.2, the pressure drop has often been used as a measure for the amount of
hemolysis occurring.

Regarding the different tip designs, it can be seen that despite its comparatively smaller inner diame-
ter, side-hole and hybrid cannulas performed better than the straight and curved end-hole cannulas. The
straight hybrid cannula performed even better than the straight end-hole cannula. Furthermore, consider-
ing the influence of the cannula curvature on the respective designs, it appeared that the sharp curvature
of the hybrid cannula caused a much higher dissipation compared to the smoother curved side-hole can-
nula. However, despite the smooth curvature of the curved end-hole, as well as its larger inner diameter, it
yielded a comparatively much higher pressure drop compared with the straight end-hole cannula than the
two previously mentioned designs. Finally, the shielded end-hole cannula performed the worst. Despite
larger variations of the pressure drop over time, the pressure drop remained significantly high.

The variation in insertion depth of the straight end-hole cannula indicated an increase in pressure drop
for an increase in depth, except at the deepest level, where the pressure drop decreased markedly and the
fluctuation of pressure drop over extracted time period also decreased. The different orientations of the
straight end-hole cannula displayed a distinct value for each orientation. As with the insertion depth, the
pressure drop at different orientations also did not correlate with the cannula outflow-to-wall distance,
which was 17.8, 17.6, 17.6, 13.6, 17.6 and 22.5 for each orientation in the order given in the figure.

8.6.3. Requirement: Minimize jet strength

Jet strength was evaluated by considering the exit velocity distribution attenuation through consecutive,
equi-spaced slices through the flow field at the cannula outflow. Spherical slices were used for all cannula
considered, except the shielded end-hole cannula, where planar slices were considered, cf. Section 8.4.
The resulting distributions are shown in Figure 8.4.

The curved end-hole cannula displayed the strongest and most weakly dissipated jet, followed by the
curved side-hole and curved hybrid cannulas. Considering Figure 8.2, it can be seen that the curve in the
cannula geometry is responsible for concentrating/skewing the velocity profile towards its outer curva-
ture, cf. basic fluid mechanical studies of flow through a curved pipe. The ability of side-hole and hybrid
cannulas to split the main jet into smaller jets visibly appears to have aided the quicker attenuation of
maximum jet exit velocities. The shielded end-hole cannula drastically reduced the jet exit velocity, also
compared to using no shield, but still delivered a slowly attenuating exit velocity. Slight variations ob-
servable in the maximum exit velocity can be attributed to the fact that these distributions are extracted
in a steady flow state at a single timestep and subjected to an instance in the naturally expected jet flow
variation, cf. Section 8.7.3.3.
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8.6. Comparative functional performance

(a) Sidestr (b) Sidecurv (c) Endhcurv

(d) Hybrstr (e) Hybrcurv (f) Endhshcurv

(g) Endhd,0 (h) Endhd,+5 (i) Endhd,+10

(j) Endh0◦,−30◦ (k) Endh30◦,30◦ (l) Endh30◦,0◦

Figure 8.2.: Velocity magnitude thresholded above 800 mm/s of its maximum, showing the different can-
nula tip designs (a)-(f), different representative insertion depths (g)-(i) and different represen-
tative orientations (j)-(l). Flow was prescribed at the cannula inflow and was free to exit the
vessel distally (bottom, left of each figure).
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8. Proximal flow characteristics resulting from high-velocity arterial cannular flow jet(s)
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Figure 8.3.: The pressure drop for (a) the different cannula tip designs considered, in a descending order,
(b) straight end-hole for a change of insertion depth and (c) straight end-hole for a change in
orientation.

8.6.4. Requirement: Minimize peak WSS

The peak WSS yielded by each cannula configuration is shown in Figure 8.5.
Comparing the jet exit velocity attenuation in Figure 8.4 and the results presented here, an apparent cor-

relation is seen between the strongest jets (deduced from the attenuation of the exit velocity distribution)
resulting in the highest inflicted WSS. Multiple discrepancies responsible for not seeing a one-to-one
correlation of these results can be ascribed to the following: The side-hole and hybrid cannulas divided
and deflected the main jet, effectively resulting in faster dissipation of the resulting jet over a distance,
cf. Figure 8.2. Furthermore, the orientation by which the jet hit the vessel wall played a significant role,
whereas the insertion depth did not, cf. Figure 8.5b,c. Consequently, the size and the poorly dissipated
character of the curved end-hole jet is expected to inflict a significant amount of WSS, despite potentially
resulting in an increased jet angle of incidence.

8.6.5. Requirement: Minimize danger zone area

The danger-zone area that was inflicted by each considered cannula configuration is shown in Figure 8.6.
Although the damage threshold obtained from literature was 40 Pa, three additional, higher thresholds
were evaluated to provide an impression for the severity of the WSS inflicted.

The results of the second and third orientations of the end-hole cannula are marked with a (*) because
the danger-zone area extracted for these orientations only represent the level of WSS experienced on the
vessel wall, not on the truncated surface representing the occluded aorta. Therefore, it must not be inter-
preted that these orientations inherently yield a smaller danger-zone area, as is evident from Figure 8.6e.
As a matter of fact, the results seem to indicate the the orientation and the insertion depth of the jet has
little effect on the size of the danger-zone area, at least for the straight end-hole cannula. In the presented
results, its clear that the danger-zone area is much greater influenced by the cannula tip design.

The tip design clearly had the biggest impact on the on the size of the danger-zone area. The different
damage thresholds for the danger-zone area indicated how the WSS distribution followed the peak WSS
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Figure 8.4.: The attenuation of jet velocity over consecutive, spherical/planar, equi-spaced slices posi-
tioned relative to the cannula outflow, showing (a) the exit velocity distribution (flow in the
opposite direction is excluded) per slice, with increasing transparency indicating further away
from the cannula outflow. The cannulas are sorted according to the maximum velocity mea-
sured at the final slice. Standard box plot parameters with outliers indicated as purple dots.
(b)-(e) show representative examples visualizing the exit velocity.
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Figure 8.5.: The maximum WSS magnitude for (a) the different cannula tip designs, in a descending order,
(b) straight end-hole for a change of insertion depth and (c) straight end-hole for a change in
orientation and visualization thereof for selected cases (d)-(i).
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Figure 8.6.: The danger zone area, i.e. the area with a WSS larger than the damage threshold. Each in-
creasing degree of transparency indicates a different damage threshold, i.e. 40, 50, 60, 70 Pa,
shown for (a) the different cannula tip designs, in a descending order, (b) straight end-hole
for a change of insertion depth and (c) straight end-hole for a change in orientation and visu-
alization thereof for selected cases (d)-(f). The (*) indicates truncated results due to problem
setup – see text for details.
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8. Proximal flow characteristics resulting from high-velocity arterial cannular flow jet(s)

and naturally, although not linearly, declined away from the peak. While the insertion depth only showed a
small increase in danger-zone area for the straight end-hole cannula, the orientation had a slightly greater
influence.

Finally, its worth pointing out that although the hybrid and side-hole cannulas have already been shown
to be relatively proficient in dispersing the jet, thereby resulting in a lower WSS and smaller total danger-
zone area, the danger-zone area was dispersed over a larger region of the intima. This is evident from
Figure 8.6f, showing how the diverting jets are spread out over a large region of intima. Therefore, in the
event that an intimal lesion was identified pre-operatively, it will be particularly challenging to ensure that
a specified region is not affected by the resulting jets – it is expected that a jet that is only sufficiently
strong to cause damage at a lesion is more dangerous than an even stronger jet pointed at a non-lesion
region.

8.6.6. Requirement: Facilitate distributed proximal vessel outflow

Comparable to the evaluation of jet strength in Section 8.6.3, the exit flow velocity distribution of con-
secutive, equi-spaced, planar slices distributed along the vessel outflow are evaluated here, as defined in
Section 8.4. Thereby, the aim was to evaluate what the distribution of flow entering the aortic arch will
look like, how the distribution and the attenuation will be affected by the cannula tip design and configu-
ration, and finally which setup yielded the distribution with the closest character to the physiological. The
results are indicated in Figure 8.7.

Comparing the results to the jet exit velocity attenuation, cf. Figure 8.4, it can be seen that the dissi-
pation of the velocity reaching the aortic arch was significantly influenced by the cannula configuration
in the vessel. Whereas the straight hybrid cannula yielded the highest jet exit velocities, it yielded the
lowest vessel outflow exit velocities. Furthermore, since the jet of the curved end-hole cannula never hit
the aortic wall, it expectedly resulted in the worst distributed flow. Therefore, the peak cannula velocity
measured can never be used as an indication for how efficiently or inefficiently a cannula will provide
adequate flow entering the aortic arch.

As expected, pointing the jet in the direction of the outflow caused a worse distribution of outflow
exit velocity, reflected in the poor distributions by the different curved cannula tips, cf. compare with
straight tips, Figure 8.7a, and the straight end-hole cannula orientations pointed towards the outflow,
Figure 8.7c. Pointing the straight cannula 30◦ towards the outflow, i.e. Endh0◦,30◦ and Endh30◦,30◦ ,
yielded results comparable to the curved end-hole cannula where the jet never landed on the vessel wall
surface. These results also show the effectivity of dissipating the jet velocity by pointing it straight to
the vessel wall. At least for the straight end-hole cannula, its effects in terms of outflow exit velocity
distribution is comparable to pointing it proximally/upstream, cf. Endh0◦,−30◦ . However, pointing the
cannula proximally can be beneficial in this regard when the surface configuration that the jet lands on
promotes better mixing/dispersion of the jet, cf. Endh−30◦,−30◦ and Endhsh

curv.
Interestingly, the insertion depth of the straight end-hole cannula also indicated the efficiency by which

the wall dissipated the jet. Figure 8.7b shows that for the shallowest insertion depthEndhd,−5 the dissipa-
tion was the worst and progressively became better, with an especially large jump between the shallowest
and the subsequent insertion depth.

8.6.7. Requirement: Keep jet away from occlusion site

As referred to at the beginning of this section, a first attempt was made to consider the consequences
resulting from the interaction between the cannular flow and the largely deformation aorta caused by
cross-clamping. The comparative influence between the non-clamped and incompletely clamps aortic
geometry is shown in Figure 8.8, showing the resulting maximum WSS and danger-zone areas.
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Figure 8.7.: The vessel outflow exit velocity distribution that will enter the aortic arch, evaluated over
consecutive, planar, equi-spaced slices positioned along the vessel axis at its outflow, show-
ing (a) the exit velocity distribution per slice, with increasing transparency indicating slices
positioned closer to the cannula outflow. The cannulas are sorted according to the maximum
velocity measured at the final slice. Standard box plot parameters with outliers indicated as
purple dots. (b)-(e) show representative examples visualizing the exit velocity.
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Figure 8.8.: Comparing the idealized influence of an incompletely clamped vessel to an unclamped vessel,
considering (a) the peak WSS and (b) the danger-zone area, with each increasing degree of
transparency indicates a different damage threshold, i.e. 40, 50, 60, 70 Pa. The visualization
of how the danger-zone morphology changed is shown in (c) and (d).

The resulting peak WSS and danger-zone area are only slightly affected. However, as can be seen in
Figure 8.8, the deformed geometry was responsible for a change in the morphology of the danger-zone
towards the pinching site.

8.6.8. Requirement: Robustness despite clinical variations

A robust cannula design can be defined as a cannula that yields a consistent performance despite clinical
variation. When considering only the variations incorporated here, i.e. different tip designs, as well as
insertion depth and orientation of the straight end-hole cannula, it is evident that conclusive trends about
the robustness of cannula performance can only be drawn for the straight end-hole cannula. This is simply
because the variation in the results when changing the straight end-hole cannula configuration was signif-
icant and complex in nature and extrapolation of results cannot be done with confidence. At least for the
straight end-hole cannula, it can be seen that it does not reveal robust performance under the variations
considered.

The only other remark about robustness can be made is that it is expected to depend on how well the
jet is dispersed prior to hitting the wall, meaning that the jet attenuation presented is the closest estimate
of a cannulas robustness.
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8.7. Discussion

Table 8.1.: The relative functional performance of the different cannula tip designs in providing optimal
proximal arterial cannular flow, with the scores indicating how well a tip design fulfilled the
stated requirements – “5‘” being the best and “1” the worst.
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1a Minimize blood impact: Ensure low pressure drop 4 2 4 4 5 2 1
1b Minimize blood impact: Suitable surface coating - - - - - - -
2a Disperse jet: Minimize jet exit strength 2 2 3 1 1 3 5
2b Disperse jet: Minimize peak WSS 1 2 3 3 3 4 5
2c Disperse jet: Minimize dangerzone area 1 2 2 3 2 3 5
2d Disperse jet: Distribute flow physiologically 4 1 4 2 5 4 5
3 Keep jet away from occlusion site 2 3 1 3 1 2 3
4a Be simple: constrain cannula tip depth - - - - - - -
4b Be simple: small size of inserted tip 3 3 2 1 1 1 2
4c Be simple: easy insertion/extraction - - - - - - -
5 Be robust, despite clinical variation - - - - - - -
6 Minimize cannulation site leakage - - - - - - -
7 Have reliably performing tip - - - - - - -
8 Be cost efficient - - - - - - -

Total 17 15 19 17 18 19 26

8.7. Discussion

In order to achieve the most comprehensive insights to date of the trade-offs and complexities regard-
ing proximal effects of arterial cannular flow, computational models were used because of their superior
ability to allow easy parameter variations and flexibility in design. The models also allowed the realis-
tic prediction of such characteristics without the need for complex experimental studies. Sophisticated,
advanced, state-of-the-art fluid formulations and modeling strategies were used to correctly and accu-
rately simulate the flow through an arterial cannula inserted into an idealized aorta, as considered in the
following.

8.7.1. Summary of functional performance/requirement fulfillment

As done for the occlusion techniques in Section 7.6.1, a comparative evaluation was made to assess
the performance of the different cannula tip designs. The same scoring system of the relative requirement
fulfillment was used, of which the convention is described in Section B. The resulting relative performance
is shown Table 8.1. The indicated scores were based on the computational results presented in this chapter,
as well as experimental and clinical information reviewed in Chapter 3.

8.7.1.1. General remarks

This relative comparison did not take any weighting of importance or exclusion criteria into consideration.
Therefore, the importance of one criteria over another was neglected and no exclusion criteria was set to
exclude a cannula tip from the comparison based on insufficient fulfillment of a requirement. Despite
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8. Proximal flow characteristics resulting from high-velocity arterial cannular flow jet(s)

being important aspects to consider, it introduces more subjectivity which is better left to the clinical
users of these cannulas, i.e. the clinicians.

Two requirements not directly evaluated computationally was to keep the jet away from the occlusion
site and to ensure a small tip size. Accordingly, these parameters were rated with a maximum score of “3”.
The former was rated purely on visual inspection from the thresholded velocities and danger-zone areas
depicted in Figure 8.2 and 8.6, respectively. The latter was rated based on a simple physical measurement
of tip length in the main cannula axis direction, i.e. from the flange to limit insertion depth to the furthest
vertical point that the cannula reached upon insertion. The inserted depth was 16, 17, 22, 18, 22 and
24 mm for the cannulas considered in the order given in the table.

The robustness of the cannula performance under the clinical variation considered was not evaluated,
due to a lack of information. The varying results from the straight end-hole cannula upon clinical variation
simply does not allow the reliable extrapolation of its performance to the different cannula tips considered,
as mentioned above. Other requirements not evaluated here were either fulfilled equally good by all tips,
e.g. constraining insertion depth, or simply not considered here.

Furthermore, as mentioned above, all parameters used to evaluate the functional fulfillment were influ-
enced by the idealized aortic geometry. The only exclusively cannula dependent property evaluated was
the jet exit strength.

Finally, despite the limitations associated with such a comparative evaluation and that the focus of this
evaluation only the proximal effects of arterial cannular flow, the scores listed reflects a very important
consideration: Each cannula tip evaluated presented its specific drawbacks and advantages. No proposed
cannula tip, no matter how advanced, yielded outstanding performance. The only two outliers was the
curved end-hole and the shielded end-hole. The worse performance of the former was marginal, while the
better performance of the latter needs to be seen in the context of the high pressure drop that it induced to
attain this improved performance.

8.7.1.2. Complex influence of insertion depth and cannula orientation

One of the main observations from the presented results were that few outcomes with regards to insertion
depth and orientation were trivial, as expanded upon in the following.

The variation of insertion depth of the straight end-hole cannula yielded the following: The pressure
drop did not correlate with the progression of insertion depth, cf. Figure 8.3b, while although the orienta-
tion inherently changed the insertion depth (or rather: tip-to-wall distance), the insertion depth was not the
only determinant of this outcome. It was also influenced by the jet incidence angle and the geometry at the
jet landing site. The same observation was seen for the maximum magnitude of WSS, which increased
only slightly with an increase in insertion depth, but changed unintuitively for a change in insertion depth
due to the cannula orientation. Interestingly, the danger-zone area was hardly influenced by either the jet
the insertion depth or the orientation.

However, a deeper insertion depth was responsible for better distribution of flow entering the aortic
arch, cf. Figure 8.7. The similar maximum WSS and danger-zone areas seemed to suggest that it was not
due to an increased dissipation of the jet at its landing site, but rather because an increased insertion depth
pushes more fluid along the circumferential direction of the vessel, thereby improving the flow mixing, cf.
thresholded velocities of Endhd,0 and Endhd,+10 in Figure 8.2. Further support for this observation was
found in the deepest insertion depth yielding a sudden decrease in pressure drop after gradually increasing
with insertion depth, cf. Figure 8.3b. This phenomenon is ascribed to the fact that the fluid immediately
next to the jet along the circumference is pushed away sufficiently far to effectively reduce its effect on
the resulting pressure drop. Clearly, the non-flat surface that the jet hit had a significant influence on the
flow properties.
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The change in orientation angle of the straight end-hole cannula yielded results of a dissimilar trend
than changes to the insertion depth. The orientation did have a large influence on the distribution of flow
entering the aortic arch, with cannulas pointing more towards the vessel outflow yielding the poorest
distributions. Interestingly, the best distributed flow entering the aortic arch, and therefore also the best
dispersed jet was obtained for the jet pointed perpendicular to the aortic wall, i.e. Endh0◦,0◦ . Even point-
ing the jet upstream (in the direction of the aortic valve) did not dissipate the jet as proficiently. However,
this increased jet dissipation clearly came at the cost of relying on the aortic wall as the means of jet dissi-
pation, as is evident in the higher WSS induced, cf. Figure 8.5. The orientation also had a large influence
on the WSS because of the resulting geometry that the jet lands upon, e.g. skew on a vertically blocked
off cylindrical surface (Figure 8.5d), skew on a slanted cylindrical surface (Figure 8.5f), etc., as referred
to above.

8.7.1.3. Complex influence of the cannula tip design

The cannula tip geometry was responsible for further complexities present in the outcomes, since it re-
sulted in a jet/multiple jets entering the aorta with different sizes, angles of incidence and insertion depths,
as considered in the next subsection.

The side-hole and hybrid cannulas increased the dispersion of the flow leaving the cannula tip by
subdividing the jet into smaller jets, which would have effectively also dissipated the total jet energy.
However, when comparing the jet and vessel outflow exit velocity distributions (Figure 8.4 and 8.7),
it was clear that these sophisticated cannulas still relied excessively on the aortic wall as the means to
dissipate the jets leaving the cannula tip. This is evident from the significant WSS and danger-zone areas
that these cannulas yielded, cf. Figure 8.5 and 8.6. Only the shielded end-hole cannula relied significantly
less on the aortic wall as its means for dissipating its jets, although at a price of an increased pressure
drop.

As indicated in the results of the jet attenuation, the curvature of the tip itself concentrated the velocities
towards the outer curvature of the tip, i.e. yielding a skewed flow profile with velocities. In this regard,
all curved tip designs performed poorer compared to both their straight counterparts, but also overall.
Therefore, it can be deduced that such a bend in the cannula geometry plays a negative, significant role
in the jet exit velocities and its attenuation. Evidently, it seems that the designers of the curved side-hole
and hybrid cannulas did not take this skewed velocity profile due to tip curvature into consideration, or
otherwise deemed it sufficiently unimportant, based on the axisymmetric tip geometry. Notable, is that
compared to the curved to straight tip designs of these cannulas, the jet exit velocity is definitely influenced
by the curvature of the cannula tip, cf. Section 8.4. Moreover, seemingly poor consideration of resulting
flow fields by manufacturers is exemplified when considering different views of the thresholded velocities
yielded by the curved and straight hybrid cannulas in Figure 8.9. For the curved hybrid cannula, it can be
seen that the effect of the curvature and the positioning of its side-holes rendered its resulting jet to almost
assimilate that of a straight end-hole cannula, i.e. most of the highest velocity flow simply flows straight
through the cannula and is hardly orientated in the direction of the cannula tip curvature.

Perhaps serendipitously, this seemingly unintended flow characteristics caused good dissipation of the
jet prior to hitting the aortic wall, but was achieved at a cost of pressure drop similar to other curved
cannulas, cf. Figure 8.3, and was less effective in yielding a well-distributed vessel outflow than its straight
counterpart. This can be ascribed to the fact that the tip design of the straight hybrid cannula was more
effectively employed in subdividing the jet than the curved cannula and also directing some of the cannula
outflow upstream, thereby causing the best overall dissipation of the jet, as can be seen in the stated figure
and Figure 8.7. The flow patterns in Figure 8.9 seems to indicate the over-design of the curved hybrid tip.

Interestingly, as can also be observed in Figure 8.9, even though the first two layers of side-holes do
not appear to aid in the subdivision of the cannular jet or the flow field at all, it presumably played a
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Figure 8.9.: Multiple views of the thresholded velocity demonstrating the similarity of flow structures
yielded between the straight and curved hybrid cannulas, cf. Figure 8.2d and e.

role in the exemplary low pressure drop obtained over this cannula tip – lower than the straight end-hole
cannula, even though it also had a smaller effective inner diameter. The effective subdivision of the jet by
the curved side-hole cannula demonstrated how the location of the side-holes relative to the curvature can
effectively aid in lowering the pressure drop, cf. Figure 8.3.

Although the jet of the curved end-hole cannula never hit aortic wall in this model setup, different
measures evaluated yielded keen insights into this much debated, sometimes trivialized topic of: which
is better – the straight or curved end-hole cannula?, cf. Section 3.1.2.3. As mentioned in the previous
paragraphs, the side-hole and hybrid cannulas partially succeeded in dissipating the jet by subdividing
it, while the tip curvature caused an increase in flow velocity towards the outer curvature of the cannula.
Therefore, the curved end-hole cannula yielded a strong and poorly dissipated jet entering the aortic arch,
as is evident when once again comparing the cannula and vessel outflow exit velocity distributions (Fig-
ure 8.4 and 8.7). Comparing the range of the maximum exit velocity of the jet at the cannula outflow
with that of vessel outflow, the curved end-hole cannula only showed an attenuation of roughly 30%,
while the second worst performing cannula, i.e. the curved side-hole cannula, already yielded roughly
60% velocity attenuation. Therefore, efficiency by which the curved end-hole jet is dissipated clinically
to cause a lessened impact in terms of WSS is unclear, but expected to not be negligible compared to the
other cannulas considered. It is clear however, that the distribution of flow entering the aortic arch will
be significantly worse than all the other cannulas considered. The only foreseeable benefit of using this
cannula tip instead of the straight end-hole cannula, as deduced from the presented results and literature
reviewed, is that it will hopefully cause the jet to land beyond the final cerebral branch of the aortic arch
(left subclavian) and that particles dislodged by the jet to be directed into the descending aorta, although
local patient-specific geometry and flow characteristics dictate that this cannot be guaranteed. Therefore,
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only based on its proximal performance evaluated here and the literature reviewed in Section 8.1.2, cere-
bral perfusion characteristics are expected to be poor and preferential guidance of embolic material into
any one cerebral vessel remains a definite possibility.

8.7.1.4. Complex interaction between cannular flow and clamped aortic geometry

The change of the morphology of the inflicted danger-zone area shown in Figure 8.8 is a particularly
interesting/worrying finding, because of the experimental, clinical and computational findings reviewed
in Sections 2.1 and 7.1.1 , namely that the pinching site is the most vulnerable site to get damaged during
clamping. Therefore, it is expected that the problem of intimal injury at the pinching site will be aggra-
vated by an increased WSS induced in this area. Furthermore, the distance between the cross-clamps and
the cannulas, the jet incidence angle, as well as the relative angle between the clamp surfaces and the
cannula axis can all be responsible for directing high velocity flow over the damaged pinching sites.

8.7.1.5. Multiple implicated risks

From the reviewed literature, presented results and discussion, it is clear that direct comparison of the dan-
ger of one cannula configuration compared to another is not straight-forward, because there are different
aspects of danger to be considered. Such dangers include the influence of a high pressure drop/shear rate
on blood damage, the influence of the jet inducing high WSS that can dislodge particulate matter and the
jet responsible for an overall poorly distributed flow entering the aortic arch, thereby risking hypoperfu-
sion or even directing emboli into a specific cerebral vessel. However, of all the literature reviewed, only
a subset of these requirements formulated here are considered and consequently do not provide the full
scope of consequences of a certain cannula configuration as presented here. However, despite all of the
clinical variations incorporated in the present study, additional variations still exist, as discussed below in
Section 8.7.3.2. These factors clearly indicate the enormous scope of the problem.

Furthermore, since the arterial cannula provides flow through a conduit roughly five times smaller than
the native aortic diameter, a high speed jet will naturally be responsible for unphysiological consequences
to the flow entering the aortic arch. Although considering some of the most advanced cannula tip de-
signs available clinically, the WSS damage threshold of 40 Pa was always surpassed and the maximum
fluid velocity entering the aortic arch was considerably more than the maximum value achieved during
pulsatile physiological flow at a comparable time-averaged flow rate, cf. Figure 8.7. These values were
reached despite considering a cannular flow rate that clinically translates to ∼50% CPB flow. The trade-
offs achievable between certain aspects were evident, but not necessarily linear, due to this multi-factorial
nature of this problem. Even the newly considered cannula tip design, the shielded end-hole cannula, was
also subjected to trade-offs in its overall performance: it delivered a comparatively very high pressure
drop, despite good attenuation of jet and vessel outflow exit velocity and consequently low WSS induced.

8.7.2. General findings

8.7.2.1. First steps towards validation of presented models

Experimental validation from data in literature is problematic, because as mentioned previously, only one
experimental study by Verdonck et al. [347] was performed evaluating the performance of the tip itself,
and not only the combination of the tip and the cannula tubing, i.e. the entire cannula. The investigation
by Verdonck et al. [347] showed that, when considering the tip alone, the side-hole cannulas performed
better than the straight and curved end-hole cannulas in terms of pressure drop. The straight side-hole
performed significantly better than the curved side-hole cannula. However, upon a closer look at these
results, it is evident that the curved side-hole only performed marginally better (∼5%) better than the
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straight end-hole cannula. Accordingly, based on the difference in inside diameters, using water flowing
at 1.3 l/min, these results indicated qualitatively similar trends as was presented in Figure 8.3.

The only other comparable measure often reported in literature is the peak velocity of the cannular flow.
Andersen et al. [7] reported the peak flow velocities measured with MRI for water at 3 l/min, measured
near the outflow of the cannula tip. They observed the same asymmetric character of the flow through the
curved cannulas as presented here. Furthermore, although they used 24 Fr cannulas with differing inner
diameters than those considered here, e.g. their curved side-hole cannula had a diameter 11% larger than
used here, while their straight end-hole cannula was 15% smaller than used here. Taking these consider-
ations into account, peak velocities for their 24 Fr cannulas ranged between 1750 and 2750 mm/s, which
compared reasonably well with the peak jet exit velocity of the first slice of Figure 8.4, ranging between
2800 and 3400 mm/s. This range excludes the results of the shielded end-hole and hybrid cannulas, since
they were not considered by Andersen et al. [7].

Therefore, although not validated quantitatively due to difficulties in comparability, as is clear from
the previous two sections, the results presented here indicated qualitative correspondence to the stated
experimental results, as well as indications of falling within a suitable range.

The limiting factors which determine the inter-study comparability and consequently also its value to
aid in model validation, is further considered below in Section 8.7.3.1.

8.7.2.2. WSS and danger-zone area

The wall shear stress (WSS) is generally a difficult value to evaluate, both experimentally and computa-
tionally.

As excellently reviewed by Reneman et al. [295], it is clear that the experimental measurement resolu-
tion will also significantly influence the calculation of WSS, for the same reasons as for the computational
simulations, cf. Section 8.5, i.e. flow-induced WSS in this context is derived from velocity measurements
and not directly measured. The highest current resolution that a typical clinically used ultrasound device
yields maximum measurement resolutions between 0.25 and 0.3 mm, while an MRI protocols that en-
able velocity measurement can only yield resolutions of 1.0 to 1.25 mm. Therefore, based on the mesh
sensitivity study performed here, systems that can deliver this resolution will underestimate the actual
WSS. Nevertheless, as far as the author could determine, no previous experimental study even attempted
to quantify WSS under arterial cannular flow conditions.

From the prior computational studies reviewed in Section 8.1.1, only the studies by Yang et. al reported
consideration of the sensitivity of the boundary layer mesh size to capture WSS, i.e. the size of the
layers of elements immediately covering the aortic wall. Thereby, they also emphasized the importance
of considering the mesh sensitivity when needing to evaluate the WSS, as was done here in Section 8.5.
Although Yang et. al only considered a flow rate of 1 l/min through a conduit with an inner diameter
9% smaller than the straight end-hole cannula considered here, they reported WSS at the jet landing
site roughly between 150 and 180 Pa, cf. Section 8.1.1, which correlate well with the straight end-hole
cannula yielding 145 Pa. All other studies either considered a sufficiently fine mesh but of purely Cartesian
elements [238], or simply only mentioned that global mesh refinement was done to prove the adequacy of
the mesh resolution. However, the combination of such a statement and distinctly lower values of WSS
reported, seemed to reveal that no explicit attention was given to obtain a mesh that will sufficiently
capture the induced WSS, if any at all.

The results for the WSS measured, as well as the accompanying danger-zone area reveals a previously
presumed, but not quantified influence of the jet on WSS – the dangerous, inaccurately named “sand-
blasting” effect. Furthermore, as considered in detail in Section 8.7.1, these results reveal non-obvious
trends with changes in orientation and cannula tip design. Finally, based on the resulting danger-zone area,
the influence of WSS is significant and earnestly needs to be incorporated in future investigations. This
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is especially critical, due to its large potential impact and the comparatively little detailed consideration it
has received in previous investigations.

8.7.3. Limitations

8.7.3.1. Direct comparability of tip designs

A number of different factors limit the direct comparability of the cannula tip designs as presented here,
but also between different studies. All of these factors need to be taken into account when comparing
these tip designs – some of which were considered here, some beyond the scope of this investigation – as
expanded upon in the following.

Cannula configuration relative to vessel geometry The presented results show how the tip design
and cannula configuration, i.e. insertion depth and orientation, had a varying and complex influence on
each of the evaluated parameters. Inherently, every cannula performance parameter evaluated depended
on the vessel geometry and its configuration therein – and therefore hampered direct comparison even
between cannulas. This was because positioning of each specific cannula tip design and configuration was
done relative to the cannulation site, as is clinically relevant, and not to obtain some sort of comparative
position/orientation within the vessel lumen. However, the only performance parameter independent of the
vessel, as mentioned above, was the exit velocity measured over consecutive slices at the cannula outflow,
expected to only be dependent on the tip design. Furthermore, although helpful, neither the peak jet flow
velocity nor its distribution ever appear in product brochures, and is not always reported in experimental
studies. All other measures, including the pressure drop over the cannula, were clearly dependent on each
aspect of the cannula configuration within the given vessel geometry.

Rated cannula size does not reflect its inner diameter The difference of the cannula inner diameters
considered here, cf. Table A.4 will obviously influence the direct comparability of these results for the
different tip designs, cf. Table 3.3. However, as mentioned previously, these tip inner diameters were
intentionally kept to reflect the performance of cannulas that are clinically available and rated as having
the same size – all 24 Fr in (outside) diameter, cf. Section 3.1.2.2. Furthermore, inter-study comparability
of arterial cannula performance is generally difficult to evaluate, due to the variation of inner diameters,
which is seldom reported.

Entire cannula vs. cannula tip only As eluded to in Section 3.1.2.2, one of the major drawbacks
that further hamper comparability, is that experimental studies always reported the pressure drop over the
entire cannula and did not distinguished between the pressure drop over the tip and the tube, respectively.
The only exception was a study performed by Verdonck et al. [347], which intentionally considered the
pressure drop over the tip and the entire cannula, respectively, due to the rightly noted variation in cannula
length and tapering geometry of different cannulas. Although these authors used water at a flow rate of
1.3 l/min and did not consider the hybrid cannulas nor exactly the same cannulas evaluated here (although
they consistently chose a single series of cannulas from the same manufacturer, all rated as 24 Fr), their
comparison yielded two important findings.

Firstly, different cannula tips from the same clinically used series assessed in their experiments, with
an unreported although presumably tapered geometry, yielded cannula tubing pressure drops that varied
between 1.5 and 3 mmHg, which represented roughly 15 and 20% of the pressure drop over the entire
cannula. However, the cannula tubing preceding an additional custom tip also evaluated in this study,
consisted of a straight pipe and consequently yielded a pressure drop of ∼30 mmHg, which is more than
ten times that of the other cannulas considered and represented more than 90% of the total drop over the
cannula. Secondly, the pressure drop over the tip and the cannula tubing show an inter-dependent rela-
tionship and also depended on the flow rate. Considering only results of a straight end-hole cannula with
a presumably, yet not reported tapered cannula tubing geometry, these authors effectively demonstrated
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the how an increased flow rate caused a near linear increase in pressure drop over the considered cannula
tubing, while yielding an exponential increase over the cannula tip. This implies that the pressure drop for
two cannulas with exactly the same tip design and inner diameter, but with different cannula tubing will
cause a different pressure drop over each tip and cannula tubing, respectively. This complex relationship
has not been previously considered, apart from this investigation by Verdonck et al. [347].

Consequently, these results clearly emphasized the importance of taking the significant pressure drop
induced by the cannula tubing preceding the cannula tip into account and differentiating between the
pressure drop of these two components of the cannula in order to obtain more comparable results of
cannula performance. Furthermore, this phenomenon helps to explain inter-study disparities in cannula
performance measured, as reviewed in Section 3.1.2.2. It also justifies the comparably low pressure drops
extracted from the presented results (compared to those reported in literature), which only considered the
pressure drop over the tip, in absence of preceding cannula tubing and at a relatively low flow rate for its
size, cf. Figure 8.3.

Modeling definition of tip conduit length In order to improve comparability in the presented models,
the cannula tubing was omitted from the considered computational studies. Nevertheless, apart from the
different inner diameters physically measured, another factor hampered the comparability: the modeling
definition of a common conduit length of the tip. As explained in Section 8.4, the tip conduit length was
chosen to be constant for each cannula. The difficulty therein lies in choosing a comparable starting point
for this line at the cannula outflow. For example, consider the end-hole and side-hole cannulas. For the
former, the tip conduit length stretched from the cannula outflow to its inflow and was therefore fully
enclosed by the tubular cannula wall over its entire length. For the latter, it stretched from the diverting
cone center to the inflow, and was only fully enclosed by tubular cannula wall from the point where the
side-holes started down to its inflow. Prior to this point, the fluid was free to flow into the vessel conduit,
effectively resulting in a closed tube length of 12% of shorter than the end-hole cannula. Accordingly, the
hybrid cannulas were even less comparable, resulting in 48% shorter closed tube length than the end-hole
cannulas.

Such an observation indicates that the reduced closed tube length contributed to the comparatively
lower pressure drop obtained from the side-hole and hybrid cannulas shown in Figure 8.3, apart from
its ability to disperse the jet. However, its influence is expected to be limited, since it only entails an
extra small portion of straight tubing that will increase the pressure drop accordingly. Its effect on other
parameters investigated here are not further considered, although would foreseeably also be limited.

Clinically available cannula comparability and its improvement Understandably, manufactures pre-
dominantly test and publish only pressure drop vs. flow rate data for cannular flow into an open tank
using water at room temperature for a set of their cannulas. Such information brochures also only con-
siders those cannulas tested from the manufacturer. And even though its only pressure drop vs. flow rate
data, it is not compared to cannula performance of other manufacturers, nor are such brochures geared
towards making such comparisons easy. As is evident from the preceding discussion, the value of such
data only gives a limited comparable impression of cannula performance, because of the multitude of dif-
ferent factors that hamper cannula comparison, but also due to myriad of factors responsible for clinically
variable conditions, considered in the next subsection.

Nevertheless, this relative cannula performance published by manufacturers communicates some indi-
cation of cannula performance to clinicians, yet supplies inadequate information for the engineers eval-
uating the clinical performance of the specific tip design. In an attempt assess comparability in a more
rigorous manner, the models evaluated in the presented computational investigation provided a more com-
parable evaluation of tip designs than has previously been reported – neither from manufacturers or past
experimental or computational studies – as well as insights into the influence of cannula configuration.

Limited comparability is indicative of the status quo Ultimately, this direct incomparability can be
considered a limitation, because it hinders the objective evaluation of the optimal cannula tip, but also
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configuration as a whole, in terms of the stated requirements. On the other hand, this direct incompara-
bility demonstrates the variation of flow conditions that will occur in current clinical practice due when
choosing a cannula of the same French-size – as was intended when choosing the cannulas to evaluate.
Furthermore, it also indicates the lack of information that a clinician is faced with when choosing the
optimal cannula when performing CPB on a specific patient.

8.7.3.2. Clinical variations not considered

Various other important clinical variations exist that were outside of the scope of this investigation. These
factors are briefly mentioned below.

Of the considered cannula geometries, only the insertion depth and orientation of straight end-hole can-
nula was evaluated. But as is evident from the presented findings, changes in the configuration influenced
the performance of this simple cannula tip geometry in a non-trivial manner. As such, it will be important
to consider these aspects for each cannula tip individually. Such an evaluation will also be helpful to un-
derstand the robustness of cannula performance despite clinical variation – a currently scarcely evaluated
performance parameter.

Other variations of tip-designs, as those shown in Figure 3.1, were not further considered, due to min-
imal variations in cannula characteristics from the considered models. Furthermore, the two other prin-
cipally different tip-designs shown in Figure 3.1, which were not simulated, included the Medos X-flow
and the Dispersion cannula. The former was not considered due to its reportedly infrequent use and the
latter due to its poor performance. The Dispersion cannula has been found to cause pressure gradients
of larger than 100 mmHg for the required flow rates [180], which has previously been shown to cause
hemolysis [50].

A very important factor not considered was the influence of a change in flow rate. Although not eval-
uated for the straight end-hole cannula model considered in the comparative functional performance of
Section 8.6, the simplified version of this model was considered at different flow rates for the mesh conver-
gence study, cf. Section 8.5. To demonstrate the effect of an increasing flow rate, the danger-zone area is
plotted for four different cannular flow rates in Figure 8.10. Discrepancies between these result and those
shown in Figure 8.6 can be attributed to an almost non-existent cannula conduit length, i.e. practically no
dissipation caused by flow through the cannula tip. Whereas 1 l/min did not yield WSS larger than the
damage threshold, the increase in danger-zone area dramatically increased with an increasing flow rate –
increasing by more than 50% from 2 to 3 l/min, and by slightly less than 50% from 3 to 4 l/min. Further-
more, for cannulas of the size considered, the flow rate is typically between 5 and 6 l/min. Of course, an
increase in flow rate will also have a significant and nonlinear impact on the other parameters evaluated.

Although currently rarely used in CPB, pulsatile arterial cannula flow was not considered here. Al-
though largely abandoned due to dangerously high peak velocities reached and no conclusive benefit over
continuous flow CPB seen in patient outcome, it still maintains a valid position in the VAD community.
Based on the literature reviewed and the detailed evaluations performed here, further consideration of
pulsatile arterial return would urgently require an in-depth consideration of its flow characteristics.

A number of patient-specific factors will also play an important role on proximal flow characteristics of
arterial cannular flow, as reviewed in Section 8.1. The patient-specific ascending aorta geometry largely
deformed as a consequence of aortic clamping is considered in the next chapter.

8.7.3.3. Computational aspects

Some limiting aspects with regards to the computational models presented are further elucidated in the
following.
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Figure 8.10.: The influence of different flow rates on the inflicted danger-zone area, considering the
straight end-hole cannula model used for mesh convergence. Each increasing degree of
transparency indicates a different damage threshold, i.e. 40, 50, 60, 70 Pa.

Apart from the cannular jet causing a stagnation point(s) when hitting the aortic wall, such points were
also present in the side-hole and hybrid cannula tips itself. In order to sufficiently resolve such stagnation
points, a mesh size twice as small as the required base level size (hb) was used, as shown in Figure 6.9.
However, no further mesh sensitivity was tested to determine whether or not these stagnation points were
sufficiently resolved and needs to be expanded upon in future studies.

The presented results only considered a base-line set of parameters. A potentially helpful parameter
would have been to evaluate the shear rates for determining a hemolysis index, cf. Section 8.1. A further
interesting effect to evaluate would be the magnitude of the Coanda effect (if it can be quantified) and its
implications for flow distal to the cannulation site.

No modeling of turbulence effects was incorporated in the simulated models. Although the flow rate
was limited to 3 l/min, the resulting Reynolds numbers Re for pipe flow actually meant that the flow was
expected to be in the transitional region between laminar and turbulent.Additionally, following the results
and discussion of Menon et al. [239] considering a detailed fluid dynamical evaluation of cannular flow
jets blown into a large reservoir, the following should be noted: Firstly, such a submerged jet will already
yield flow instabilities at Re = 225 [75], justifying the fluctuations present in the time-averaged results
presented here, since the Re considered was at least ten times greater for all the cannulas considered.
However, despite the meticulous mesh sensitivity presented here, as seen in Figure 8.1, the axial and
circumferential discretization size is expected to have also contributed to the variation observed in the
results. Secondly, submerged jets have been shown experimentally to only display full turbulence when
Re > 1.105 and therefore the cannula flow considered here can safely be assumed as transitional [87].
Thirdly, Menon et al. [239] demonstrated that the core length of the jet from a straight end-hole cannula,
demarcated using an isocontour definition of a coherent irrotational structure, increased with higher Re.
The end of this core length is characterized by significant oscillations that increased exponentially over
time. Already at Re = 650 the core length was 20 times the inflow diameter, suggesting that in the
considered simulations, such an irrotational core always reached the vascular wall. Furthermore, the core
length also represented the main region of jet flow energy dissipation and correlated to the resistance of the
cannula outflow, i.e. would influence the pressure drop over the cannula. Fourthly, at higher Re = 2150,
Menon et al. [239] found that the core could not be clearly demarcated and yielded complex vortical
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structures and turbulent characteristics. However, apart from the such characteristics displayed during
cannular flow and prior to the jet landing site, it is not entirely clear how the flow characteristics will
change upon hitting a non-flat surface of the aorta at a particular angle – and how fast relaminarization
of the flow will occur due to the amount of energy dissipated. Evidently, the consideration of turbulent
effects will refine the results with regards to the energy dissipated through the different cannula tips and
by the aortic wall. However, in the context of the considered simulations, turbulent effects were assumed
to be suitably small. A combination of the numerical damping caused by the stabilized fluid element
formulation with an unperturbed inflow profile entering the flow domain and the relatively short distances
between the cannula outflow and the jet landing site causing significant energy dissipation (evident from
the difference between cannula and vessel outflow exit velocity distributions) was considered key elements
allowing the numerical solution to always converge, despite no consideration of turbulence. It is foreseen
that these turbulent effects will become more pronounced at higher flow rates and distal effects of cannular
flow, neither having been considered here.

8.8. Conclusions and future perspectives

8.8.1. Improved cannula design

The presented results and discussion clearly demonstrates that much room for improvement still remains
to improve arterial cannular flow characteristics. Such improvements are definitely not limited to tip de-
sign, but includes all aspects that will influence the flow performance characteristics, e.g. the cannula
tubing that precedes the tip, the cannula material that is determinant of its inner diameter, its relative
position in the aorta, the aorta size, etc.

These findings, obtained from the reviewed literature and presented computational study, provide pre-
viously unreported detail, insights and much needed input for improved cannula design. Furthermore,
these findings are also expected to emphasize the importance of systematic incorporation of patient- and
procedural-specific aspects into clinical design-making, pertaining specifically to cannulation site choice
and cannula tip choice, e.g. if occluding near the occlusion site, it would be preferable to use a curved tip,
if mild to heavy atherosclerotic lesions exists at the cerebral artery orifices, it would be preferable to use
a straight tip, etc. These aspects should serve as input to future work further quantifying such aspects.

As is evident from the different sources of clinical variations considered, a major benefit in future can-
nula design will be a cannula that provides robust flow characteristics despite clinical variation. Certainly,
some aspects of clinical variability will remain unavoidable, e.g. when a higher flow rate is required due to
a decrease in cerebral saturated oxygen pressure. However, a major component of the variability influenc-
ing the flow characteristics show great potential of being surmounted, namely the influence of the vessel
geometry and resulting cannula configuration. Therefore, a highly desirable cannula design is one that can
yield robust flow performance that is (largely) independent of its insertion depth, orientation or specific
location along the chosen cannulation site. Of course, its performance must not only be robust, i.e. nearly
constant despite changes in cannula configuration, but also good, i.e. high jet exit velocity attenuation,
low pressure drop etc.

One cannula tip design that presents evidence of being able to fulfill such requirements of yielding
robust flow characteristics, is the shielded end-hole cannula considered here. This is because the shield
was able to relatively sufficiently disperse the high velocity jet prior to hitting the aortic wall, yielding
the comparatively lowest peak jet exit velocity – the only functional measure expected to be independent
of the vessel. The influence of a change in cannula configuration on measures that were dependent on the
vessel are expected to be small, specifically due to the proficient dissipation of the jet. However, the shield
position and geometry, as considered here, has the overriding limitation that it induces an exceedingly high
pressure drop. This is a very important feature that will need to be improved upon prior to its adoption
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in the clinical setting. For exactly this reason, use of the Dispersion cannula was discontinued, despite its
proficient ability to disperse the jet, cf. Section 8.7.3.2. Nonetheless, the use of a shield as presented here
provides the potential of a larger non-native surface upon which the jet can be dispersed. The original
blasting plate-type shield suggested in the patent describing this idea, from which this shielded geometry
was improved upon, cf. Section 6.4.1.2, is expected to provide little benefit over the Dispersion cannula’s
performance, due to its geometric similarity. Success of a shielded cannula design will depend upon
whether the shield-cannula-configuration can be optimized to still yield such sufficient jet dissipation, but
at a significantly lower pressure drop comparable to existing cannulas. A proficiently performing shield
then also presents the potential of including passive flow altering elements for inducing helically rotating
flow, thereby more closely imitating the physiological flow, cf. Section 3.1.2.3 .

8.8.2. Clinical relevance and the need for a new clinical reference

As mentioned in Section 8.7.3.1, clinicians are supplied with flow rate vs. pressure curves of water at
room temperature flowing into a reservoir from cannula manufacturers. Combining this data to a desired
patient flow rate, calculated according to the cardiac index [239] (usually related to body surface area), a
cannula is chosen. Such data from manufacturers thereby provide clinicians with a consistent reference,
despite the potentially (significantly) influence to the desired cannular flow characteristics that will be
caused by the myriad of potential clinical variation factors and the difficulty of comparing performance
between different cannulas.

Even though many experimental, clinical and computational studies have been performed to elucidate
on the influence of such clinical variations, none succeed in incorporating all possible variations, including
the computational study presented here, cf. Section 8.7.3.2. Therefore, although most studies improve
upon the detail investigated or expand on the number of aspects considered, it ultimately provides the
clinician with general qualitative performance trends that cannot be guaranteed to occur in each patient-
specific case.

In this regard, computational investigations offer the potential of relaying arterial cannula flow perfor-
mance for a patient-specific case. Obtaining a patient-specific geometry is relatively straight forward. Cre-
ating a sufficient mesh for capturing the needed effects with modern meshing software is also achievable
with existing commercially available software. Despite the latter aspects being possible, current methods
are semi-automated at best and are consequently very time-consuming. Such models are also computa-
tionally expensive to solve – the reviewed studies in Section 8.1 typically considered models with∼6.106

degrees of freedom. Furthermore, modeling of the outflow boundary conditions at the truncated ends of
multiple arteries has only recently become more reliable and is crucial in simulating accurate flow patterns
in the aortic arch [173, 190, 195] – a feature that is definitely not standard in commercial software and
will need some further research input to mature. Moreover, the influence of the distensibility of the aortic
wall will also be required for improved information regarding arterial cannular flow characteristics [248].
Finally, despite the long lead time to produce such a model, the complexities that need to be incorporated
to reflect physically reliable flow conditions and the subsequent computational costs required to solve
such a problem, current computing speeds are only able to yield a solution time in the order weeks or
several days at best. As such, notions of computational steering in this context, i.e. real-time changes to a
running computation, are currently a non-realizable option and at least in the near future.

Therefore, the simplifying assumptions inherent in data from manufacturers, the insufficient incorpo-
ration of all clinical variations in experimental studies, and the complexity, time and cost limitations of
computational studies underlines the need for an improved clinical reference. Such a reference is consid-
ered in the next subsection.
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8.8.3. A new paradigm for arterial cannular flow evaluation

As emphasized in the previous subsection, the clinical relevance obtained from all previous investigations
of arterial cannular flow, including this one, is only of qualitative value, due to the potential (significant)
influence of clinical variation. Consequently, prior to attempting yet another experimental or computa-
tional study, it is worth considering whether clinically relevant and translatable results will actually be
obtainable. If not, then it is worth considering a new paradigm of investigating arterial cannular flow,
derived from the presented computational study. This newly proposed paradigm is only discussed con-
ceptually for central cannulation, while further refinements and considerations are left for future studies.

As is evident from all of the functional requirements formulated in Section 8.2, yet never explicitly
mentioned in previous studies, is that the aim of the arterial cannula should be to yield flow that assimi-
lates the physiological flow of that patient – of course at an acceptable pressure drop and induced WSS.
Therefore, a reasonable comparative measure would be the characteristics of the flow that enters the aor-
tic arch, i.e. a region close to the cannulation site, as considered here. One cannula is then considered
better than another when it produces flow exiting the proximal region that closer resembles the typical
distributed physiological flow character.

Consequently, a foreseeable experimental setup will need to test different cannulas flowing into an
anatomical relevant range of different sized tubes, exiting into an open reservoir. Pressure drop measure-
ments will then reflect the combined influence of the cannula tubing, cannula tip and the cannulated vessel.
A measure of jet dissipation – and indirectly the WSS induced – can then be derived by comparing this
combined pressure drop with the currently published data, i.e. pressure drop over the cannula flowing into
an open reservoir. A further key aspect would be to measure the flow velocities, realizable with standard
ultrasound measurements. Thereby, the flow profile exiting the tube segment can be obtained, in order to
evaluate the extent of flow distribution that will enter the aortic arch. Cannula position and orientation can
foreseeably also be varied to establish cannula performance extremes. Such experimental information can
then be combined into a Moody-diagram type chart to enable clinicians to derive the arterial cannular flow
performance based on clinically determinable parameters, such as the required flow rate, vessel diameter
at the cannulation site and distance between cannulation site and the brachiocephalic artery orifice, i.e.
the first branch after the ascending aorta.

Once such information is available, non-dimensionalization could foreseeably be performed, resulting
in a measure that supplies an estimate of distribution of flow that will enter the aortic arch within a certain
confidence limit affected. This confidence limit will be based on the variations in measurements obtained
through the cannula configuration extremes experimentally investigated. Of course, such an experimental
setup will not guarantee the specified arterial flow characteristics in the patient-specific case. But it will
provide an improved clinical reference, because it also incorporates the effect of the vessel and the result-
ing velocity profile distribution entering the aortic arch. Thereby, it is expected to significantly improve
upon previous attempts at non-dimensional characterizing of arterial cannular flow, which did not take the
cannulated vessel into account [258, 347].

Furthermore, this experimental setup can then be extended to a patient-specific computational model
only considering the ascending aorta. Such a model should be able to provide flow information that can
be matched to patient-specific, time-resolved perfusion data obtainable from MRI. As such, even though
flow in the entire aortic arch is not simulated, the cannula configuration and tip can be altered to achieve
an outflow as close as possible to the patient-specific flow distribution entering the aortic arch. Such a
computational setup will require a computational mesh that is a fraction of the size of needed to simulate
whole aortic arch hemodynamics. The time to extract the geometry will also be significantly shorter and
simpler boundary conditions will suffice due to only considering a single inflow and a single outflow. It
also offers a much more realizable platform upon which cannula tip design and configuration robustness
can be evaluated, but also to develop tip designs particularly designed to achieve a wanted physiologically
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distributed flow entering the aortic arch – the ultimate goal that a cannula design should aim for. And
lastly, it offers of a computational strategy that makes its translation into actual daily surgical planning
much more feasible, compared to whole arch simulations.
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9. Patient-specific aortic manipulation:
occlusion and arterial cannular flow

Indeed, the day any two surgeons are found to apply
exactly the same surgical techniques will be a notable
one!

— Peter Alson [5]

Whereas the computational investigations of the previous two chapters focused on investigating aortic
occlusion and proximal arterial cannular flow effects in the absence of patient-specific variation, cf. Chap-
ters 7 and 8, the current chapter is specifically concerned with incorporating a number of these clinically
relevant variations, never previously considered or only in part. The scope, importance and the need for
an improved understanding of the mechanisms by which these critical aortic manipulation maneuvers will
cause injury, and thereby influence patient outcome, have been thoroughly expounded upon in the pre-
vious chapters. Furthermore, the preceding work also laid the computational foundation that allows the
incorporation of such patient-specific aspects, thereby allowing a computational investigation to achieve
previously unattainable insights, as presented here.

In this chapter, aortic occlusion is considered in the context of patient-specific variations pertaining
to aortic geometry, local material inhomogeneities, as well as occluder configuration relative to these
inhomogeneities. Furthermore, proximal arterial cannular flow effects are considered in the context of
patient-specific geometrical variations caused by the occluder configuration relative to a straight end-hole
cannula. In both cases, the aim is to assess the sensitivity by which the outcome will vary with regards
to subtle changes to the manipulation configuration, i.e. determined by the surgical technique. Due to
the in-depth discussion and similarities of the investigations presented in the previous chapters, many
aspects equally applicable in this chapter will omitted. The current chapter is structured in such a way to
consider each of these two aortic manipulation maneuvers separately, with the outcome of the structural
study of aortic occlusion was used as input for the fluid study of proximal cannular flow effects. For
each maneuver, brief simulation-specific aspects are considered, the comparative impact of the different
configurations are considered, followed by a discussion and concluding remarks.

9.1. Aortic occlusion

9.1.1. Simulation specifics

The simulations performed to consider the stated patient-specific influences during aortic occlusion were
introduced in Section 6.2.1.3 and listed in Table A.2. The simulations included the consideration of
standard (DeBakey) cross-clamps and endo-aortic balloon occlusion (EABO), referred to as CCCalc,i

0◦ ,
CCCalc,i

30◦ and EABOCalc,i CCCalc,i
60◦ at two different positions along the ascending aorta i = 1, 2. As in-

dicated by the subscript of the cross-clamping simulations, three different orientations of the cross-clamps
at each position were considered, i.e. the relative angle by which the cross-clamps were rotated around
the vessel axis. Furthermore, to investigate the influence of the calcifications, the following simulations
were performed without the consideration of the calcification stiffness, i.e. Ψcalc = 0, cf. Eq. (6.93):

165



9. Patient-specific aortic manipulation: occlusion and arterial cannular flow

CCnoCalc,i
0◦ , CCnoCalc,i

30◦ and EABOnoCalc,i at the position i = 1. Furthermore, a straight end-hole can-
nula was also included in the aortic geometry, as indicated in Figure 6.2.

Whereas the displacement of the clamp surfaces were prescribed, cf. Section 6.1.4.4, the endo-aortic
balloon (EAB) was inflated while only fixed on its proximally truncated surface, i.e. on the border of
the soft boundary material used to simulate the yield of an EAB-catheter inserted femorally, cf. Sec-
tion 6.2.4.2. This effectively allowed the EAB to change its position as it came into contact with the
vessel wall, until further EAB expansion would yield a uniform increase in the applied contact tractions.
Thereby, the actual clinical behavior of an EAB that has freedom to move transversely, but has limited
axial movement, was approximated.

Due to the complexity and size of the considered patient-specific aortic discretization, the cross-clamping
simulations could not be completed to a state of self-contact. The furthest common simulation point
reached for the cross-clamp simulations were a normalized clamped luminal area of |Alumen

cl | = 0.25.
However, all the EABO simulations were completed, i.e. a normalized balloon pressure of |PEAB| = 1.0
was reached for each simulation, cf. Section 7.5. This also implied that, occlusion potential could only be
evaluated for the EABO simulations.

Definitions of all parameters presented in this section, as well as postprocessing steps performed to
extract these, have already been defined in Section 7. Any deviation from these definitions or postprocess-
ing steps are fully elucidated below as needed. Every property evaluated here was also compared with the
results obtained pertaining to the respective aorta where calcifications were excluded.

9.1.2. Comparative impact

9.1.2.1. Boundary effects

Occlusion of the patient-specific aorta was not completely void of the influences of the fixed truncated
aorta surfaces, cf. Section 6.2.1, as was the case for the idealized aorta, cf. Section 7.6.2.3. Similar to the
method of evaluating these boundary effects employed in the referred to section, four axial slices along
the centerline near the proximal and distal boundaries were taken in 1.5 mm increments. The resulting
first principal strain distributions from each slice, depicted visually in Figure 9.1, are plotted in Figure 9.2.
The results showing the second and third principal strains are attached in Appendix C.1.

While cross-clamping the idealized aorta under the considered loading, cf. Figure 7.15, the first princi-
pal strains at these boundary slices were indicative of the influence of the fixed boundaries. In that case,
the first principal directions were changed during cross-clamp progression due to the large vessel defor-
mation, but magnitudes remained practically unchanged. This configuration was much more complicated
for the patient-specific case. Other aspects that influenced the effect of the fixed boundaries are briefly
expanded upon below.

Firstly, as can be seen in Figure 6.8, the proximal end of the vessel was severely calcified, meaning that
an overall stiffer (and more sensitive) response will be experienced in these regions. Secondly, the trunca-
tion of patient-specific geometry inadvertently resulted in a relatively shorter inner curvature. Therefore,
an equal displacement of the wall on the inner and outer curvature will yield different responses at the
boundaries. Furthermore, combined with the different cross-clamp configurations considered, the actual
length and volume of the vessel structural domain were not equal on both sides of the cross-clamps, as
was the case for the idealized aorta. No further analyses were made of these boundary phenomena, but
are taken into consideration when interpreting the results.

Finally, once again, as for the idealized example, deformation of the vessel due to EABO was small
enough to yield a negligible influence of the fixed boundaries. Furthermore, the other complexities, men-
tioned above, clearly did not further influence the results in these simulations.
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(a) Entire aorta (b) Proximal slices (c) Distal slices

Figure 9.1.: The influence of fixing the truncated surfaces of the aorta were evaluated by considering
the strain distribution in four equi-spaced slices through the structural domain at intervals of
1.5 mm, taken from the proximal and distal ends of the vessel, as indicated here. This example
shows two views of the first principal strains evaluated at the different slices for CCCalc,1

0◦ at
the maximum occluder progression evaluated, but shown here in the reference configuration.

9.1.2.2. Local progression of strain during occlusion

As in Section 7.5.1, the progression of local strain during occlusion was once again evaluated, but ex-
tended to capture the effects of additional local regions of interest (ROIs). Data from each such local
ROIs were extracted by using the same types of regions previously used, but positioned at specific ROIs,
as listed in Table 9.1 and depicted in Figure 9.3.

The ROIs intended to capture a specific calcified region, i.e. calcification ROIs, were naturally always
kept at the same position, because it is specific to the vessel. The location of the calcification ROIs were
distinguished by visual inspection, as shown in Figure 9.3a, but also in size, as listed in Table 9.1. These
sizes illustrate not only the physical size of the calcification volume that was extracted from the patient-
specific data and included in the model, but also the severity of the lesion. The calcified volume of aortic
wall was evaluated by considering the discretized calcification volume, V aCalc

h , and the discretized purely
calcification volume, V pCalc

h , both measured in the reference configuration and defined as,

V aCalc
h =

nROI
ele∑
j=1

V j
h

(
HU > HUmin

)
(9.1)

V pCalc
h =

nROI
ele∑
j=1

V j
h

(
HU > HUmax

)
(9.2)

with the discretization element volume V j
h summed over the elements in the extracted ROI nROI

ele , and the
thresholds defined in Eq. (6.96) that always result in V aCalc

h ≥ V pCalc
h .

As can be seen in Figure 9.3, the ROIs influenced by the occluder configuration, or configurations
ROIs, were positioned accordingly, e.g. the ROI intended to capture the strain progression of the proximal
pinching site was positioned according to each specific cross-clamp configuration. Since the EABO does
not cause pinching, the ROI locations of the CCCalc,i

0◦ were used, at the corresponding position i = 1, 2.
The maximum strain value extracted for each ROI, as plotted in this figure, was the maximum value

extracted from the entire region. This meant that the specific element that yielded the maximum value for
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——————– Proximal boundary ——————– ε1 distributions ——————–
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Figure 9.2.: The resulting first principal strain (ε1 [-]) distributions extracted at the four different axially
spaced slices near the proximal and distal ends of the vessel, as depicted in Figure 9.1. Each
increasing degree of transparency indicates a slice located further away from the boundary,
i.e. the fixed truncated surfaces.
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Table 9.1.: Specifications about the regions of interest (ROI) of the aortic vessel wall indicated in Fig-
ure 9.3. These were used to evaluate certain local effects occurring during the application of
occluder. All spherical ROIs considered were R = 5 mm, centered at the intimal surface,
except for the Cann ROI (R = 7 mm). Units of volume in mm3.

Region of
interest (ROI) Description

Occl-ROI
20 mm tubular segment, centered at corresponding occlusion site, truncated at
both ends using plane orthogonal to centerline at occlusion site

Calc1 Spherical region surrounding calcification, V h
aCalc = 24.9, V h

pCalc = 0.9

Calc2 Spherical region surrounding calcification, V h
aCalc = 13.4, V h

pCalc = 0.0

Calc3 Spherical region surrounding calcification, V h
aCalc = 1.8, V h

pCalc = 0.0

Cann Spherical region surrounding cannula
Dist-pinch Spherical region at the distal pinching site
Prox-pinch Spherical region at the proximal pinching site
Superior Spherical region at the superior site
Inferior Spherical region at the inferior site

one strain measure did not necessarily correspond with the same element from which the maximum value
for a different strain measure was extracted.

Owing to the large volume of data extracted, only the maximum first principal and maximum shear
strains values obtained in each each ROI are considered here, as shown in Figures 9.4 and 9.5. Note how
the colors from these graphs correspond to the ROIs indicated in Figure 9.3. The third principal and von
Mises strain results are attached in Appendix C.2.

From the large amount of data given in these figures, two main observations were evident: firstly, it
can clearly be seen whether or not a maximum value from a particular ROI was the most extreme value
in the entire occlusion region (Occl-ROI), i.e. did the strain response in that particular ROI dominate the
strain response at the given point of occluder progression compared to the strain response of the occlusion
region, or not? Secondly, the different degrees of transparency help to indicated how much the maximum
strain state in each ROI changed from the unoccluded to the nearly occluded state. Some brief observations
about cross-clamping, EABO and the cannulation site are expanded upon in the following.

Cross-clamping Compared with the findings from Figure 7.7 of the idealized aorta, it was clear that the
first principal strain in the wall at the inferior region would dominate in cross-clamping prior to pinching,
as was indeed the case for the patient-specific case considered here, cf. Figure 9.4a and d. However, since
Calc1 and Inferior ROIs are in such close proximity for CCCalc,1

0◦ and CCCalc,2
0◦ , the high first principal

strain were experienced by this calcification, yielding a dominating strain response at the occlusion region,
but not for the other clamp configurations, cf. Figure 9.3c and f. Similarly, while the first principal strain
in Calc2 was barely affected by the cross-clamps in position 1, it was clearly significantly increased in
position 2, placing the Calc2 ROI almost directly adjacent to the a clamp surface, cf. Figure 9.3f–h. The
comparatively sharper increase at Calc2 of CCCalc,2

0◦ towards the final clamp progression can be ascribed
to it located near the Proximal ROI. Therefore, although the first principal strain dominating effect at the
pinching region was not yet observed (due to limited cross-clamp progression), the calcification in Calc2
clearly accentuated this effect.

Furthermore, the Inferior ROI yielded higher first principal strains than the Superior ROI, except for
CCCalc,1

60◦ . This effect can be ascribed the fact that the Inferior ROI was mostly located on the inner
curvature of the vessel, resulting in increased strains originating either from the geometry or the influence
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9. Patient-specific aortic manipulation: occlusion and arterial cannular flow

(a) Thresholded HU values (left, zoomed)
contained in Calc1, Calc2, Calc3,

cf. Figure 6.8
(right)

(b) Occl-ROI:
position 1 (top),

position 2 (bottom)

(c) CCCalc,1
0◦ (d) CCCalc,1

30◦ (e) CCCalc,1
60◦
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Figure 9.3.: Localized regions of interest (ROIs) were extracted to evaluate the progression of strain dur-
ing occlusion, as plotted in Figures 9.4 and 9.5. The representative examples shown here in-
dicate the different ROIs considered, namely the Occl-ROI, Calc1, Calc2, Calc3, Dist-pinch,
Prox-pinch, Superior, Inferior – see Table 9.1 for details.
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Figure 9.4.: The progression of the maximum first principal strain (max(ε1) [-]) during occlusion, as
extracted from the different ROIs indicated in Figure 9.3 – note the corresponding colors.
Each increasing degree of transparency corresponds to |Alumen

cl | = 1.0, 0.74, 0.48, 0.22 and
|PEAB| = 0.4, 0.6, 0.8, 1.0 for the cross-clamps and EABO, respectively, i.e. from least to
most occluded.
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Figure 9.5.: The progression of the maximum value of the maximum shear strain (max(ετ,max) [-])
during occlusion, as extracted from the different ROIs indicated in Figure 9.3 – note the
corresponding colors. Each increasing degree of transparency corresponds to |Alumen

cl | =
1.0, 0.74, 0.48, 0.222 and |PEAB| = 0.4, 0.6, 0.8, 1.0 for the cross-clamps and EABO, re-
spectively, i.e. from least to most occluded.
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9.1. Aortic occlusion

of the boundary, or both, as seen in Figure 9.3e. Interestingly, in many of the first principal strain responses
considered, the maximum first principal strain actually decreased from the initial prestressed state.

Although the maximum shear strains yielded very much the same trends as the first principal strains, it
never reached a dominating effect, as shown in Figure 9.5a and d. The only exception was for Calc2 of
CCCalc,2

60◦ . Additionally, the same notable increase for Calc2 of CCCalc,2
30◦ was also observed, due to the

same locality reasons described above for the first principal strain trends. The only other clear distinction
were the comparatively much higher values of maximum shear strain at the final point of cross-clamp
progression measured for Calc2 (close to the proximal pinching site) of CCCalc,2

0◦ and Calc1 (close to the
distal pinching site) of CCCalc,1

60◦ . The proximity to the respective pinching sites would therefore not only
be subjected to increased tensile strains, but also compressive strains, hence, emphasizing some trends
not clearly visible in the first principal strains.

Comparing the exclusion to the inclusion of calcifications, shown in Figure 9.4b and Figure 9.5b,
clearly indicated the lower overall strains in each calcification region considered. Furthermore, comparing
CCCalc,1

0◦ to CCnoCalc,1
0◦ showed that the presence of calcifications actually determined whether or not

the strain in the Calc1 region would dominate the first principal strain of the entire occlusion region.
Interestingly, including/excluding the calcifications had a comparatively small effect on the maximum
shear strains between CCCalc,1

0◦ to CCnoCalc,1
0◦ .

EABO As shown in Figure 9.4c, the first principal strains measured in the calcification regions during
EABO, indicated the dominance of first principal strain in the Calc1 region for both EAB positions, as
well as a steep increase in the two other calcification regions, especially at the two final values of |PEAB|.
First principal strains in the other regions were less than in the calcification regions, yet also displayed
a marked increase, shown in Figure 9.4f. The same dominance was also observed when considering the
max shear strains, shown in Figures 9.5c and 9.5f, which was not observed for cross-clamping.

This dominance of maximum strain values for EABO can be ascribed to the large intimal surface area
that came into contact with the EAB – and therefore also the size of the vessel wall region affected, as is
evident from Figure 9.3. Accordingly, the calcifications ROIs were much more directly influenced by the
EAB – for both EABOCalc,1 and EABOCalc,2 – as opposed to relatively thin cross-clamp arms affecting
a smaller region of the aorta. Whereas the strain exerted in some ROIs decreased in certain cases of cross-
clamp configuration, it always increased for EABO. This finding further emphasizes the difference in the
loading configuration between EABO and cross-clamping.

As with cross-clamping, excluding the calcifications from the vessel wall lowered the overall strains ex-
tracted. Interestingly, the fact that the first principal strain in the Calc1 region ofEABOnoCalc,1 dominated
regardless if calcifications were included or not, further emphasizes the above-mentioned explanation of
the direct influence of the expanding EAB affecting a large region of the vessel.

Cannulation site The influence of the cannula fixed to the aortic wall (by sharing communal nodes) for
the most part did not display any significant increase, as shown in Figure 9.4a,b and c, and Figure 9.5a,b
and c. As a matter of fact, for many cross-clamp configurations, the maximum strain values considered
actually decreased during cross-clamping. The only exception was the maximum shear strains consid-
ered for EABOCalc,1 and EABOnoCalc,1. Geometrically, these peaks occurred at the intimal side of the
cannula fixed to the vessel, as the wall was being pushed outwardly by the expanding EAB.

9.1.2.3. Contact area and force-related effects

As mentioned in Section 6.2.1, the axial position and the orientation (axial rotation) of the cross-clamps
were prescribed, although the orthogonality of the clamp arms-direction relative to the vessel was de-
termined by visual inspection. For EABO, while the axial position was also prescribed, the orientation
of the catheter was not. Only the proximal end (the end attached to the soft boundary material) of the
catheter was fixed, implying that the EAB would indeed have a limited range of movement relative to its
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9. Patient-specific aortic manipulation: occlusion and arterial cannular flow

fixed boundary. Combined with the local variations in patient-specific geometry, i.e. it is not a straight,
constant diameter pipe, the total surface area coming into contact with different configurations of both the
cross-clamps and EABO varied, as plotted in Figure 9.6a and b.

Although these differences appear small, it is interesting to note that the combination of the patient-
specific geometry and an attempt at visually placing the cross-clamps orthogonal to the vessel yielded
a clamp contact area that varied by ∼ 15% for the different clamp configurations at the furthest clamp
progression considered. For EABO, although the full EAB-pressure only yielded a variation of approxi-
mately ∼ 3%, it varied substantially (by up to 60%) progressing up to the full EAB-pressure. These are
important findings when considering that other load-related parameters evaluated are dependent on the
area of occluder surfaces making contact with the vessel.

The load-related properties considered here were the migration resistance force, the applied clamp force
and the normalized EAB volume, shown in Figure 9.6c–f. It can clearly be seen in these figures that for
the cross-clamps, the variation in adventitial contact area resulted in a corresponding variation both the
migration resistance and applied clamp force. The differences in contact area for the EABO configurations
clearly did not show the same dependency, and remained largely unaffected by the induced intimal contact
area. These differences effectively demonstrated the differences between prescribed displacement and
prescribed load-driven occlusion techniques.

Although not clearly visible from these plots, closer inspection revealed that the effect of includ-
ing/excluding the calcifications on the these load-parameters were negligible.

9.1.2.4. Contact traction distribution and occlusion potential

Further insight into the cause of the variations shown in the previous section were found by considering
the distribution of normal contact traction, as shown in Figure 9.7.

As is evident from these plots, not only the occluder configuration affected the contact traction distri-
bution, but also the inclusion/exclusion of calcifications. These effects are clearly seen in the differences
between the median, maximum and interquartile ranges (the box-lengths) between all the different oc-
cluder configurations considered. Inclusion/exclusion of calcifications were more prominent for the cross-
clamping simulations than for EABO, which can be attributed also to the higher occlusive load delivered
by the cross-clamps. Although not explicitly shown, the frictional contact traction showed a similar trend
as the normal contact traction (contact pressure) presented here. The difference in peak tangential contact
traction at |PEAB = 1| was 2.85 and 0.86 kPa forEABOCalc,1 andEABOnoCalc,1, respectively. Further-
more, in the Figure 9.7 it can be seen that the contact traction induced depended not only on calcifications,
but also on the local geometry. It is interesting to note the substantial difference in the contact tractions
due to the presence of calcifications, e.g. for EABOCalc,1, the high peak corresponds to the calcification
in the Calc1 ROI indicated in Figure 9.3a.

Since the cross-clamps did not bring the intimal surfaces into self-contact, the occlusion potential, as
defined in Section 7.4.1, could only be evaluated for EABO, shown here in Figure 9.8. Furthermore, since
the patient-specific geometry did not allow for straight-forward adaptation of the automatic postprocessing
strategy described in Section 7.4.1, the presented values were extracted manually, following the same
described principals and tolerances used in the automated process.

Despite the demonstrated variations in contact traction, the presence of calcifications did not appear
to cause a significant influence to the occlusion potential, indicated in Figure 9.8d, and also seen when
comparing Figure 9.8a with 9.8b. Although the clear peak in contact traction at the Calc1 ROI (cf.
Figure 9.3) was absent when not considering calcifications, the similarities in occlusion potential can be
explained by considering the definition of the occlusion potential: Since the identification of occlusion
potential depends on a finite level of contact pressure along the entire luminal surface, an isolated peak,
as seen here, was not expected to dramatically influence the occlusion potential. Rather, the different
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Figure 9.6.: The occluder-vessel contact area and subsequent loads exerted for the different occluder con-
figurations tested, showing the a) adventitial contact area Aadv

c for the cross-clamps and (b)
intimal contact areaAint

c for EABO; the migration resistance force Fmigr for (c) cross-clamps
and (d) EABO; and the applied occluder load, represented by the (e) the applied clamp force
F cl for the cross-clamps and (f) the EAB pressure-volume relationship for EABO, i.e. |PEAB|
vs. |VEAB|. Solid lines represent totals, whereas dashed and dotted lines represent the normal
and tangential components of the total, respectively, where applicable.
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Figure 9.7.: The influence of occluder configuration on the contact pressure (pn [kPa]) distribution be-
tween the vessel and the occluder (a)–(c). Each increasing degree of transparency corresponds
to |Alumen

cl | = 1.0, 0.74, 0.48, 0.22 and |PEAB| = 0.4, 0.6, 0.8, 1.0 for the cross-clamps and
EABO, respectively, i.e. from least to most occluded. Visualizations of the normal contact
traction distribution for four representative examples are given in (d)–(g).
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Figure 9.8.: Occlusion potential for EABO of the patient-specific geometry, showing (a) a representative
example of the normal contact traction contour lines evaluated to obtain occlusion potential
and (b) the resulting occlusion potential for each EABO simulation considered.

geometry irregularities that the EAB was faced with appeared to have a greater influence on the final
occlusion potential value.

9.1.3. Discussion

The presented computational study considering occlusion of a mildly calcified patient-specific aorta, not
only built upon, but also revealed a number of additional effects not evident from occlusion of the ide-
alized aorta considered in Chapter 7. These effects presented mainly as variations in outcome due to
the different occluders used, the occluder configuration (axial position and/or orientation) as well as the
material inhomogeneities, i.e. the calcifications. Clearly, these variations in outcome pose significant con-
sequences to the amount of iatrogenic damage potentially inflicted during occlusion, but also underlines
the uncertain extent of these effects in a clinical setting. These aspects, as well as relevant limitations to
this study, are considered in further detail below.

9.1.3.1. General findings

Both cross-clamping and EABO in the considered configurations yielded distinctly different patterns in
which it induced strains in the calcified vessel wall. These patterns were clearly dependent not only on the
different fundamental loading configurations of the occluders, cf. Figure 7.2, but also on the variation in
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9. Patient-specific aortic manipulation: occlusion and arterial cannular flow

geometric and material properties. Although the cross-clamping could not be brought to a state of intimal
self-contact, the strain response showed high sensitivity to a calcified lesion appearing in regions of high
strain identified Chapter 7, i.e. the superior and pinching regions. The spherically expanding EAB was
responsible for an overall increase in stretch surrounding a relatively large vessel area it came into contact
with. Generally, a combination of the calcification size (and conceivably also its morphology), its proxim-
ity to the immediate region of the vessel wall that came into contact with the occluder (about the size of
the ROIs considered, cf. Figure 9.3, and the occluder loading configuration, was shown to be determinant
of the critical strain magnitudes, as well as the strain mode, i.e. tension, shear or compression. The only
significant finding from considering the strains induced in the vicinity of the cannula (Cann ROI), was
significantly increased strain when inflating an EAB very close to it, which can produce leaking around
the cannulation site. This confirmed the precautions for a previously proposed solution of performing
EABO directly next to the cannulation site [6], cf. Section 2.2.3.

The contact tractions and occluder related loads induced were also clearly related to the occluder load-
ing configuration, and in the case of the displacement-driven cross-clamps, it also implied noticeable
variability in the applied load on the vessel, which depended on the total surface area of the vessel that
came into contact with the clamps arms. Such variability in load experienced at a comparable state of oc-
cluder progression further emphasizes the perils associated of trying to create a system of load-controlled
cross-clamping, cf. Section 7.6.2.2. The load-controlled EAB naturally did not display this phenomena.
However, concerning was the comparably much lower resistance to migration and also how it varied be-
tween the relatively smaller vessel considered in Chapter 7. The peak contact traction caused by occluding
at/near to a pronounced calcification was also a cause for concern, cf. contact pressures visualized at the
bottom intimal surface in Figure 9.7f. Although this peak was not found to substantially influence the
occlusion potential, it was responsible for a dangerously elevated tangential contact traction. Such shear-
ing against the intimal wall is of course extremely hazardous to the endothelial layer of the intima, cf.
Section 3.1.2.1. Furthermore, the variations of the surrounding aortic geometry also had a profound effect
on the contact traction distribution, as seen in the clearly discernible region low contact traction on the
furthest visualized intimal wall shown in Figure 9.7f,g and Figure 9.8a,b.

9.1.3.2. Unknown local damage mechanisms during occluder progression

Although repeated referral was made to the dominance of a strain measure in a particular ROI, it must be
emphasized that its dominance is not necessarily indicative of the most critical strains achieved in terms
of potential damage. For example, significantly high, yet non-dominating strain in the calcification site
might imply damage, whereas the dominating strain in the non-calcification region does not necessarily
imply damage.

More accurate insight into this ”dominating-strain” phenomenon can only be provided once more ex-
perimental information is known with regards to the exact failure mechanisms and corresponding failure
thresholds of aortic tissue under different modes of strain, i.e. shear and compressive strains, since dam-
age has predominantly only been considered in tension, cf. Section 7.5.1. Furthermore, more information
is needed about the progression of failure of soft tissue with such extreme inhomogeneous properties,
i.e. specifically regarding relatively stiff calcifications surrounded by softer aortic wall material and the
resulting abrupt changes in stress response.

Despite not knowing the exact mechanism and consequences of failure, it was clear that the calcifica-
tions had a profound mechanical significance when considering cases where it was responsible for the
dominating strain in the vessel. The significance of its influence, as already discussed in the previous
section, was further emphasized by the fact that for some occluder configurations, some regions of calci-
fications not in the immediate vicinity of the occluder contact region, experienced higher strains than in
those regions that were.
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9.1.3.3. Limitations

Apart from the limitations discussed in Section 7.6.3, attention needs to be brought to additional aspects
included in this chapter.

Probably the most distinct limitation of this investigation was that the simulations of cross-clamping
could not bring the aorta to a state of intimal self-contact, as repeatedly referred to above, i.e. |Alumen

cl | =
0.22 was the furthest state reached. Comparing the resulting strains obtained here with those from Chap-
ter 7, clearly indicated that the strain response found to dominate at the pinching sites at an advanced stage
of cross-clamp progression was not reached – for the most part, strain in the Superior or Inferior ROIs
dominated. However, exceptions occurred, as shown in Figures 9.4 and 9.5. These exceptions were due to
the proximity of the Calc ROI to the pinching site. Therefore, it is apparent that increased local stiffness
at a pinching site will emphasize the strain response. In other words, it will be particularly dangerous to
pinch a calcific lesion.

The influence of the fixed boundaries applied to the truncated surfaces of the ascending aorta mod-
eled, also played an unavoidable role in the strain response of the cross-clamp simulations, as shown in
Figure 9.2, especially the results of the occluders applied at position 2. However, the actual clinical case
of aortic clamping resulting in such large deformations is not devoid of stiff boundaries, i.e. clinically,
the aorta is not just an infinitely long tube absent of boundary effects. The ascending aorta itself is con-
nected to a number of relatively stiffer structures, including significantly stiffer material properties of the
adjacent aortic root [17], the common occurrence of calcifications in the aortic root (as seen in the con-
sidered patient, cf. Figure 6.8), as well as its proximity to the anatomically normal pulmonary trunk and
other overlying vascular structures [67]. Additionally, connective tissue surrounding the aorta that is not
dissected away during surgery will also limit the deformation of the aorta during occlusion. However, it
would be worth to further consider using specialized boundary conditions to model the influence of the
surrounding structures, e.g. [248].

Results from a preliminary study [306] showed that the patient-specific calcifications, similar to those
investigated here, were sufficiently resolved when discretizing the aortic wall with four elements of a
similar aspect ratio. However, this study could also not reach a state of self-contact. Especially for cal-
cifications in the transitional zone, cf. Eq. 6.96. As previously pointed out, physiologically inaccurate
modeling of abrupt changes in local stiffness, i.e. from normal to calcific aortic wall, can lead to an over-
estimation of stress peaks, cf. Section 6.2.3.2. Notwithstanding, a mesh resolution of six elements were
used to discretize the wall, which includes the calcifications. However, no further detailed consideration
was given to how well these strains were resolved, nor its variability due to changes in the isotropic
stiffness used to model the pure calcifications. Also for the strains in the cannulation region, no further
consideration of the proficiency by which it was able to resolve strains were performed. Additionally,
the cardioplegic cannulation site was also not considered, but owing from the small mechanical influence
seen at the arterial cannulation site, its omission is justified.

Prestressing the calcified (inhomogeneous) aorta naturally yielded a non-homogeneous stress/strain
distribution prior to occlusion. As in modeling considerations of calcified lesions in abdominal aortic
aneurysms (AAA), the same issue of the mechanical role of calcifications within the ascending aorta
should be considered here. In other words, how accurately does the unoccluded, prestressed, calcified
aorta model represent the actual stress/strain-state of the aorta, especially with the variations due to ma-
terial inhomogeneities? Previous computational studies of calcifications in AAAs seemed to indicate that
it has a homogenizing effect on the stresses and the strains [224]. However, despite potential inaccuracies
in the estimation of the unoccluded stress-strain state, the overriding impact of the strains induced by the
occluders was clearly noticeable.

Apart from the discrepancies in the resulting strain state of the occluded obtained when considering
the influence of local material stiffening and geometric variations, additional sources of variation were
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9. Patient-specific aortic manipulation: occlusion and arterial cannular flow

not considered. These include differences in aortic material properties between patients, cf. Section 6.2.2,
but also other pathological aspects that can significantly influence the mechanical strength of arteries,
such as connective tissue disorders, e.g. Marfan’s syndrome or Ehlers-Danlos syndrome (type IV), cf.
Section 2.4.2.

In the next section, it is shown how these clinically relevant, largely deformed aortic geometries were
used to evaluate proximal arterial cannular flow effects.

9.2. Proximal arterial cannular flow

9.2.1. Simulation specifics

To investigate the proximal effects of arterial cannular flow in a clinically relevant, aortic manipulated
patient-specific geometry, the deformed geometry resulting from the structural computational investiga-
tion of the previous section was used. Geometries from three different cross-clamp orientations applied
at position 1 were used, as introduced in Section 6.4.1.1 (cf. Figure 6.9f) and listed in Table A.4. These
deformed lumens were discretized and given analogous boundary conditions to the idealized aorta con-
sidered in Chapter 8, yielding the following simulations: EndhCC,0◦ , EndhCC,30◦ and EndhCC,60◦ . The
angles given in the subscripts relate to the respective cross-clamp orientation by which the vessel clamped.

Definitions of all parameters presented in this section, as well as postprocessing steps performed to ex-
tract these, have already been defined in Chapter 8. Any deviation from these definitions or postprocessing
steps are fully elucidated below where applicable.

9.2.2. Comparative impact

9.2.2.1. General flow characteristics

Similar to the results shown in Chapter 8, it was also helpful to first examine the general flow character-
istics by considering the thresholded velocity magnitude shown in Figure 9.9.

The most evident observation was probably the extent by which this region of the ascending aorta was
deformed, as well as the relative cannula orientation. Cross-clamping of the vessel inherently changed
the insertion depth from 21.7 mm, prior to cross-clamping, to 16.2, 15.0 and 7.7 mm for EndhCC,0◦ ,
EndhCC,30◦ and EndhCC,60◦ , respectively. Clearly, the incidence angle by which the jet hit the surface
was also changed and the jet direction relative to the opposite aortic wall was not near-orthogonal as
prior to cross-clamping. Moreover, the cannula was also subjected to transverse rotation, i.e. compare
Endh30◦,30◦ (Figure 8.2k) and EndhCC,60◦ (Figure 9.9c).

9.2.2.2. Extent of jet dissipation

The extent of jet dissipation was evaluated in two different ways, namely by considering the pressure
drop, cf. Section 8.6.2, and the vessel outflow exit velocity distribution, cf. Section 8.6.6. The former was
measured between the cannula inflow and the vessel outflow, as shown in Figure 9.10a. The latter was
also extracted by considering the forward/outward flowing velocity magnitude at four consecutive, planar,
equi-spaced slices positioned at the vessel outflow, also at intervals of 3.75 mm, as plotted in Figure 9.10b,
with the final slice practically positioned at the outflow, as shown in Figure 9.10c-e.

Once again, as for the idealized aorta, the insertion depth of the same straight end-hole cannula did
not have a large effect on the pressure drop. However, it is worth nothing that the cross-clamping related
change in cannula rotation did in fact effectively change the insertion depth and the orientation, thereby
also influencing the pressure drop, but especially the vessel outflow exit velocity distribution, as can be
seen in these figures. The backward-facing change in orientation seen in EndhCC,30◦ evidently caused
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9.2. Proximal arterial cannular flow

(a) EndhCC,0◦ (b) EndhCC,30◦ (c) EndhCC,60◦

Figure 9.9.: Velocity magnitude, thresholded above 800 mm/s of its maximum, showing two arbitrary
angles (top and bottom) of each geometry considered for the straight end-hole cannula.

better mixing and a dramatically better (more than halved) outflow distribution, whereas the other two
simulations pointing towards the aortic arch resulting in similar distributions.

9.2.2.3. Jet impact on landing-site

The impact that the jet had on the corresponding landing site was evaluated by considering maximum
wall shear stress (WSS) and the resulting danger-zone area, shown in Figure 9.11.

Apart from the similarities of these findings to those presented in Sections 8.6.4 and 8.6.5, showing
comparable danger-zone area sizes and peak WSS values, was the case of EndhCC,60◦ . Here, it appears
that the insertion depth combined with the incidence angle of the jet resulted in a substantially larger peak
WSS, yet the danger-zone area remained comparable, despite slight truncation of the evaluated area, as
seen in Figure 9.11e.

9.2.3. Discussion

By simply extracting the combined luminal geometry of the vessel and the cannula from the current con-
figuration of the cross-clamped patient-specific model of the ascending aorta, it was possible to evaluate
the proximal cannular flow effects in a clinically realistic ascending aorta geometry. This was performed
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Figure 9.10.: Extent of jet dissipation evaluated by considering (a) the pressure drop from the cannula
inflow to the vessel outflow and (b) the vessel outflow exit velocity distribution. Each degree
of increasing transparency indicates a slice closer to the outflow surface, as shown for each
simulation considered (c)-(e).

182



9.2. Proximal arterial cannular flow
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Figure 9.11.: The impact of the cannular jet at its landing site, showing (a) the inflicted WSS and (b)
danger-zone areas. For the latter, each degree of increasing transparency indicates an in-
creasing endothelial damage threshold, i.e. 40, 50, 60, 70 Pa. Visualizations of these mea-
sures are shown for each simulation from a suitable angle in (c)-(e) showing the WSS (top)
and danger-zone area (bottom).
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9. Patient-specific aortic manipulation: occlusion and arterial cannular flow

for three different orientations of the cross-clamps. Despite the complicated geometry of the flow domain,
it revealed many comparable, but also dissimilar features with respect to the corresponding results for the
idealized aorta, presented in Chapter 8 and expanded upon in the following.

9.2.3.1. General findings

A number of previous studies have indicated the consideration of a clamped aortic geometry in their con-
sideration of patient-specific arterial cannular flow, cf. [15, 238, 277] in Section 8.1.2. However, no further
mention of the clamped geometry nor its influence was reported, presumably because no significant effect
was observed. Furthermore, no indication of how the clamped geometry was obtained was ever given,
nor of how far the cannulation site was from the occlusion site. Therefore, the physiologically realistic
geometry at the clamp-site of these studies simply cannot be assumed or assessed. Notwithstanding, these
studies always either pointed the jet away from the occlusion site (insertion angle or tip design), were
not interested in proximal effects of arterial cannular flow, or did not possess sufficient mesh resolution
to evaluate such effects. Therefore, the influence of any type of clamped geometry on proximal cannular
flow has effectively not been previously evaluated, as considered here.

In this presented investigation, instead of explicitly changing the orientation angle or insertion depth of
the straight end-hole cannula, as done in Chapter 8, these parameters were implicitly varied by the large
deformation induced due to the cross-clamping. This consequently led to the jet hitting an arbitrarily
shaped, non-flat surface. The basic findings the previous chapter were essentially reproduced, namely that
the insertion depth and incidence angle of the jet had a non-trivial impact on the pressure drop, a more or
less expected impact on the outflow velocity and the WSS and very little difference in the danger-zone
area inflicted. However, two exceptions are worth mentioning. Firstly, not seen in the idealized aorta, was
the seemingly combined,

Consequently, this study basically illustrates an increase in variability of a complex set of cannula per-
formance parameters that will be confronted in the clinical setting. From the results considering different
cannula tip design in Chapter 8, it seems clear that the consideration of additional tip designs will simply
add another level of complexity to these results, which clearly does not make it easy to predict or assess
the cannula performance in a patient-specific case.

9.2.3.2. Limitations

Apart from the limitations regarding these computational simulations of proximal arterial cannular jet
flow, as discussed in Section 8.7.3, the main limitation of this patient-specific study was the accuracy of
the simulated cannula position. In other words, not allowing nodes to be shared on the interface between
the cannula and the vessel accurately represent the interaction of the cannula fixed with purse-string
sutures to the vessel wall? Be that as it may, whether the cannula orientation was changed manually,
due to cross-clamping, or remained fixed, the surrounding geometry changed and thus also the resulting
flow effects. This study simply reflects the substantial differences obtained in cannula flow performance
obtained from subtle changes to the orientation and insertion depth of the same cannula inserted into a
patient-specific artery.

9.3. Conclusions and future perspectives

9.3.1. Clinically dealing with problems of occlusion and occluder safety

Clinically, if occlusion is lost or incomplete during cross-clamping, the externally applied cross-clamp
can be repositioned, tightened and locked into place by its ratchet-system – at some arbitrary high level of
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occlusion. Blood pressure will need to overcome the force applied by the locked clamp arms in order for
occlusion to be lost. With the internally applied EAB, however, blood pressure only needs to overcome
the in-plane stiffness of the artery stretched over the EAB in order for occlusion to be lost. Although the
local current in-plane stiffness will increase for the hyperelastic aortic wall subjected to EAB-application,
it will have the capacity to increase even more under a sufficient increase of blood pressure. Thereby,
EABO will be much more sensitive to lose occlusion due to peaks in the systemic blood pressure or pres-
sure differences on opposite sides of the EAB. This sensitivity will be increased when a geometrically
varying or non-uniformly stiff aorta is occluded, as seen in this investigation. Interestingly, exactly this
phenomenon might be the reason why case studies exist that describe the successful occlusion of a porce-
lain aorta (severely calcified) with EABO, cf. Section 2.3.2. Such a severely calcified aorta is expected to
offer more uniformly distributed material properties at the occlusion site, albeit stiffer – although it has
also been described as causative of incomplete occlusion [113].

Apart from all the clinical considerations of the dangers of aortic occlusion reviewed in Chapter 2, such
as to avoid repeated clamping, avoiding it altogether, etc., one recent statements require further comment
in hindsight of the performed computational investigation. Nishi et al. [271] essentially concluded that the
axial rotation of the cross-clamp to avoid pinching the calcification site in an artery with less than 75% of
its circumference having calcified lesions will be a safer strategy than pinching it. No mechanical analysis
was employed to make this conclusion. Rather, it was based on the absence of neurological complications
in the 11 patients treated with a strategy that incorporated this conclusion. Rightfully so, two eComments
followed the publication of this article to warn about the danger of this conclusion – even without per-
forming any detailed mechanical analysis. Zingone [368] emphasized the danger of embolic release even
when clamping a non-calcified aorta and also referred to alternative clinical strategies to safely manage
a severely calcified ascending aorta. Furthermore, [185] questioned how these authors classified a region
of the severely calcified aorta that is safe to manipulate and challenged generalizations made with regards
to these classifications. From the computational investigation presented, it was also clear that a calcified
lesion should not be pinched. But, it was also clearly shown that the impact that the occluder on a calci-
fied lesion was non-trivial, and did not only depend on a two-dimensional adjustment of the clamps (axial
rotation) as these authors suggested. It depended on the exact location of specific regions of the cross-
clamps relative to the calcific lesion. Furthermore, the size of the lesion also influenced occluder-related
impact, and presumably also its morphology and specifics of its composition not considered here. All of
these aspects resulted in a highly sensitive response that cannot be generalized as recommended by these
authors.

9.3.2. What type of occlusion will be less risky?

Overall, the change in occluder and orientation did change the strain response. However, to what extent
such a modification may reduce the risk of damage and, therefore, the subsequent release of emboli is not
entirely clear. The aim of this investigation was not to find the safest occluder configuration, but rather to
observe the disparities in mechanical response due to subtle changes in surgical technique in the context
of patient-specific variability. Clearly, these disparities are large and will be difficult to accommodate for
in the patient-specific case.

However, regardless of these disparities, this investigation underlines the need for a more compre-
hensive understanding and classification of the potential damaging impact that occlusion of the aorta
will have. Especially with regards to calcifications, it would be very helpful for clinicians (and safer for
patients) if further analysis could provide concrete guidelines for clamping a large artery in general, in-
cluding, but not limited to aspects regarding the influence of the proximity of a calcified lesion to the
occlusion site, as well as the influence of the type of occluder. Alternative strategies available to avoid
aortic occlusion have its own trade-offs, and not only severely calcified aortas present potential dangers,
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9. Patient-specific aortic manipulation: occlusion and arterial cannular flow

but as shown here, so does a mildly calcified aorta – a single disrupted lesion theoretically has the same
detrimental consequences whether surrounded by multiple lesions or by none.

The findings presented here led to two further questions that will have to be elucidated upon in future
investigations. Firstly, in what mode of strain does local damage occur in highly strained regions in such
an inhomogeneous vessel wall, i.e. tension, compression, shear or maybe some combination of these?
Secondly, what are the direct effects of this damage? For example, would it be acceptable to have damage
to the aortic wall that remains contained, i.e. does not cause the release of embolic material? If so, how
can damage responsible for embolic release be prevented and what are the consequences of contained
damage to the aortic wall?

9.3.3. Safer occlusion

Formulating guidelines of more comprehensive, patient-specific considerations for safe aortic occlusion
will be of benefit, but only to a limited extent. Attempting to classify, characterize and accurately execute
the application of occluders on an aorta with multiple distributed lesion could result in unfeasible com-
plexity, even with robotic type accuracy – kind of like walking through a mine field. Therefore, it will
be beneficial for future investigations to focus on improved occluder designs that are capable of robustly
delivering safe aortic occlusion.

Without detailing all of its desirable features again, CEABO, as introduced for the first time in this
investigation, cf. Section 7.3, yields a very promising solution, do to its ability to the overall limit strain
in the vessel wall and superior stability when compared to EABO. Future work will need to elucidate on
details of design, including its material requirements, ease of intra-operative application and removal, and
also aspects of optimizing the profile and EAB designs.

Ultimately, the extensively reviewed literature and the computational investigation presented, which
considered both occluder design and related influences of patient-specific variability, are expected to act
as the foundation from which clinicians will acquire a better comprehension about the aortic manipulation
challenges that they are faced with, and will consequently one day also lead to improved patient care.
Finally, the presented work is expected to be used as valuable input into improving existing occluder
designs.

9.3.4. Underestimated influence of the clamped geometry on proximal flow
effects

Interestingly, this simple, yet clinically relevant consideration of arterial cannular flow in a patient-specific
context, reflected many similarities that to the findings from corresponding simulations done in the ide-
alized aorta. The relatively simple flow domain considered, i.e. with a single inflow and single outflow,
allowed the resulting variation to be limited to the cannula tip design, its configuration and the local ge-
ometry of the proximal region. Thereby, these results further support the value of the paradigm shift for a
new clinical reference of arterial cannular flow performance, as suggested in Section 8.8.3.

Furthermore, these results show a second important, yet subtle interaction effect between two different
aortic manipulation maneuvers. The first was the potential of the incompletely cross-clamped geometry
from funneling jet flow past the injured distal pinching site upon cross-clamp release. This mechanism of
injury has not been previously described, although the release of the cross-clamps has been described as
one of the single most dangerous aortic manipulation maneuvers in terms of embolic release, cf. Section 2.
The second interaction effect, witnessed in these results, are the altering of proximal flow patterns due to
the cross-clamped induced change in aortic geometry. Its a subtle change, but was demonstrated to have
a substantial impact on the cannular flow performance, never before described.

186



Overall summary and outlook

187





Overall summary and outlook

Objectivity must be operationally defined as fair
treatment of data, not absence of preference.

— Stephen J. Gould

Clinical comprehension and the path towards increased safety

Aortic manipulation maneuvers can significantly deteriorate the outcome of cardiac surgery due to its
potential for causing cerebral vascular accidents (CVAs). CVAs remain a persistent problem in cardiac
surgery that has to cater to an increasingly aging and sicker patient-population. Arguably, the two most
prominent etiologies implicated in such manipulation-related CVAs are related to emboli and/or disrupted
cerebral perfusion. From this perspective, an in-depth review was made of experimental, clinical and
computational studies related to aortic manipulation in general – never before attempted in literature.
This evaluation yielded a comprehensive overview that effectively demonstrated the general lack of un-
derstanding of the consequences aortic manipulation and how it relates to patient-outcome. The lack of
understanding is readily explained by the immense complexities involved.

Furthermore, as was also outlines, remedies aimed at the prevention or cure of manipulation-related
consequences (or the complete avoidance thereof) have frequently been marred by inconclusive outcomes,
because of two main, interdependent reasons. Firstly, it has become increasingly difficult to demonstrate
significant improvement of outcome in a large patient-population in a highly sophisticated cardiac surgi-
cal setting. Secondly, many of the proposed remedies presumably do not rigorously consider sufficiently
many other manipulation-related consequences, i.e. the danger presented by one maneuver could poten-
tially render the remedy of another useless.

Consequently, many open questions remain unaddressed, because current clinical and experimental
methods do not allow for its detailed assessment. Due to the inherent mechanical nature of many such
maneuvers, computational mechanics offer a suitable means of investigating some of these questions.
Accordingly, a computational evaluation was performed of two of the arguably most dangerous aortic
manipulation maneuvers, which comprised the largest part of this investigation. These maneuvers in-
cluded aortic occlusion, considering the structural effects of occluding the ascending aorta, and arterial
cannular flow, considering proximal flow effects, i.e. effects observed prior to entering the aortic arch.
Findings revealed detail, and the comparison of new and existing equipment, that have not been described
before in literature – for both aortic occlusion and proximal cannular flow effects, as further expanded
upon below.

Computational analysis of aortic occlusion

The configuration by which an occluder applies a load on the aorta is of critical importance, and funda-
mentally different for the two main clinically-used occlusion techniques.

Cross-clamps achieve occlusion by the external application of two thin, rigid, near-parallel plates, that
are displacement-driven, to the aorta. In the process, it not only causes regions of critically high strains at
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the pinching sites, but also in the regions in between. Whereas standard, clinically-used, Debakey cross-
clamps can be simply and accurately applied, they yield an extremely inefficient load to occlude the aorta,
considering the high strains that had to be inflicted. This effect is partially accentuated by a deviation from
parallel orientated clamp-arms, like Cosgrove/Chitwood clamps used in minimally invasive procedures.
Improvement possibilities appear to be limited due to its inherent loading configuration, even when using
inaccurately named ”atraumatic” inserts (padded surface for the clamp surfaces). Furthermore, strategies
of load-driven clamping are marked with difficulties, due to the high load sensitivity that will be required
to handle clinical variation and the unknown state of occlusion.

Endo-aortic balloon occlusion (EABO) achieves occlusion by a spherically expanding, load-driven
endo-aortic balloon (EAB), internal to the aorta. It yields a comparatively lower strain in the vessel than
cross-clamps, but relies primarily on the stiffness resulting from the stretched aorta to provide occlusion.
Although it offers a more distributed load, the loading configuration dictates that, compared with cross-
clamps, an overall lower load is yielded. This also results in a lack of positional stability and an increased
potential to suffer from a loss of occlusion. Improvements to EABO appear to have been discontinued,
presumably due to many groups abandoning its use due to its poor performance, despite possessing addi-
tional functionalities not offered by cross-clamping.

The inclusion of patient-specific variations to the vessel geometry and material properties, as well as
changing the orientation and/or position of the occluder, was shown to considerably complicate the strain
response in the aorta. Especially critical was the response found in regions of atherosclerotic-related
calcific lesions. A pressing need exists for further evaluation that also considers aortic occlusion under
other clinically relevant manifestations of calcific lesions.

A major disadvantage shared by the available occluders is the lack of information pertaining to the
state of occlusion. Consequently, the vessel will practically always be over-occluded – i.e. more load
will be applied than necessary, implying a higher risk of iatrogenic injury to the vessel and a potential
embologenesis. A new measure of determining the potential of occlusion, which was independent of the
occluder loading configuration, was presented and proved extremely effective in these evaluations.

To address many of these insufficiencies of existing occluders, a novel method of occluding the aorta
was proposed in this dissertation, named constrained EABO (CEABO). EABO is basically extended by
applying an additional, bendable, but inextensible band, with a convex profile, externally around the vessel
at the occlusion site. Thereby, positional stability of EAB was substantially increased and, by restricting
the stretching of the vessel by the spherically expanding balloon, allowed for a proportional increase
of the potential of vessel occlusion relative to the applied load. This feature also yields the potential
of a clinically predictable state of occlusion. Overall, CEABO yielded generally superior performance
compared to all the other occlusion techniques investigated, as evaluated by considering a comprehensive
list of functional requirements for safe, efficient and reliable aortic occlusion. Importantly, it prevented
the dangerous pinching loading configuration of cross-clamps, limited the increase of tensile strain to
30% of the physiological strain (approximately half of the increase yielded by clamps), while efficiently
increasing the compressive strain needed to increase achieve occlusion. Furthermore, its inherent design
also lends it functionalities of superior stability and positioning accuracy. Detailed design considerations
and experimental investigations are needed to further elucidate on these claimed benefits.

Despite using some of the most advanced computational modeling features available, the extremeness
of the loading considered, especially where the clamp pinches the aorta, yielded challenging computa-
tional modeling aspects that require further consideration in future studies. Nonetheless, despite extreme
difficulties in validation, experimental findings in literature existed that indicated broad quantitative cor-
respondence to the results presented here. Although not considered here, additional invaluable insights
will be obtainable should adequate damage models be incorporated into these performed simulations.
However, models that reliably describe arterial damage, especially in the context of such material inho-
mogeneities considered here, have seldomly been attempted in literature and require further investigation.
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Computational analysis of (proximal) arterial cannular flow

Arterial cannular flow significantly disrupts physiological hemodynamics. Considering an average-sized
adult receiving cardiopulmonary bypass (CPB), a typical flow rate of 5 l/min of blood has to be perfused
through a conduit with a luminal area roughly six times less than the physiological lumen, i.e. ascending
aorta. Furthermore, the flow character employed clinically is mainly continuous (as opposed to physio-
logical pulsatile flow) and delivered as a high speed jet orientated at an angle near orthogonal to the vessel
axis.

Clinicians can choose from a broad range of cannula tip designs, but have to base their choice pri-
marily manufacturer information of the pressure-flow rate relationship, i.e. the pressure drop over the
cannula corresponding to the flow rate. Such information is obtained from water flowing through the
cannula exiting into an open tank at room temperature. Such information provides but one measure of
cannula performance, is usually only presented relative to results from other cannulas of the same man-
ufacturer and ultimately supplies an insufficient comparison of the overall cannula performance that will
be achieved in-vivo.

Even prior to computational evaluation, certain aspects influencing cannula performance remain largely
unaddressed in literature. The fact that all cannulas are sized based on their outer diameter at the tip, means
that the inner diameter is basically unknown, which when measured, varies enough between different can-
nulas to cause a significant difference in the pressure-flow rate performance, not to even mentions aspects
of variation in temperature or hematocrit. Moreover, this performance is also significantly influenced by
the length and tapering geometry of the cannula tubing the precedes the tip, which is not even standard
between cannulas from the same manufacturer.

In the computational study performed, the performance of a range of six fundamentally different, clin-
ically available tip designs was evaluated in an idealized aorta, using a comprehensive list of functional
requirements. Aspects of cannula configuration (cannulation-site orientation and insertion depth) of a
straight end-hole cannula was also investigated. Results showed certain substantial inefficiencies of cur-
rent cannnula designs: even the best performing clinically available cannulas relied primarily on the vessel
wall for the dissipation of the high velocity jet. Furthermore, this landing-site of these jets were responsi-
ble for an area, where endothelial erosion will occur due to increased wall shear stresses (WSS), of at least
100 mm2 – approximately half of the surface area of a 1-Euro-cent coin. All of this while still yielding
flow that will enter the aortic arch that has a maximum velocity in the range of physiological flow at its
systolic peak and at a much poorer distributed profile. Evidently, the vessel was found to play a substan-
tial, yet complex role in determining cannula performance, especially in the trade-off of aiding in the jet
dispersion at the cost of increased WSS. The strength of the jet at a given flow rate, combined with the
incidence angle by which the jet hits the aortic wall and the distance that the jet travels prior to hitting the
aortic wall, will additionally influence the cannula performance in a complicated manner. These effects
are further accentuated in when including patient-specific variations in the aortic geometry.

The performance of a new shielded cannula tip, introduced elsewhere, was also evaluated due to its
expected potential of yielding better cannula performance. It is not clinically available, nor has it been
evaluated in literature. Although it did outperform the other cannula tip designs in most measures, its
good performance came at the cost of poor pressure-flow rate performance. However, investigations are
needed to determine whether this design can be further optimized, due to its clear potential of delivering
robust performance despite changes in the cannula configuration.

These findings show that future evaluation of cannula performance is in need of a paradigm shift.
This entails the additional consideration of the influence of the vessel on the cannula performance, and
considering the distribution of flow entering the aortic arch, as it deviates from the physiological flow
profile, as an additional performance parameter. Not only are such additions expected to be experimentally
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feasible to determine, but they will aid clinicians to make better decisions and yield the potential of being
able to sooner incorporate computational findings into daily clinical practice.

One of the main challenges of modeling these flow effects was to use a sufficiently fine mesh resolution
to capture all the desired effects, as evaluated here in detail. Although not directly validated, the results
yielded qualitative trends corresponding to a comparable experimental investigation. For all cannula tip
designs and configurations (orientation and insertion depths) considered, only 50% of CPB flow was
simulated to avoid the onset of significant turbulent effects. The effect of full flow rates used clinically
will be a very important aspect to consider in future studies, as well as measures such as the expected
hemolysis due to correspondingly increased shear rates.

Final remarks

The findings presented in this dissertation should facilitate a better grasp and appreciation of the complex-
ities, but also consequences, associated with aortic manipulation. Given the large scale of this problem
and its broad applicability not only to cardiac surgery, but also to interventional cardiology, this inves-
tigation will hopefully stimulate much further research on this topic. Conceivably, future improvements
to the safety of aortic manipulation will depend on the increased understanding of the origins and ex-
tents of these etiologies. Furthermore, comprehensive and robust approaches will have to be pursued by
both clinicians and medical device designers in order to minimize the overall invasiveness or disruption
caused by these frequently unavoidable aortic manipulation maneuvers. Only once such approaches have
been implemented, are safer aortic manipulation strategies expected to yield improved patient outcomes.
Towards this aim, the presented investigation has arguably served a valuable purpose.
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A. Detailed geometry and computational
mesh information

A.1. Structural simulations
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A.1. Structural simulations
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A. Detailed geometry and computational mesh information
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A.2. Fluid simulations
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A. Detailed geometry and computational mesh information

Ta
bl

e
A

.3
.:

G
eo

m
et

ri
ca

la
nd

m
es

h
in

fo
rm

at
io

n
pe

rt
ai

ni
ng

to
al

lfl
ui

d
si

m
ul

at
io

ns

Fo
ra

ll
si

m
ul

at
io

ns
M

ea
su

re
m

en
t

so
ur

ce
G

eo
m

et
ry

Av
er

ag
e

el
em

en
te

dg
e

le
ng

th
(b

as
e

le
ve

l)

V
es

se
l(

ao
rt

a)
lu

m
en

[2
16

]
D

v i
=

29
.7

,L
v a

=
50

,u
nl

es
s

ot
he

rw
is

e
sp

ec
ifi

ed
B

ou
nd

ar
y

la
ye

r:
0.

02
/7

/1
.7

b ,j
et

:
0.

55
c ,s

pe
ci

fic
su

rf
ac

es
:0

.5
5d ,r

es
t:

1.
1

C
an

nu
la

tio
n

si
te

to
ve

ss
el

ou
tfl

ow

as
su

m
ed

ba
se

d
on

di
m

en
si

on
s

re
po

rt
ed

in
[2

16
]

L
ca

n
n
/
o
u

t
a

=
35

,e
xc

ep
t

pa
tie

nt
-s

pe
ci

fic
si

m
ul

at
io

ns
:

L
ca

n
n
/
o
u

t
a

=
∼

21

na

C
an

nu
la

tio
n

si
te

to
oc

cl
us

io
n

si
te

as
su

m
ed

ba
se

d
on

di
m

en
si

on
s

re
po

rt
ed

in
[2

16
]

L
o
cc

l/
ca

n
n

a
=

15
,e

xc
ep

tf
or

pa
tie

nt
-s

pe
ci

fic
si

m
ul

at
io

ns
:

L
o
cc

l/
ca

n
n

a
=
∼

15

na

Ti
p

co
nd

ui
tl

en
gt

ha
ba

se
d

on
sh

or
te

st
,

re
as

on
ab

le
le

ng
th

fo
ra

ll
ca

nn
ul

as
L

c a
=

25
B

ou
nd

ar
y

la
ye

r:
0.

02
/6

/1
.7

b ,s
pe

ci
fic

su
rf

ac
es

:0
.5

5d ,r
es

t:
1.

1

a
Fr

om
ca

nn
ul

a
in

flo
w

to
ca

nn
ul

a
ou

tfl
ow

,a
lo

ng
ce

nt
er

lin
e

b
Fi

rs
te

le
m

en
tt

hi
ck

ne
ss

/n
um

be
r

of
la

ye
rs

/fi
rs

te
le

m
en

tt
hi

ck
ne

ss
ex

pa
ns

io
n

fa
ct

or
c

M
es

h
re

so
lv

in
g

th
e

je
tp

ri
or

to
hi

tti
ng

th
e

ve
ss

el
w

al
lf

or
th

e
fir

st
tim

e
d

Sp
ec

ifi
c

su
rf

ac
es

w
hi

ch
re

ce
iv

ed
a

hi
gh

er
av

er
ag

e
la

te
ra

l
m

es
h

ed
ge

le
ng

th
:

bo
tto

m
ha

lf
of

th
e

ao
rt

ic
w

al
l,

ca
nn

ul
ar

in
flo

w,
ca

nn
ul

ar
in

ne
r

su
rf

ac
e,

ve
ss

el
ou

tfl
ow

198



A.2. Fluid simulations
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A. Detailed geometry and computational mesh information
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tö
ck

er
t8

.0
m

m
cu

rv
ed

),
ad

ap
te

d
to

a
st

ra
ig

ht
co

nfi
gu

ra
tio

n
ow

n
m

ea
su

re
m

en
ts

D
c∗ i

=
6.

3
,S

tö
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B. Guideline for rating/scoring relative
functional performance

Following a basic mechanical design process of concept evaluation for rating dissimilar concepts per-
forming the same final task,a simple scoring system was employed to determine the relative performance
of each concept (and existing designs) considered, i.e. occlusion technique or cannula. In order to con-
sistently score or rate this relative performance of each functional performance parameter considered, the
following scoring convention was followed:

• Assign a “5” to the best and a “1” to the worst performing concept. Concepts yielding results
inbetween these two extremes were rated proportionally on this scale;

• Allowing a score to be skipped and repeated, respectively, e.g. (5, 4, 2, 2, 1) is valid. In this example,
such a scoring will be given to results that show a gradual difference in performance with a large
difference between the second and third values, followed by a similar result and with the final result
clearly the worst;

• Relative performance not quantifiable by computational results presented, but rather by a conserva-
tive estimate based on results from a given source, were assigned a “3” to the best and a “1” to the
worst performing concept. Hence, its influence on the totals, i.e. overall performance, is limited.

Such a convention was needed since the acquired results did not present a simple linearity in perfor-
mance outcome of each concept. However, this scoring process essentially remains subjective and the
results thereof should be interpreted accordingly. Furthermore, future studies should include a more rig-
orous scoring convention, as well as a system that includes weighting of importance, i.e. how important
is the fulfillment of one functional requirement over the other, and exclusion criteria, i.e. when does in-
sufficient fulfillment of a requirement justify its exclusion.
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C. Additional results

C.1. Boundary effects of occluding the patient-specific aorta

Continued from Section 9.1.2.1, the second and third principal strains at the proximal and distal bound-
aries are plotted below in Figures C.1 and C.2, respectively.

C.2. Local progression of strain

Continued from Section 9.1.2.2, the progression of strain in the various different local regions of interest
(ROIs) are plotted below for the third principal and von Mises strain in Figures C.3 and C.4, respectively.
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C. Additional results

——————– Proximal boundary ——————– ε2 distributions ——————–
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——————– Distal boundary ——————– ε2 distributions ——————–
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Figure C.1.: The resulting second principal strain (ε2 [-]) distributions extracted at the four different axi-
ally spaced slices near the proximal and distal ends of the vessel, as depicted in Figure 9.1.
Each increasing degree of transparency indicates a slice located further away from the bound-
ary, i.e. the fixed truncated surfaces.
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C.2. Local progression of strain

——————– Proximal boundary ——————– ε3 distributions ——————–
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——————– Distal boundary ——————– ε3 distributions ——————–
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Figure C.2.: The resulting third principal strain (ε3 [-]) distributions extracted at the four different axially
spaced slices near the proximal and distal ends of the vessel, as depicted in Figure 9.1. Each
increasing degree of transparency indicates a slice located further away from the boundary,
i.e. the fixed truncated surfaces.
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C. Additional results
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Figure C.3.: The progression of the third principal strain (ε3, [-]) during occlusion of the patient-specific
aorta, as extracted from the different regions of interest indicated in Figure 9.3 – note the
corresponding colors. Each increasing degree of transparency corresponds to |Alumen,cl| =
1.0, 0.74, 0.48, 0.22 and |PEAB| = 0.4, 0.6, 0.8, 1.0 for the cross-clamps and EABO, respec-
tively, i.e. from least to most occluded.
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C.2. Local progression of strain
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Figure C.4.: The progression of the von Mises strain (εVM , [-]) during occlusion of the patient-specific
aorta, as extracted from the different regions of interest indicated in Figure 9.3 – note the
corresponding colors. Each increasing degree of transparency corresponds to |Alumen,cl| =
1.0, 0.74, 0.48, 0.22 and |PEAB| = 0.4, 0.6, 0.8, 1.0 for the cross-clamps and EABO, respec-
tively, i.e. from least to most occluded.
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