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Abstract

OBJECTIVES: Aortic replacement is based on the aortic diameter in the absence of dissection or connective tissue diseases. Frequently,
a number of different aortic-to-prosthetic anastomotic positions are possible depending on patient factors and surgeon preferences.
High stress on residual aortic tissue may result in aneurysm formation or aneurysmal dilatation. Utilizing a computational fluid dynamic
evaluation, we aimed to define possible optimal operative interventions with regard to the extent of aortic replacement.

METHODS: For proof of principle, a computational fluid dynamic (CFD) analysis, using Fluent 6.2 (Ansys UK Ltd, Sheffield, UK), was per-
formed on a simplified ascending arch and descending aortic geometry. Wall shear stress in three dimensions was assessed for the
standard operations: ascending aortic replacement, arch replacement and proximal descending aortic replacement.

RESULTS: Hermiarch replacement is superior to isolated ascending aortic replacement with regard to residual stress analysis on tissues
(up to a 10-fold reduction). Aortic arch replacement with island implantation of the supra-aortic vessels may potentially result in high
stress on the residual aorta (10-fold increase). Aortic arch replacement with individual supra-aortic vessel implantation may result in
areas of high stress (10-fold increase) on native vessels if an inadequate length of supra-aortic tissue is not resected, regardless of it
being aneurysmal.

CONCLUSIONS: Computational fluid dynamic evaluation, which will have to be patient-specific, 3D anatomical and physiological, po-
tentially has enormous implications for operative strategy in aortic replacement surgery. CFD analysis may direct the replacement of
normal-diameter aortas in the future.
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INTRODUCTION METHODS
Replacing aortic tissue from a proximal normal area to a distal
normal area for an aneurysmal or dissected portion of aorta
remains the cornerstone of modern aortic surgery [1-3]. This
concept is extended in Marfan’s syndrome when the technique
of aortic exclusion is used to remove all remnants of aortic
tissue, particularly in the region of the aortic sinuses [4].

Computational fluid dynamics (CFD) is a technique to simu-
late, without the need to perform laboratory testing, the fluid
flow, stresses and strains in the wall of the containing vessel, and
has been previously described in aortic surgery [5-7].

We utilized three-dimensional CFD analysis to estimate the
wall stresses in the remnant of aortic tissue left behind at the
site of aortic-graft anastomosis after aortic replacement.
Leaving behind aortic tissue that is subjected to high wall
stress may result in subsequent dissection and/or aneurysmal
formation [8, 9].

Computational fluid dynamic model

A computer tomography (CT) scan was used to obtain a 3D geo-
metric anatomy of a typical aortic arch to create a mesh for the
CFD analysis (Fig. 1). The following flows were utilized: ascending
aorta, 5I/min, arch, descending aorta, 3.1I/min, innominate
artery, 11/min, left carotid, 0.75 I/min and left subclavian, 0.15 I/
min, as determined via the use of MRI angiography [10].

CFD is a means of simulating fluid flow by solving the govern-
ing equations of fluid motion: the Navier-Stokes equations.
These equations are essentially Newton’s second law (i.e. force =
mass x acceleration) but applied to a fluid element. To define
the geometry, a volume mesh was constructed of ~600 000 cells
using the software Gambit (Ansys UK Ltd, Sheffield, UK). The
CFD programme used was Fluent 6.2 (Ansys UK Ltd, Sheffield,
UK). The fluid had a density of 1050 kg/m> and viscosity of
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0.0035 Pa’s to represent blood. The walls of the models were
assumed to be rigid as has been previously described [11, 12].
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Figure 1: (A) Four possible prosthetic aorta anastomotic sites for replacement
of the ascending aorta, (B) wall shear stress at the above anastomotic sites.

Each model was solved using steady flow into the ascending aorta
to produce an initial solution. The results of CFD calculations are
presented using Tecplot 9.0 (Tecplot, Inc. Bellevue, WA, USA).

Aortic scenarios

Three typical aortic scenarios were analysed, ascending aortic
replacement, arch replacement and proximal descending
aortic replacement. The effect of the aortic resection site on the
stresses in the residual aorta and at the site of graft aortic
anastomosis was studied. The aortic root was excluded from
analysis.

Physiological variation
Typical flows in the ascending aorta, arch, descending aorta,
innominate artery, left carotid and left subclavian arteries were

determined via the use of MRI angiography in 9 patients under-
going scans for non-aneurysmal disease (spinal surgery).

RESULTS
Ascending aortic replacement

Four possible prosthetic aorta anastomotic sites were analysed
(Fig. 1a). The wall stresses at the four sites are diagrammatically

Figure 2: (A) Three possible prosthetic aorta anastomotic sites for replace-
ment of the aortic arch, (B) wall shear stress at the above anastomotic sites.

shown in Fig. 1b. It can be seen that a high wall stress point
exists in the distal ascending aorta on the inner curvature. The
most proximal resection relative to the aortic valve causes the
least graft prosthesis-aortic shear stress, however an area of high
stress remains within the remnant aorta. The root was not
analysed due to the added complexity of valve and coronary,
flow and motion.

Arch replacement

Three different prosthetic aorta anastomotic sites were
analysed (Fig. 2a). The wall stresses at the three sites are dia-
grammatically shown in Fig. 2b. It can be seen that separate
head and neck vessel reimplantation with a suitable length of
vessel resection results in the lowest residual wall stress in the
remnant aorta.

Proximal descending aortic replacement

Three different prosthetic aorta anastomotic sites were analysed
(Fig. 3a). The wall stresses at the three sites are diagrammatically
shown in Fig. 3b. It can be seen that resection of aortic tissue at
the origin of the left subclavian artery is necessary to reduce
residual areas of high stress on the native aorta.
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Figure 3: (A) Three possible prosthetic aorta anastomotic sites for replace-
ment of the proximal descending aorta, (B) wall shear stress at the above
anastomotic sites.

Physiological variation

Figure 4 demonstrates the large variation in flow rates obtained
from MRI scanning. Wall stress is proportional to the dynamic
viscosity, the flow velocity parallel to the vessel wall and inverse-
ly to the distance to the wall [13]. This means the analysis above
only holds for the flow rates stipulated in the methods section
(velocity = flow in artery/cross sectional area of artery). These
results demonstrate why patient physiology and 3D anatomy
need to be analysed together, as models based on anatomy are
only fundamentally flawed from an engineering point of view.
The difference in flows between MRI patients was statistically sig-
nificant, ascending aorta, P <0.0001, innominate artery, P=0.01,
left subclavian artery, P=0.0002 and proximal descending aorta,
P <0.0001 (one sample t-test).

DISCUSSION

CFD analysis predicts that the stress at the prosthetic graft aortic
anastomosis and in the residual aortic tissue depends on the
extent of the surgical technique utilized. Physiological variation
in flow rates in the absence of aneurysmal disease means that
predictive modelling should be based on an individual's 3D
anatomy and physiology. Currently, aortic replacement is based

Figure 4: MRI derived flow in ascending aorta, innominate, left carotid and
left subclavian artery in nine non-aortic individuals.

on size criteria. However, as is currently practised in connective
tissue disorders such as Marfan syndrome, replacement of
normal-diameter sections of aorta in the aortic root may be ne-
cessary, the extent of which can only be predicted by CFD
analysis.

Aortic exclusion is routinely utilized in patients with connect-
ive tissue disorders such as Marfan's syndrome and Ehlers
Danlos syndrome [4]. Removal of all remnant aortic tissue is not
always possible or feasible in procedures that involve the aortic
arch and its branches, however CFD analysis will potentially
allow patient-directed aortic replacement.

We have made no attempt to accurately model the 3D
anatomy of a human aorta as we present this paper as a
concept. Even a simplistic model demonstrates that the surgical
approach utilized has major implications from a biomechanical
point of view. An engineering analysis should never override
clinical/surgical acumen for a given patient, however, in patients
who are fit enough to undergo potentially more-extensive
surgery, resection of just the aneurysmal or dissected segment of
aorta CFD may aid treatment and potentially long-term survival.

With regard to ascending aortic replacement, CFD analysis
predicts that the proximal inner curve of the aortic arch is a
wall-stress hot spot. This confirms that hemiarch replacement in
Marfan’s syndrome is the optimal procedure to avoid high-stress
areas on remnant aortic tissue. To date, this point is contentious
in the surgical literature [14, 15].

Head and neck vessel management in arch replacement can
be performed via island reimplantation or individual vessel anas-
tomosis [16, 17]. Island reimplantation is associated with aneur-
ysm formation in some patients with connective tissue disorders
[18]. With regard to individual vessel reimplantation, the length
of vessel to resect is unknown. CFD analysis predicts that island
reimplantation and individual vessel reimplantation flush with
the outer arch of the aorta will result in areas of high stress
remaining on remnant aortic tissue.

Proximal descending aortic replacement should involve the
origin of the left subclavian artery to avoid the risk of a dissec-
tion just distal to its origin. The length of subclavian artery to
resect will depend on the native left subclavian flow, which is
highly variable. Unfortunately, surgery on the left subclavian
artery is complicated by its involvement in the spinal cord collat-
eral network [19].
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Our analysis assumes a rigid aortic wall. In the case of Dacron
replacement, this is a reasonable assumption [20], and implies
that the results for prosthetic-aorta anastosmosis are accurate.
The results for wall stress in the remnant aortic tissue will be less
accurate due to aortic compliance, however, assuming a rigid
wall is common during CFD analysis of the aorta in the literature
[5, 7]. Analysis accounting for aortic compliance is possible, but
the errors due to the variation in aortic compliance between
individuals (which are usually unknown) are probably higher
than the increased accuracy that would result.

The demonstration of a large variation in aortic and supra-
aortic vessel blood flow rates identifies that patient-specific
physiology needs to be analysed in conjunction with the 3D
anatomy. The failure to appreciate the importance of the com-
bined physiological and anatomical combination is widespread
in the literature [21, 22]. MRI scanning is the only clinically prac-
tical method to obtain flow rates in the supra-aortic vessels.

CFD analysis may help direct surgical strategy, as randomized
trials are virtually impossible in aortic surgery due to the small
numbers involved, and the potentially large number of con-
founding factors.

No cut-off exists for wall stress and aneurysms and dissection
formation, however it is commonly accepted that the higher the
value, the more likely it is that an aortic pathology, dissection or
aneurysm may be initiated [23].

CT scanning and 3D reconstruction remain common pre-
operative investigations in elective aortic surgery patients [24].
MRI is frequently utilized in patients undergoing serial monitor-
ing to reduce radiation exposure. CT scanning is unable to
measure blood-vessel flow rates, however, with a vascular
package, MRI is able to measure flow if the appropriate
sequences are performed when the aorta is scanned [10].
Relative flows in the aorta and head and neck vessels will not
alter after surgery as the grafts have negligible resistance com-
pared with the distal capillary resistance of the organ bed that
they feed (Poiseuille law).

The use of wall shear stress in isolation is too simplistic as a
solution. Wall shear stress has less effect on wall rupture as the
diameter decreases due to Laplace’s Law. This explains the hot
spots in the head and neck vessels after CFD analysis, though
clinically they are rarely the site of a primary dissection entry tear.

As blood flows from the aortic root, through the arch and into
the descending aorta, the flow patterns in the preceding section
influence the flow patterns in the following section. Thus an
ascending aorta that is dilated or elongated will influence the
distal flow patterns and sites of maximal wall stress distally.
Analysis thus would have to include the hypothesized operative
intervention or lack of it, as an intervention may alter the distri-
bution and magnitude of distal wall stresses. We speculate this
may help explain aortic rupture in patients after the first stage of
the elephant trunk waiting for the second stage.

Computational fluid dynamic evaluation, which will have to be
patient-specific, 3D anatomical and physiological, potentially has
enormous implications for operative strategy in aortic replace-
ment surgery. CFD analysis may direct replacement of normal-
diameter aorta in the future.

Limitations

Patient blood pressure and rate of change of blood pressure
(dP/dt) are important factors with regard to aortic dissection

initiation and progression [25]. We have not taken these into
account. Blood pressure and dP/dt control, however, are well-
known medical management issues in aortic patients.

Turbulent non-Newtonian flow is complex to model. The as-
sumption of non-turbulent flow and Newtonian behaviour of
blood is frequently made. The location of high stress areas does
not need to be accurate to the exact millimetre, as the surgeon
just needs to know roughly the extent of the resection.

We have assumed in this concept paper that flow through the
aortic valve is not jet like due to a stenotic valve or a bicuspid
valve, as these are not present post procedure. In clinical practice,
modelling would have to include the effect of a mechanical or
tissue valve replacement, with the complex flow streams associated
with them, and cardiac arrhythmias such as atrial fibrillation.
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APPENDIX. CONFERENCE DISCUSSION

Dr M. Grabenwoger (Vienna, Austria): This would be very interesting for sur-
geons if they know that to replace or not to replace the ascending aorta is
dependent on the type of fluid dynamics of the ascending aorta. For
example, if you have a bicuspid aortic valve and we know that the fluid dy-
namics in the ascending aorta are dependent on the aortic valve, or is there
an influence of the diameter of the ascending aorta on the shear stress,
where, of course, there should be a strong correlation. In your study you
investigated only on the model of a regular ascending aorta and you did not
investigate the influence of the aortic valve. Is this true?

Dr Poullis: Yes. We deliberately avoided the aortic root for a number of
reasons. Firstly, the 3D conformation of the valve opening and the torsional
flow coming out of the aorta, a random angle, and the curvature on the
ascending aorta are very complex to model. We presented this as a concept.
That is why | only talked about the distal ascending aorta. We are just pre-
senting this as a principle. The 3D anatomy and the physiology of flow are
important. You need to put the two together. And instead of coming up with
some quite complicated root scenario, particularly as the root is almost half
sorted, if you have Marfan syndrome, you replace the whole root. There is a
big debate. If you have Marfan syndrome, how much distal ascending aorta
and how much proximal arch do you replace? Based on this, if you can find
the hot spots, you maybe should be replacing them. There was a paper
earlier on in this meeting on ‘do you do island reimplantation or do you do a
branch graft for the head and neck vessels?. Again, if you have a Marfan’s
and you have great big high stress areas, maybe you need to be removing
those. Again, it is just a concept. You can see that it is a very, very simple
model we have done. Even this, you cannot do this on a normal computer.
It had to be done on the mainframe at the university because of the three-di-
mensional component. You can do 2D on a laptop; you cannot do 3D
because of the power needed.

Dr Grabenwoger: As you said, in the beginning, you are a surgeon. Have
these results of this investigational work already influenced your daily habit in
the OR because you know now where the hot spots are?

Dr Poullis: Well, | have a slight conflict of interest here. | am not actually an
aortic surgeon. | am a consultant cardiothoracic surgeon. | used to be an en-
gineer. | have a research project with Rob Poole, who is an engineer. | am
presenting this as a concept to people.

Dr Grabenwoger: The translation of this concept in the daily surgical
routine would be of great interest if you can say to a surgeon in advance,

'Please take care; he has a hot spot area here. You have to be very careful.
You have to replace it or you can leave it

Dr Poullis: Yes, yes. You can only do this in an elective setting. These algo-
rithms take a couple of hours to run, so you couldn’t do it on a dissection or
something silly that turns up in the middle of the night. It would have to be
elective cases only. Also, you have to have MRI scanning. The CT will give you
the 3D geometry just as an MRI will, but it won't give you flow data. There is
also a ramification, and I'll expand slightly. When you do your MRI and get
the flows in the head and neck vessels, they are highly variable, and actually
this could be quite important for when you start doing selective cerebral per-
fusion on bypass. There is a publication that is coming out in JECT soon
based on the same type of data we have. The flows are random, and at the
moment, you just use a fixed flow rate.

Dr M. Zakkar (London, United Kingdom): When you say high is good and
low is bad, in terms of shear stress, what do you mean by high is good and
low is bad? We know that if you have a certain amount of high shear stress, it
is actually good and it can cause anti-inflammation, while if you have low
shear stress, it can contribute to inflammation and apoptosis.

Dr Poullis: Yes. That is slightly different. It is way more complicated than
the wall shear stress. Again, | was educated by the engineer. He said there are
about three different types of wall stress, and it is actually way more compli-
cated than this. Again, that is where the literature gets confused. You are
right, in apoptosis, atherosclerosis wall shear stress is the other way around,
but in terms of tubes rupturing, high wall stress is bad, but wall stress is only
one component of it and it is a three-dimensional concept, which is not what
we have shown here because of the complexity of it. Certainly when engi-
neers get involved, people like me don't fully understand this. But red is bad
for surgeries. This is a surgical message.

Dr G. Soppa (London, United Kingdom): For me this is a fantastic idea and
concept. | can see where you are going and where you want to take this.
Now, just going back to the review on the flow in the aorta published by
Professor Yacoub and Dr Cohn from the Brigham in Circulation in the early
part of this decade, in that they showed that the actual vortex created by the
torsion of the ventricle actually creates a torsional flow in the ascending aorta
and the arch, and that is one of the main reasons why the stress is reduced.
So if you do not have the root and that vortex kind of motion, | think all
these could be flawed, because you are looking at cylindrical flow.

Dr Poullis: You are completely right. That's why | said this is a concept. You
can make this as complicated as you want to, to get it as close to the real
thing. This is just a concept. At the moment, how much aorta do you
replace? Surgeon A always does an open distal anastomosis and Surgeon B
doesn't when you have normal diameter, because the whole of aortic
surgery, in the absence of dissection, is focused on diameter, and as a non-
aortic surgeon, as a previous engineer, | think that is potentially wrong.

Dr Soppa: | can see that this is a very good concept. It is similar to using
PET scan for looking at a heat map in the ascending aorta. Sure, things like
this would have a great impact in the future, but | think right now it is prob-
ably limited by not using the flow from the ascending aorta because that
actually is protected.

Dr Poullis: Yes, yes. You can actually get the 3D flows off an MRI scan. So,
again, all of the information is there and it's all measured on all of these
patients. The way | got this data here was actually from people. They collect
the data but they don't put it on the PACS system. You just ask them for it. All
the cardiac outputs and the flows are all there in the background. It's just not
written down on the report.

Dr G. Laufer (Vienna, Austria): This is a very interesting study. | have a very
simple question for you. You showed this one example being the left carotid
in a complete red colour, so that would mean we have to replace the whole
left carotid because the shear stress is so high. How do you explain that?

Dr Poullis: | asked the engineer that as well, because my understanding
was, do you have to replace it up to the brain or something, and he said no,
no, no. The wall shear stress is different depending on the diameter of the
tube, apparently, and the bigger diameter tubes are more affected by the
same wall stress. When you have a smaller diameter tube, you can have a
higher wall stress and it won't rupture because of the rule of Laplace. I'm vir-
tually repeating that answer of the engineer word for word, because it was
beyond my brain. But what it does mean is that you can't leave the little red
bit on the arch of the aorta. You have to go up the vessel. So you can’t do an
island implantation on it if you believe this is the case.

Dr S. Vachev (Penza, Russian Federation): You showed the measurement of
wall shear stress. You showed dynamic viscosity.

Dr Poullis: Yes.

Dr Vachev: How can you measure this parameter?

Dr Poullis: There are a number of ways. The way Rob did it, he got out the
literature on previous publications. But I'm presenting just the concept. The
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numbers on these graphs are just a concept here. The bottom line is the
graph there - flow and diameter, where the flow is the physiology
and the diameter is the 3D anatomy. It is the two together that you
need. This is just a concept. Don't get hung up. The dynamic viscosity actually
varies. | didn't tell you about the other bit. This is modelled as a Newtonian
fluid. Blood is not Newtonian. When | asked the engineer, who does
actually do non-Newtonian analysis, he said ‘yes’, but that will take the main-
frame a week to do. It can do it and they do do this modelling, but he said
this is so close and it is just a concept anyway, so just do it as Newtonian. It
gets more and more and more complicated as you go along. It is just a
concept.

A concept of aortic hot spot detection: there is still a job for the engineer

Authors: Leo A. Bockeria, Aleksandr Fadeev, Margarita Shumilina and Osman
Makhachev

The Bakoulev Center for Cardiovascular Surgery, Moscow, Russia,

doi:10.1093/icvts/ivt157
© The Author 2013. Published by Oxford University Press on behalf of the
European Association for Cardio-Thoracic Surgery. All rights reserved.

The authors’ concept and approach to aorta modelling, and the very idea of the
present study, are undoubtedly interesting and deserve detailed consideration [1].
The flow structure through the aorta and its branches, high flow velocity areas and
wall stress peaks in such a complex vascular formation as the aorta have always
been and still remain useful data that the surgeon needs when preparing for aortic
replacement. Evidence of haemodynamically adverse flow areas and wall stress
sites are of prime interest in order to determine the location of the aortotomy for
proximal anastomosis.

The concept of the present study is critically important as we really need to
know the areas of flow disturbances - "hot spots" as the authors call them. They
proposed that an anastomosis should be placed in relatively "safe" flow areas:
outside those of peak flow velocities and wall stress areas. It is quite right. The
anastomosis per se might provoke aorta wall dissection and aneurysm formation. A
juncture of two different materials in the site of the aortic graft is bound to cause

the flow to slow down and wall stress to grow. And what contributes to increased
complexity is that the anastomosis might trigger off disruption of endothelium
layer continuum and intimal hyperplasia development. The fibrous tissue of anasto-
mosis, when placed at a right, rather than an oblique angle to the flow field, may
cause the aorta lumen to narrow as a patient grows up.

The authors showed how their concept worked by using computational fluid
dynamic (CFD) evaluation. They emphasized that their method aimed to identify
patient-specific aortic flow before surgery. This is a good point about their research
strategy. In their model for CFD-evaluation, the authors made a series of assump-
tions to address flow equations and they had to depart from the true anatomic
configuration of aorta. The authors’ final choice was a model of a constant cross-
section aorta with a direct and steady flow. This might not be critical for demon-
strating the concept. Yet, any simplification of the model results in a loss of the
required accuracy. One should be aware of the necessity of obtaining the reliable
hot spots location data in the patient’s aorta preoperatively.

We would like to invite the authors - engineers, in the first place - to continue
their efforts (and we invite surgeons and other researchers to join in) to develop a
sustainable model of the aortic arch and aortic flow. The development of such a
model could build on the most common aortic arch patterns found in humans as
well as the anomalies of aortic arch [2]. In actual fact, there should be a few
models. The choice could be narrowed down to two or even three models. We
assume the key to the problem is how variability of flow patterns, dimensions, and
configurations of aorta might be incorporated into the model. Lastly, dimensions of
the model should be based on a correlation analysis between the dimensions of
the aorta and parameters of patient’s bodily growth.

Conflict of interest: none declared.
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