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Abstract: Although aortic resection and end-to-end anastomosis are applied to repair ascending
aortic aneurysm, there is a lack of information on the late risk of post-operative complications, such as
aortic dissection and aneurysmal re-dilatation. It is recognized that altered hemodynamic forces
exerted on an aortic wall play an important role on dissection and aneurysm formation. We present a
case in which the hemodynamic forces were investigated prior and after repair of an ascending aorta
treated by resection with end-to-end anastomosis and a bioprosthetic heart valve. Post-operative
wall shear stress was redistributed uniformly along the vessel circumference, and this may suggest a
reduced risk of complications near aortic root, but not exclude the re-dilatation of the ascending aorta.
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1. Introduction

Aortic resection and end-to-end anastomosis have been proposed to treat ascending aortic
aneurysms [1]. Changes in hemodynamic parameters within the aortic lumen and after aortic resection
have not been investigated yet. There are indeed inconsistencies in the surgical practice with regards
to the extent of the surgical aortic resection, while the risk of late re-dilatation after aortoplasty is
remarkable in patients with an extended aneurysm. In this context, the reduction and redistribution of
shear forces may prevent the risk of further aortic dilatation, dissection, and rupture. Computational
fluid dynamic analysis can be used to estimate the redistribution of wall shear stress (WSS) on
the repaired aortic wall, and thus improve the rationale of the surgical procedure by developing
patient-tailored approaches [2,3]. Indeed, there is a need for additional information regarding the
risk of re-dilatation of the aneurysmal ascending aorta, so that patient-specific computational flow
analysis may reveal insights in the post-operative hemodynamic scenario induced by the surgical
remodeling of the ascending aorta. This can lead to the identification of patients at high risk of
re-dilatation of the aorta and ultimately improve the rationale of the surgical procedure by developing
patient-tailored approaches.

We here present a study where computational modeling was used to demonstrate changes in the
hemodynamics, as dictated by the bioprosthetic valve leaflets after aortic resection.

2. Materials and Methods

2.1. Case Study

A 63-year-old man was diagnosed with severe aortic valve regurgitation conditioning mild
left ventricular enlargement (LV end diastolic volume 170 mL, LVEF 55%) and functional limitation
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(NYHA III). A preoperative cardiac CT confirmed an aortic dilatation of 46 mm and tricuspid aortic
valve. He underwent aortic valve replacement with a bioprosthetic heart valve (22 mm Perimount,
Carpentier-Edwards) and ascending aortic resection with end-to-end anastomosis. With the pump
on, the heart was decompressed, and the aorta was then completely mobilized from the surrounding
structures. A short tract of the ascending aorta was resected between two circumferential aortotomies:
the first at the level of the sino-tubular junction and the second at the distal edge of the dilatation.
Then, the two ends of the aorta were finally sutured, and the aortic cross clamp was released.
The post-operative course was uneventful, and the patient was discharged home after 7 days.
After resection, the aortic diameter was 36.5 mm at CT scan. The angle between the longitudinal axis
of the left ventricle and the aortic root was 148◦ before surgery and 156◦ after aortic resection. Figure 1
shows the pre- and post-operative CT scans of the patient.
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Figure 1. Pre- and post-operative CT images showing the change in the aortic shape induced by
surgical remodeling.

2.2. Computational Flow Analysis

Pre- and post-operative aortic geometries were reconstructed from the patient’s CT scans using
the medical imaging software Mimics v20 (Materialise, Leuven, Belgium). Specifically, semi-automatic
threshold-based segmentation permitted one to segment the aortic lumen, with the tricuspid aortic
valve geometry reconstructed at fully opened shape [4]. The post-operative model had a circular shape
for the inlet flow due to the bioprosthetic aortic valve replacement. Indeed, the bioprosthesis was
not clearly visible at CT scans, so that we preferred to ideally represent the device with a circular
shape with an orifice area of 4 cm2. Once the aortic anatomy was reconstructed, the mesh was realized
with ICEM software (Ansys Inc., Canonsburg, PA, USA) using unstructured tetrahedral elements.
For the convergence of fluid-dynamic simulations, a mesh quality check was determined using grid
convergence index analysis, as assessed in a previous study of aortic hemodynamics [5]. This resulted in
an element size of 0.35 mm for the aortic model. The blood flow was assumed laminar and Newtonian,
with density of 1060 kg/m3 and viscosity of 0.00371 Pa × s. Indeed, we found that the Reynolds number
was 1658, and this justified the assumption of lamina flow in the large artery. Boundary flow conditions
were estimated using echocardiographic data, as collected before and after aortic surgery. Specifically,
the transaortic jet velocity evaluated by the Doppler ultrasound was adopted to scale the peak flow of
a representative inlet flow waveform, while the time of the cardiac cycle, as determined by the heart
rate, was used to scale the frequency of such representative aortic flow profiles, as done previously by
our group [5,6]. The inlet flow (cardiac output of 4.7 L/min) was distributed between the supra-aortic
vessels and the descending aorta with a ratio of 30/70, as done previously for the aneurysmal aorta [4,7].
For the outlet, a representative time-dependent pulsatile waveform of pressure at descending aorta
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was used as a boundary condition. Figure 2 shows the profile of inlet velocity and pressure outflow
used as input in the computational model.
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Figure 2. (A) Pre-operative inlet flow rate and outlet pressure waveforms and (B) boundary conditions
prescribed in the model, with inlet velocity waveform for the aortic inlet and each of the supra-aortic
arteries (as scaled versions of the aortic inlet), as well as outlet pressure waveform at the distal
descending aorta.

Simulations were performed with the commercial software FLUENT v19 (Ansys Inc., Canonsburg,
PA, USA). Pressure-implicit, with splitting of operators and skewness correction as pressure–velocity
coupling as pressure interpolation method with 2nd order accurate discretization, was used.
Convergence was enforced by reducing the residual of the continuity equation by 10−6 at every
time step fixed to 0.005 s. Simulations were continued through three cardiac cycles to eliminate
nonlinear start-up effects, and results were obtained at the last cycle. After the numerical solution,
multiplanar data analysis of WSS and oscillatory shear index (OSI) was performed in several planes
distributed uniformly along ascending aorta. Specifically, the WSS was defined:
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This takes values in the range of 0 to 0.5, with 0 corresponding to unidirectional flow, and 0.5 to
purely oscillatory flow.

3. Results

In the preoperative model, focally elevated magnitudes of systolic WSS were observed in the
anterolateral region of the ascending aorta. This resulted from the normal flow deviation secondary to
the offset of the axis between the left ventricle and aortic root, as shown by Figure 3A,B. The angle
between the left ventricular longitudinal axis and the aortic root (i.e., 148◦ before surgery and 156◦

after surgery) has likely influenced the jet direction and its impingement on the aortic wall from
the region just above the sino-tubular junction to the mid-ascending aortic region. In a similar way,
hemodynamic changes due to the presence of the bioprosthetic aortic valve replacement have occurred.
After resection, we observed a redistribution of systolic WSS that spanned uniformly along the vessel
circumference at the level of the mid-ascending aorta (Figure 3B). Specifically, maxima of WSS were
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extrapolated from the model and then mapped onto a standardized 8-quadrant model representing
8 angular segments along the circumferential direction of the aortic wall. Thus, polar plots of WSS
were obtained at three-anatomic levels: sino-tubular junction, mid-ascending aorta, distal ascending
aorta (Figure 3C). Similarly, Figure 4A,B shows changes of hemodynamic parameters in 8-standardized
analysis planes distributed along the longitudinal direction of the ascending thoracic aorta. An overall
high mean systolic WSS was noted in the preoperative model at the level of the sino-tubular junction.
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Figure 3. Map distribution of wall shear stress (WSS) at systole for (A) pre-operative model and (B)
post-operative model after aortic resection; (C) planewise analysis of WSS using polar plots in 3 planes
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In the post-operative model, high WSS were observed in the mid-ascending aorta and proximal
aortic arch region (Figure 4A). Moreover, the preoperative scenario exhibited a progressive decrease
in the values of peak systolic WSS (WSSmax) from the aortic root to the proximal arch. Differently,
the profile of WSSmax of post-operative model increased markedly at distal ascending aorta.
The distribution of the maximum value of OSI (OSImax), which is a marker of the directional
change of WSS during the cardiac cycle, was uniformly distributed along the various levels of the aorta
in the post-operative model (Figure 4B).

The fact that the post-operative model had higher WSS than the pre-operative model at proximal
aortic arch is likely caused by the high systolic flow velocity (see Figure 5) observed in the ascending
aorta after surgery (i.e., 1.3 m/s for pre-operative model and 1.7 m/s for post-operative model). This is
likely determined by the changes in the aortic diameter and valve orifice area occurring for the
remodeled aorta.
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Figure 5. Flow streamlines at peak systole, as obtained from the computational modeling of
(A) pre-operative model and (B) post-operative model.

4. Discussion

Current guidelines put the cut-off for ascending aorta replacement at 5.5 cm, but aortic rupture,
dissection, and death have been reported in over 5% of patients, with aortic dimensions between 4.0
and 4.9 cm [7]. Although aortic resection and end-to-end anastomosis have been proposed to treat
ascending aortic aneurysms [1,8], this has never been suggested as a preventive method to manage
aortic ectasia in patients undergoing surgical treatment for other cardiac conditions. Additionally,
the complex relationships between hemodynamic stress and genetic factors leave open the debate on
the strategies of prevention and timing, as well as the optimal surgical technique. The criteria for the
extent of resection are also currently subject to wide variations according to the individual surgeon
or center experience. There are also not any long-term studies on the risk of reoperation of repaired
aneurysmal ascending aorta. However, considering the significant proportion of patients developing
aortic dilatation, a low percentage of reoperations on the residual aorta (about 1% in the Mayo series
over a median 3-year follow-up [9]) may represent a large health care burden.

In this way, computational modeling offers a patient-specific analysis of the hemodynamic
environment pre- and after surgery of the aneurysmal aorta. Computational modeling may help
identify quantitative changes in hemodynamic parameters after surgical correction [10]. If adopted
pre-operative, modeling results can help to guide surgeons in optimizing the extent of aortic surgery
and identify patients at high-risk of post-operative complications. The most striking finding of this
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patient case study is that shear stress after resection of aortic ectasia redistributes uniformly along the
vessel circumference and length, as a result of the remodeled ascending aortic anatomy. Although these
results cannot be used to formulate a general rule to exclude the risk of post-operative flow-related
complications induced by the remodeled aorta, the result emphasizes the need for patient-specific
analysis of the aorta, as well as the analysis on large patient cohort for a detailed assessment of the
implication of WSS on aortoplasty. This can ultimately improve the rationale of the surgical procedure,
by developing patient-tailored approaches.

Indeed, WSS are reduced near the aortic root and redistribute along the vessel circumference at
the distal aortic portion. Since WSS is the velocity gradient near the aortic wall, the high flow velocity
of post-operative model has likely increased the values of WSS at proximal aortic arch when compared
to those of the pre-operative scenario. Therefore, we cannot assess that the distribution of WSS near
the distal ascending aorta does not portend further aneurysmal redilatation after aortic remodeling.
Differently, the low shear stress values near the aortic root suggest a reduced risk of post-operative
complications. This is supported by the fact that, when this simplified procedure is performed to treat
ascending aortic aneurysms without interposition of a prosthetic graft, ascending aorta re-dilatation
and/or dissection will not occur, even at long-term follow-up [1]. In the reported case, the aortic
remodeling induced high WSSmax and OSImax near the mid-ascending aorta and proximal aortic arch,
since the flow jet impinges the aortic wall more distally than that of the pre-operative aorta. While it
has been demonstrated that the mechanical damage of endothelial layer is associated to changes in
WSS, the extent to which that response plays a role in the aneurysm formation and progression has yet
to be demonstrated.

Our study has a series of limitations. The main assumption is related to the boundary conditions
set at both inlet and outlet boundaries of the aorta. Estimations of WSS and OSI parameters could
benefit from a magnetic resonance imaging study to determine patient-specific time-varying flow
conditions, which can be then implemented in the computational model. Blood viscosity and wall
compliance were not considered, but the effect of these parameters were shown by our group to
have a limited impact on WSS predictions [10]. Specifically, the blood is a non-Newtonian fluid,
so that the change in the blood viscosity with shear stress may have altered the prediction of the
aortic hemodynamic. However, Khanafer and collaborators [11] showed that the non-Newtonian
assumption of blood affects the blood flow in the thoracic aorta; their simulations did not display
significant differences in WSS calculated from Newtonian and non-Newtonian fluids. In future studies,
non-Newtonian fluids will be implemented to improve the prediction of the proposed computational
flow analysis. Moreover, the flow analysis has been performed only on one patient’s dataset thus far,
and hence the results are preliminary and warrant, to be clinically relevant, a validation study on a
larger number of datasets.

5. Conclusions

We conclude that an end-to-end anastomosis of ascending aorta ectasia may favorably modify
aortic hemodynamic. Further studies should be performed to elucidate the long-term benefits in terms
of hemodynamics and the reduction of aortic complications in patients operated on for concomitant
cardiac conditions.
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