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Computational numerical analysis of different cannulation 
methods during cardiopulmonary bypass of type A aortic 
dissection model based on computational fluid dynamics
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Background: The aim of the present study was to use a numerical simulation based on computational fluid 
dynamics (CFD) to analyze the difference of different cannulation methods on hemodynamics characteristic 
in a type A aortic dissection (TAAD) model.
Methods: A finite-element analysis based on the CFD model of a TAAD patient was used, and axillary 
artery cannulation (AAC), innominate artery cannulation (IAC), and femoral artery cannulation (FAC) were 
analyzed under different situations, including a cardiac output (CO) of 2.5 L/min and cardiopulmonary 
bypass (CPB) of 2.5 L/min (partial CPB before cross-clamping aorta, defined as condition A), and a CO of  
0 L/min and CPB of 5 L/min (aortic cross-clamping phase, defined as condition B). The insertion of an 8-mm 
cannula into the different models was simulated. Hemodynamic characteristics, including wall shear stress, 
wall stress, blood flow, and velocity were analyzed.
Results: In condition A, the total flow of branches of the aortic arch was 2,009.5 mL/min (AAC),  
1,855.47 mL/min (IAC), and 1,648.03 mL/min (FAC). All cannulation methods improved left renal blood 
perfusion. However, in relation to blood flow in the right renal artery, FAC showed the highest blood flow 
(105 mL/min). The results in condition B were similar to those of condition A. The velocity, shear stress, 
and stress of entry tear via AAC and IAC decreased in condition B compared with condition A. The velocity, 
shear stress, stress of tear via AAC was lower than that of IAC.
Conclusions: Different cannulation modes have an effect on the hemodynamic characteristic of the tear, 
but this effect is related to different states of CPB. AAC was found to superior to IAC, especially in reducing 
velocity, stress, and shear stress of site of tear. However, IAC and AAC are more conductive to blood supply 
than FAC in branch vessels of the aortic arch without being affected by the CPB state.
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Introduction

Type A aortic dissection (TAAD) is a critical illness that 
requires emergency surgery and cardiopulmonary bypass 
(CPB) to reduce mortality related to various complications, 
such as the rupture of aortic dissection, acute myocardial 
ischemia, shock, and the insufficient perfusion of vital 
organs (1). Timely CPB surgery can result in good 
prognoses, even among elderly and/or pregnant TAAD 
patients (2,3). The use of CPB with hypothermic and/
or moderate hypothermic circulatory arrest is still the 
gold standard in clinical practice (4). In CPB surgery, the 
femoral artery is undoubtedly the easiest artery on which to 
operate; however, this can also result in many postoperative 
complications,  including stroke,  thrombosis ,  and 
insufficient multiorgan perfusion due to plaque shedding, 
false lumen blood supply during retrograde perfusion (5). 
Axillary artery cannulation (AAC) is preferred to femoral 
artery cannulation (FAC) for antegrade perfusion to prevent 
visceral malperfusion (6). However, AAC also has a number 
of disadvantages; for example, it requires a more precise 
surgical technique, it is more time consuming, and it carries 
risks, such as upper extremity ischemia, local nerve injury, 
seroma, and restricted perfusion flow (7). For these reasons, 
some aortic surgeons are inclined to use innominate artery 
cannulation (IAC) in aortic arch repair. Further, IAC also 
allows the entire aortic arch repair surgery to be carried 
out after median sternotomy without any extra incisions. 
This type of centralized arterial cannulation strategy could 
streamline the surgical process, is easy to perform, and 
minimizes complications in TAAD (8,9). Although a meta-
analysis showed that a similar neuroprotective outcome 
between IAC and AAC (10), some scholars still believed that 
IAC could lead to the potential risk of cerebral embolism 
due to higher antegrade flow or a new dissection and/
or stenosis after the closure of the arteriotomy following 
decannulation (11). In addition, IAC is not recommended 
for patients with a second surgery, innominate artery 
dissection, and/or calcification (12).

There does not appear to have a better way of comparing 
the differences between different cannulations than 

summarizing the clinical data. That is, we do not know 
the specific state of blood flow under different cannulation 
modes. TAAD is a complex entity, for example, the 
entry and re-entry tear, extension of dissection, and the 
involvement of visceral vessels (13). Therefore, it is difficult 
to understand the complexities of flow dynamic perfusion. 
However, computational fluid dynamics (CFD) may provide 
insight (14).

Blood flow analysis by CFD is an advanced computing 
simulation tool that can be used to evaluate wall shear stress, 
stress, flow velocity, flow streamline, helicity index, and other 
fluid dynamic parameters (15). CFD has developed rapidly 
in recent years, and has been applied to the fields of medical 
bioengineering and cardiovascular disease (16). Although 
there were some studies on the CFD of aortic dissection, 
most of them focus on the CFD characteristics of the disease 
model and/or the CFD difference between preoperative and 
postoperative in type B, and there were few reports on the 
difference of CFD between different cannulation during 
CPB (17,18). In view of the correlation between cannulation 
and intraoperative perfusion and postoperative prognosis (19),  
therefore, in order to better understand this, we used 
CFD based on fluid-solid coupling models to analyze the 
hemodynamic characteristics of 3 different cannulation 
methods to facilitate clinical decision-making.

We present the following article in accordance with 
the MDAR reporting checklist (available at http://dx.doi.
org/10.21037/atm-21-605).

Methods

Reconstruction of the TAAD model

A 46-year-old man (80 kg) was diagnosed with TAAD in 
cardiovascular surgery department which belongs to the 
people’s hospital of Gaozhou. Because this is a representative 
case of TAAD, the CFD model was reconstructed based 
on his CT data. The ultrasound results showed that the 
inner diameter of the ascending aorta had widened, the 
intimal line echo could be seen in the lumen, and the inner 
diameter of the pulmonary artery was normal. There was 
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a small amount of regurgitation of the aortic valve (flow 
rate was 1 m/s and the pressure difference was 4 mmHg). 
Computed tomography angiography (CTA) results showed 
that the dissection (entry tear) was located on the ascending 
aorta, extending the aortic arch, descending aorta to the left 
common iliac artery (exit tear). The right renal artery, the 
celiac trunk, and superior mesenteric artery originate from 
the true lumen, and the left renal artery originate from the 
false lumen. The right renal artery perfusion was normal, 
but the left renal artery perfusion was reduced due to renal 
artery dissection. 

Based on the patient’s CTA data, Mimics software 
(version 17.0; Materialise, Belgium) was used to perform 
a 3D reconstruction of the aorta. The model comprised 
the root of the aorta to the femoral artery, including the 
coronary artery, brachiocephalic artery, left common carotid 
artery, left subclavian artery, left and right renal arteries, and 
left and right femoral arteries. The blood vessel wall was 
divided into 3 layers, and the aortic fluid and solid models 
were imported into Hypermesh (version 2019) software to 
generate hexahedral and tetrahedral structures and fluid 
meshes. The meshing file was then transferred to ADINA 
software (version 9.6, USA) for the fluid-structure coupling 
calculation. The insertion of an 8-mm cannula into each of 
the different models was simulated. This model involving 
2 tears. The entry tear was located on the ascending aorta, 
and the exit tear was located on the left iliac artery. Other 

multiple communicating tears and/or secondary tears were 
not involved in this model (Figure 1).

All procedures performed in this study involving human 
participants were in accordance with the Declaration of 
Helsinki (as revised in 2013). The study was approved by 
ethics board of Gaozhou Hospital (No. GYLLYJ-2020014) 
and informed consent was taken from the patient.

Arterial cannulation strategy

To obtain more realistic cannulation blood flow data during 
CPB, we simulated 3 types of cannulations (AAC, IAC, and 
FAC) in 2 CPB phases (Figure 2). In the early stage of the 
CPB, the heart and the cannula provide blood at the same 
time [cardiac output (CO) 2.5 L/min and CPB 2.5 L/min, 
defined as condition A]. System blood is only provided by 
the cannula (CO 0 L/min and CPB 5 L/min, defined as 
condition B). A comparison was made to determine the 
hemodynamic differences between these 2 conditions in 
which different cannulation methods were used.

Numerical scheme of fluid-structure interaction (FSI)

The FSI model was adopted to solve the interplay between 
the solid and fluid domains. We adopted the FSI simulation 
form in our study to obtain more realistic simulation data. 
The FSI was determined as follows:

Figure 1 Construction of the fluid-solid coupling model. (A) Computed tomography angiography image of the patient; (B) 3D 
reconstruction image of the aorta; (C) aorta grid image.
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f sd d=  [1]

f Sn T n T⋅ = ⋅ [2]

where df is blood displacement, ds ds is left ventricular 

wall displacement, Tf is pressure on the blood, Ts is pressure 
on the wall of the left ventricle, and n indicates the normal 
direction of the corresponding interface.

The constitutive model of the blood vessel wall is defined 
as an anisotropic Mooney–Rivlin model. The strain energy 
density function is determined as follows:
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where I1 is the first invariant, I2 is the second invariant, I4 
is the circumferential unit vector, and c1 c2 D1 D2 K1 K2 are the 
parameters of the constitutive model.

Boundary conditions

In the present study, the patient’s aortic valve blood flow 
rate was used as the inlet boundary condition, and the 
CPB was set to a constant speed (as shown by the solid and 
dashed lines, respectively, in Figure 3). Given the average 
pressure at each outlet of the aortic model, a 70-mmHg 
pressure boundary condition was applied. The blood was set 
as an incompressible viscous Newtonian fluid. Blood density 
was 1,050 kg/m3, and viscosity was 0.0035 Pa·s (20).

The cycle-independent results showed that the 3 cardiac 

Figure 2 Three different cannulation methods. (A) Axillary artery cannulation (AAC); (B) innominate artery cannulation (IAC); (C) femoral 
artery cannulation (FAC).

Figure 3 Set boundary conditions. Condition A: aortic blood flow 
with a cardiac output (CO) of 2.5 L/min and a cardiopulmonary 
bypass (CPB) of 2.5 L/min. Condition B: aortic blood flow with a 
CO of 0 L/min and a CPB of 5 L/min. For each situation, 3 cycles 
were calculated, and the data from the 3rd cycle were subject to 
analysis.
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cycles reached stability. Therefore, the 2 situations in the 
present study were examined in relation to the 3 cycles, 
and the hemodynamic results of the 3rd cardiac cycle were 
extracted for the hemodynamic analysis. The cardiac cycle 
time was set at 0.8 s, and the calculation time step was set 
at 8 ms.

Hemodynamic parameter collection and analysis

To clarify the changes in the hemodynamic status caused 
by different cannulation methods, we analyzed the blood 
flow of the main organ blood supply arteries under different 
conditions, the blood flow velocity at the breach (entry tear, 
exit tear), the change and distribution of shear stress, and 
the stress distribution (see Figures 4-8).

Statistical analysis

Data are expressed as the mean ± standard deviation for 
continuous data with a normal distribution, as the median 

for continuous data with a non-normal distribution. These 
analyses were performed using IBM SPSS software version 
23.0.

Results

The result of the changes in blood flow volume under 
different conditions in the 3 cannulation methods

Figure 4 showed that in condition A, where blood flow had 
a CO of 2.5 L/min and a CPB of 2.5 L/min, blood flow 
was highest in AAC. The total flow for the branches of the 
aortic arch was 2,009.5 mL/min, 1,855.47 mL/min, and 
1,648.03 mL/min for ACC, IAC, and FAC, respectively. 
All of the cannulation methods improved left renal blood 
perfusion; however, in relation to blood flow in the right 
renal artery, FAC had the highest blood flow (105 mL/min). 
In condition B, where the blood flow had a CO of 0 L/min 
and a CPB of 5 L/min, the results were similar to those of 
condition A. In addition, these 2 conditions before and after 

Figure 4 Changes blood flow under different conditions. (A) Changes in blood flow for the 3 different cannulation methods in the 
innominate artery, left common carotid artery, and left subclavian artery in condition A; (B) Changes in blood flow for the different 
cannulation methods in the left and right renal arteries in condition A; (C) Changes in blood flow for the 3 different cannulation methods 
in the innominate artery, left common carotid artery, and left subclavian artery in condition B; (D) Changes in blood flow for the 3 different 
cannulation methods in the left and right renal arteries in condition B. 
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Figure 5 Blood flow velocity at the ascending aorta breach. (A) Blood flow velocity at ascending aorta breach in condition A. (B) Blood flow 
velocity at ascending aorta breach in condition B. ∆, position of the maximum instantaneous velocity. IAC has the biggest blood flow velocity 
at the ascending aorta breach in condition A and B. AAC, axillary artery cannulation; IAC, innominate artery cannulation; FAC, femoral 
artery cannulation.

Figure 6 Wall shear stress distribution on the breach in conditions A. In this situation, an analysis of the distribution of wall shear stress 
showed that the FAC produced the smallest shear stress distribution at the ascending aorta, and IAC produced the smallest shear stress 
distribution at the femoral artery breach. ∆, position of the maximum instantaneous shear stress. AAC, axillary artery cannulation; IAC, 
innominate artery cannulation; FAC, femoral artery cannulation.
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cardiac arrest had no significant effect on the blood flow of 
the 3 different cannulation methods.

The result of the changes in blood flow velocity at the 
ascending aorta breach (entry tear)

Figure 5 showed that AAC had the highest blood velocity 
at the ascending aorta breach in conditions A and B. In 
condition A, the maximum flow velocity of breach in TAAD 
was 0.5588 m/s, the maximum blood flow velocity of AAC 
and IAC appeared in the false lumen (0.6256 and 0.6294 m/s, 
respectively), and the maximum blood flow velocity of FAC 
appeared in the true cavity (0.5343 m/s). In condition B, the 
maximum blood flow velocity of AAC and IAC occurred in 
the false cavity (0.2044 and 0.2363 m/s, respectively), while 
the maximum blood flow velocity of FAC occurred in the 

true lumen (0.0489 m/s). Compared with condition A, the 
velocity of AAC and IAC was lower in condition B.

The result of the changes in wall shear stress distribution 
at the ascending aorta breach in condition A

Figure 6 shows an analysis of the distribution of wall shear 
stress showed that the FAC method produced the lowest 
shear stress distribution at the ascending aorta breach. The 
maximum shear stress of the ascending aorta breach was 
570 Pa. The maximum shear stress of the ascending aorta 
breach for AAC, IAC, and FAC was 393, 873, and 243 Pa, 
respectively. The maximum shear stress of the femoral 
artery breach was 715 Pa. The maximum shear stress of the 
femoral artery breach at AAC, IAC, and FAC was 1,128, 
1,110, and 1,186 Pa, respectively.

Figure 7 Wall shear stress distribution on the breach in conditions B. In this condition, an analysis of the distribution of wall shear stress 
showed that FAC produced the smallest shear stress distribution at the ascending aorta breach, and AAC produced the smallest shear stress 
distribution at the femoral artery breach. The circle in the figure represents the location of breach. AAC, axillary artery cannulation; IAC, 
innominate artery cannulation; FAC, femoral artery cannulation.
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The result of the changes in wall shear stress distribution 
at the ascending aorta breach in condition B

Figure 7 showed that the FAC method produced the 
lowest shear stress distribution at the ascending aorta. The 
maximum shear stress of ascending aorta breach with AAC, 
IAC, and FAC was 67, 326, and 66 Pa, respectively. The 
maximum shear stress of femoral artery breach with AAC, 
IAC, and FAC was 334, 388, and 854 Pa, respectively. 

The result of the changes in wall stress distribution the 
false lumen at the ascending aorta breach

Figure 8 showed the stress changes in the false lumen, and 
found that AAC had the lowest stress change to the false 
lumen, while IAC had the highest stress in condition A. 
The maximum stress at rupture of the ascending aorta in 
TAAD was 0.64 MPa. The maximum stress at the rupture 
of the ascending aorta in AAC, IAC, and FAC was 0.67, 
0.93, and 0.83 MPa, respectively. After the heart completely 
stopped blood supply in condition B, IAC was shown to 
have the highest level of stress and AAC was shown to have 

the lowest stress in the false lumen. The maximum stress at 
the rupture of the ascending aorta in AAC, IAC, and FAC 
was 0.17, 0.37, and 0.28 MPa, respectively. Compared with 
condition A, the velocity, shear stress, and stress of AAC 
and IAC were lower in condition B.

Discussion

The ideal cannulation strategy for TAAD should be easy 
to establish, minimize any organ malperfusion, prevent 
the progression of the intimal dissection flap or aortic 
rupture, and ensure the brain’s optimal protection other 
vital organs (21). Although different cannulation strategies 
were adopted based on the surgeon’s preference, skill, 
and patient’s anatomical characteristics, and none of the 
existing cannulation strategies was perfect and/or without 
complications, currently, there is controversy cannulation 
strategy in TAAD is optimal (6). 

Due to a lack of visual monitoring methods in the CPB 
process, the advantages and disadvantages of cannulation 
have largely been determined by undertaking analyses of 
clinical prognostic outcomes. CFD (based on the CTA 

Figure 8 Wall stress distribution at the false lumen of the ascending aorta in condition A and B. (A) Condition A, (B) condition B. AAC 
produced the lowest stress change to the false lumen, while IAC produced the highest stress change to the false lumen in both condition 
A and B. The circle in the figure represents the location of breach (entry tear). AAC, axillary artery cannulation; IAC, innominate artery 
cannulation; FAC, femoral artery cannulation.

A

B

Type A aortic dissection           Cannula of axillary artery            Cannula of innominate artery                 Cannula of femoral artery

Stress

520000.
440000.
360000.
280000.
200000
120000.
40000.



Annals of Translational Medicine, Vol 9, No 8 April 2021 Page 9 of 11

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(8):667 | http://dx.doi.org/10.21037/atm-21-605

data of patients) can provide a visualization of blood flow 
analyses (22). The simulation model provides details of the 
flow and speed of each blood vessel branch when different 
cannulation strategies are applied, and also measures the 
stress and shear stress at different positions of the aortic 
wall. CFD can be used to guide cannulation strategies. 
Hillebrand et al. found that an unsuitable AAC site could 
lead to vertebral artery orifice by the cannula or a subclavian 
steal phenomenon based on the CFD technique (23).  
Numata et al. also found that right subclavian artery 
cannulation is cerebroprotective, especially on the right 
side via CFD (24). Based on the above similar studies, we 
also tried to use CFD to explain clinical problems, such 
as the hemodynamic difference between different arterial 
cannulations. In our previous study, central cannulation was 
found to provide the best-oxygenated flow and pressure to 
carotid arteries (CA), and AAC preferentially perfused the 
right CA at the expense of the left CA in the extracorporeal 
membrane oxygenation CFD model (25). In the present 
study, our CFD results demonstrated that both AAC and 
IAC significantly increased the blood flow of the axillary 
artery, innominate artery, and renal artery. However, 
compared with IAC and FAC, AAC provides the most blood 
flow to the brain in both conditions A and B (1,855.47 vs. 
1,648.03 vs. 2,009.5 mL/min). This may be the reason can 
explain for ante-grade perfusion, such as IAC and AAC, is 
superior to FAC for cerebral protection.

Despite the risk of retrograde embolism, false lumen 
perfusion, and malperfusion, FAC is still an important 
clinical cannulation strategy in TAAD (26). Ram et al. found 
that both FAC and AAC have similar survival rates and 
significantly less renal impairment when using the femoral 
cannulation approach (5). Our data further confirmed 
that, compared with AAC and IAC, FAC showed the most 
significant improvement in renal blood flow (including left 
renal artery preoperative dissection involved in our case 
model). This also means that the FAC is conducive to lower 
body perfusion, and may help speed up cooling and re-
healing. That could explain why is method is preferred by 
many surgeons. 

Different cannulation modes have an effect on the 
flow velocity of the entry tear, but this effect is related to 
different states of CPB. In condition A, we simulated the 
heart and the CPB work together, and the volume was 
defined as CO 2.5 L/min and CPB 2.5 L/min according 
to clinical experience. We found that the velocity from 
AAC and IAC at the entry tear was higher than that from 
FAC. Furthermore, the velocity of entry tears significantly 

decreased in condition B, which equivalent to only CPB 
working (5.0 L/min) via cannula. The indicated that some 
blood will still enter the false lumen during partial CPB 
before cross-clamping the aorta and may be a potential 
factor causing the body’s insufficient perfusion due to 
increasing blood shunt. Unfortunately, this fractional flow 
cannot be measured with current technology. Shear stress 
and stress of entry tear also have similar trends. Although 
it is not clear what the consequences of this blood shunt is 
caused by, it may be beneficial for system perfusion by aortic 
cross-clamping as early as possible to reduce false lumen 
shunt perfusion. However, this needs further confirmation.

The changes in shear stress and stress of entry tear 
were related to blood damage and the further expansion of 
the false lumen (27). Therefore, we further analyzed the 
variation of these parameters on entry tear and exit tear 
in 2 conditions. Shear stress and stress under condition B 
were lower than those under condition A during AAC and 
IAC. Furthermore, AAC had lower shear stress and stress at 
the entry/exit tear than IAC. That is, AAC may have more 
advantages than IAC, especially in reducing stress and shear 
stress of tear.

Therefore, in this case model (the entry tear and the exit 
tear were located in the ascending aorta and the left iliac 
artery separately, and others major multiple communicating 
tears and/or secondary tears were not involved), although 
all three cannulation approaches were acceptable, AAC 
appeared to be superior to IAC, but FAC appeared to be 
superior for renal artery and lower limb perfusion.

Due to the limited space of the paper, this study only 
showed part of the research data, which only represents the 
changes of hydrodynamic parameters at the breach. The 
changes could occur in any part of the lumen, and these 
unknown changes need to be clarified in future studies. 

We did not consider setting up a normal control model. 
This was because traditional open-heart surgery almost 
always involves an anterograde cannula of the ascending 
aorta. Comparisons and controversy between different 
cannulation sites would only exist in specific cases, such as 
TAAD.

Although the anatomy of TAAD was highly complex and 
more tears may have been included, this CFD model still 
represents a population of patients with 2 tears. Simplified 
the model was used and some branches of the celiac trunk 
were omitted (e.g., the celiac and superior mesenteric 
artery). Although this may not appear to be a perfect model 
and there may be numerical simulation bias, the purpose 
of the present study was to compare variations in fluid 
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mechanical parameters under different cannulations model. 
Therefore, it had no direct interference with the results. 
It is worth noting that the total blood flow of the branch 
vessels was higher than that of the actual condition which 
was caused by this simplified model. In the future, we will 
further verify the hydromechanical differences in multiple 
tear models and the complex pathological characteristics in 
different patients.

Conclusions

Hemodynamic characteristics are different according to the 
cannulation modes used during different CPB states. The 
FSI model based on CFD could be used to clearly show 
these parameter changes and provide guidance for clinicians 
to design the optimal cannulation perfusion strategy 
according to different dissection characteristics.
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