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Abstract 

Purpose: The extra-corporeal membrane oxygenation (ECMO) is a temporary, but prolonged 

circulatory support for cardiopulmonary failure. Clinical evidence suggests that pulsed flow is 

healthier than non pulsatile perfusion. The aim of this study was to computationally evaluate 

the effects of total and partial ECMO assistance and pulsed flow on hemodynamics in a 

patient-specific aorta model.  

Methods: The pulsatility was obtained by means of the intra-aortic balloon pump (IABP), and 

two different cases were investigated, considering a cardiac output (CO) of 5 L/min: Case A - 

Total Assistance - the whole flow delivered through the ECMO arterial cannula; Case B - 

Partial assistance - flow delivered half through the cannula and half through the aorta. 

Computational fluid dynamic (CFD) analysis was carried out using the multiscale approach to 

couple the 3D aorta model with the lumped parameter model (resistance boundary condition). 

Results: In case A pulsatility followed the balloon radius change, while in case B it was 

mostly influenced by the cardiac one. Furthermore, during total assistance, a blood stagnation 

occurred in the ascending aorta; in case of partial assistance, the flow was orderly when the 

IABP was on and was chaotic when the balloon was off. Moreover, the mean arterial pressure 

(MAP) was higher in case B. The wall shear stress was worse in ascending aorta in case A. 

Conclusions: Partial support is hemodynamically advisable. 
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 1. Introduction 

Extra-corporeal membrane oxygenation (ECMO) is a common procedure of the extra-

corporeal circulation (ECC) used for patients with cardio-respiratory failure when they do not 

respond to conventional therapy [18], [1]. It is also used as a prolonged but temporary post-

operative support after cardiac surgery and after the weakness from cardiopulmonary bypass 

(CPB) [21]. The main clinical complications of ECMO treatment are cerebral injuries and 

heart attacks [7], [20]. Moreover, other clinical problems, such as hemolysis, thromboembolic 

events and internal blending, can developed, which are related to interactions with the 

mechanical components and to the wall shear stress [9]. 

Generally, the flow during ECC is constant/ linear [2], as opposed to physiological perfusion, 

that has an important pulsatility. Several benefits can be obtained by using pulsed flow, such 

as the increase of brain perfusion and the reduction of the systemic inflammatory response 

syndrome (SIRS) [10]. Intra-Aortic Balloon Pump (IABP) was proposed as a useful device to 

provide pulsatile flow during CPB [3]. Its main component is a bio-compatible, elastic and 

resistant polyethylene balloon, placed in the descending aorta, that inflates and deflates or 

according to the cardiac cycle, using the electrocardiogram (ECG) signal [11], or setting the 

assistance level when there is no heart activity (no ECG signal), as in case of ECC. From a 

mechanical point of view, it is a volume displacement pump. Furthermore, it was 

demonstrated that IABP-induced pulsatile flow during extracorporeal circulation improves 

creatinine clearance and splanchnic enzymatic release [14], preserves lung functions in 

patients with chronic obstructive pulmonary disease (COPD) [13] and renal functions in 

patients undergoing myocardial revascularization [16], increases the hemocoagulative and 

fibrinolytic response [15] and the diastolic and mean blood flow, with a reduction in afterload 

[17].  

The aim of this study was to evaluate the effects of pulsed induced-IABP flow during total 

and partial ECMO support on hemodynamics in a patient-specific aorta model. To carry out 

the analysis, the computational fluid dynamic (CFD) approach was chosen because it 

represents a valid, practical and efficient tool that allows to evaluate and investigate, in time 

and space, the two main fluid-dynamic parameters -the velocity and the pressure- through the 

resolution of numerical simulations [22]. 

 



 

 

 2. MATERIALS AND METHODS 

2.1 Geometrical model 

Aorta geometry was reconstructed starting from a series of slices of a health aorta in a 54-

year-old man, which were acquired in-vivo through the computer tomography (CT). This 

patient-specific aorta morphology was obtained using Itk-Snap 3.0, an open source 

segmentation software (www.itksnap.org/). Since it provides a stereolithographic file (stl 

format), the 3D aorta with faceted surfaces was converted in a 3D solid model by means of 

the reverse engineering process. The aorta model included the ascending aorta, the aortic arch 

with its three epiaortic vessels (brachiocephalic artery, left carotid artery, left subclavian 

artery) and the descending aorta. 

To reproduce the perfusion during ECMO and the veno-arterial configuration, a standard 

arterial cannula (24 Fr Medtronic Inc., Minneapolis, MN, USA) was reconstructed and placed 

in the ascending aorta as in the clinical practice of our institution: 2 cm below the take off of 

the brachiocephalic artery on the anterior wall of the vessel, with a tilt angle of 45° respect to 

the transversal plane (Fig. 1). 

As previously reported, pulsed flow during the extracorporeal circulation is better than the 

linear one. Therefore, a pulsatile perfusion was considered and obtained by means of the 

intra-aortic balloon (IABP). A balloon of 40 cm
3
 was modeled (Sensation 7 Fr 40 cm

3
 and 

CS300 IABP System, Datascope, Maquet GmbH and Co. KG, Rastatt, Germany). 

Furthermore, for simplicity, conical terminal parts were ignored. The complete geometrical 

3D model used in this study is illustrated in Fig. 1. 

 

2.2 Mathematical model 

From a macroscopic point of view, the blood has a density of 1,060 Kg/m
3
 and a non 

Newtonian behavior [5]. For large vessels as the aorta, it can be modeled as an incompressible 

and Newtonian fluid [8], with a viscosity of 0.0035 Pa∙s [25]. Furthermore, its motion is 

described by the 3D Navier-Stokes equations: 

∇ ∙u=0                (1) 

ρ (∂u/∂t)+ρ(u∙∇ )u=∇ ∙[-pI+μ(∇ u+(∇ u)T]+F           (2) 

  

where u represents the fluid velocity vector, p the pressure, µ dynamic viscosity, ρ the density 

of the blood, I the identity matrix and F the volume force field. The last variable was 

neglected in this computational analysis because, during the surgical procedure, the patient 

was supine, so there is no gravity eff ect. 



 

 

Because during the partial ECMO assistance half of the inlet flow is provided by the heart, the 

inflation of the balloon was synchronized to the cardiac cycle: it was fully deflated in systolic 

peak and it was fully inflated in middle diastole. Its inflation/deflation behavior was 

numerically reproduced by means of a parametric study in which the radius changed 

according an 8 degree Fourier equation during the cardiac cycle (Fig. 2). 

 

2.3 Boundary conditions 

To compare the total support with the partial one, a cardiac output (CO) of 5 L/min was 

considered and two different inlet boundary conditions were applied: 

 Case A- total ECMO assistance: the whole flow was delivered by ECMO circuit 

through the arterial cannula, with a fully developed profile; in this case the aorta was 

considered as clumped; 

 Case B- partial ECMO assistance: the flow was delivered through the arterial cannula 

(fully developed profile with a value of 2.5 L/min) and from the heart (fully developed profile 

with a value of 2.5 L/min and physiological pulsatility) – Fig. 2. 

Because we did not have clinical pressure or flow data during partial and total ECMO support 

with the IABP, in our study we implemented a multiscale model 3D-0D [19] in order to 

specify the outlet boundary conditions. To specify the relationship between flow and pressure, 

resistance conditions were adopted, as in other studies [4], [6], [23], [24]. Resistances at the 

four outflow exits (brachiocephalic artery, left common carotid artery, left subclavian artery 

and thoracic aorta) were imposed by the following equation: 

p=p0+R∙Q                (3) 

 

where p0 is an outlet pressure offset, Q indicates the instantaneous volumetric flow rate 

through each respective outflow exit, calculated at each instant from the local velocity profile, 

and R the resistance. R values were evaluated in order to specify the flow rate in respect to the 

inlet flow of about 16% in the brachiocephalic artery, 8% in left carotid and left subclavian 

arteries and the remain percentage in the descending aorta, as in physiological situation. These 

values were used both in case of total and partial support of ECMO and IABP hypothesizing 

that the blood demand depends on the needs of organs and tissues and so that the percentages 

flow rate is the same in the two type of support. Furthermore, p0 was calculated to ensure the 

mean arterial pressure (MAP) maintained during ECMO support (MAP>70mmHg) [7]. 

Moreover, because we did not have clinical data regarding the wall elasticity during ECMO 

and IABP in case of total and partial support and because the main task of our work is the 



 

 

comparison between hemodynamics in case of partial and total support during ECMO and 

IABP, we hypothesized the vessels as rigid and the no-slip boundary conditions were applied, 

approximation adopted in other studies [4], [6], [24], and we derived the conclusions on the 

basis of rigid wall model. Furthermore, rigid wall assumption is also frequently adopted to 

reduce computational cost, as required in case of FSI, and to obtain a preliminary study for 

evaluating the hemodynamics. Moreover, also the arterial cannula was considered as a rigid 

domain. 

 

2.4 Simulation details 

Computational analysis was carried out using COMSOL 5.0 (COMSOL Inc, Stockholm, 

Sweden), a finite-element-based commercial software package. A mesh with 394,850 

tetrahedral elements was created considering a minimum element quality of 0.1154 and an 

element volume ratio of 6.641·10
-5

. Furthermore, the percentage error related to the grid was 

evaluated as: 

e = | (CO - CTF)/CO| ·100             (4) 

 

where CO is the cardiac output considered and imposed as an inlet boundary condition and 

CTF is the calculated total flow, expressed as: 

CTF =∑ qi               (5) 

 

with i=0-4 and indicating the branch (Table 1). The mesh used in the study generated an error 

less than 5% both in case A and in case B, an acceptable error to consider the solution grid 

independent.  

Two parametric simulations were computed, considering a cardiac cycle of 1 s and a step of 

0.001. In both cases, fluid dynamic laws were approximated with a first order difference 

scheme (P1-P1). Furthermore, the convergence criteria were set at 10
−4

. Four cardiac cycles 

were simulated in order to eliminate the transitory effects due to the convergence process. The 

last cycle (3-4 s) was considered to analyze hemodynamics. 

 

 3. Results 

The flow waveforms for each vessel and for the arterial cannula, evaluated in one cardiac 

cycle (3-4 s), are reported in Fig. 3, which considers the total support and the partial one. 

Different waveforms occur: in case A flows follow the balloon radius change behavior, with 

the same trend for the epiaortic vessel and on opposite trend for the descending aorta; in case 



 

 

B flows follow the ventricular flow and a small diastolic augmentation appear in the epiaortic 

vessels. Moreover, considering the epiaortic vessels, in case A the maximum flow is twice 

greater than the one in case B, whereas the minimum is about the half value obtained in case 

B (Table 2). The pulsatility of flow can be evaluated as the difference between the maximum 

value (systolic peak) and the minimum one (diastole). This value is reported in Table 2 and it 

is low in case A and high in case B.  

In Fig. 4 the stream lines of the velocity magnitude are shown, considering the systolic peak 

(IABP-off, 1) and the middle diastole (IABP-on, 2). During total assistance (A1-A2) the 

ascending aorta is characterized by big vortexes in both instants, so blood stasis occurs. 

Furthermore, the epiaortic vessels present whirling flow. In case of partial assistance (B), 

when the IABP is closed (B1), the flow is orderly, both in aorta and in the epiaortic vessels. 

However, when the IABP obstructed the descending aorta (B2), the flow in ascending aorta is 

orderly but with low value, two vortexes are generated near the cannula anastomosis and the 

flow has a chaotic profile in the epiaortic vessels. 

The pressure trends over one cardiac cycle are presented in Fig. 5. Since resistances are 

adopted as outlet boundary conditions, also pressure behavior follows the IABP radius change 

variation as the flow. Therefore the pulsatility amplitude of pressure is lower in case of total 

support (A) than in case of partial assistance (B). Furthermore, the mean arterial pressure 

MAP is about 74.3±3.8 mmHg in case of flow delivered only by means of ECMO and about 

81.7±2.0 mmHg in case of flow delivered both by the extra-corporeal circulation and the 

heart. 

In addition to the two fluid-dynamic variables, the viscous stress generated by the flow was 

analyzed. The wall shear stress (WSS) pattern is illustrated in Fig. 6.  In case A the WSS is 

always low in the ascending aorta and in the aortic arch, except for the emergence of the 

epiaortic vessels, in which it is about 2 Pa, both in case of IABP-on and IABP-off. Moreover, 

a WSS of about 1.5 Pa occurs in the wall opposite the cannula anastomosis. In case of partial 

support (B), in systolic peak the most stressed areas are the emergence of left subclavian and 

left carotid arteries (about 5 Pa), while in the diastolic instant the WSS is lower (about 1.5 

Pa). Moreover, as in case of total assistance, also during partial support when the IABP is on 

the WSS is low in ascending aorta and in the aortic arch. 

 

 4. Discussion 

The correct modality of perfusion in terms of pulsatile or non-pulsatile flow during extra-

corporeal circulation and the relative effects on hemodynamics were extensively investigated 



 

 

[10]. Typically, veno-arterial ECC is run at about 80% of resting cardiac output in order to 

maintain an arterial pulse contour [2]. In this work, hemodynamics in the aorta during total 

perfusion and partial perfusion in ECMO circulation considering the IABP-induced pulsed 

flow was evaluated and analyzed by means of the computational approach, deriving the 

conclusion on the basis of rigid wall assumption. 

To specify the outlet boundary conditions, a multi-scale model 3D-0D [19] was implemented 

coupling the lumped parameter model with the 3D one, using the resistance condition for 

specifying the relationship between flow and pressure. Moreover, this condition allowed to 

clarify the percentage of flow rate [4], [24]. In this study it was hypothesized that resistance 

values remain the same in both total (case A) and partial support (case B), because blood 

demand depends on the needs of organs and tissues. So, it was considered that the flow rate 

percentage is independent from the perfusion modality. For this reason, our study compared 

the flow and pressure distribution and the velocity pattern considering the difference in the 

inlet boundary condition of perfusion (only ECMO or ECMO and aorta). So, for each vessel 

the mean flow is approximately the same both in case A and in case B (Table 3), although 

different waveforms occur (Fig. 3). Moreover, in case A the descending aorta presents an 

opposite trend in respect to the other vessels due to the occlusion of the lumen when the IABP 

is on (diastolic instant). On the contrary, in case of partial support (case B) flow pulsatility is 

strongly influenced by heart activity and a small diastolic augmentation appears in epiaortic 

vessels. Furthermore, the flow in the descending aorta decreases but not beyond the minimum 

one (about 2 L/min) as in case A (from 3.74 L/min to about  3 L/min). 

Regarding the velocity pattern, the ascending aorta is characterized by blood stagnation 

during total support, both with IABP-on and IABP-off, whereas in case of double perfusion 

(partial support with ECMO) the flow is always orderly.  

Atherosclerotic events are correlated to the wall shear stress, whose good level is of about 

1.5-2.0 Pa [12]. In the locations with blood flow recirculation and stasis, WSS is low, of about 

0.4 Pa, so an high probability of atherosclerotic plaque formation occurs [12]. Low WSS is 

recorded in the ascending aorta (Fig. 6), but only in case of total support the flow is chaotic 

(Fig. 4). This means that in this case (A) atherogenesis involves the walls of this trunk. 

Regarding pressure, the CFD model was implemented ensuring a MAP>70 mmHg as in 

clinical practice and the numerical results confirmed these conditions. Moreover, MAP is 

higher in partial support than in total one. A particular situation occurs in case of total support 

in the descending aorta, that does not present a positive pulsatility like in physiological case 



 

 

because the resistance condition was used as outlet boundary condition. As a consequence, its 

trend is the same as the flow waveform. 

 

 

 5. Conclusion 

This computational analysis has highlighted that, although IABP can be used to provide a 

flow pulsatility, the pulse contour is higher and more similar to the physiological one when 

there is a percentage of blood flow provided by the heart. Furthermore, several velocity 

patterns and consequently wall shear stresses were recorded, suggesting that partial perfusion 

is more advisable.  

Although this CFD study provides more information regarding the hemodynamics during 

ECMO and IABP support, it has some limitations, as the rigid wall approximation. So, a 

future perspective is considering the contribution of wall on hemodynamics implementing a 

fluid-structure interaction (FSI) and using the results obtained from ex-vivo experimental 

tensile tests on aortic tissue as data of structural mechanical behavior and of wall deformation 

laws. Moreover, in order to obtain realistic changes in the mean blood flow values, we will 

applied in-vivo clinical data as outlet boundary conditions in the computational model.  
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Figures: 

 

Figure 1: Multi-scale model: 3D patient-specific aorta model and lumped parameter model 

(resistance boundary condition). Note: in round brackets abbreviations are specified. 



 

 

 

Figure 2: Ventricular flow (up) with a mean cardiac output of 2.5 L/min and the IABP radius 

change behavior (down). Note: IABP-off in systolic peak, IABP-on in middle diastole. 



 

 

 

Figure 3: Flow waveforms in the ascending aorta (AA), in the epiaortic vessels (BA, LCA and 

LSA), in the descending aorta (DA) and in the arterial cannula in case of total support (A) and 

partial one (B) during one cardiac cycle. 

 



 

 

Figure 4: Volume stream lines of velocity magnitude in the ascending aorta (AA), in the 

epiaortic vessels (BA, LCA and LSA), in the descending aorta (DA) and in the arterial 

cannula in case of total support (A) and partial one (B) considering the systolic peak (1) and 

the middle diastole (2). 

 

Figure 5: Pressure waveforms in ascending the aorta (AA), in the epiaortic vessels (BA, LCA 

and LSA), in the descending aorta (DA) and in the arterial cannula in case of total support (A) 

and partial one (B) during one cardiac cycle. 

 



 

 

 

Figure 6: Wall shear stress pattern in the ascending aorta (AA), in the epiaortic vessels (BA, 

LCA and LSA), in the descending aorta (DA) and in the arterial cannula in case of total 

support (A) and partial one (B) considering the systolic peak (1) and the middle diastole (2). 

 

 

Tables: 

Table 1: Mean flow during total (case A) and partial (case B) assistance in each vessel and 

in the cannula. The percentage error is also reported. CTF: computational total flow. 

i Branch 
CASE A CASE B 

Mean flow [L/min] 

0 AA 0.00 2.49 

1 BA 0.84 0.81 

2 LCA 0.41 0.39 

3 LSA 0.42 0.39 

4 DA 3.53 3.59 

5 Cannula 5.00 2.50 

CTF 5.20 5.18 

e [%] 3.95 3.66 

 



 

 

 

 

Table 2: Flow in each epiaortic vessel and in arterial cannula in total ECMO perfusion (case 

A) and partial one (case B) in systolic peak (SP) and in diastole (D). The amplitude of 

pulsatility, evaluated as SP- D, is also reported. 

Vessel BA LCA LSA 

CASE A 

Systolic peak (SP) 

[L/min] 
1.09 0.53 0.54 

Diastole (D) 

[L/min] 
0.74 0.36 0.37 

Pulsatility Amplitude 

(SP - D) 

[L/min] 

0.35 0.17 0.17 

CASE B 

Systolic peak (SP) 

[L/min] 
2.36 1.15 1.15 

Diastole (D) 

[L/min] 
0.37 0.18 0.18 

Pulsatility Amplitude 

(SP - D) 

[L/min] 

1.99 0.97 0.97 

 


