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Extracorporeal circulation during on-pump cardiac surgery: an evaluation of the Energy Equivalent Pressure (EEP) index based on waveforms decomposition in harmonics
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The use of pulsatile perfusion (PP) instead of Non-Pulsatile Perfusion (NP) during cardiopulmonary bypass (CPB) continues to be a source of debate. The disagreements among the conclusions of the published studies may be due to different factors: differences in the type of patients included in the studies, differences in the protocol of the studies and difficulty to quantify the pulsatility of the flow. In the present paper, we propose a quantitative evaluation of Shepard's EEP index, based on the harmonic decomposition of the physiological aortic pressure and flow rate signal. It is thus demonstrated that the surplus energy provided by pulsatile flow remains moderate (of order 10 mmHg), but that it can be improved by changing the relative shapes of the pressure and flow waves.

increase the risk of hemolysis and the risk of turbulence, especially in the near field of the canula. The maximum blood velocities and shear stresses in the vessels are also enhanced in the case of pulsatile perfusion [START_REF] Assmann | Pulsatile extracorporeal circulation during on-pump cardiac surgery enhances aortic wall shear stress[END_REF][START_REF] Benim | Simulation of blood flow in human aorta with emphasis on outlet boundary conditions[END_REF]. In addition, these pumps were expensive and difficult to sterilize, and they did not reproduce the exact physiological flow pattern. Consequently, as it is mentioned in the recent "2019 EACTS/EACTA/EBCP guidelines on cardiopulmonary bypass in adult cardiac surgery" [START_REF] Wahba | EACTS/EACTA/EBCP guidelines on cardiopulmonary bypass in adult cardiac surgery Eur[END_REF], all over the world, the majority of CPB procedures are run with a continuous flow (with roller or centrifugal pumps).

Moreover, some groups conclude that pulse is unnecessary, and that efforts to optimise pulsatility are not justified [START_REF] Voss | Cardiopulmonary bypass with physiological flow and pressure curves: pulse is unnecessary![END_REF]. Elbers et al. [START_REF] Elbers | Direct observation of the human microcirculation during cardiopulmonary bypass: effects of pulsatile perfusion[END_REF] used sidestream dark-field imaging to record video clips of the sublingual human microcirculation. Although the pulse pressure was higher during pulsatile perfusion, they found that the perfused vessel density did not differ between nonpulsatile and pulsatile perfusion. They concluded that there is no obvious relationship between pulse pressure and microcirculatory parameters.

The disagreements among the conclusions of all these studies may be due to different factors: differences in the type of patients included in the studies, differences in the protocol of the studies (for example, the duration of perfusion or the delay of observation ( 12)), influence of the components of the extra-corporeal circuit (other than the pump: oxygenator, cannulae and their position [START_REF] Ahn | Feasibility of a 3D printed patient-specific model system to determine hemodynamic energy delivery during extra-corporeal circulation[END_REF], tubing [START_REF] Durr | Hemodynamic energy during pulsatile extracorporeal circulation using flexible and rigid arterial tubing: a reassessment[END_REF], …), and difficulty to quantify the pulsatility of the flow. Some classical indexes used to describe the pressure or flow pulse are recalled in the paper of Voss et al. [START_REF] Voss | Cardiopulmonary bypass with physiological flow and pressure curves: pulse is unnecessary![END_REF].

Among these quantities, they quote the EEP (Energy Equivalent Pressure), proposed by Shepard et al. [START_REF] Shepard | Energy Equivalent Pressure[END_REF] in order to quantify and compare the energy of pulsatile and non-pulsatile blood flow. EEP can be obtained from pressure p(t) and flow q(t) waveforms and is defined as follows:

(Eq.1)

It represents the work done in one cycle of the pulsatile flow divided by the volume of fluid moved during that cycle. In pulsatile flow, EEP is supposed to be larger than the mean pressure but if there is no pulsatility, it will be equal to the mean pressure. The intuition of Shepard was that a pulsatile arterial wave dissipates significantly more utilizable energy to the tissues than does a non-pulsatile wave of the same mean pressure.

The hemodynamic parameter EEP has also been used recently to quantify the pulsatility of flow in some decellularization experiments [START_REF] Park | Effect of pulsatile flow perfusion on decellularization[END_REF].

In 1985, Wright and Furness [START_REF] Wright | What is pulsatile flow?[END_REF] suggested that it was necessary to define more precisely what is pulsatile flow. They explained that some types of pulsatile flows are more effective than others in preserving tissue function. In order to describe more precisely the morphology of the flow or pressure waveforms, they recommended to use the harmonic wave decomposition. This mathematical theory was established by Fourier and shows that a signal of any shape, s(t), can be transformed to a mean level plus a series of sine waves of differing amplitude, frequency and phase (the harmonics). The harmonic frequencies are multiples of the fundamental wave frequency. For a heart rate of 60 beats/min, the fundamental frequency is 1 Hz, the second harmonic is 2 Hz, and so forth. At zero frequency, impedance is equivalent to resistance in the steady-flow state.

The phase differences between pressure and flow are caused by compliance and inertance in the vascular system, and these compliance and inertance allow energy storage and transmission.

In order to go further, in the present paper, we propose a quantitative evaluation of Shepard's EEP index, based on the harmonic decomposition of q(t) and p(t).

MATERIALS and METHODS

Simultaneous data of pressure and flow from the ascending aorta in three patients undergoing cardiac surgery are available in Patel et al. [START_REF] Patel | Pressure-flow relationships in the ascending aorta and femoral artery of man[END_REF]. The Fourier series calculated from the aortic pressure and flow curves are recalled here, in Table 1. The three Patients are called: "CH", "DC", and "LF". The series are limited to the ten first terms. This is actually enough, because the important signal information is contained in the first harmonics.

Let us write the flow rate q(t) as: (Eq.2) and the pressure p(t) as:

(Eq.3)
where q 0 and p 0 are the constant term (harmonic "zero", with frequency zero (no time dependency)) for the flow and pressure, q k and p i are the amplitude of the harmonic "k" or "i",  k and  i are the phase angles, and f denotes the cardiac frequency. Note that q 0 and p 0 are also the mean values of the flow and pressure signals over each cardiac cycle.

Multiplying term by term q(t) by p(t), and integrating this quantity, EEP turns out to be:

(Eq.4)

The data of Patel et al. [START_REF] Patel | Pressure-flow relationships in the ascending aorta and femoral artery of man[END_REF] that we have used for our calculation are re-called in Table 1.

RESULTS

The flow rates obtained using Eq. ( 2) and the numerical data given in Table 1 are shown in Fig. 1, for each Patient and for 3 cardiac cycles. The same type of curves are shown in Fig. 2 for the pressures (obtained using Eq.( 3)). They are quite similar to the instantaneous pressure and flow contours recorded from the ascending aorta and reproduced in the paper of Patel et al. [START_REF] Patel | Pressure-flow relationships in the ascending aorta and femoral artery of man[END_REF]. These data can thus be used through Eq. ( 4) for some reliable calculations of the EEP index.

The values obtained for EEP, along with the mean values of pressure over a cardiac cycle, and the relative percentage of increase are gathered in Table 2. These results demonstrate that the energy surplus due to the pulsatility remains lower than 17% in any case.

DISCUSSION and CONCLUSION

Our EEP calculations show that the surplus energy provided by pulsatile flow remains moderate (of order 10 mmHg). This result is in agreement with the study of Durr et al. [START_REF] Durr | Hemodynamic energy during pulsatile extracorporeal circulation using flexible and rigid arterial tubing: a reassessment[END_REF] , who compared different tubings (more or less compliant) and different aortic models with physiological and sub-physiological compliance. They found that the surplus of energy is better when the tubings or vessels are less compliant, but in any case, it remains lower than 14% of mean arterial pressure. An order of magnitude of 10% is also given by Wright [START_REF] Wright | Hemodynamic analysis could resolve the pulsatile blood flow controversy[END_REF]. The question is then: could this amount be sufficient to propel pulsatility beyond the arterioles?

The increase in EEP values found in the case of pulsatile flow has been related by several groups to some improvement in the microcirculation (better flow of lymph, interstitial fluid, better flow of blood in the capillaries, less microvessels shunting or collapse, …). A reduction in peripheral vascular resistance may thus be associated with pulsatile perfusion. One of the future direction of our work will be to test the sensitivity of the EEP index to the value of the peripheral resistance through a classical circulatory model. Indeed, the "2019 Guidelines on CBP" (9) recommend to use arterial vasodilators if the patient's mean arterial pressure is higher than 80 mmHg (or vasoconstrictors if mean pressure < 50 mmHg). Vasodilators will decrease the peripheral resistance and, on the contrary, vasoconstrictors will increase it. This confirms the importance of this parameter, and of the mechanisms of mecanotransduction: conversion of the mechanical forces (shear forces exerted on the walls of the vessels, and radial deformations due to the propagation of the pressure and flow pulses) into biological signals [START_REF] Pinaud | In vitro protection of vascular function from oxidative stress and inflammation by pulsatility in resistance arteries. The Jour[END_REF]. Theoretical studies of sinusoidal blood flow in deformable vessels prove that the radial deformation of the vessel is directly related to the flow rate [START_REF] Drochon | Sinusoïdal flow of blood in a cylindrical deformable vessel exposed to an external magnetic field[END_REF][START_REF] Womersley | Oscillatory motion of a viscous liquid in a thin-walled elastic tube: I. The linear approximation for long waves[END_REF].

In addition, it is important to mention that the pulsatile power outputs of some "pulsatile pumps" are small compared with those of the human heart. It should be interesting to capture the flow and pressure curves just at the exit of the pump and calculate EEP in order to compare it with EEP obtained with physiological data. Equation 4 demonstrates that the EEP value depends on : i) the moduli of pressure harmonics (p i ), that remain rather small, ii) the ratios (q k /q 0 ) of the moduli of the flow rate harmonics to the mean flow rate , iii) the phase lag between pressure wave and flow wave (  j - j ). Consequently, a possible way to increase the value of EEP at the exit of an artificial flow device could be to adjust conveniently the ratios (q k /q 0 ), and /or the phase lag ( j - j ).

In the particular context of extra-corporeal circulation, one has to consider also the damping effect of several components (oxygenator, aortic cannula, arterial filters, …) and the difficulty to quantify the amount of pulsatile energy lost in these components [START_REF] Voss | Cardiopulmonary bypass with physiological flow and pressure curves: pulse is unnecessary![END_REF]. A study from Lim et al. [START_REF] Lim | Optimizing the circuit of a pulsatile extracorporeal life support system in terms of energy equivalent pressure and surplus hemodynamic energy[END_REF] indicates that up to 80% of the total hemodynamic energy generated by a pulsatile pump is absorbed by the components of the extra-corporeal circuit and only a small proportion of the pulsatile energy is delivered to the patient. The influence of the aortic compliance and the possible mismatch between cannula and aorta would have to be more carefully studied. This point was already mentioned in the Editorial of Wright and Furness [START_REF] Wright | What is pulsatile flow?[END_REF]. They explained that the arterial line and the cannula can considerably modify the pulse. As demonstrated in several publications from the group of A. Undar [START_REF] Undar | Defining pulsatile perfusion: quantification in terms of energy equivalent pressure[END_REF], reducing the energy lost in the circuit requires to reduce all the pressure drops (linear or singular). Patel et (18) used for our calculation.

TABLES TABLE 1. Data from

The flow rates q k are in ml/s, the pressures p i in mmHg , and the phase angles  k and  i in degrees.

Patient "CH"

Patient "DC" Patient "LF" f = 1.25 s -1 f = 1.47 s -1 f = 1.0 s -1 q 0 = 67 p 0 = 94 q 0 = 84 p 0 = 96 q 0 = 65 p 0 = 74 q 1 = 120 Aortic pressure (mmHg)

 1 = 9 p 1 = 14  1 = 311 q 1 = 137  1 = 22 p 1 = 14.4  1 = 319 q 1 = 135  1 = 6 p 1 = 15.2  1 = 305 q 2 = 88

 2 3  10 = 325 FIG. 2 -

 23103252 FIG.2-Pressure curves obtained using Equ.(3) and the numerical data given in Table1, for each Patient and for 3 cycles.
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