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In this paper, we propose the substitution of the original, non-pulsatile cardiac sub-model of the Guyton model by an elastance-based pulsatile model of the heart, including interventricular interaction through the septum. Parameters of this cardiac model were identified by comparing the simulations obtained from the original Guyton model with those obtained from the proposed integrated, pulsatile model, during the 5 minutes simulation of a sudden severe muscle exercise. A close match is observed between the simulations obtained with the original and the pulsatile new model.

Introduction

Hypertension is a multifactorial pathology that may be caused by a number of genetic and environmental factors. In order to analyze this complex pathology, Guyton, Coleman, and Granger proposed a pioneering integrated, multi-organ, lumped-parameter model of the global cardiovascular system and its regulation [START_REF] Guyton | Circulation: overall regulation[END_REF]. However, this model, as well as their more recent versions [START_REF] Montani | Understanding the contribution of Guyton's large circulatory model to long-term control of arterial pressure[END_REF] does not include a pulsatile representation of the cardiac function and, as a consequence, they are unable to represent short-term regulatory loops, such as the autonomic baroreflex control [START_REF] Ursino | Acute cardiovascular response to isocapnic hypoxia. I. A mathematical model[END_REF]. The advantage of coupling a pulsatile heart to the Guyton circulatory model have been already shown in [START_REF] Werner | Simulation and prediction of cardiotherapeutical phenomena from a pulsatile model coupled to the Guyton circulatory model[END_REF] in the context of cardiac electrotherapy.

In this paper, we propose the substitution of the original, non-pulsatile cardiac sub-model of the G72 model with an elastance-based pulsatile model of the heart, including interventricular interaction through the septum. The simulations obtained with the pulsatile model are compared with one of the Guyton original benchmark experiments. This substitution process is not simple, as it requires the identification of the pulsatile model parameters that will preserve the stability and physiological properties of the G72 model, as well as and the appropriate handling of the heterogeneous time-scales that will be involved within the new model. The Guyton model implementation is first presented. Then, the integration of pulsatile ventricles and the parameter identification are described. Finally, the pulsatile model outputs are confronted to the original model outputs during the simulation of a short period of sudden vigorous exercise, which is an original benckmark test of Guyton and colleagues.

Guyton model implementation

Within the framework of the SAPHIR project, the G72 model has been re-implemented by using an objectoriented multiresolution modeling tool, developed in our laboratory (M2SL) [START_REF] Hernández | A multiformalism and multiresolution modelling environment: application to the cardiovascular system and its régulation[END_REF]. The use of M2SL allowed us to create the corresponding modules of the Guyton model as different physiological and functional blocks, each with specified inputs and outputs, and without manually specifying integration step-sizes. This was a mandatory step, preliminary to the replacement of original modules by updated or more detailed versions. In fact, M2SL allows straightforward representation of the hierarchical modularity of these models and automatically deals with the different time scales, whereas other simulation environments presented limitations related to lack of modular representation (eg. Berkely-Madona), slow execution time, difficulties with multi-resolution models, and, especially, impossibility of using multiple formalisms (eg. Simulink).

In order to implement the G72 model using M2SL, atomic model classes were created for each one of the 'blocks' described in the original paper. In addition, a coupled model class was defined to create instances of all other classes, as sub-model components, and to perform input-output couplings between these components [START_REF] Thomas | SAPHIR: a physiome core model of body fluid homeostasis and blood pressure regulation[END_REF]. Accuracy of the M2SL implementation of the G72 models was verified against simulation results from the original models (benchmarks provided by Ronald J. White, who worked in Guyton's laboratory during the 70s and 80s) and compared with other simulation environments [START_REF] White | Issues of exploration: human health and wellbeing during a mission to Mars[END_REF]. The identified parameters are equal to: B=1223.5s, C=1.0, Vd=10.7 ml, V0=33.6 ml, = 12.1, P0=9mmHg and Ees=2.6122 mmHg/ml. It can be noticed that all the identified values are higher than the original values. For example, the identified Ees is equal to 2.6122 mmHg/ml whereas the original value is 0.6525 mmHg/ml. It means that the global cardiac performance (contractility, …) should be increased to reproduce an elevation of the arterial pressure and cardiac output, during severe exercise, similar to the original signal obtained by Guyton.

Conclusion

This paper presents an example of multiresolution integration in which the non-pulsatile ventricles of the original G72 model are replaced by a pulsatile, elastancebased model. The results show that a close match was obtained between the simulations performed with the original Guyton model and the new model, integrating a pulsatile heart. The main advantage of the integration of pulsatile ventricles is to keep the original Guyton short and long term regulatory loops, while simulating realistic profiles for the left and right ventricles pressure.

The good agreements between the simulations obtained with the pulsatile and the original model illustrates that the general response of the model is preserved. However, it could be interesting to estimate the overall model behavior by using sensitivity analysis methods in order to evaluate the Input/Output relationship of each Guyton module [START_REF] Rolle | Sensitivity Analysis of the Guyton Circulatory Dynamic model and integration of pulsatile ventricles using a multiresolution modelling environment[END_REF]. The global pulsatile model could then be used to simulate both short-term and longterm responses to pharmacological or device therapy in heart failure patients. The same methodology will be applied to improve the definition of boundary conditions in of more detailed models of the ventricular dynamics [START_REF] Rolle | Model-Based Analysis of Myocardial Strain Data acquired by Tissue Doppler Imaging[END_REF].
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 3 Figure 3: Comparison of the pulsatile model (black curves) with the original Guyton model (blue dashed curves) during a 5 minutes simulation of sudden severe muscle exercise. The black lines were obtained by a moving average mean filter, applied to each pulsatile variable, with a temporal support of 1 min. See the text for abbreviations.