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Abstract

:

The transaortic valvular pressure gradient (TPG) plays a central role in decision-making for patients suffering from severe aortic stenosis. However, the flow-dependence nature of the TPG makes the diagnosis of aortic stenosis challenging since the markers of cardiac performance and afterload present high physiological interdependence and thus, isolated effects cannot be measured directly in vivo. We used a validated 1D mathematical model of the cardiovascular system, coupled with a model of aortic stenosis, to assess and quantify the independent effect of the main left ventricular performance parameters (end-systolic (Ees) and end-diastolic (Eed) elastance) and principal afterload indices (total vascular resistance (TVR) and total arterial compliance (TAC)) on the TPG for different levels of aortic stenosis. In patients with critical aortic stenosis (aortic valve area (AVA) ≤ 0.6 cm2), a 10% increase of Eed from the baseline value was associated with the most important effect on the TPG (−5.6 ± 0.5 mmHg, p < 0.001), followed by a similar increase of Ees (3.4 ± 0.1 mmHg, p < 0.001), in TAC (1.3 ±0.2 mmHg, p < 0.001) and TVR (−0.7 ± 0.04 mmHg, p < 0.001). The interdependence of the TPG left ventricular performance and afterload indices become stronger with increased aortic stenosis severity. Disregarding their effects may lead to an underestimation of stenosis severity and a potential delay in therapeutic intervention. Therefore, a comprehensive evaluation of left ventricular function and afterload should be performed, especially in cases of diagnostic challenge, since it may offer the pathophysiological mechanism that explains the mismatch between aortic severity and the TPG.
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1. Introduction


Calcific aortic valve disease (CAVD) is one of the prevalent cardiovascular diseases in western countries [1,2,3]. Over the past three decades, there has been a substantial increase in CAVD-related incidence and mortality cases, and the total number of CAVD-related deaths more than doubled from 1990 to 2019 [1]. Age is an important risk factor for aortic stenosis, and its prevalence in western countries is approximately 25% in people above 65 years of age, while it rises to 50% in those above 85 years of age [2,4,5]. Since late treatment significantly increases the mortality rate, timely and accurate diagnosis today becomes even more important as populations become older [6,7].



The transaortic valvular pressure gradient ([TPG], (the difference in pressure between the left ventricle and the ascending aorta), has been traditionally used as a hemodynamic marker of valvular stenosis and, as such, it is a part of the echocardiographic examination in clinical routine [8]. When the mean TPG exceeds 40 mmHg, aortic stenosis is classified as severe [9]. Valve replacement is recommended for severe aortic stenosis cases with a class I indication when patients are symptomatic or when in the absence of clear symptoms and where systolic left ventricular ejection is <50% without another cause, or when patients experience demonstrable symptoms on exercise testing [7].



Any effort to physiologically contextualize the TPG in a specific hemodynamic environment requires a deep understanding and precise quantification of the independent effects of each potential determinant on the flow and pressure gradients. This exploration, however, is challenging since the markers of cardiac performance and afterload present a high physiological interdependence, and thus, the isolated effects cannot be measured directly in vivo. Secondly, no pharmacological intervention is able to specifically affect one variable without interfering with any other, and thus, independent effects cannot be experimentally quantified.



Mathematical models are great tools for simulating complex and interconnected physiological conditions in vivo. A 1D modeling of the cardiovascular system provides wave propagation analyses with a low computational cost [10]. Up to the present, 1D analyses have been extensively used to simulate the hemodynamical characteristics of the cardiovascular system, and the simulated pressure and flow waveforms are successfully validated with the in vivo measurements [10,11,12,13]. It has been shown that these models can be used not only to study complex hemodynamic mechanisms but also to develop integrative diagnostic tools and methods by offering a very flexible platform of in silico experimentation [14,15,16]. Since the magnitude of the TPG is normally insignificant, these models generally assume that the aortic valve is ideal, which means it does not impose any pressure gradient.



One of the pioneering studies on the simulation of aortic stenosis was performed by Clark [17]. In this study, the TPG was modeled as the sum of the local inertial, convective inertial and frictional forces caused by the blood flow as it passes through the stenosis [17]. The results were comparable to those from animal experiments. However, the aortic valve area was assumed to be constant through the ejection phase in the model, and this was simulated with the partial occlusion of the proximal aorta of animals [17]. The relationship between the TPG and flow has been constructed extensively by using the generalized Bernoulli equation, and similar to the Clark [17], many studies have considered the aortic valve area to be fixed, assuming that the opening and closure of a valve is fast during the ejection phase [18,19,20]. While the rapid opening of the aortic valve is a valid assumption in healthy individuals, this is not the case in those suffering from stenosis due to the prolonged opening time [21]. Studies have shown that the ratio of acceleration time—the required time to reach a maximum aortic flow—to the total ejection time increases as the severity of aortic stenosis increases [21,22,23]. Virag et al. [24] used the lumped parameter model of the left ventricle and arterial system coupling, and the motion of the aortic valve area was defined as a function of volume displaced by leaflets during the opening and closure phases in systole. Later, Aboelkassem et al. [25] extended the work of Virag et al. [24], adding the effect of sinus vortices that are created downstream to the aortic valve due to diverging geometrical characteristics. However, the assessment of the displaced volume by the leaflets is not easily accessible in vivo, and it makes this method challenging to apply. Recently, Laubscher et al. [26] proposed a more advanced dynamic valve model by including the effect of Reynold’s number on the TPG and then compared it with the previous model of Korakianitis et al. [27]. Both models solved the differential equations of valve dynamics, and the opening of a valve was modeled as a function of the angular position of the leaflets [26,27,28]. These models require various geometrical valve parameters, such as the angular position and thickness of the leaflets, and this is difficult to be obtained with conventional imaging techniques. Mynard et al. [29] used the Bernoulli equation to relate the TPG and flow, and it characterized the motion of a valve as a function of the instantaneous TPG and the state of a valve [30]. In another study of Mynard et al. [30], this aortic valve model, without imposing an aortic stenosis condition, has been coupled with a 1D cardiovascular system model, and the results were able to capture the characteristics of aortic pressure and flow waveforms in vivo [30].



In fact, the TPG is not just a simple index determined by the characteristics of the aortic valve; rather, it is a more complex parameter that depends on the flow as well. However, despite its broad use in clinical practice, very few studies have explored the interaction between the aortic TPG and the hemodynamic environment in which the measurement is performed [31,32,33]. It is known that compliance and elastance are important indexes responsible for the main physiological changes in biological tissues, and they are also used to interpret the progression of a disease or the outcomes of the treatments [34,35,36]. As a flow-dependent measure, physiological determinants of the cardiac output (systolic and diastolic ventricular function, arterial compliance, vascular resistance, and wave reflections) are expected to have an important impact on the aortic TPG, and thus, they should be taken seriously under consideration when interpreting measurements [34,37,38,39]. Furthermore, aortic stenosis generally coexists with arterial stiffening, which further increases the left ventricular afterload [31,38], and they are both the consequences of similar pathophysiological progress [34]. Clinical and experimental data show that, particularly in low flow states (either because of decreased myocardial contractility or increased afterload), the TPG may be low despite the presence of severe aortic stenosis, leading to diagnostic inaccuracies and therapeutic delays [40,41,42,43,44,45]. Repeating the measurement after pharmacological modulation of the cardiac output (dobutamine or nitrates infusion) is a classic strategy to address this issue by transiently increasing the stroke volume (SV); however, many exams still remain inconclusive, while significant side effects may be observed due to the administration of the vasoactive drugs [8,46,47]



To our knowledge, the independent effects of the left ventricular parameters and afterload indices on the TPG have, so far, never been studied. To better understand the interplay between myocardial performance, afterload and aortic stenosis, we have coupled the mathematical aortic valve stenosis model with a 1D mathematical model of the cardiovascular system and validated the results. In this study, for the first time, the independent effect of the left ventricular, systolic and diastolic function (end-systolic elastance (Ees) and end-diastolic elastance (Eed), accordingly), total vascular resistance (TVR) and total arterial compliance (TAC) on the TPG for different levels of aortic valve stenosis is aimed to be quantified.




2. Materials and Methods


2.1. 1D Mathematical Model of the Cardiovascular System


In the present study, a 1D mathematical model of the cardiovascular system was implemented. The technical characteristics and clinical validation of the model have been presented in detail previously [48]. In summary, the model is based on the 1D form of continuity and longitudinal momentum of the Navier–Strokes equations and a constitutive law describing the relation between cross-sectional and distending pressure. The model includes 103 segments of the main systemic arteries. The compliance of the arterial segments is modeled as a function of location and pressure, as proposed by Langewouters et al. [49]. Based on the approach of Holenstein et al. [50], the local arterial lumen area depends on the viscoelastic and non-linear characteristics of the artery wall. Wall shear stress is calculated according to the Witzig-Womersley theory [51].




2.2. Boundary Conditions


At the distal sites, peripheral arteries are coupled with a three-element Windkessel model, which includes terminal compliance (Ct), proximal resistance (R1) and distal resistance (R2), as depicted in Figure 1, while the proximal aorta is coupled with the left ventricle, which is modeled according to the varying elastance model, as described by Sagawa et al. [52]. According to this approach, the instantaneous elastance of left ventricle E(t) is defined with the following relation:


   E ( t ) =      P   LV    ( t )      V   LV    ( t )    −   V   d      



(1)




where     P   LV   ( t )   is the instantaneous left ventricle pressure,     V   LV   ( t )   is the left ventricle’s instantaneous volume and     V   d     is the dead volume. By using the normalized varying elastance curve provided by Senzaki et al. [53],   E ( t  )      is calculated for a given Ees, Eed, heart period, and maximum elastance time of a given case/patient, as described in Figure 1B [54]. The entire set-up of the equations is implicitly solved for the entire cardiac cycle, providing the pressure and flow waveforms throughout the entire arterial tree.




2.3. Stenotic Aortic Valve Model


The aforementioned 1D cardiovascular model assumes an ideal aortic valve with no TPG through the aortic valve. In order to simulate aortic stenosis, the aortic valve model proposed by Mynard et al. [29] was used after modifications according to the Young et al. model [55,56]. According to Mynard et al. [29], by neglecting viscous losses, the instantaneous pressure gradient across the aortic valve is given as the sum of inertial losses and turbulence losses associated with the divergent distal part of the stenosis:


   Δ P ( t ) = L  ·    dQ ( t )    dt    + β   ·   Q ( t )   ·       Q ( t )     



(2)




where    Q ( t )    is the instantaneous transaortic valvular flow and   L   is the blood inertance term with having an effective valve length of     l   eff    , blood density   ρ   and effective area     A   eff    :


   L =     ρ   ·      l   eff       A   eff      



(3)







    A   eff     defines the instantaneous valve area. In our study, we define     A   eff     as:


    A    eff      =      A    mes      ·   ζ    t    



(4)




where    ζ ( t )    defines the state of the valve with    0   ≤     ζ ( t )   ≤   1   ,    ζ = 0    and    ζ = 1  ,   representing a completely closed and open valve, respectively.     A   mes     is the measured area of the aortic valve or the maximum area when the valve is completely open.



In order to estimate the pressure loss due to the turbulence in the divergent part more completely, the Bernoulli term   β   in the Mynard et al. [29] model is changed according to Young et al. [55,56].


   β =      K   t      ·   ρ    2         1     A   eff     −   1     A   o         2    



(5)




where     K   t     is an empirical coefficient and chosen as 1.5, as proposed by Young et al. [55,56].     A   o     represents the unobstructed area of the channel. Since pressure losses occur at the diverging side due to flow separation and turbulence, the unobstructed area of the channel for the aortic valve can be approximated as a cross-sectional area of the ascending aorta, where flow is diverged after passing the aortic valve. Therefore, the size of the ascending aorta also affects the pressure loss through the aortic valve: the larger the ascending aorta, the larger the turbulence-related pressure losses.



The rates of valve opening and closure are given by the following equations as proposed by Mynard et al. [29], respectively:


     d ζ    t     dt    =    1 −    ζ    t        ·      K   vo      ·   Δ P ( t )   



(6)






     d ζ    t     dt    = ζ    t      ·      K   vc      ·   Δ P   



(7)




where     K   vo     and     K   vc     are the opening and closure coefficients, which are assumed to be equal in our simulations. By starting with the lower values, the opening/closure coefficient value of the valve is iteratively increased until it can reach the fully open state for a given ejection time of a patient.




2.4. Validation of the Coupled Model


We tested the performance of the coupled 1D cardiovascular system/aortic stenosis model against the in vivo data provided by the study of Dekker et al. [57]. In this work, the left ventricular pressure–volume loops (PV) of patients with severe aortic stenosis were acquired by inserting a conductance catheter with a pressure sensor in the left ventricular cavity during transient inferior vena cava occlusion. Aortic pressure was also measured simultaneously. Data for a specific patient (Ees, Eed, left ventricular end-diastolic pressure (LVEDP), dead volume (V0) and AVA) were acquired and given as an input to our model (Figure 2 panels A and B) in order to create a patient-specific simulation. In our cardiovascular model, the TAC of a patient is the total sum of the compliances of the main systemic arteries (C1-D) and the terminal compliance (Ct), while the TVR is the sum of the proximal resistance (R1) and the distal resistance (R2), as described in Figure 1B. The patient’s TVR and TAC were first estimated by using an initial TVR value, estimated by the ratio of the mean aortic pressure and divided by the cardiac output and TAC value as the ratio of SV to pulse pressure. In the following step, values are iteratively increased or decreased within the physiological limits until the predicted mean aortic flow is comparable to the one measured. The simulation results of the model are presented by comparing them with the measured values in parentheses in Figure 2 (panel C for the aortic flow waveform and panel D for the left ventricle and aortic pressure waveforms). The estimations of the model were validated by comparing the results with the measured values of pulse pressure and the maximum TPG and are presented in Figure 2D.




2.5. Simulation Strategy of the Aortic Stenosis Cases


The objective of the present study was to evaluate and quantify the independent effect of the left ventricular performance and afterload indexes on the TPG for a given aortic stenosis. A total of 10 cases of critical aortic stenosis (AVA = 0.6 cm2) were created, presenting a progressive increase of Ees for a range of physiological values (min 0.5 mmHg/mL to max 6 mmHg/mL) [48,58]. Since we aimed to estimate the independent effect of Ees on the TPG, the diastolic performance of the left ventricle (Eed) and afterload (TVR and TAC) remained constant during these simulations. In order to explore the potential interaction with the severity of the aortic stenosis, the same hemodynamic settings were applied for 30 additional cases but with different values of AVA (1.0 cm2, 1.5 cm2 and 2.0 cm2, n = 10 cases per AVA stenosis level). The same strategy was applied for an incremental change in Eed (min 0.03 mmHg/mL to max 0.31 mmHg/mL) [48,59], a change in TVR (min 0.6 mmHg×s/mL to max 1.8 mmHg×s/mL) [60] and change in TAC (min 0.5 mL/mmHg to max 2 mL/mmHg) [60]. Simulations were run by letting each key parameter vary from the lowest to the highest possible, with 10 evenly spaced values in the predefined range, while at the same time, maintaining all other parameters as constant. In addition, since the TAC and TVR do not change independently from each other in vivo [61], we simulated 40 additional cases with a progressive increase in afterload but with the TAC and TVR being coupled according to a hyperbolic relation linking the two variables.



It is important to highlight that since a change in any parameter may affect others across the entire arterial system (e.g., an increase of Ees enhances the pressure in the arterial system, which in turn decreases the TAC), during our simulations, we iteratively increased or decreased the parameters of the arterial tree until they converged to the initial set values within a given error threshold. Finally, it should be noted that the capacity of the model to simulate situations with an extreme discrepancy between the TAC and TVR while keeping the left ventricular performance parameters unaffected is limited since the ventricular–arterial interaction would counterbalance these effects by modifying Ees in the physiological cases.




2.6. Echocardiography


An expert cardiologist performed a complete transthoracic echocardiography on the patient at rest according to established guidelines [62]. Transesophageal echocardiography was performed under the dobutamine administration one week later. The offline evaluation was carried out at the related workstation (IntelliSpace Cardiovascular 5.1; Philips Medical Systems Nederland B.V., Best, The Netherlands). The velocity waveform in the left ventricle outflow tract was obtained by pulsed-wave Doppler, while the aortic velocity waveform was acquired by aligning the continuous wave doppler with the aortic valve. The aortic valve area and pressure gradient were calculated by using the continuity equation and the simplified Bernoulli equation, respectively [62].




2.7. Statistical Analysis


The associations between the individual determinants and mean TPG were assessed separately for each level of maximum AVA (0.6 cm2, 1.0 cm2, 1.5 cm2 and 2.0 cm2) by the use of linear regression analysis. The values are expressed as either the regression beta coefficient ± standard error (Figure 3 and Figure 4) or the pressure gradient change for every 10% increase of the independent variable (Table 1). Statistical significance was assumed at a two-sided P-value level of 0.05. Statistical analysis was performed in IBM SPSS statistics (IBM Corp. Released 2020. IBM SPSS Statistics for Windows, Version 27.0. Armonk, NY, USA: IBM Corp.).





3. Results


3.1. Ees and Eed Impact on Mean TPG


The impact of the Ees and Eed changes on the mean TPG for different levels of aortic stenosis is presented in Figure 3 and Table 1. A decrease in left ventricular myocardial contractility, assessed by the Ees, was associated with a lower mean TPG (AVA 0.6 cm2 (beta 7.46 ± 0.29, p < 0.001), AVA 1.0 cm2 (beta 3.04 ± 0.20, p < 0.001), AVA 1.5 cm2 (beta 1.6 ± 0.12, p < 0.001), and AVA 2.0 cm2 (beta 1.12 ± 0.36, p < 0.012)). A significant interaction with the AVA was seen, with the relation between Ees and the mean TPG being stronger in the most severe aortic stenosis cases. Accordingly, an increase in left ventricular stiffness/relaxation, assessed by the Eed, was associated with a lower mean TPG for a given AVA (AVA 0.6 cm2 (beta −427 ± 41, p < 0.001), AVA 1.0 cm2 (beta −217 ± 17, p < 0.001), AVA 1.5 cm2 (beta −100 ± 9, p < 0.001), and AVA 2.0 cm2 (beta −48 ± 4, p < 0.012)). A significant interaction with the AVA was seen, with the relation between Eed and the mean TPG becoming stronger in parallel with the progression of aortic valve stenosis severity.




3.2. TVR and TAC Impact on Mean TPG


The impact of the TAC and TVR changes on the mean TPG for different levels of aortic stenosis are presented in Figure 4 and Table 1. An increase in TVR was associated with a decrease in the mean TPG for a given AVA (AVA 0.6 cm2 (beta −5.5 ± 0.35, p < 0.001), AVA 1.0 cm2 (beta −2.6 ± 0.33, p < 0.001), and AVA 1.5 cm2 (beta −0.5 ± 0.23, p = 0.032)). This was not seen in cases with an AVA of 2.0 cm2 (beta −0.4 ± 0.35, p = 0.321). A significant interaction with the aortic valve area was seen, with the relation between TVR and the mean TPG becoming stronger as the aortic stenosis grew more severe. Accordingly, an increase in TAC was associated with an increase in the TPG for a given AVA (AVA 0.6 cm2 (beta 11.8 ± 1.9, p < 0.001), AVA 1.0 cm2 (beta 5.9 ± 0.9, p < 0.001), AVA 1.5 cm2 (beta 5.7 ± 0.6, p < 0.001), and AVA 1.0 cm2 (beta 2.9 ± 0.3, p = 0.005)). A significant interaction with the AVA was seen, with the relation between TAC and the pressure gradients becoming stronger with the progression of aortic severity. Similar results were obtained when coupled TAC and TVR values were used as input variables (Figure 4 and Table 1).




3.3. Relative Contribution of Ees, Eed, TVR, and TAC on Mean TPG


When expressed as a 10% change from the baseline, in patients with an AVA of 0.6 cm2, the Eed change was associated with the most important effect on the TPG (−5.6 ± 0.5 mmHg, p < 0.001), followed by Ees (3.4 ± 0.1 mmHg, p < 0.001), TAC (1.3 ± 0.2 mmHg, p < 0.001), and TVR (−0.7 ± 0.04 mmHg, p < 0.001). Similar classifications were noted with a higher AVA; however, the magnitudes of the effect seem to become weaker as aortic stenosis severity decreases.




3.4. SV and Mean TPG Relationship for a Given AVA


Since Ees, Eed, TVR, and TAC independently affect the TPG through a flow-dependent manner, we explored the association directly between SV and the mean TPG (Figure 5). A significant increase in the mean TPG was seen with an increase in SV for any given AVA. A significant interaction with an AVA severity is also observed, with the dependence being stronger as the aortic valve severity increases.





4. Discussion


In the present study, a 1D mathematical model of the cardiovascular system, coupled with an aortic valve stenosis model, was used in order to assess and quantify, for the first time, the independent effect of the main left ventricular performance variables, as well as afterload indices, on the TPG in the presence of aortic stenosis. The main conclusions of the present study could be summarized in the following points: (1) Left ventricular diastolic function (Eed) is, at least, as important as left ventricular myocardial contractility (Ees) in determining the TPG in the presence of aortic stenosis; (2) TAC, as well as TVR, affect the TPG independently for a given aortic stenosis level; and (3) the interaction between the left ventricular performance, afterload indices, and the TPG becomes stronger as aortic valve severity increases.



The relationship between low left ventricular contractility and a low TPG in patients with severe aortic stenosis is well known. In the case of a low ejection fraction (e.g., post-myocardial infarction), an underestimation of the TPG is expected due to a low flow state (classical low-flow, low-gradient aortic stenosis) [40]. As shown in Figure 5, our model was capable of accurately predicting the relationship between SV and the mean TPG, assessed by transthoracic echocardiography for a patient with severe aortic stenosis. The administration of dobutamine, in this particular case, increased SV (myocardial recruitment) and concomitantly increased the mean TPG to a level comparable to our model predictions. (Figure 5). It is important to note that two configurations, the before and after dobutamine administrations, lie on the same hypostatical curve that shares the same valve area. In the case of pseudo-stenosis, since the increased stroke volume will be able to open the aortic valve further, it would be expected that the case after dobutamine will shift to another curve, having a larger valve area.



In addition to left ventricular contractility, our results highlight the major importance of diastolic function for the evaluation of the TPG since the independent effect of the Eed was even higher than the one of Ees, especially in patients with critical AVA. This is in accordance with clinical studies showing strong associations between the diastolic dysfunction indices and the presence of severe aortic stenosis without an increased TPG and with a normal ejection fraction (paradoxical low-flow, low-gradient aortic stenosis) [63]. This is of major clinical relevance since aortic stenosis and diastolic dysfunction often coexist and evolve parallel with aging [64,65]. It follows that a comprehensive evaluation of diastolic dysfunction should be part of the routine examination when evaluating aortic valve disease since it may significantly blunt the TPG, especially when aortic valve stenosis becomes critical.



Our simulation results confirm the independent effect of both components of arterial afterload on the TPG. Both impaired TVR and TAC were associated with a lower TPG for a given aortic valve stenosis. This association is also highly suggested by clinical and experimental data since the presence of arterial hypertension is associated with underestimated TPGs in patients with severe aortic stenosis [43,44]. In a recent study, the early return of arterial wave reflections (a parameter determined by both TAC and TVR) was associated with a lower TPG with a comparable AVA [45]. For these reasons, it is common in clinical practice to evaluate aortic valve stenosis after nitrates administration when the peripheral blood pressure is high. It is interesting to note, though, that the magnitude of the TPG effect from low TAC and high TVR was not comparable, with low compliance impacting the TPG more significantly than high resistance. Furthermore, different physiologic combinations of TAC and TVR may have different impacts on the TPG, even with comparable peripheral pressure values. The principle is shown in Figure 6, where cases with the same Ees and Eed but different TAC and TVR combinations are plotted against peripheral blood pressures. It follows that the afterload evaluation (and thus the potential effect on the TPG) cannot be accurately predicted by measuring only peripheral blood pressures. For this reason, a comprehensive evaluation of left ventricular afterload could be particularly relevant when measuring the TPG. This can easily be achieved non-invasively through wave separation analysis by combining the pressure data obtained from a high-fidelity tonometer (the carotid or radial artery) and the aortic flow obtained by transthoracic echocardiography.



It is also interesting to note that the impact of Ees, Eed, TAC, and TVR on TPG presents a significant interaction with the actual level of aortic stenosis since the effects seem to be more important as the aortic stenosis becomes more severe. This is of particular clinical importance, suggesting a greater risk for TPG underestimation in patients presenting with lower AVAs. At the same time, it is exactly these patients who require the most precise evaluation since the indication for valve replacement (vs. clinical follow-up) depends heavily on pressure gradients. Our proposed methodology offers a promising tool for distinguishing pseudo-stenosis from true stenotic cases. Future clinical studies are needed to validate our proposed methodology under different physiological conditions, such as decreased myocardial contractility or increased afterload. Additionally, the use of the model can be extended to other valve diseases as well.




5. Limitations


The conclusions of this current study are the results of mathematical simulation; thus, they should be interpreted with caution in the clinical setting. Isolated changes in Ees, Eed, TAC, and TVR, although allowing for the precise estimation of the independent effect of each variable on pressure gradients, do not represent pure physiological states since significant interactions take place normally. Finally, the mathematical model does not incorporate physiological reflexes in response to blood and flow changes that may impact the TPG.




6. Conclusions


Both the systolic and diastolic ventricular functions have a profound effect on the TPG for a given aortic valve stenosis, leading to a potential underestimation of stenosis severity and a potential delay in therapeutic intervention. In the same direction, both TAC and TVR may blunt the TPG to the extent that it cannot be predicted solely based on the peripheral blood pressure levels. Moreover, the interdependence of the TPG’s left ventricular and afterload indices seem to intensify as aortic valve stenosis becomes more severe. A comprehensive evaluation of left ventricular function and afterload should be performed whenever possible, especially in cases of diagnostic challenges, such as paradoxical and classical low-flow, low-gradient stenosis, since it may offer the pathophysiological mechanism that explains the mismatch between aortic severity and the TPG. If it can be validated in future clinical trials, the proposed methodology will be a promising tool for differentiating patients with pseudo-stenosis from those with true stenosis.
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Figure 1. (A) 1D model of the cardiovascular system with main systemic arteries; (B) at the proximal site, the left ventricular is modeled according to the varying elastance model. The instantaneous elastance of the left ventricle is calculated for a given Ees, Eed, heart period (tHP) and maximum elastance time (tmax) by exploiting the normalized varying elastance (EN). Left ventricular end-diastolic pressure (LVEDP) and dead volume (V0) are the additional parameters needed to construct the pressure–volume loop of a patient. At the distal boundaries, the 1D model is coupled to a three-element Windkessel model, which includes terminal compliance (Ct), proximal resistance (R1) and distal resistance (R2). Compliances of the main systemic arteries are represented as C1-D. 
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Figure 2. 1D mathematical model coupled with aortic valve stenosis model for the prediction of TPG. (A) Predicted left ventricular and aortic pressure–volume curve from the model (input variables Ees = 3.3 mmHg/mL, Eed = 0.1 mmHg/mL, V0 = 39.3 mL and LVEDP = 11 mmHg, and maximal AVA = 0.6 cm2). (B) Aortic valve opening as a function of time derived by the aortic valve stenosis model. (C) Aortic flow, generated by the coupled 1D mathematical and the aortic valve stenosis model. (D) Performance of the model in predicting TPG as compared to the actual measured values from the literature [57]. 
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Figure 3. Impact of Ees and Eed on mean TPG for different levels of aortic valve stenosis. 
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Figure 4. Impact of TVR and TAC on mean TPG for different levels of aortic stenosis. Adjusted TAC*: coupled TAC according to its hyperbolic relation with TVR [61]. 
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Figure 5. Association between SV and mean TPG for different levels of AVA. Echocardiographic evaluation of a patient with severe aortic stenosis at rest and after dobutamine infusion (12.5 ug/min/kg). The myocardial recruitment observed after dobutamine leads to an increase in stroke volume (from 67 mL to 87 mL) with a concomitant increase in mean TPG (from 28 mmHg to 40 mmHg). The AVA remained stable, suggesting a true severe aortic valve stenosis (AVA 0.88 cm2 for an LVOT diameter measured at 23 mm). Model predictions were accurate for both rest and dobutamine hemodynamic conditions. 
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Figure 6. Association between peripheral blood pressure and mean TPG for cases presenting different combinations of TAC and TVR. SBP: Systolic blood pressure, MBP: Mean blood pressure. 
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Table 1. Relative contribution of each determinant on TPG for different levels of aortic valve stenosis. Beta coefficients (Beta) are expressed in pressure (mmHg) for every 10% increase of each determinant from the baseline (lowest) value.
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Aortic Valve Area

	
0.6 cm2

	
1.0 cm2

	
1.5 cm2

	
2.0 cm2




	

	
Beta

	
S.E.

	
p Value

	
Beta

	
S.E.

	
p Value

	
Beta

	
S.E.

	
p Value

	
Beta

	
S.E.

	
p Value






	
Ees (mmHg/mL)

	
3.4

	
0.1

	
<0.001

	
1.4

	
0.1

	
<0.001

	
0.7

	
0.1

	
<0.001

	
0.3

	
0.1

	
0.005




	
Eed (mmHg/mL)

	
−5.6

	
0.5

	
<0.001

	
−2.8

	
0.2

	
<0.001

	
−1.3

	
0.1

	
<0.001

	
−0.6

	
0.1

	
<0.001




	
TAC (mL/mmHg)

	
1.3

	
0.2

	
<0.001

	
0.7

	
0.1

	
<0.001

	
0.6

	
0.1

	
<0.001

	
0.2

	
0.1

	
0.05




	
TVR (mmHg×s/mL)

	
−0.7

	
0.04

	
<0.001

	
−0.3

	
0.04

	
<0.001

	
−0.1

	
0.03

	
0.032

	
−0.04

	
0.04

	
0.321




	
Adjusted TVR * (mmHg×s/mL)

	
−1.1

	
0.04

	
<0.001

	
−0.8

	
0.1

	
<0.001

	
−0.4

	
0.03

	
<0.001

	
−0.2

	
0.02

	
<0.001








* coupled TVR according to its hyperbolic relation with TAC [61].
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