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Abstract

:

This study introduces an algebraic model informed by computational fluid dynamics (CFD) simulations to investigate the performance of the assisted bidirectional Glenn (ABG) operation on a broad range of conditions. The performance of this operation, as measured by the superior vena cava (SVC) pressure, depends on the nozzle area in its ejector pump and the patient’s pulmonary vascular resistance (PVR). Using the developed algebraic model to explore this two-dimensional parameter space shows that the ejector pump can create a pressure difference between the pulmonary artery and the SVC as high as 5 mmHg. The lowest SVC pressure is produced at a nozzle area that decreases linearly with the PVR such that, at PVR   = 4.2   (Wood units-m2), there is no added benefit in utilizing the ejector pump effect (optimal nozzle area is zero, corresponding to the bidirectional Glenn circulation). At PVR   = 2   (Wood units-m2), the SVC pressure can be lowered to less than 4 mmHg by using an optimal nozzle area of   ≈ 2.5   mm2. Regardless of the PVR, adding a 2 mm2 nozzle to the baseline bidirectional Glenn boosts the oxygen saturation and delivery by at least 15%. The SVC pressure for that 2 mm2 nozzle remains below 14 mmHg for all PVRs less than 7 Wood units-m2. The mechanical efficiency of the optimal designs consistently remains below 30%, indicating the potential for improvement in the future. A good agreement is observed between the algebraic model and high-fidelity CFD simulations.
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1. Introduction


Infants born with a single ventricle undergo three stages of palliation to survive, starting with the first stage performed within a few days after birth. This procedure establishes a systemic-to-pulmonary shunt, such as the modified Blalock–Taussig shunt (mBTS) [1,2], to create a parallel circulation between the systemic and pulmonary beds. The second stage procedure, the bidirectional Glenn (BDG), is performed at around two months of age, during which the systemic-to-pulmonary shunt is removed, and the superior vena cava (SVC) is connected directly to the pulmonary arteries (PA) [3,4]. The upper body venous return through the SVC thus becomes the sole source of the pulmonary blood flow. The third stage operation, the Fontan procedure, further connects the inferior vena cava to the pulmonary arteries, after which the pulmonary and systemic circulations are then placed in series [5,6].



The long-term mortality rate among single-ventricle patients remains high, owing to single ventricle failure, SVC syndrome, underdeveloped or unevenly developed pulmonary arteries, and other complications resulting from the first and second stage operations [7,8]. Despite many efforts in improving the mBTS physiology [9,10,11,12,13,14,15,16], it remains as a fundamentally flawed operation due to the unavoidable high ventricle load and the high chance of shunt occlusion due to thrombosis.



Some of the drawbacks of the mBTS are addressed in the next stage by the BDG procedure. That may motivate the total replacement of the mBTS by the BDG or an earlier transition to the BDG physiology. Historically, however, the BDG procedure can not be used for stage-one palliation due to complications related to elevated pulmonary vascular resistance (PVR) after birth, including SVC syndrome, insufficient pulmonary flow, and low oxygen saturation [17,18,19]. More recent studies have explored the feasibility of performing the BDG operation at an earlier age [20,21]. However, other studies have reported underdeveloped pulmonary arteries due to insufficient pulmonary arterial flow for patients with early BDG adaptation [22,23].



In order to overcome the shortcomings associated with the mBTS and the BDG, an alternative operation called the assisted bidirectional Glenn (ABG) was recently proposed that is a hybrid between those two standard operations [24,25,26,27,28]. The assisted bidirectional Glenn is based on the BDG circulation with the addition of a systemic-to-pulmonary shunt between the brachiocephalic artery (BA) and the SVC to assist the pulmonary flow. The effectiveness of the ABG circulation depends on the successful adaptation of the ejector pump effect. As it operates in industrial devices, the ejector pump uses a high energy flow as the energy source, which is jetted into a low energy flow and assists the low energy flow downstream. In the ABG circulation, the high-energy blood through the shunt would mix with the upper body return flow in the SVC, and provide the energy necessary for pulmonary circulation. Our latest study introduced a modified ABG by connecting the shunt to the SVC at the brachiocephalic veins (BV) and SVC juncture, creating a slit-shaped nozzle at that anastomosis [29]. Our multiscale simulation showed that at a pulmonary vascular resistance (PVR) of 2.3 Wood units-  m 2  , the modified ABG procedure increased the pulmonary flow by 76% and reduced the SVC pressure by 26% compared to the BDG while reducing the heart workload by 43% comparing to the mBTS. Other improvements were observed, including higher oxygen delivery, higher aortic oxygen saturation, and more even left and right pulmonary flow distribution.



Despite the encouraging results for the modified ABG at normal PVR, this improved circulation still poses excessively high SVC pressure when the PVR is elevated. In fact, at a PVR of 7 Wood units-m2, the SVC pressure was around 15 mmHg, which is 28% higher than that of the BDG. Since newborns experience episodes of high PVR, such high SVC pressure could potentially cause other complications, including cerebral ventriculomegaly, recanalization, and obliterated vessels [30,31,32]. The elevated SVC pressure at high PVR can be understood by two competing effects: the first is the ejector pump effect that reduces the upstream (SVC) pressure relative to the downstream (PA) pressure. The second effect results from the additional blood flow introduced by the shunt that goes through the pulmonary bed, thereby elevating the PA pressure. While the ejector pump effect at low PVR is dominant, it is overcome at higher PVR by the competing effect, leading to a higher overall SVC pressure. Therefore, at certain PVRs, the SVC pressure produced by the ABG will be higher than that of the BDG, which does not have additional flow coming from a systemic-to-pulmonary shunt.



This study aims to gain a deeper understanding of the above-mentioned competing effects and quantitatively establish the regime at which the ABG presents an advantage over the conventional procedures. Achieving this goal requires surveying at minimum a two-dimensional parameter space (i.e., different PVR and nozzle areas). Using high-fidelity computational fluid dynamic (CFD) simulations, which is the approach taken by most cardiovascular simulation studies [33,34], for this purpose will be prohibitively expensive. To overcome this issue, a multi-fidelity approach is developed in this study, where the CFD simulations are coupled to a newly introduced algebraic model. The algebraic model is then utilized to evaluate the performance of the ABG at different PVR values while identifying the optimal design for each regime. This article is organized as the following. In Section 2.1 we will review the improved version of the ABG that is to be used as the baseline in this study. Then in Section 2.2 and Section 2.3, we will discuss our CFD framework and present the construction of the newly introduced algebraic model, respectively. We will compare the predictions of the algebraic model against the CFD results in Section 3.1. Our full parametric study using the algebraic model is presented in Section 3.2. The physicality of the algebraic model and the clinical implication of our findings are discussed in Section 4.




2. Materials and Method


2.1. Modified Assisted Bidirectional Glenn


The most recent modifications to the ABG circulation are constructed on top of the BDG circulation where the SVC is connected to the PAs (Figure 1). The shunt is connected to the brachiocephalic artery on the systemic side. The pulmonary side of the shunt is connected to the BV-SVC juncture via a nozzle-shaped outlet. The nozzle profile is designed to maximize the contact area between the high-energy jet and the upper body return. This profile facilitates the mixing and momentum transfer between the two streams, thus creating the ejector pump effect successfully (Figure 1c). In addition to improving the ejector pump effect, this nozzle design also minimizes energy loss. In this study, both the shunt diameter and the nozzle width are fixed at 3.5 mm to minimize energy loss due to the wall shear effect that can be created by the high-velocity jet impinging the SVC walls, which is 5 mm in diameter. Additionally, the jet from the nozzle is parallel to the SVC direction to prevent asymmetric wall impingement that also causes energy loss.



With the above parameters fixed, the only remaining parameter that determines the efficiency of the ejector pump is the nozzle thickness which directly affects the nozzle area. Therefore in this study, we will investigate the effect of nozzle areas by varying the thickness of the nozzle. The second varying parameter in this study is the PVR, which is changed in the lumped parameter network model discussed in the next section.




2.2. Geometry Construction and CFD Simulation


Five 3D geometries are constructed: four variations of the modified ABG with different nozzle areas and one BDG. All five geometries are idealized representative geometries based on the modified ABG geometry from our previous study [29]. Briefly, the SVC and PA diameters are 5 mm [35] and 5.5 mm [36], respectively, and the left and right BV diameters are set to 4 mm based on Murray’s law [37]. For the modified ABG geometries, the shunt is 3.5 mm in diameter, which converges to a slit-shaped nozzle at the shunt-SVC connection (Figure 1b,c), with four different nozzle cross-sectional areas of 2.0, 2.5, 3.0, and 3.5   mm 2  . For the BDG geometry, the shunt is not present, while all other dimensions are identical to the modified ABG geometries. This BDG geometry is considered a particular case of the modified ABG with zero nozzle area in our algebraic model.



A multiscale CFD framework, which is similar to the previous studies [24,25,26] and identical to our previous study [29], is adapted to simulate the various cases. In these simulations, the flow in major vessels (e.g., aorta, PA, SVC, etc.) is fully resolved both spatially and temporally while it is modeled for the rest of the circulatory system (e.g., the heart, lower and upper body microvasculature, etc.) using a 0D lumped parameter network (LPN), where the variables are only functions of time [38,39].



The CFD simulations are performed using a validated in-house finite-element solver named Multi-physics finite-element solver (MUPFES) [38,40,41]. For the 3D simulation, incompressible Newtonian fluid and rigid walls are assumed. The underlying formulation of this solver is based on the weak form of the Navier-Stokes equation, which attempts to find   u ∈   u | u  ( x , t )  ∈    (  H 1  )  d  ×  [ 0 , T ]  ,  u = g  on   Γ g     and   p ∈   p | p  ( x , t )  ∈   L 2  ×  [ 0 , T ]     such that for all   w ∈   w | w  ( x , t )  ∈    (  H 1  )  d  ×  [ 0 , T ]  ,  w = 0  on   Γ g     and   q ∈   q | q  ( x , t )  ∈   L 2  ×  [ 0 , T ]    ,


  B  ( w , q ; u , p )  =  ∫ Ω  ρ w  ·   (  u ˙  + u  ·  ∇ u )  d Ω +  ∫ Ω  ∇ w :  ( − p I + T )  d Ω −  ∫ Ω  ∇ q  ·  u d Ω  










  +  ∫ Γ  q u  ·  n d Γ −  ∫  Γ h   w  ·  h d Γ − β  ∫  Γ h   ρ w  ·  u   ( u  ·  n )  −  d Γ = 0 ,  



(1)




is satisfied. In Equation (1),  ρ ,   u ˙  ,  u , p,  T ,  h ,  n ,  w , and q are the density, acceleration, velocity vector, pressure, viscous stress tensor, Neumann boundary traction, boundary outward normal vector, velocity and pressure test functions, respectively. The Neumann and Dirichlet boundaries are denoted by   Γ h   and   Γ g  , respectively, and the 3D fluid domain is denoted by  Ω .  β  is a positive coefficient between 0.0 and 0.5 and set to 0.2 in our computations, and    ( u  ·  n )  −   is defined as,


    ( u  ·  n )  −  ≡   u  ·  n − | u  ·  n |  2  .  



(2)




In [15]. The last term in Equation (1) is a minimally intrusive backflow stabilization term used to avoid simulation divergence due to partial or bulk backflow on the Neumann boundaries [42]. Provided that the Galerkin’s form in Equation (1) does not meet LBB condition for identical shape functions for velocity and pressure, the actual formulation implemented in our solver is based on the RBVMS (residual-based variational multiscale) formulation and includes additional terms to ensure the stability of the solution even at highly convective regimes [43,44]. A specialized iterative algorithm, preconditioner, and parallelization strategy are employed for an efficient and scalable solution of the linear system of equations that arises from the discretization of the RBVMS formulation [40,41,45]. The numerical method used in this study can capture the chaotic nature of the flow, which includes the turbulent jet created downstream of the nozzle (Figure 2c). The Reynolds number in the other vessels, including ascending aorta is less than 1000 and thus the flow remains transitional.



The 0D LPN model, which consists of five blocks to model upper body, lower body, pulmonary bed, coronary circulation, and heart, is also identical to our previous study [29], where the component values are taken from a modeling study of 28 Norwood-procedure patients [16]. The schematic for the LPN system of the ABG is presented in Figure 3. The numerical implementation of the LPN is described in our previous study [38]. The LPN values and calculations related to the heart model are included in Appendix A. PVR of 2.3, 4.7, and 7 Wood units-  m 2   are simulated for all five models, representing normal, slightly elevated, and high PVR values in an infant [24]. The two higher PVR values are simulated to account for patient-to-patient variability, PVR change with age, and uncertainties in the clinical measurements. To mimic the long-term effect of the auto-regulatory system, we used the blood volume control system that regulates the average aortic pressure at an average of 67 mmHg [29].



The boundary conditions at the 3D-0D interface are not prescribed but obtained by solving the lumped parameter network [41]. For the coupled Neumann boundary conditions, the CFD solver will send the flow rate and receive the pressure in exchange from the LPN. The process is similar for coupled Dirichlet boundary condition with the difference that the pressure is sent and flow is received from the LPN. The ascending aorta, LBV and RBV are coupled Dirichlet boundaries, where we impose a parabolic profile. The remaining boundaries are coupled Neumann boundaries. The initial conditions for the LPN are taken from prior studies. The final results do not depend on those initial conditions.



Blood density is 1060 kg/m3 and viscosity is 0.004 Pa  ·  s. We treated the blood as a Newtonian fluid because the shear rates in our simulation are outside of the range that produces non-Newtonian effects [46]. All geometries are meshed using tetrahedral elements and an adaptive mesh refinement algorithm to improve accuracy (Figure 2a). Our mesh refinement algorithm is detailed in our previous study [29]. A rigorous convergence study was performed to ensure results are independent of the mesh size, the linear solver tolerance, and the number of Newton-Raphson iterations. On average, the mesh geometries contain 2 million elements after 6 iterations of adaptive mesh refinement, resulting in an accuracy that is comparable to that of a 10 million elements uniform mesh. We used a time step size of 10−4 s for the simulations. Each simulation is continued for 10 s corresponding to 20 cardiac cycles. This number of cycles is selected to ensure both mean value and cycle-to-cycle convergence. This convergence is clearly shown in Figure 4 for the case with 2.0   mm 2   nozzle area and PVR value of 7.0 Wood units-  m 2  . The SVC pressure is observed to be the last parameter to converge in our simulations. Therefore, as long as the SVC converges, the simulation is considered converged in our study. The simulation results are calculated from the last cardiac cycle in every case. A typical simulation takes around 40 physical hours with 224 processors, or around 9000 computational hours, at a 2.4 GHz clock rate. In total, fifteen simulations were performed for five geometries at three different PVR values.




2.3. Algebraic Model


Each of the simulations described in the previous section takes ≈7 days to run on a cluster when utilizing 192 processors at a 2.4 GHz clock rate. Due to this high cost, it is infeasible to evaluate the full range of nozzle areas and PVRs using multiscale CFD simulations. To overcome this issue, we developed a multi-fidelity approach that utilizes the CFD simulations to tune an algebraic model, which in turn is used to predict the performance of the ABG circulation over a wide range of nozzle areas,   A nozzle  , and PVR values,   R PVR  . The construction and parameter tuning of the algebraic model is discussed in the following sections.



2.3.1. Model Construction


The assumptions of this algebraic model (schematically shown in Figure 5), which replaces the 3D model, are incompressible, inviscid, steady and unidirectional flow. The viscous effect is incorporated in this model using loss terms tuned based on the CFD results. The model only includes the shunt, the BV-SVC juncture, the SVC, and the pulmonary branches. The reason for such choice is that the aortic flow and lower body circulation are minimally affected by the nozzle geometry or the PVR values, as confirmed by the CFD simulation results in Section 3.1. The dimensional constants of cross-sectional areas are consistent with the dimensions of the CFD geometries. The aortic pressure,   P ao  , and the left atrial pressure,   P LA  , are held fixed at 67.0 and 2.1 mmHg, respectively, which are identical to the CFD simulation and based on the clinical measurements [16].



The upper body section is modeled using two equations: one for the upper body circulation and the other for the flow in the BV-SVC juncture. The upper body circulation is modeled using


   P ao  −  P 1  =  R ub   Q  u b   ,  



(3)




where the total upper body flow rate,   Q  u b   , and the bottom BV pressure,   P 1  , are the unknown variables. The upper body resistance,    R ub  = 140.9   mmHg-min/L, is a constant obtained from the LPN used for the CFD simulations. The flow through the BV-SVC juncture is modeled while neglecting losses using the Bernoulli’s equation


   P 1  +  1 2  ρ    V 1   2  =  P 2  +  1 2  ρ    V 2   2  ,  



(4)




where   P 2   is the upper SVC pressure. The upper body return velocity,   V 1  , and the upper SVC velocity,   V 2  , are defined using mass conservation as


   Q  u b   =  A 1   V 1  =  A 2   V 2  .  



(5)







Based on the 3D geometry, the total cross-sectional area of both BVs,   A 1  , is 0.248   cm 2  , the SVC corss-sectional area,   A 3  , is 0.196   cm 2  , and the nozzle area,   A nozzle  , is an independent variable. The effective area of the upper SVC,   A 2  , is calculated as


   A 2  =  A 3  −  A nozzle  .  



(6)







Accounting for losses in the shunt, the shunt upstream and downstream conditions can be related via


   P  a o   =  P 2  +  1 2  ρ    V nozzle   2  +  C s  ρ    V nozzle   2  ,  



(7)




where the pressure,   P 2  , and nozzle velocity,   V nozzle  , are unknown. Due to the high velocity in the shunt, especially at the nozzle, a head loss constant,   C s  , is added to the equation to account for the viscous dissipation in the shunt that is similar in form to the Darcy-Weisbach equation. The value of   C s   is to be calculated through a tuning process from the CFD simulation results as discussed in Section 2.3.2. The modeling of these two streams inherently assumes that the mixing does not happen in the BV-SVC junction, which is the case demonstrated by CFD results.



The flow in the SVC is modeled by the mass conservation equation between the inlets and outlet


   Q ub  +  A nozzle   V nozzle  =  A 3   V 3  ,  



(8)




where   V 3   is the fluid velocity at the bottom of the SVC, and the conservation of momentum equation:


  ρ  A 2     V 2   2  + ρ  A nozzle     V nozzle   2  +  (  A 2  +  A nozzle  )   P 2  = ρ  A 3     V 3   2  +  A 3   P 3  ,  



(9)




where the bottom SVC pressure,   P 3  , is unknown.



Three equations model the PA section: a Bernoulli’s equation with a head loss constant,   C p  , which will be calculated from the CFD results (Equation (10)), a conservation of mass equation (Equation (11)), and a pressure-flow rate relation for the pulmonary bed (Equation (12)).


   P 3  +  1 2  ρ    V 3   2  =  P 4  +  1 2  ρ    V 4   2  +  C p  ρ    V 4   2  ,  



(10)






   Q p  =  A 3   V 3  =  A 4   V 4   



(11)






   P 4  −  P LA  =  R PVR   Q p  .  



(12)







From the 3D geometries, the total cross-sectional area of the PAs,   A 4  , is 0.475   cm 2  . The PA pressure,   P 4  , and PA velocity,   V 4   are two unknowns, and   Q p   is the pulmonary flow rate. The PVR value,   R PVR  , is the other independent variable in this model.



In total, there are ten equations with ten unknowns (marked in red in Figure 5) and two independent variables. The calculation for the head loss constants   C s   and   C p   is detailed in the next section. Other parameters can be calculated from the unknowns solved from this system of equations. The total cardiac output,   C O  , is calculated as:


  C O =  Q p  +  Q lb  ,  



(13)




where the lower body flow,   Q lb  , rate is held constant at   0.56   L/min, taken from the simulation results. The systemic flow rate,   Q s   is calculated as:


   Q s  =  Q ub  +  Q lb  .  



(14)







The oxygen delivery,   O D  , and aortic oxygen saturation   S a  t ao    can be further calculated by


  O D =  Q s   C op  − r   Q s   Q p    V  O 2   ,  



(15)




and


  S a  t ao  =   O D /  Q s    0.98  C op    ,  



(16)




where   C op   is the the oxygen concentration in the pulmonary vein,   V  O 2    is the total body oxygen consumption, and assuming half of the total oxygen is consumed by the upper body, that is,   r = 0.5   [24].




2.3.2. Parameter Identification


Using the CFD results, we can first verify our earlier assumption that changing the nozzle area or PVR has a negligible effect on the hemodynamics outside the algebraic model. Comparing lower body flow rate of all 15 CFD simulations for this purpose shows its minimal change from   0.56   L/min, thereby confirming our earlier assumption (Figure 6).



  C s   and   C p   are computed through an optimization procedure. Three parameters from the CFD simulation results are used as target values in the calculations: the mean SVC pressure,   P  SVC  s  , the mean PA pressure,   P  PA  s  , and the mean pulmonary flow rate,   Q  p  s  . The optimization problem is stated as minimizing the error function:


  e  ( C )  =  ∑  A nozzle    ∑  R PVR    [   (    P 1   ( C )  −  P  SVC  s    P  SVC  s   )  2  +   (    P 4   ( C )  −  P  PA  s    P  PA  s   )  2  +   (    Q p   ( C )  −  Q  p  s    Q  p  s   )  2  ]  ,  



(17)




with respect to   C = {  C s  ,  C p  }  .



To find the minimum of the error function, we used a gradient-based iterative approach that is implemented as   f m i n c o n   in MATLAB [47]. The minimum of the function,   e ( C )  , is computed such that    C l  < C <  C u   , where the lower bound is    C l  =  { 0 , 0 }    and the upper bound is    C u  =  { 100 , 100 }   . The initial value is    C 0  =  { 0 , 0 }   . The function took 11 iterations to converge to    C s  = 0.313   and    C p  = 0.830  , producing   e = 0.093  .






3. Results


3.1. CFD and Algebraic Model Comparison


With the constant values calculated, remaining unknowns in the algebraic model can be calculated and compared against the CFD results. Figure 7 and Figure 8a shows the behavior of the three parameters that are most critical to the effectiveness of the ABG circulation, namely the mean pulmonary flow rate,   Q p  , the mean SVC pressure,   P SVC  , and the mean PA pressure,   P PA  , which are the same parameters used to calculate the constants in the algebraic model. In the figures of this section, the lines are the results from the algebraic model, and the data points are the CFD results. The BDG is represented by the zero nozzle area in these plots.



There is a good overall agreement between the algebraic model and the CFD results. Figure 7a shows that the pulmonary arterial pressure at a given PVR increases almost linearly with the nozzle area. This correlation is caused by the pulmonary flow increasing monotonically as the nozzle area increase (Figure 8a), as the mean velocity at the nozzle is almost constant. Since the PVR is held constant as an independent variable in our models, the pulmonary arterial pressure is linearly proportional to the pulmonary flow rate, thus creating a linear relationship between the nozzle area and the pulmonary arterial pressure. In practice, the pulmonary arterial pressure might plateau when the nozzle area increases beyond a certain value since studies show that the PVR drops as the pulmonary arterial pressure increases [48,49]. As expected, the rate at which the pulmonary arterial pressure increases with the nozzle area, as well as its absolute value, increases with the PVR.



The SVC pressure,   P SVC  , initially decreases as the nozzle area increases owing to the ejector pump effect. However, at sufficiently large nozzle areas or PVRs, it increases as the increase in   P PA   beyond that of the BDG (corresponding to a zero nozzle area) as the increase in the pulmonary arterial pressure cannot be compensated by the ejector pump effect. For higher PVRs, any additional flow from the shunt is non-beneficial to the lowering SVC pressure. The exact cut-off value of the PVR for such adverse effect is presented in Section 3.2.



Other parameters calculated from the algebraic model also show good agreement with the CFD results (Figure 8). The systemic flow rate,   Q s  , remains relatively constant as it is a function of aortic and venous pressures and systemic vascular resistance, which do not depend on the nozzle area. The cardiac output,   C O  , and pulmonary-to-systemic flow ratio,    Q p  /  Q s   , both linearly increase with the nozzle area, which is the direct consequences of the systemic flow rate being constant and the pulmonary flow rate linearly increasing with the nozzle area. These three parameters are relatively insensitive to the PVR, especially at smaller nozzle areas.



Figure 9 shows the oxygen delivery,   O D  , and systemic oxygen saturation obtained from the CFD simulation and the algebraic model. These parameters show rapid growths at small nozzle areas up to approximately 2   mm 2  . Increasing the nozzle area beyond 2   mm 2   has a smaller effect on oxygen delivery and saturation as the increase in the pulmonary flow is countered by a drop in systemic flow rate owing to the shunt flow.



The effectiveness of the ejector pump effect can be further demonstrated with two additional parameters: the pressure recovery,   Δ  P EP   , and the ejector pump efficiency,   η EP  . The pressure recovery is calculated as the difference in pressure between the downstream and upstream of the ejector pump, which are the PA pressure and the SVC pressure, respectively. As shown in Figure 10a, the pressure recovery is almost independent of the PVR according to both the CFD and algebraic model. It increases linearly with the nozzle area up to a certain value, around 3 mm2 for the CFD result and 2 mm2 for the algebraic model. The pressure recovery then plateaus before trending slightly downwards at large nozzle areas. The ejector pump efficiency is calculated as the ratio between the actual pressure recovery and the pressure recovery when the losses associated with   C s   and   C p   terms are removed from the model. Figure 10b shows that there is an optimal nozzle area for the ejector pump efficiently. For very small nozzle areas, the nozzle flow dissipates its energy before transferring it to the SVC flow. On the other hand, for very large nozzles, the SVC length is too short for the two streams to mix sufficiently. As a result, the jet created by the nozzle impinges the PA, losing its energy and lowering the ejector pump efficiency. The efficiency metric is very sensitive to the dynamics of the flow in the ejector pump and the approach in modeling the losses. The algebraic model only accounts for the losses that are proportional to the velocity square. Linear losses are excluded in the algebraic model to prevent over-fitting. In reality, some losses may scale linearly rather than quadratically with the flow, such as Poiseuille’s law at low Reynolds number. These simplifications likely cause those disagreements between the CFD and the algebraic model predictions.



The overall agreement between the CFD and the algebraic model indicates the relative accuracy of the algebraic model in characterizing the ABG circulation and predicting its hydrodynamic response for different nozzle areas and PVRs.




3.2. Algebraic Model Predictions


With the algebraic model, we can further analyze where the losses are occurring in the ejector pump. The shunt and PA losses are calculated using the loss terms in Equations (7) and (10) whereas the SVC loss is inherent due to the momentum balance formulation of the SVC mixing in the algebraic model. The loss in the SVC is calculated from the energy difference between the inlets and the outlet of the SVC. Thus, while other losses can be avoided by improving the design of the ejector pump, the SVC mixing loss is unavoidable as it is inherent to the ejector pump function. As shown in Figure 11 and Figure 12, the energy loss mostly occurs in the shunt and through the mixing inside the SVC at a smaller nozzle area. As the nozzle area increases, the loss inside the PA becomes more dominant. Although the energy loss due to the mixing inside the SVC is required for the proper functioning of the ejector pump, the significant energy loss in the shunt and the PA indicates there is still room for improvement by identifying a more optimal design.



Figure 13 and Figure 14 present the 2D survey of the ABG circulation performance for any given nozzle area and PVR. The pulmonary arterial pressure (Figure 13a) monotonically increases with the PVR and nozzle area since a higher PVR imposes higher resistance against pulmonary perfusion and a larger nozzle area increases the pulmonary perfusion, as described mathematically in Equation (12). The ejector pump pressure recovery (Figure 13b) is almost independent of PVR while monotonically increasing with the nozzle area. A larger nozzle provides more energy for pumping the flow, thereby increasing the overall pumping pressure of the ejector pump. This correlation nonetheless breaks down at a large nozzle area owing to the finite SVC flow and the increase in losses at higher shunt flow (Figure 13c).



The change in the SVC pressure, which is a result of a competition between the change in the PA pressure and the ejector pump pressure recovery, has a more complex behavior (Figure 13c). For normal to slightly elevated PVR, that competition leads to an SVC pressure that first decreases then increases as the nozzle area increases. This non-monotonic variation creates an optimal nozzle area (shown with a dashed line in Figure 13c) that yields the lowest SVC pressure. For PVR greater than   4.4   Wood units-m2, however, the inclusion of the systemic-to-pulmonary shunt will only have an adverse effect on the SVC pressure. This monotonic variation can be explained by the fact that the rate at which the pulmonary arterial pressure increases with the nozzle area is faster than that of the ejector pump pressure recovery.



The ejector pump efficiency (Figure 13d) depends on the amount of energy extracted from the shunt flow to elevate the ejector pump pressure recovery. The efficiency shows a strong dependence on the nozzle area while weakly varying with the PVR. Its variation with the nozzle area is non-monotonic, reaching a peak at an intermediate nozzle size, around 1.6 mm2. As explained earlier, lower efficiency at small and large nozzle areas can be attributed to the significant losses in the PA through different mechanisms. One must note that the maximum efficiency of the ejector pump does not necessarily coincide with the maximum pressure recovery or minimum SVC pressure, as each of these parameters depends on a range of other parameters, including the pulmonary arterial pressure.



The cardiac output primarily depends on the nozzle area since a larger nozzle area directs more flow to the pulmonary circulation (Figure 14a). Similar to the cardiac output, the pulmonary-to-systemic flow ratio is also primarily a function of the nozzle area (Figure 14b). This is due to the fact that the pulmonary flow rare linearly increases with nozzle area while the systemic flow rate is almost independent of the nozzle size, as shown in Figure 8b. The aortic oxygen saturation also monotonically increases with the nozzle area (Figure 14c). This dependence results from the pulmonary flow rate increasing linearly with the nozzle area, which in turn changes the balance between the oxygenated and deoxygenated blood in the atrium. The oxygen delivery shows a rather complex behavior (Figure 14d). For small nozzle areas, the oxygen delivery increases linearly with the nozzle area and is independent of the PVR. On the other hand, it decreases monotonically with the PVR for large nozzle areas while remaining relatively independent from the nozzle area. This behavior at large nozzle areas can be explained by the gradual drop in cardiac output and systemic saturation as PVR increases (Figure 14a,c).



These plots showcase the advantage of the algebraic model over CFD to fully survey all nozzle area and PVR with a fraction of the computational cost. Furthermore, the contour plots can be a powerful tool in clinical decision-making for the ABG procedure. It permits for the fast prediction of the SVC pressure, among others, for different patients. It also provides a means to predict how selecting a larger or smaller nozzle influences the outcome of an operation.





4. Discussion


We introduced an algebraic model as a fast and accurate way to characterize the ABG circulation performance. One key component that dictates the accuracy of the algebraic model is the loss constants,   C s   and   C p  . Despite the fact that these constants are calculated by minimizing the difference between the model prediction and the CFD results, the computed values are physically reasonable. We introduced two non-dimensional head loss terms as functions of the flow rate-squared because the losses primarily occur due to the sharp change in flow directions in the shunt and SVC-PA regions. These loss terms can be compared to the Darcy–Weisbach equation (Equation (17)) for head loss,   Δ p  , in a pipe flow,


  Δ p =  f D    ρ L   2 D     〈 v 〉  2  ,  



(18)




where L is the pipe length, D is the pipe diameter,   〈 v 〉   is the mean velocity in pipe, and   f D   is the friction factor [50]. In our study, the head loss constants,   C s   and   C p  , are related to friction factors via


  C =    f D  L   2 D   .  



(19)







The lengths, L, of the shunt and pulmonary arteries are 1.7 and 3.5 cm, respectively, and the diameters, D, of the shunt and pulmonary arteries are 0.3 and 0.55 cm, respectively. Knowing the constants in our case, the friction factors for the shunt and the pulmonary arteries   f  D  s   and   f  D  p  , are calculated to be 0.11 and 0.26, respectively. Both of the friction factors are comparable to the friction factors in pipe flow for the Reynolds numbers (≈1000) of our simulation.



Three interesting observations can be made from the algebraic model results. First, parameters such as the pulmonary flow rate and the cardiac output are less sensitive to the PVR for smaller nozzle areas (   A nozzle  ≤ 2.0   mm 2   ). This lack of sensitivity can be beneficial for infants who experience episodes of increased PVR after birth, during which sufficient blood circulation can be maintained. Second, even a small nozzle of   2.0   mm2 is better than no nozzle when the oxygen delivery and systemic oxygen saturation are concerned. Regardless of PVR, these two parameters are elevated by   15 %   to   20 %   when a 2 mm2 nozzle is added to the BDG. Such improvement in these metrics is significant considering that the early BDG complications are partly related to low oxygen saturation [20,21]. Lastly, the version of the ejector pump utilized in this study can reduce the upper body (SVC) pressure for normal PVR and limit the pressure rise to a minimum when episodes of high PVR occur, thereby mitigating the risk of SVC syndrome reported in older studies [17,18]. A more recent study on successful BDG operation further shows that the infant can endure an SVC pressure as high as 13.2 mmHg [21]. If we consider that pressure to be the maximum allowable SVC pressure, then a patient receiving a 2 mm2 nozzle should remain in the safe zone as long as the PVR remains below 7 Wood units-m2. Moreover, studies showed that the PVR value generally decreases as the oxygen saturation and the pulmonary arterial pressure are increased [48,49]. For its higher saturation and PA pressure, the ABG operation patients are expected to have a lower PVR than those undergoing the mBTS or BDG. Thus, the higher SVC pressure observed in the case of ABG may not materialize in practice.



Overall, the optimal nozzle size is in the range of 2 mm2 and 3 mm2. Smaller nozzle areas (≈2 mm2) are more suited for patients with wider ranges of PVR as the SVC pressure remains reasonably low even at high PVR values. As discussed above, the flow rate parameters such as the pulmonary flow rate and cardiac output are more stable for smaller nozzle areas as PVR changes. Furthermore, since the cardiac output will be lower for smaller nozzle areas, the overall workload on the heart will be less. On the other hand, if the patient has relatively stable PVR, and can handle a larger ventricle load, a larger nozzle area (≈3 mm2) has more physiological benefits. The SVC pressure will be even lower than that of the case of smaller nozzle areas for normal PVR, as seen in Figure 7b, which will further alleviate complications related to high SVC pressure. The aortic oxygen saturation and oxygen delivery will also be slightly higher. Finally, the pulmonary-to-systemic flow ratio will be exactly 1, which is considered the ideal situation. Outside of our optimal range, if the nozzle area is even smaller, the benefits of the ABG circulation are diminished since most of the energy through the shunt is lost through dissipation. For a nozzle larger than 3 mm2, the excessive flow through the shunt overloads the pulmonary circulation, impeding the upper body circulation while creating unnecessarily high ventricle load.



An essential advantage of the algebraic model is its negligible cost that enables real-time predictions of post-operating conditions. That can be in the form of using this algebraic model in clinical settings to select the appropriate nozzle size that is patient-specific. One limitation of our algebraic model is the assumption of a constant PVR. As we discussed in this paper, the PVR changes as a function of the pulmonary arterial pressure and the pulmonary oxygen saturation [48,49]. Such dynamic response is therefore missing in the algebraic model. Accounting for this dependence in the future models will allow us to determine whether the improved pulmonary arterial pressure and oxygen saturation in the ABG are sufficient to prevent an elevated SVC pressure. Improvements on the shunt and nozzle design can help further reduce losses and improve the efficiency of the ABG to obtain an even lower SVC pressure. For example, a more smooth shunt transition can help reduce energy loss in the shunt. The SVC downstream loss due to the flow impingement can also be reduced if the SVC-PA junction is Y-shaped instead of T-shaped. However, any of these changes must be made while considering surgical feasibility, patient growth, and vascular remodeling.




5. Conclusions


An accurate algebraic model that was informed by CFD was constructed to characterize the performance of the ABG procedure. With this algebraic model, we can explore and characterize the full relationship between design parameters and patient conditions, a feat that would not have been possible using CFD simulations alone. Optimization study shows that the mABG shunt is only successful in reducing the SVC pressure when the PVR is lower than 4.4 Wood units-m2. The model shows that there is little benefit in increasing the nozzle area beyond 2 mm2 in terms of oxygen delivery and saturation. Our study introduces, for the first time, a procedure for real-time simulation of the ABG at an accuracy comparable to CFD.
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Appendix A. LPN Model and Values


The values of the LPN (Figure 3) elements are shown in Table A1. Outside the heart model, all the resistors, capacitors, and inductors have linear behavior. To model turbulence associated with the heart valves, two resistances are included in the LPN, which pressure drop through them is proportional to the square of their flow rate. Heart chambers pressure is considered to be composed of active and passive parts. The atrial pressure is model using,


   P a  =  A a   E a   (  V a  −  V  a u   )  +  P  a 0    (  e   K a   (  V a  −  V  a u   )    − 1 )  .  



(A1)




  A a   is modeled with sinusoidal function which is non-zero during atrium contraction and   E a  ,   P  a 0   ,   K a  , and   V  a u    are the constants of this model. The same model is used for ventricle, except the active pressure, that is, first term in Equation (A1), is replaced with a parabolic function,


   P v  =  A v   [  E  v 1    (  V v  −  V  v u   )  +  E  v 2     (  V v  −  V  v u   )  2  ]  +  P  v 0    (  e   K v   (  V v  −  V  v u   )    − 1 )  .  



(A2)







All the constants of the heart model along with the rest of LPN are shown in Table A1.
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Table A1. Figure 3 parameters values. R, resistance; C, capacitance; L, inductance. The locations of UBA, UBB, UBV, etc.) are marked in Figure 3. E, elastance; P, pressure; K, constant; V, volume; v, single ventricle; u, unstressed; a, atrium;   t r i c  , tricuspid;   a o  , aorta;   a s d  , atrial septal defect. Data from [16,24].






Table A1. Figure 3 parameters values. R, resistance; C, capacitance; L, inductance. The locations of UBA, UBB, UBV, etc.) are marked in Figure 3. E, elastance; P, pressure; K, constant; V, volume; v, single ventricle; u, unstressed; a, atrium;   t r i c  , tricuspid;   a o  , aorta;   a s d  , atrial septal defect. Data from [16,24].





	Parameter
	Value
	Unit





	   R  U B A    
	       28.0899       
	mmHg s/mL



	   C  U B A    
	0.04430
	mL/mmHg



	   L  U B A    
	0.02138
	mmHg s   2  /mL



	   R  U B B    
	0.64510
	mmHg s/mL



	   C  U B B    
	0.15515
	mL/mmHg



	   R  U B V    
	0.16529
	mmHg s/mL



	   C  U B V    
	2.03945
	mL/mmHg



	   R  P A B    
	0.83376
	mmHg s/mL



	   C  P A B    
	0.02039
	mL/mmHg



	   R  P V B    
	0.02194
	mmHg s/mL



	   C  P V B    
	0.44375
	mL/mmHg



	   R  L B A    
	7.02239
	mmHg s/mL



	   C  L B A    
	0.07758
	mL/mmHg



	   L  L B A    
	0.01069
	mmHg s   2  /mL



	   R  L B B    
	0.64510
	mmHg s/mL



	   C  L B B    
	0.07758
	mL/mmHg



	   R  L B V    
	0.16529
	mmHg s/mL



	   C  L B V    
	2.03945
	mL/mmHg



	   R  C A 1    
	10.6739
	mmHg s/mL



	   C  C A 1    
	1.9435 ×   10  − 3   
	mL/mmHg



	   R  C A 2    
	10.6739
	mmHg s/mL



	   C  C A 2    
	5.1827 ×   10  − 3   
	mL/mmHg



	   R  C B    
	21.3477
	mmHg s/mL



	   C  C B    
	7.7741 ×   10  − 3   
	mL/mmHg



	   R  C V    
	10.6739
	mmHg s/mL



	   C  C V    
	0.05 ×   10  − 3   
	mL/mmHg



	   E  v 1    
	18.5
	mmHg/mL



	   E  v 2    
	−0.042
	mmHg/mL   2  



	   V  v u    
	4.0
	mL



	   P  v 0    
	0.9
	mmHg



	   K v   
	0.062
	1/mL



	   E a   
	7.35
	mmHg/mL



	   V  a u    
	1.0
	mL



	   P  a 0    
	0.17
	mmHg



	   K a   
	0.484
	1/mL



	    R ^   t r i c    
	4 ×   10  − 5   
	mmHg s   2  /mL   2  



	    R ^   a o    
	4 ×   10  − 4   
	mmHg s   2  /mL   2  



	   R v   
	0.09
	mmHg s/mL



	   R  a s d    
	0.001
	mmHg s/mL



	   C  a o    
	0.041555
	mL/mmHg
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Figure 1. (a) Closeup of the insertion location of the shunt in the modified ABG. (b) Front and side view of potential clinical implementation of the slit-shaped nozzle design. LBV and RBV are removed from the side view. (c) nozzle view from the SVC and mixing visualization. BA, brachiocephalic artery; SVC, superior vena cava; LBV, left brachiocephalic vein; RBV, right brachiocephalic vein. 
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Figure 2. (a) Tetrahedral mesh cross section, (b) velocity field, and (c) Q-criterion contour at the shunt-SVC junction for the ABG simulation with a nozzle size of 3 mm2 and PVR of 4.7 Wood units-  m 2   at end systole. 
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Figure 3. Lumped parameter network coupled with physical domain geometry for the ABG procedure. See Appendix A for details. 
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Figure 4. Mean SVC pressure over one cardiac cycle as the simulation progresses for 2.0   mm 2   nozzle area and 7.0 Wood units-  m 2   PVR. 
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Figure 5. Schematic of the algebraic model for modeling the ABG circulation. Variables shown in black, red, and blue are known, unknown, and independent parameters, respectively. Note that the 2D representation of this schematic is only for demonstrating the control volumes. The algebraic model is a 0D model that does not capture variation in time or space. 
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Figure 6. Lower body average flow rate,   Q lb  , obtained from CFD simulations with PVRs of 2.3 (red circle), 4.7 (black square), and 7.0 (blue triangle) Wood units-  m 2  . Some data points are not clearly visible since they are overlapping. The dotted line is the constant lower body flow rate assumed in the algebraic model. 
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Figure 7. (a) the mean pulmonary artery pressure,   P PA   and (b) the mean SVC pressure,   P SVC  , as a function of the nozzle area,   A nozzle  , at different PVR values. Lines correspond to the algebraic model (AM) and symbols to the CFD. 
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Figure 8. (a) The pulmonary average flow rate,   Q p  ; (b) the average systemic flow rate,   Q s  ; (c) the pulmonary-to-systemic flow ratio,    Q p  /  Q s   ; and (d) the average cardiac output,   C O  , as a function of the nozzle area,   A nozzle  , at different PVR values. Lines correspond to the algebraic model (AM) and symbols to the CFD. 
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Figure 9. (a) The oxygen delivery,   O D  ; and (b) the aortic oxygen saturation,   S a  t ao   , as a function of the nozzle area,   A nozzle  , at different PVR values. Lines correspond to the algebraic model (AM) and symbols to the CFD. 
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Figure 10. (a) The pressure recovery,   Δ  P EP   ; and (b) ejector pump efficiency,   η EP  , as a function of nozzle area,   A nozzle  , at different PVR values. Lines correspond to the algebraic model (AM) and symbols to the CFD. 
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Figure 11. The locations where energy losses occur in the ABG circulation at (a) normal PVR, (b) elevated PVR, and (c) high PVR. These results are obtained from the algebraic model. 
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Figure 12. The same results as Figure 11, namely, losses in the ABG circulation, but on a relative scale at (a) normal PVR, (b) elevated PVR, and (c) high PVR. 
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Figure 13. (a) The PA pressure, (b) the ejector pump pressure recovery, (c) the SVC pressure, and (d) the ejector pump efficiency as functions of the nozzle area and the PVR. The dashed line in (c) represent the optimal nozzle area that produces the lowest SVC pressure at a given PVR. These results are obtained from the algebraic model. 
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Figure 14. (a) The cardiac output, (b) the pulmonary-to-systemic flow ratio, (c) the aortic oxygen saturation, and (d) the oxygen delivery as functions of the nozzle area and the PVR. These results are produced by the algebraic model. 
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