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Abstract

:

Three-dimensional computational fluid dynamics (CFD) simulations were performed in the anastomotic region of the Fontan route between the venae cava and pulmonary arteries to investigate the risk of thrombosis due to blood stasis in the Fontan circulation. The finite volume method based on the time-averaged continuity and Navier–Stokes equations combined with the k-ω SST turbulent model was used in the CFD simulations. Low shear rate (SR) and SR on the wall (WSR) of <10 s−1 were used as markers to assess blood stasis as a cause of blood coagulation. Simulated blood flow velocity and both SR and WSR were reduced in the right atrium (RA) as the cavity of a flow channel in the atriopulmonary connection (APC) Fontan model, whereas the values increased in the total cavopulmonary connection (TCPC) Fontan model, which has no cavity. The volume of SR <10 s−1 and wall surface area of WSR <10 s−1 were, respectively, 4.6–261.8 cm3 and 1.2–38.3 cm2 in the APC Fontan model, and 0.1–0.3 cm3 and 0.1–0.6 cm2 in the TCPC Fontan model. The SR and WSR increased in the APC model with a normal-sized RA and the TCPC model as the flow rate of blood from the inferior vena cava increased with exercise; however, the SR and WSR in the RA decreased in the APC model with a dilated RA owing to the development of a recirculating flow. These findings suggest that the APC Fontan has a higher risk of thrombosis due to blood stasis than the TCPC Fontan and a higher RA dilation is associated with a higher risk of thrombosis from a fluid mechanics perspective.
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1. Introduction


The Fontan procedure is performed as the final-stage surgery in patients with a single ventricle, which is a type of congenital heart disease; in this procedure, venous blood flow from the venae cava is surgically redirected to the pulmonary arteries to improve cyanosis [1,2]. The surgery to establish atriopulmonary connection (APC) is a classical Fontan procedure in which venous blood from the venae cava flows through the right atrium (RA) to the pulmonary artery. The APC Fontan frequently causes the RA to dilate, resulting in supraventricular arrhythmia. For patients with a failed APC Fontan, a conversion to the total cavopulmonary connection (TCPC) Fontan is performed, in which venous blood from the venae cava directly flows into the pulmonary arteries without passing through the RA to achieve better results.



The high occurrence of thrombosis in the Fontan route [1,2,3,4], where venous stagnation is likely to induce blood coagulation, is a crucial issue in the Fontan circulation. The risk of thrombosis is lower in TCPC Fontan than in APC Fontan [1,3]. However, based on clinical observational research alone, it is difficult to explain the reason for the difference in the occurrence of thrombosis between the two types of Fontan and reflect the findings on the prevention and treatment of thrombosis.



Computational fluid dynamics (CFD) simulation aids in the understanding of blood flow details in the Fontan circulation [5]. Yoganathan et al. conducted a series of pioneering CFD studies on the Fontan circulation to understand the physiological state of blood flow in the Hemi-Fontan and TCPC and apply them to pre- and postoperative planning and evaluation [6,7]. Regarding thrombosis in Fontan circulation, Kung et al. [8] used a CFD simulation to propose a blood flow prediction method in the Hemi-Fontan procedure and quantitatively evaluated low shear rate (SR) as a risk factor for thrombosis. Sughimoto et al. [9] used two-dimensional computer simulations to demonstrate that the SR of blood flow in the RA of the APC Fontan is lower than that in the TCPC Fontan, indicating that blood stasis in the APC Fontan is more likely to induce thrombosis than that in the TCPC Fontan.



A three-dimensional CFD simulation for blood flow in the Fontan route was performed in this study by developing models of the blood flow channels for the APC and TCPC Fontan based on the reported measurements of geometries and flow conditions. The finite volume method (FVM) is used in the CFD simulations, which assumes incompressible viscous flow. The low SR and SR on the wall (WSR) were used as markers to assess blood stasis as a cause of blood coagulation. At rest and during exercise, flow rate conditions are considered. Following the flow channel geometries, flow rate conditions, and simulated blood flow velocity, SR and WSR are characterized; this characterization demonstrates how a region of low SR indicates the risk of thrombosis.




2. Methods


Idealized three-dimensional models of blood flow channels were developed for the anastomotic regions of the Fontan route in adults, which included the RA, inferior vena cava (IVC), superior vena cava (SVC), and pulmonary arteries (PAs) (Figure 1). An APC flow channel comprises the RA, IVC, SVC, and main PA. The APC Fontan was modeled for two types of RAs: normal-sized RA (APC-NRA) and dilated RA (APC-DRA). For the RAs, the maximum diameters in the anterior–posterior, left–right, and superior–inferior directions were 45.0, 35.0, and 62.5 mm [10,11,12,13] in APC-NRA, respectively; the diameters were doubled in APC-DRA. The RA’s cross-sectional shape was determined using two semi-ellipses with different diameters. The RA was set to be noncontractile, with the shape and length remaining constant throughout the cardiac cycle. IVC, SVC, and PA shapes were modeled as straight pipes with diameters of 22.0, 14.0, and 26.0 mm, respectively [14,15]; the lengths were 50.0 mm for both IVC and SVC and 150.0 mm for PA. The extracardiac conduit from the IVC (hereinafter called IVC-ECC) and SVC were connected to the left and right PAs in the TCPC model. Diameters were set as 22.0, 14.0, and 16.0 mm for IVC-ECC, SVC, and PA, respectively [14,16,17]; the lengths were 50.0 mm for both IVC-ECC and SVC, and 150.0 mm for PA, modeled as the straight pipes. Because the PAs in the TCPC model are the left and right PAs, whereas the PA in the APC is the main PA, the diameter of the PA is smaller in the TCPC model than in the APC model. The central axis of the SVC and IVC-ECC was offset by 18.0 mm in the left–right direction. At junctions between the RA, IVC or IVC-ECC, SVC, and PAs, the wall surfaces were chamfered with a 5.0–20.0 mm radius to make them smooth.



CFD simulations for blood flow were based on time-averaged equations for an incompressible viscous flow. The governing equations are the equation of continuity:


    ∂  u i    ∂  x i    = 0 ,    



(1)




and the Reynolds-averaged Navier–Stokes equations:


    ∂  u i    ∂ t   +  u j    ∂  u i    ∂  x j    = −  1 ρ    ∂ p   ∂  x i    +  (  ν +  ν t   )     ∂ 2   u i    ∂  x j  ∂  x j      .  



(2)







In Equations (1) and (2) described in the Einstein notation,    u i    represents the velocity in the direction    x i    (   x 1  = x  ,    x 2  = y  ,    x 3  = z  ),  p  represents the pressure,  ρ  represents the density,  ν  represents the kinematic viscosity, and    ν t    represents the kinematic eddy viscosity. The  k - ω  SST turbulence model [18] is used to determine    ν t   . Based on previous studies, the physical properties of the fluid blood were set as   ρ = 1.06 ×   10  3    kg/m3 [19] and   ν = 4.43 ×   10   − 6     m2/s [20]. The turbulence model parameters were set to 1% in the turbulence intensity and 0.07 D , mixing lengths for inflow, at the IVC or IVC-ECC and SVC, where  D  is the diameter of the vena cava. The free software OpenFOAM8 (The OpenFOAM Foundation, https://openfoam.org/, 15 August 2020) was used for numerical calculations based on the FVM, and the PIMPLE algorithm that combines the PISO [21] and SIMPLE [22] algorithms were used to solve pressure–velocity coupling equations.



Constant flow rates and corresponding mean velocities for the flow of blood from the IVC or IVC-ECC and SVC as the inlets were determined (Table 1) based on the measurement data obtained under three conditions: rest, mild exercise, and moderate exercise [23]. The Reynolds number (   Re    = U D / ν  ), defined using the diameter  D  and mean velocity  U  in the IVC or IVC-ECC, was 641–1302. The mainstream velocity was set to a parabolic profile, assuming fully developed flow. A zero pressure and a zero-velocity gradient were applied to the end of the PAs as the outlets. Notably, outlet pressure at a PA in the APC model was arbitrary because the APC has a single outlet and that at both PAs in the TCPC model was set at the same value because the flow conditions at the right and left PAs are assumed to be the same because of the symmetrical vessel geometries. The wall was placed under a no-slip condition. The velocity and pressure fields were both set to zero for the initial conditions.



The unstructured computational meshes used for FVM in CFD were created using the free software cfMesh v1.1 (Creative Fields, https://cfmesh.com/, 5 August 2020), in which most meshes were hexahedral. According to the mesh convergence test (Appendix A), the edge length of a mesh,   Δ x   [mm], in the luminal region was set at   0.5   mm, except for the APC-NRA and APC-DRA models at rest where   Δ x   was set at   0.3   mm. The edge length of a mesh in the direction normal to the surface of the wall was set at   0.5 Δ x  . The total numbers of computational meshes were 1.53 (  Δ x = 0.5    mm   ) and 6.71 (0.3 mm) million in the APC-NRA, 4.66 (0.5 mm) and 20.82 (0.3 mm) million in the APC-DRA, and 91.9 (0.5 mm) million in the TCPC. The simulation results of flow velocity, SR, and WSR mentioned in the following section converged to specified numbers regarding the lengths of IVC or IVC-ECC, SVC, and PAs as the blood flow inlets and outlets. An SR and a WSR of <10 s−1 were used as markers to assess blood stasis as a cause of blood coagulation.




3. Results


3.1. Velocity and SR in APC and TCPC at Rest


Under the rest flow condition, blood flow simulations for the APC and TCPC routes exhibited blood flow characteristics that differed depending on the channel geometry. The blood flow in the RA was characterized by two parts in the APC model: one was mainstream from the IVC and SVC toward the PA, and the other was a low-velocity region in the distended portion of the RA that served as a cavity in the flow channel, which was accompanied by a low SR   γ ˙   [s−1] (Figure 2). The histograms of SR   γ ˙   and WSR     γ ˙  w    (Figure 3) indicated that the volume with an SR   γ ˙   of <10 s−1,    V  < 10    s  − 1       [cm3], and the wall surface area with a WSR     γ ˙  w    of <10 s−1,    S  < 10    s  − 1       [cm2], were, respectively, 15.0 cm3 and 7.9 cm2 in the APC-NRA, and 240.0 cm3 and 12.3 cm2 in the APC-DRA. Flow separation occurred near the junction among the IVC-ECC, SVC, and PAs in the TCPC, which was accompanied by low SR   γ ˙   and WSR     γ ˙  w    (Figure 4). The magnitudes of   γ ˙   and     γ ˙  w    were much higher than those noted in the APC model;    V  < 10    s  − 1     =   0.3 cm3 and    S  < 10    s  − 1     =   0.6 cm2 were less than 2% and 8%, respectively, of the values observed in the APC-NRA.




3.2. Velocity and SR in APC and TCPC during Exercise


The flow rate increase in the IVC and IVC-ECC because of exercise led changes in blood flow compared with rest, as follows. The flow velocity increased in the distended portion of the RA (Figure 5a) in the APC-NRA and the PAs of the TCPC (Figure 5c). Consequently, SR   γ ˙   and WSR     γ ˙  w    increased overall in both the APC-NRA and TCPC models (Figure 6a,c and Figure 7a,c); the low SR volume    V  < 10    s  − 1       and WSR surface area    S  < 10    s  − 1       during moderate exercise were 4.6 cm3 (31% of the resting flow condition) and 1.2 cm2 (15%), respectively. However, in the APC-DRA, the strong mainstream from the IVC to the PA blocked the blood flow from SVC to the distended portion of the RA (Figure 5b). Therefore, the recirculating flow was enhanced to increase the low SR volume    V  < 10    s  − 1       and low WSR surface area    S  < 10    s  − 1       by, respectively, 1.06 (254.5 cm3) and 2.2 (27.2 cm2) times during mild exercise and 1.09 (261.8 cm3) and 3.1 (38.8 cm2) times during moderate exercise (Figure 6b and Figure 7b). Thus, in APC, the effects of IVC flow rate on RA blood flow differed between normal-sized and dilated RAs.





4. Discussion


For the Fontan circulation, three-dimensional CFD simulations were performed to characterize the blood flow according to the flow channel geometries. Flow velocity was lower in the distended portion of the RA in the APC model than in the TCPC model, resulting in lower SR and WSR. Flow velocity and both SR and WSR increased overall in the APC-NRA and TCPC models when the flow rate in the IVC and IVC-ECC increased because of exercise. However, they decreased in the APC-DRA due to enhanced recirculating flow. Therefore, the APC Fontan may have a higher risk of thrombosis due to blood stasis than the TCPC Fontan. Furthermore, the risk of thrombosis within the APC is higher in the dilated RA than in the normal-sized RA. This finding supports the notion that conversion to TCPC Fontan effectively prevents thrombosis, and it further provides useful information on how soon the conversion surgery should be performed based on the degree of RA dilation.



Increasing the flow rate in the IVC reduced SR and WSR in the APC-DRA. This result was not observed when the Re was reduced to a value of <10 at the IVC (data not shown) or in the APC-NRA. When assessing low SR and WSR and the associated risk of thrombosis, this emphasizes the importance of Re and simultaneous consideration of the RA size and the flow rate balance between the IVC and SVC.



In the case of expansion flow, transient flow between the laminar and turbulent states can occur if the Reynolds number exceeds a few hundred. With a limited number of computational meshes available, such flow may be numerically simulated using a turbulent model [24,25]. Among several types of turbulent models, the  k - ω  SST model is appropriate for relatively low Reynolds number to estimate shear strain/stress close to the wall. It should also be noted that the SST model successfully simulates laminar flow [24].



This study has some limitations. First, the APC and TCPC as blood flow channels had their geometries simplified. Our models may not accurately reflect geometrical properties in detail, such as the curved shapes of IVC, SVC, and PAs as well as the local distortion of the RA compared with an image-based model [26]. Second, for simplicity, the RA shape was fixed as a noncontractile model, whereas the RA frequently contracts to support efficient cardiac output in the Fontan circulation [27]. Third, it was assumed that the venous-return blood flow rate in the TCPC was the same as that in the APC and the mainstream velocity profile was parabolic and constant in time. Finally, owing to the limited computational cost, the turbulence model was used. These factors might have affected the blood flow properties such as recirculating flow in the APC model and separation flow at the TCPC model’s junction, which might have further affected the SR and WSR values and distribution. However, because the present study’s geometry models and flow rate conditions are based on the measurement data obtained from previous studies, we believe the findings represent fundamental characteristics of blood stasis in the Fontan routes.



Based on Virchow’s triad, blood stasis can be considered as a significant cause of thrombosis [28]. SR and WSR were used as markers to assess blood stasis as a cause of thrombosis in this study. The threshold value of 10 s−1 assumed for low SR and WSR was based on the SR values reported in previous in vitro experiments [29,30]; below this threshold, fibrin monomer formation and polymerization occur. It also corresponds to the fact that on the basis of canine blood flow velocity and vessel size [31], time-averaged WSR is 20–30 s−1 in the ascending aorta, and smaller blood vessels have higher WSR. In contrast, SR and WSR values may not be sufficient to assess the thrombus formation in vivo. For instance, recent CFD simulations in a left auricular appendage, where thrombus occurs more frequently in atrial fibrillation than in a normal sinus rhythm, revealed a difference in volume-averaged SR [32] and residence time [33,34], whereas WSR is unlikely to change between a normal sinus rhythm and atrial fibrillation [35]. Jiang et al. [36] used a two-phase flow simulation to demonstrate the importance of the accurate estimation of blood residual as a cause of thrombosis. This is an unsolved task for future studies, leading to the establishment of references for anticoagulation therapy [3,4] in the Fontan circulation. Because the difference in blood flow is relatively large between the APC and TCPC, the simulation results of the present study suggest that SR and WSR represent the risk of thrombosis in Fontan routes due to blood stasis.
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Appendix A


Mesh convergence properties were examined for SR   γ ˙   and WSR     γ ˙  w    using the APC-NRA, APC-DRA, and TCPC models in two flow rate conditions of rest and moderate exercise (1.0 W/kg). The mesh size   Δ x   varied from 0.7 and 0.5 mm to 0.3 mm, where   Δ x = 0.3   mm was the finest mesh size with which simulations were feasible in our computational resources available. The histograms of SR   γ ˙   and low SR volume    V  < 10    s  − 1       (Figure A1) and those of WSR     γ ˙  w    and low WSR surface area    S  < 10    s  − 1       (Figure A2) indicate that simulated SR   γ ˙   and WSR     γ ˙  w    essentially converged at   Δ x   = 0.5 mm, such that    V  < 10    s  − 1       and    S  < 10    s  − 1       varied between   Δ x   = 0.5 and 0.3 mm by <5%. As an exception,    V  < 10    s  − 1       and    S  < 10    s  − 1       in the APC-NRA at rest varied between   Δ x   = 0.5 and 0.3 mm by 12% and 25%, respectively, and    S  < 10    s  − 1       in the APC-DRA at rest varied between   Δ x   = 0.5 and 0.3 mm by 31%. According to these results, the mesh size   Δ x   was set at 0.5 mm, except for the APC-NRA and APC-DRA models in the resting flow rate condition where   Δ x   was set at 0.3 mm.



The mesh convergence test indicates that the current simulation results of the APC-NRA and APC-DRA at rest are not numerically convergent. However, the difference between the current simulation results and numerically convergent ones would not alter the conclusions of the present study because it does not affect the magnitude relations among the simulation conditions. For instance, in the case of volume    V  < 10    s  − 1       in the APC-NRA at rest, judging from the decreasing tendency of    V  < 10    s  − 1       with decreasing   Δ x   (in the left column of Figure A1), simulated    V  < 10    s  − 1       appears to converge to a certain value    V  < 10    s  − 1    C    that is smaller than    V  < 10    s  − 1       of the current simulation (  Δ x   = 0.3 mm) and    V  < 10    s  − 1    C    is likely to be greater than a half value of    V  < 10    s  − 1       of the current simulation. Thus,    V  < 10    s  − 1    C    in the APC-NRA at rest is likely to be greater than that of the TCPC and smaller than that of the APC-NRA during moderate exercise, which is same with    V  < 10    s  − 1       of the current simulation.
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Figure A1. Mesh convergence test on SR   γ ˙   [s−1] using APC-NRA, APC-DRA and TCPC models in flow rate conditions of rest and moderate exercise (1.0 W/kg). (a) Histograms of   γ ˙   [s−1] and (b) low SR volume    V  < 10    s  − 1       [cm3] as the function of mesh size   Δ x   [mm]. 






Figure A1. Mesh convergence test on SR   γ ˙   [s−1] using APC-NRA, APC-DRA and TCPC models in flow rate conditions of rest and moderate exercise (1.0 W/kg). (a) Histograms of   γ ˙   [s−1] and (b) low SR volume    V  < 10    s  − 1       [cm3] as the function of mesh size   Δ x   [mm].
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Figure A2. Mesh convergence test on WSR   γ ˙   [s−1] using APC-NRA, APC-DRA and TCPC models in flow rate conditions of rest and moderate exercise (1.0 W/kg). (a) Histograms of   γ ˙   [s−1] and (b) low WSR surface area    S  < 10    s  − 1       [cm2] as the function of mesh size   Δ x   [mm]. 






Figure A2. Mesh convergence test on WSR   γ ˙   [s−1] using APC-NRA, APC-DRA and TCPC models in flow rate conditions of rest and moderate exercise (1.0 W/kg). (a) Histograms of   γ ˙   [s−1] and (b) low WSR surface area    S  < 10    s  − 1       [cm2] as the function of mesh size   Δ x   [mm].
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Figure 1. Models of blood flow channels involving the anastomotic regions of the venae cava and pulmonary arteries. (a) Atriopulmonary connection (APC) with normal-sized right atrium (APC-NRA), (b) APC with dilated right atrium (APC-DRA), and (c) total cavopulmonary connection (TCPC). The coordinate axes indicate the superior(S)–inferior(I), anterior(A)–posterior(P), and left(L)–right(R) directions, in which the lengths of axes indicate 4 cm. 
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Figure 2. Simulated blood flow in (a) APC-NRA and (b) APC-DRA at a flow rate condition of the rest state. Flow velocity  u  [m/s] in the coronal and horizontal cross-sections, shear rate (SR)   γ ˙   [s−1] in the coronal cross-section and wall shear rate (WSR)     γ ˙  w    [s−1] are shown from right to left. 
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Figure 3. Histograms of (a) SR   γ ˙   [s−1] and (b) WSR     γ ˙  w    [s−1] in the anastomotic regions of the vena cava and pulmonary arteries. Green surfaces in the schematic drawings of the APC and TCPC models illustrate evaluation regions for this histogram. The class interval for both   γ ˙   and     γ ˙  w    was set as 5 [s−1], and corresponding volume  V  [cm2] in (a) and wall surface area  S  [cm2] in (b), as the frequency, were calculated at each   γ ˙   or     γ ˙  w    value. 
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Figure 4. Same as Figure 2a,b but in the TCPC model. 
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Figure 5. Effects of a flow rate condition on blood flow. For three flow rate conditions of rest (left), mild exercise (0.5 W/kg, mid), and moderate exercise (1.0 W/kg, right), velocity magnitude  u  [m/s] (left) and SR   γ ˙   [s−1] (mid) in the coronal cross-section and WSR     γ ˙  w    [s−1] (right) are shown for (a) APC-NRA, (b) APC-DRA, and (c) TCPC models. 
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Figure 6. Histograms of SR   γ ˙   [s−1] in three flow rate conditions of rest, mild exercise (0.5 W/kg), and moderate exercise (1.0 W/kg) for (a) APC-NRA, (b) APC-DRA, and (c) TCPC. 
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Figure 7. Histograms of WSR     γ ˙  w    [s−1] in three flow rate conditions of rest, mild exercise (0.5 W/kg), and moderate exercise (1.0 W/kg) for (a) APC-NRA, (b) APC-DRA, and (c) TCPC. 
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Table 1. Blood flow rate [23] from the venae cava and mean velocity.
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IVC and IVC-ECC

	
SVC




	

	
Flow Rate

[μm3/s]

	
Mean Velocity

[m/s]

	
Flow Rate

[μm3/s]

	
Mean Velocity

[m/s]






	
rest

	
49.1

	
0.129

	
38.6

	
0.251




	
0.5 W/kg

	
79.1

	
0.208

	
38.9

	
0.253




	
1.0 W/kg

	
99.7

	
0.262

	
38.9

	
0.253
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