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Abstract: Background: The assessment of renal function is important to the prognosis of patients needing Fontan palliation due to the reconstructed compromised circulation. To know the relationship between the kidney perfusion and hemodynamic characteristics during surgical design could reduce the risk of acute kidney injury (AKI) and the postoperative complications. However, the issue is still unsolved because the current clinical evaluation methods are unable to predict the hemodynamic changes in renal artery (RA). Methods: We reconstructed a three-dimensional (3D) vascular model of a patient requiring Fontan palliation. The technique of computational fluid dynamics (CFD) was utilized to explore the changes of RA hemodynamics under different possible blood flow rates. The relationship between the kidney perfusion and hemodynamic characteristics was investigated. Results: The calculated results indicated the declined tendency of the pressure and pressure drop as the flow rate decreased. When the flow rate decreased to two-thirds of its baseline, both the pressure of left renal artery (LRA) and the pressure of right renal artery (RRA) dipped below 50%, and the pressure of RRA fell more quickly than that of LRA. Uneven distribution of WSS was observed on the trunk of RA, and the lowest WSS was found at the distal of RA. The average WSS in RA dropped to around 50% as the flow rate reached one-third of its baseline. Conclusions: As a promising approach, CFD can be utilized to quantitatively evaluate the hemodynamic characteristics of RA and contribute to offsetting the drawbacks of clinical assessments of renal function, to help realize better prognosis for the patients with Fontan palliation.
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Nomenclature



	AA
	abdominal aorta



	AKI
	acute kidney injury



	BSA
	body surface area



	bpm
	beat per minute



	CFD
	computational fluid dynamics



	CPB
	cardiopulmonary bypass



	CRF
	chronic renal failure



	d
	characteristic length



	EBS
	Ebstein’s anomaly



	EDV
	end diastolic velocity



	GS
	Glenn shunt



	HR
	heart rate



	HRV
	hypoplastic right ventricle



	Lh
	hilum of the left kidney



	LRA
	left renal artery



	PSV
	peak systolic velocity



	M
	male



	MAP
	mean arterial pressure



	p
	pressure



	Re
	Reynolds number



	Rh
	hilum of the right kidney



	RI
	resistance index



	RRA
	right renal artery



	WSS
	wall shear stress



	t
	time



	ux
	velocity along the vascular wall



	v
	velocity



	y
	height above the wall



	μ
	viscosity



	ρ
	blood density



	τwall
	wall shear stress




1  Introduction

Kidney, as one of the important organs, has a great major role in filtration, metabolism and excretion of compounds [1]. The blood flow of kidney received takes up approximately 20%–25% of total cardiac output [2]. Because of its role, renal function has a great impact on the systemic circulation and prognosis of patients with cardiovascular diseases, which is a common focused indication during cardiovascular perioperative period consequently [3,4]. Fontan palliation is the commonly acceptable operation for patients born with functionally univentricular circulation for whom double ventricular circulation cannot be achieved. The palliation usually constructs an anastomosis with system venous and pulmonary arteries for restoring the in-series circulation. Owing to the peculiar anatomy of Fontan circulation, renal function of Fontan patients was more significant than that of other cardiac malformations, even as a determinant of their prognosis [5]. Of these, the application of intraoperative cardiopulmonary bypass, the frequent use of perioperative cardiotonic drugs and the geometric change of postoperative blood vessel morphology led to fluctuations in systemic circulation hemodynamics in Fontan patients [6], as well as that in renal artery (RA). Hemodynamic disturbance could bring a negative influence on renal function subsequently [7], which may lead to acute kidney risk or injury. However, there are few studies on the hemodynamic evaluation of RA currently because of the limitation of measurement methods [8]. Early detection of the alterations of RA hemodynamics and recognition of the deterioration of renal function would contribute to better outcomes for Fontan patients.

Computational fluid dynamics (CFD) has been emerging in many medical fields as a technological approach [9]. It can be used for simulating blood flow movements under different pathological or physiological situations by utilizing reconstructed individualized vascular models of patients and calculating the flow domain with corresponding blood boundary conditions. Compared with traditional imaging technologies, it can realize quantitative evaluation and prediction of blood flow movements intuitively in three dimensions (3D) for knowing the hemodynamic characteristics [10], rather than a sole vessel cross-section in the ultrasound measurements. Based on the preponderance of CFD technology, it has been applied a lot in the surgical design of Fontan palliation. However, most of them focused on these issues, like various geometries of cavopulmonary shunts and different fenestration forms or so [11–15]. Except for the above, Trusty et al. [16] also attempted to explore the relationship between hepatic fibrosis and Fontan hemodynamics. Whereas there are fewer studies on the hemodynamic effects of Fontan palliation on the renal arteries, which may lead to the hemodynamic alterations of RA, relate to surgical design, and affect the prognosis of Fontan patients as well. Fontan palliation changed the primary circulation actually and caused the fluctuation of cardiac output, as results as the changeable perfusion of kidney and related complications were prone to occur. Whether these hemodynamic alterations of RA are into the adjustable physiology range is unclear. Besides, the employment of cardiopulmonary bypass (CPB) which provides a bloodless field during the operative period, replaced the function of heart pumping and changed primary pulsative effects. Surgeons always drained the venous blood through the intravenous cannulation and placed the arterial conduit in the ascending aorta to maintain systemic circulation, and the maintained blood pressure was lower than the primary one consequently [17]. All these above factors can bring unknown hemodynamic influence on RA through various renal perfusion during the Fontan palliation period. A better comprehension of the relationship between blood flow perfusion and RA hemodynamics may help to accomplish a well-thought-out surgical design.

In order to figure out the effects of different renal perfusion on RA hemodynamics of Fontan patients, we utilized CFD technology to penetrate into the alterations of RA hemodynamic characteristics under different blood flow rates. We reconstructed a patient-specific 3D model of RA, rendered degressive flow rates to the abdominal aorta (AA), and analyzed hemodynamic alterations of RA. The aim of the present study is to provide not only local hemodynamic evaluations by CFD, but also quantitative information to the clinicians for a better surgical design.

2  Methods

2.1 Patient Data and Model Reconstruction

The current study was conducted in accordance with the Declaration of Helsinki (as revised in 2013). It was carried out with the approval of the local institutional review board and regional research ethics committee of Shanghai Children’s Medical Center (SCMC) Affiliated Shanghai Jiao Tong University School of Medicine (SCMCIRB-K2021052-1), and written informed consent was obtained from the patient’s parents. The diagnosis of the patient was hypoplastic right ventricle (HRV), and he was going to perform Fontan palliation. The basic demographic and clinical information were shown in Table 1. The abdominal vascular imaging data of the patient before Fontan palliation were acquired by a 64-slice multi-detector row enhanced computed tomography (CT) scanner (Bright Speed Elite, GE Medical System, General Electric, Fairfield, Connecticut, USA). Meanwhile, related ultrasound blood flow data of these vessels were collected by color Doppler flow imaging (CDFI) measurement, including the peak systolic velocity (PSV), the end diastolic velocity (EDV) and the resistance index (RI), and so on. Table 2 collected patient-specific ultrasound data about renal arteries.
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The highly integrated medical image processing software, Materialise®-Mimics Innovation Suite 20.0 (Materialise NV. Leuven, Belgium) and Materialise®-3-Matic 12.0 (Materialise NV. Leuven, Belgium), were utilized to perform 3D reconstruction of AA, RA and other vascular branches. Fig. 1 showed the reconstruction of patient-specific 3D vascular model. The model remained AA, hepatic artery (HA), splenetic artery (SA), left renal artery (LRA) and right renal artery (RRA), which were exported in stereolithography interface format (STL) for CFD analysis.
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Figure 1: The reconstruction of the patient-specific 3D model

2.2 Numerical Simulation and Hemodynamic Parameters

ANSYS®-ICEM CFD 2020 (ANSYS Inc. Houston, Texas, USA), as the mesh-generation software, was applied for the tetrahedral mesh generation in the interior of the model and five layers of body-fitted prism mesh generation in the near-wall region. Concerning the complex geometry of the vascular model, especially in the connection area of branches with different diameters, the self-adaptive refinement was used to be optimized globally. We found that sensitivity analysis of the grid refinement showed the most efficient when the total number of mesh elements achieved 1.0 million.

Assuming that the vascular wall was rigid and had no slip, and the blood flow was Newtonian fluid [18] with a density of 1060 kg/m3 and a dynamic viscosity of 3.5 × 10−3 Pa⋅s. The numerical simulation software ANSYS®-Fluent 2020 (ANSYS Inc. Houston, Texas, USA) was used to analyze the hemodynamic performance of the 3D reconstructed RA model based on the continuity and Navier-Stokes (N-S) equations. They were as follows (Eqs. (1) and (2)):


∇⋅v=0
(1)


ρDvDt+ρv⋅∇v=−∇p+μ∇2v
(2)

where ρ is the blood density, v is the velocity vector of a point in the fluid domain, μ is the viscosity, t is the time, and p is the pressure.

To explore the effects of fluctuated blood perfusion on RA hemodynamics, we assumed the actual ultrasound data as the boundary conditions of “Q” for illustrating the primary state. According to the common practices of cardiopulmonary bypass (CPB) in our hospital SCMC, we found one-third of the flow rate in “Q” close to the lowest available value during CPB operation. And we multiplied the flow rate by 2/3 and 1/3, respectively, and set “2/3 Q” and “1/3 Q” to represent different blood fluctuations in Fontan palliation process consequently.

In view of the three states, we adopted the clinical measurement values to figure out the dimensionless unit, the Reynolds number (Re), for detecting the blood flow movement of RA. It was defined as the following (Eq. (3)):


Re=ρνdμ
(3)

where v was the velocity, and d was the characteristic length. Accordingly, the Re numbers of the three states were all smaller than the critical value (2300 generally) [19]. Meantime, lots of numerical simulation research about AA conducted the laminar model for solving these blood flows [20–22], and we herein chose the laminar model.

To simulate the actual blood flow of aorta under the application of CPB, we measured the vessel length from the implanted site of aortic conduit to the inlet, which is approximately equal to 20 times the diameter of the abdominal aorta. Hence, the inlet was added a 20 times extension of the diameter in the upstream direction. The velocity of the inlet was acquired by the patient-specific ultrasound data, and the flow rates of bilateral RA were also obtained. Depending on the patient-specific ultrasound data, we got these blood flow fractions among the vascular branches of AA. Compared with the blood flow fractions utilized by Qin et al. [23] for detecting the hemodynamics of AA, our obtained data about fractions were in its range. Herein, the blood flow fractions were adopted, and we assumed the constant values in three situations, given that kidney had a regulating function in a certain range of blood pressure [24,25]. The SIMPLE algorithm and the second-order upwind scheme were used to solve the blood flow domain, and the convergence criterion was set to 10−5.

In the process of Fontan palliation, the reconstruction of cardiovascular circulation, the application of CPB and the frequent employment of vasoactive drugs would change the cardiac output and pressure of inferior vena cava directly, inducing the fluctuations of blood perfusion for RA finally. And these parameters, such as pressure, pressure drop%, velocity, streamlines and wall shear stress (WSS), were supposed to reveal the alteration of hemodynamic characteristics initially. This study thereupon mainly discussed the above parameters.

Pressure drop% was the ratio of pressure drop between the inlet and outlets of RA to the inlet blood pressure of RA, which was defined as follows (Eq. (4)):


Pressuredrop%=Pinlet−PoutletPinlet×100%
(4)

where Pinlet and Poutlet are the average blood pressure of RA inlet (the connection area of RA and AA) and outlets (the ends of RA branches of the reconstructed model), respectively. The pressure drop% of LRA and RRA were both calculated.

WSS is the interaction force formed by the flowing blood on the wall of vessels. It was proven to be relevant to vascular endothelial dysfunction [26]. It was given by (Eq. (5)):


τwall=−μ∂ux∂y|y=0
(5)

where μ is the viscosity, ux is the velocity of the blood flow along the vascular wall, and y is the height above the wall.

3  Results

3.1 Pressure and Pressure Drop%

Fig. 2 displayed the pressure distribution of patient-specific 3D models under different blood flow rates. When the blood flow rate maintained the original level, as “Q”, the average pressure of AA was about 75.2 mmHg, higher than the value of mean arterial pressure (MAP = 72.7 mmHg) due to the neglection of the elastic artery wall in simulation. As the flow rate of inlet cut down to “1/3 Q”, the average pressure of AA (48.1 mmHg) was near the minimum value of the physiologically affordable blood pressure (50 mmHg) [27]. Hence, we presumed the kidney of the patient could still adjust the decreased pressure within the physiological range, and the primary proportions of blood flow fractions hold the same when setting the boundary conditions of outlets in “2/3 Q” and “1/3 Q”. From “Q” to “1/3 Q”, blood pressure of the main trunk of AA was decreasing gradually. However, for RA, the decreasing tendency only exited in the region close to the main body of AA. The pressure changes in distal vessels of RA were not obvious.
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Figure 2: Pressure contour plots of the three states

Fig. 3 demonstrated the tendency of pressure drop% from “Q” to “1/3 Q”, which represents the descendent tendency of pressure in LRA and RRA, respectively. The value of pressure drop% in RRA was higher than LRA. The difference was caused by the primary unbalance of resistance index (RI) between LRA (0.73) and RRA (0.78). What’s more, the pressure drop% of RRA fell more quickly than LRA. A more significant decreasing tendency was observed from “Q” to “2/3 Q” than that from “2/3 Q” to “1/3 Q”. In “2/3 Q”, the pressure drop% of LRA and RRA both dipped below 50%. The gap of LRA and RRA shown in Fig. 3 was getting smaller as the decreasing flow rates.
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Figure 3: Tendence of pressure drop% in the three states

3.2 Velocity and Streamlines

As shown in Fig. 4, a decreased tendency about the value of velocity was observed from “Q” to “1/3 Q”. The streamlines of the whole flow domain were flat, with no obvious turbulence flow. In every state, it was noted that a higher velocity region was observed on the main trunk of RA. The higher velocity region gradually faded as the reduced flow rates. The velocity distribution showed that the average velocity of “Q” was around 2.5 m/s, and the average of “1/3 Q” did not even reach 1.5 m/s.
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Figure 4: The velocity distribution of the three states

3.3 Wall Shear Stress

WSS of RA were displayed in Fig. 5. A higher WSS region was observed bilaterally near the entrance of RA, and a lower region near the distal vessel, respectively. With the decrease of flow rates, the area of higher WSS region was becoming smaller, and the lower one bigger. From “Q” to “1/3 Q”, the difference of the average WSS between LRA and RRA, displayed in Fig. 6, was getting smaller and smaller as well. It was ranged from 20.4 to 4.4 Pa. As for RRA, the average value of WSS dropped 52.3 Pa in “Q” from 11.8 Pa in “1/3 Q”. While the alterations were more dramatic in LRA (56.7 Pa). Likewise, the distribution of higher regions was found like a little more uneven than other vascular areas in RA.
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Figure 5: Wall shear stress distribution in the three states
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Figure 6: Average WSS of the three states

4  Discussion

Renal function is a commonly examined indication for cardiothoracic surgeries, which can reflect the fluctuation of systemic circulation indirectly. When postoperative patients occur kidney injuries, such as acute kidney injury (AKI) or chronic renal failure (CRF), the later the kidney injury is diagnosed, the worse the prognosis for patients [28]. Most biochemical examined indications, like serum creatinine and urine output, usually lack certain sensibility and specificity [29,30]. Moreover, the etiology of kidney injury is usually complex, not monopolistic. Among these risk factors, there are plenty of definite risk factors about AKI, for example, the duration of CPB, the complexity of cardiac surgery, low cardiac output syndrome, ischemia-reperfusion injury and so on [27].

Furthermore, Fontan operation is the common palliative procedure for patients with a single ventricle, whose surgical procedures are more complicated than other congenital heart diseases [6,31]. The complexity and particularity of Fontan palliation make the renal function of Fontan patients more susceptible to these risk factors. These factors above can interact with each other and cause the hemodynamic alterations of RA essentially along the continuum of the Fontan palliation process. It is supposed that the alterations of RA hemodynamics have superior to the emergence of biochemical blood markers for renal dysfunction.

Meantime, the employment of CPB technology is quite necessary for Fontan palliation. During the operative period, CPB technology needs to clamp the aorta and replace the systemic circulation to a form like extracorporeal circulation, consisting of an oxygenator and a blood pump. When clamping the aorta, the blood flow of coronary artery would decrease sharply, and the myocardium would not get enough perfusion. Consequently, the function of heart pumping got impaired and patients with cardiac surgeries can develop various complications, like low cardiac output syndrome. As a result, the cardiac output got affected and the whole systemic perfusion got decreased, as well as the poor perfusion of organs, which were relevant to the time of aorta clamping. When the successful work of this extracorporeal circulation was established, the optimal perfusion pressure and flow rates of the blood pump for Fontan patients were still controversial. The detailed control of the blood pump always depended on the experiences of CPB operator. During the working time of CPB, the mean artery pressure is used to maintain the constant value between 50 to 70 mmHg for providing basic life activities [27]. Although the blood pressure maintained the blood perfusion requirements of major organs, like the brain and kidney, it was still a low perfusion pressure, and non-pulsative blood flow differed from physiological pulsation [32]. And there was little known about what hemodynamic alterations the low perfusion and non-pulsative blood flow would bring to the kidney. Hence, it is necessary to elucidate the hemodynamic alterations of RA.

CFD technology, as a promising tool, can analyze the blood flow movements through reconstructed 3D vasular models for a more comprehensive evaluation, rather than a sole vessel cross-section in the ultrasound measurements. More than that, CFD can realize the prediction of hemodynamic characteristics according to different boundary conditions corresponding to research objectives.

This current study performed a steady blood flow to simulate the non-pulsative blood flow, and changed different possible blood flow rates, for figuring out the tendency of hemodynamic alterations of RA. The calculated results were expected for predicting the appropriate perfusion of kidney during the Fontan palliation process and reducing the risks of renal dysfunction in patients with Fontan for better surgical design.

From our calculated results, the average blood pressure of “Q” and “1/3 Q” was near the actual value of mean arterial pressure, MAP (72.7 mmHg) and the minimum adjustive value of CPB (50 mmHg), and these results confirmed the rationality of our simulation. Along with the opening of CPB, the blood pump started to work and pumped blood into the kidney for keeping renal perfusion. The opening period resembled the alteration turning “Q” into “1/3 Q” which was accomplished in CFD simulation. It is easy to find the lower pressure with the decreasing blood flow rate. The velocity of blood flow was decreasing either. When the blood flow rates cut down to “2/3 Q”, the pressure of RA and AA decreased sharply. Within the physiologically affordable blood flow range, kidney started to regulate the fluctuated blood flow through augment of RI. And the ability of regulation would get worsen with the lower perfusion, like the condition as “1/3 Q”. It explained the lowest value of pressure drop% in “1/3 Q” among the three conditions, which meant the increased RI [33,34].

Of note, we found the disturbance of WSS, which was mainly found in the region near the entrance of RA. In this region, blood flow went through the bifurcation of AA and RA firstly, and then turned the corners to renal branches. The complex anatomy shape caused the hemodynamic characteristics changeable, as WSS. The sudden increase of WSS was also observed, as same as the findings of Sughimoto et al. [35]. In the bigger size of blood vessels, as the aorta, the main trunk of hepatic artery and renal artery, WSS means the shear force formed by flowing blood acting on the vessel wall surface. The higher values of WSS predicated the higher shear forces the region suffered and may cause higher risks of the endothelial dysfunction of RA [25]. The long-term risk that renal hilum section suffered may trigger the process of proliferation of the inner membrane [36], which was also found in the development of renal hypertension [37]. More than that, the uneven distribution of WSS suggested a more disorganized flow domain existed in that region, led to endothelial dysfunction and induced kidney function lesion eventually. After Fontan palliation, the anastomosis of cave vein and pulmonary artery, unlike normal venous return, caused the systemic venous pressure to increase. This was equivalent to the increase of the distal pressure and contributed to the poor renal perfusion. The decreasing process of renal perfusion during the postoperative period was also simulated by cutting off the blood flow rate gradually. And the diminishing pressure drop and flow rates proved to the poor renal perfusion either. It was worth noting that the lowest WSS was found in the distal renal arteries. Other than the bigger size vessels, WSS in small size vessels preferred the interforce of blood cells, like red blood cells, white blood cells, or lymphocytes [38,39]. The lower the value of WSS, the slower the velocity change of those vessels. The velocity of blood flow in those distal vessels was also the minimum. Within the almost motionless blood flow, blood cells silted up the whole lumen, and the risk of thrombosis increased dramatically once the hypercoagulable state of Fontan patients occurred [40,41]. Consequently, the perfusion of the posterior renal corpuscle declined sharply, which would make kidney function drastically impacted [42]. And the occurrence of various complications associated with kidney for Fontan patients was apparently higher than in other cardiac surgery patients, owing to the changeable and complex hemodynamics of RA. The hemodynamic alterations of RA illuminated the suspectable tendency of worse renal function in patients with Fontan surgery better.

Herein, investigating the hemodynamic characteristics of RA is necessary for predicting the appropriate renal perfusion of Fontan patients. CFD, as an approach, integrates with strong computational capability and patient-specific investigation. It has the advantage of non-invasion, accuracy and personalization, and provides various hemodynamic parameters which cannot be obtained by clinical measurements [9]. By comparing with the simulation results under different blood flow rates during Fontan palliation procedure, we can predict the alterations of hemodynamic characteristics in RA through CFD analysis. It may contribute to the early detection of kidney lesions for Fontan patients and allow for more quantitative and personalized information for clinicians to make Fontan patients a better outcome in surgical design. Further works will be done to explore the interrelationship between the biomechanical markers and the hemodynamic parameters in the future. What’s more, traditional examined methods, like MRI and ultrasound, combined with CFD, are supposed to establish an emerging evaluation standard about renal kidney for reducing risks of Fontan patients in expectations.

5  Limitations

The present study was a preliminary exploration about the application of CFD in estimating the renal function in patients with Fontan palliation under different states. Previous studies indicated a certain relationship between microcirculation and renal function [43]. Taking into account the safety of pediatric radiation exposure, the use of low-dose contrast media for children’s CT examinations also resulted in a slightly lower resolution of pediatric CT images than adult CT images and the difficulty of the reconstruction of small-size vessels about the kidney [44]. Hence, the image quality was not enough to show the distal vessels clearly. It was technically and ethically inevitable to miss some microvascular structures. The hemodynamic analysis of the microcirculation of RA was not considered in the present study. Additionally, this study assumed the rigid artery wall and the simulation combined with fluid-structure interaction would be applied in the future, considering the elasticity of the artery wall.

6  Conclusion

In this study, CFD was used to investigate the hemodynamic characteristics of RA under different flow rates for imitating the blood flow alterations during the Fontan palliation process. In view of the direct influence caused by blood flow fluctuations, we discussed the pressure, pressure drop%, velocity, streamlines and WSS of RA. With the blood flow rates decreasing, it was remarkably observed that the declined tendency of pressure was consistent with that of the velocity on each side of the renal artery, but the pressure of RRA reduced more quickly than LRA. And the disorganized WSS distribution may contribute to worse renal function and induce complications in Fontan patients. Through the analysis of CFD results, hemodynamic alterations of RA, which were likely caused by the Fontan palliation, would trigger the renal function lesion eventually, related to various complications. Within the physiological adjustive range, the application of CFD technology can contribute to predicting the possible hemodynamic states, and it is worthy of surgical design in clinical practice. In the future, more large-scale investigations will be done on the clinical practice of CFD to realize the intrinsic hemodynamic alteration of RA in Fontan patients and on the coherence of the hemodynamics of RA and traditional examined methods for providing more information to improve the surgical design.
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Table 1: Basic demographical and clinical information

Sex Age Height Weight BSA  HR Pressure MAP Diagnosis
(month)  (cm) (kg) (m*)  (bpm) (mmHg) (mmHg)
Patient M 41 100 16 0.7 116 98/60 72.7 HRYV, EBS,
GS

Note: BSA: body surface area; M: male; MAP: mean arterial pressure; HR: heart rate; bpm: beat per minute; HRV: hypoplastic right ventricle; EBS:
Ebstein’s anomalv: GS: Glenn shunt.
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Table 2: Patient-specific ultrasound data

Measured positions Diameter (mm) PSV (cm/s) EDV (cm/s) RI

AA 7.4 204 21.3 0.9
Ly 3.8 73.9 19.8 0.73
Ry 3.6 115 25.8 0.78

Note: A4: abdominal aorta; Lj: hilum of the left kidney; R,: hilum of the right kidney; PSV: peak systolic
velocitv: EDV: end diastolic velocitv: RI: resistance index.
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