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Abstract: Double aortic arch (DAA) malformation is one of the reasons for symptomatic vascular 10 

rings, the hemodynamics of which is still poorly understood. Double aortic arch is the most 11 

common type of vascular ring often requiring surgical repair in childhood. The hemodynamics for 12 

the DAA remains unclear. This study aims to investigate the blood flow characteristics in patient-13 

specific double aortic arches using computational fluid dynamics (CFD). Seven cases of infantile 14 

patients with DAA were collected and their computed tomography images were used to reconstruct 15 

3D computational models. A modified Carreau model was used to consider the non-Newtonian 16 

effect of blood and a three-element Windkessel model taking the effect of the age of patients into 17 

account was applied to reproduce physiological pressure waveforms. Numerical results show that 18 

blood flow distribution and energy loss of DAA depends on relative sizes of the two aortic arches 19 

and their angles with the ascending aorta. Ligation of either aortic arch increases the energy loss of 20 

blood in the DAA, leading to the increase in cardiac workload. Generally, the rising rate of energy 21 

loss before and after the surgery is almost linear with the area ratio between the aortic arch without 22 

ligation and the ascending aorta. 23 
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1. Introduction 26 

Double aortic arch (DAA) malformation is the most common cause of symptomatic vascular 27 

rings, arising from the persistence of the fourth aortic arches during embryonic development. In 28 

general, both left and right arches give rise to ipsilateral separate carotid and subclavian arteries 29 

(Hanneman et al., 2017). However, most DAA patients have one arch that is larger in size and 30 

extends higher cranially, categorizing the anomaly into dominant right arch (55-70%), dominant left 31 

arch (20-35%) and balanced arches (5-10%) (Temur et al., 2021). Symptoms of DAA include 32 

wheeze, dyspnea, recurrent pulmonary infection and dysphagia due to tracheal and esophageal 33 

compression.  34 

Early surgical repair is recommended for all DAA patients to prevent aggravation of symptoms 35 

or even death. In practice, ligating the non-dominant arch with concurrent repair of other anomalies 36 

is usually performed on patients with one dominant arch (Alsenaidi et al., 2006; Yang et al., 2019). 37 

However, surgeries on balanced arches remain controversial since both arches are similar in 38 

diameter and the choice of intervened arch is based predominantly upon surgeons’ experience. 39 

Subjective judgment may be insufficient considering the complex nature and multiple variations of 40 

aortic morphology as well as hemodynamics (Kaldararova et al., 2017), and suboptimal choice of 41 

ligated arch may lead to compromised prognosis, including insufficient neurological blood supply 42 

and decreased motor function of upper extremities. 43 

Computational fluid dynamics (CFD) can be used to analyze hemodynamics even in complex 44 

anatomies (Taylor and Figueroa, 2009; Numata et al. 2016; Zhu et al., 2019; Ling et al., 2021), and 45 

has been reported providing highly resolved blood flow metrics for surgeons to base their 46 

treatments upon (Pirola et al., 2017; Singh et al., 2016). Although the aortic ligation and aneurysms 47 

of patient with single aortic arch were investigated by many researchers, little work on the 48 

hemodynamics of DAA with CFD method is published (Miyazaki et al., 2017; Hohri et al., 2021). 49 

Furthermore, the above studies are limited to single patients with DAA. In this study, we collected 7 50 
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cases of infantile patients with DAA. We performed the numerical simulations with their computed 51 

tomography (CT) imaged to investigate the aortic hemodynamics in DAA with different anatomical 52 

features. The aim of the present study was to elucidate the aortic hemodynamics in double aortic 53 

arch and the changes of flow distribution ratio and energy loss before and after ligating one of aortic 54 

arches to provide some references for the surgery. 55 

2. Computational modeling and numerical method 56 

In the present study, the flow is considered to be transient, three-dimensional, and laminar since 57 

the mean Reynolds number is less than 1000. The blood is regarded as an incompressible, non-58 

Newtonian fluid with a density of 1060 kg/m3 (Boumpouli et al., 2021). Thus, the conservation 59 

equations can be described as: 60 

 0 v  （1） 61 
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where ρ is the blood density, v and P are the blood velocity and pressure. μ is the viscosity and is 63 

calculated using a modified Carreau model (Gambaruto et al., 2011; Pereira et al., 2013): 64 
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where the zero and infinite strain rate limit viscosities μ0 and μ∞ are equal to 45.6 and 3.2 mPa s, 66 

respectively, the relaxation time constant λ is given by 10.03 s and the power law index n is 0.344.  67 

Using constant or scaled inflow boundary conditions often arises in cardiovascular CFD. Effect 68 

of the two types of inlet flow rate on the simulation is presented in Appendix A. It is found that 69 

using constant or scaled inlet flow rate affects the values of WSS and energy loss, but has no 70 

obvious effect on the flow distribution ratio of each outlet and the variation trend of energy ratio 71 

before and after the surgery. In the present study, the scaled inflow boundary condition is applied. A 72 

pulsatile blood flow velocity waveform of ascending aorta (Fig. 1A) obtained by Kocaoglu et al. 73 

(2021) is used to reconstruct the inlet flow waves that are not available for the present patients. 74 
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Considering the difference with different patients, the flow waveform is interpolated to the heart 75 

rate and the average flow rate of each patient. Here, the flow rate is estimated using the weight of 76 

patients, �̅� = weight × 120 mL/min. The heart rate, weight and other patients’ information are 77 

given in Table 1. The BSA (body surface area) is estimated based on the references of DuBois and 78 

DuBois (1916) and Wang et al. (1992). Previous works showed that a rigid-wall assumption had no 79 

obvious effect on the resultant flow and stress fields (Pereira et al., 2013; Miyazaki et al., 2017), 80 

thus the arterial wall is assumed to be rigid. A three-element Windkessel model (WK3), as shown in 81 

Fig. 1B, is implemented at each outlet to reproduce physiological pressure P waveforms 82 

(Alimohammadi et al., 2014; Bonfanti et al., 2019): 83 

 
dt

dQ
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dt

dp
CRQRRP 21221 )(   （4） 84 

where Q is flow rate, R1 and R2 are proximal and distal resistances, and C is the compliance of the 85 

vasculature distal to outlet. The derivative terms can be approximated using the forward Euler 86 

method for cases with small time step Δt: 87 
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where β=R2C/Δt. In the present study, we cannot obtain the accurate WK3 model parameters since it 89 

is difficult to measure the patient-specific inlet flow rate and pressure of each outlet for the very 90 

young patients. Therefore, these parameters are determined using the method similar to that used by 91 

Alimohammadi et al. (2014), Qiao et al. (2019) and Liao et al. (2021). Different from these 92 

previous works, the age has a significant effect on the WK3 parameters since the patients are very 93 

young (2-36 months old) in our study. Thus, we consider the effect of age in the following processes 94 

calculating the WK3 parameters. Firstly, the total resistance and the compliance at the ith outlet are 95 

estimated using: 96 

 iiti QRP ,  （6） 97 
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where the average flow rate �̅�𝑖 is calculated from the 0 Pa boundary condition simulations, the time 99 

constant τ is 1.79 s (Simon et al., 1979) and the average outlet pressure �̅�𝑖 is estimated based on the 100 

standard formula �̅�𝑖 = 𝑃𝑚𝑖𝑛 + 1/3(𝑃𝑚𝑎𝑥 − 𝑃𝑚𝑖𝑛) (Alimohammadi et al., 2014). Since the patients 101 

are too young to measure their blood pressure waveform of each outlet, diastolic and systolic blood 102 

pressures are utilized to estimate the average outlet pressure of each outlet (Qiao et al., 2020). Then, 103 

the proximal resistance R1 and distal resistance R2 are calculated using: 104 

 ii APWVR /,1    （8） 105 

 iiti RRR ,1,,2   （9） 106 

where Ai is the area of the ith outlet, and the pulse wave velocity PWV is related to the patient age 107 

and is calculated using the correlation proposed by Jarvis et al. (2020), PWV=1.3+1.2M, M is the 108 

age of the patient in month. In the present simulations, the coronary artery flow is not considered 109 

because the measured inlet flow data is lacked and the consideration of coronary arteries makes the 110 

three-element Windkessel model more complex. We thus use the ascending aorta without the 111 

coronary arteries as the simulated geometry to reduce the influence of excluding coronary arteries. 112 

The simulations are performed using Ansys Fluent, and user defined functions (UDF) are 113 

applied to achieve the modified Carreau viscosity model and the three-element Windkessel model. 114 

A velocity table is read into Fluent to achieve the pulsatile velocity of the inlet. A double-precision 115 

pressure-based solver is employed. The PISO algorithm is used as the pressure-velocity coupling 116 

method. The second-order upwind scheme is adopted for the discretization of the governing 117 

equations. The least squared cell- based gradient evaluation method is applied to compute the 118 

gradient of the scalar. The standard scheme is used for the pressure interpolation. The time step is 119 

set to 0.001 s and the data from the 6th cardiac cycle are used to avoid the start-up effects and to 120 

achieve stable results (Cheng et al., 2014; Qiao et al., 2019).  121 
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The CT images of 7 infantile patients with double aortic arch were collected retrospectively and 122 

used to reconstruct the 3D computational model, as shown in Fig. 1C. The study was approved by 123 

the Ethics Committee of West China Hospital, Sichuan University, Chengdu, China (Ref No. 2022-124 

26). In addition, written informed consent was obtained from all the guardian on behalf of the child 125 

participant. The diameters of ascending aorta (AA), descending aorta (DA), right carotid artery 126 

(RCA), right subclavian artery (RSA), left carotid artery (LCA), left subclavian artery (LSA) are 127 

summarized in Table 1.  128 

The inlet is extruded for over 10 times in their radius to ensure the full development of ejected 129 

flow. The polygonal mesh with 12 prism layers at the walls (growth rate of 1.05) is generated and 130 

used in this work. Numerical simulations for case 1 with meshes of 0.69, 0.91 and 1.10 million cells 131 

are performed to test the mesh independence. The corresponding maximum wall shear stress (WSS) 132 

is 23.251, 23.351 and 23.354 Pa, respectively, resulting in a Grid Convergence Index (GCI) of 133 

0.002% (Celik et al., 2008). Thus, the mesh-generated method for the case with 1.10 million 134 

elements is used for all simulations. All simulations are performed on a server with two 64-core 135 

AMD EPCY-7702 CPUs and 256 G RAM. For each simulation, 60 cores are used and the 136 

computational time is about 30-50 minutes for 100 time steps. The total computational time is about 137 

11-33 hours for the cases with different cardiac cycles. 138 

Table 1 Summary of patients’ information, sizes of each inlet and outlet and clinical diagnosis 139 

Case 1 2 3 4 5 6 7 

Age (months) 9 2 3 11 11 36 36 

Sex Female Female Male Female Female Male Male 

Heart rate (bpm) 132 136 160 109 130 162 97 

Weight (kg) 9 6 6.8 10.7 8 6 11 

Height (cm) 67 60 58 77 72 80 93 

Body surface 

area (m2) 
0.39 0.30 0.31 0.46 0.386 0.37 0.53 

AA diameter 

(mm) 
10.14 9.37 9.64 9.25 8.48 7.46 9.21 

DA diameter 1.43 5.70 5.37 5.48 6.81 4.85 6.35 
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(mm) 

RCA diameter 

(mm) 
3.18 3.43 3.24 2.84 2.54 2.01 2.89 

RSA diameter 

(mm) 
4.01 N/A 3.62 3.36 3.08 1.61 2.92 

LCA diameter 

(mm) 
2.54 3.14 3.18 2.20 3.72 1.84 3.64 

LSA diameter 

(mm) 
3.62 3.10 3.22 2.41 2.46 2.97 2.83 

Angle between 

DAA (o) 
122.1 111.4 120.2 123.0 116. 8 97.9 117.8 

Angle between 

AA and RAA (o) 
39.7 37.8 29.8 27.2 38.7 33.6 41.2 

Angle between 

AA and LAA (o) 
38.8 54.9 31.3 53.0 28.7 56.7 39.6 

Clinical 

diagnosis 
PFO 

PFO, 

Trachea-

stenosis 

Trachea-

stenosis 

Trachea-

stenosis 
PFO 

ASD, 

trachea-

stenosis, 

pulmonary 

infection 

VSD, MR, 

PAH 

PFO, patent foramen ovale; VSD, ventricular septal defect; MR, mitral regurgitation; PAH, pulmonary arterial 140 

hypertension; ASD, atrial septal defect. 141 

 142 

In the present study, flow distribution ratio (FDR), energy loss (EL), spatial averaged WSS 143 

(SAWSS) and time averaged WSS (TAWSS) are calculated and analyzed. The FDR is defined as 144 

the flow rate ratio of each carotid artery and subclavian artery to ascending aorta: 145 
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EL is calculated by the drops of static pressure and dynamic pressure between the inlet and the 147 

outlets: 148 
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where 2u  is the average blood velocity.  150 

SAWSS and TAWSS are obtained by averaging the WSS on the wall of the whole vessel at 151 

different time and the local WSS through a cardiac cycle, respectively, and can be expressed as: 152 

 
S

dsts
S

SAWSS ),(
1

  （12） 153 

 
T

dtts
T

TAWSS
0

),(
1

  （13） 154 

where S and T are the area of surface wall and the cardiac period. 155 

3. Results and discussion 156 

3.1. Hemodynamics of DAA before and after removing aortic arch 157 

For the patient with DAA, it is necessary to determine which aortic arch should be ligated 158 

before the surgery. However, this is very difficult due to the complex hemodynamics of DAA, 159 

especially for the patient with balanced arches (Hohri et al., 2021). To better guide the surgeries, 160 

here we discuss the hemodynamics of DAA before and after ligating right aortic arch (RAA) and 161 

left aortic arch (LAA) using a typical balanced geometry model (case 1). Fig. 2 shows the 162 

distribution of averaged wall pressure and the blood flow velocity streamlines during peak systole 163 

before and after the surgery. The wall pressure of the arteries gradually decreases from ascending 164 

aorta to descending aorta along the blood flow direction. The high-pressure region occurs at the 165 

bifurcation of the two aortic arches due to the collision of blood upon the vessel wall directly, which 166 

will not be observed in single aortic arch. Ligating either aortic arch has no obvious effect on the 167 

maximum wall pressure of the arteries, as shown in Fig. 2. The wall pressure distribution is not 168 

changed obviously after the ligation of LAA or RAA. As for the streamlines, velocity magnitude is 169 

high in the RCA, RSA, LCA and LSA, as expected. After the ligation of one aortic arch, the 170 

maximum velocity increases obviously, and the streamlines get more helical in the carotid and 171 

subclavian arteries in the ligated side of ascending aorta. 172 

Fig. 3 shows the variations of blood flow rate and pressure at each outlet during a cardiac cycle 173 
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for case 1. The results of other cases are provided in Appendix B. The time-averaged flow rates 174 

from each outlet are summarized in Appendix C. The outlet blood flow and pressure show a similar 175 

trend before and after the ligation either aortic arch. Over 44% of blood outflows through the 176 

descending aorta in the original DAA case, and this ratio decreases after the surgery slightly. The 177 

flow rate peak of RCA, RSA, LCA and LSA occurs earlier than the inlet flow peak, but that of 178 

descending aorta is slightly later than the inlet flow peak. The pressure of descending aorta is 179 

reduced when one of aortic arches is ligated, but that of RCA, RSA, LCA and LSA is increased 180 

after the surgery. 181 

The variation of SAWSS and the distribution of TAWSS are shown in Fig. 4. Although the 182 

temporal variation of SAWSS exhibits a similar shape, its maximum is increased after ligating one 183 

of the aortic arches because of the increase in flow rate in the remaining untreated aortic arch. It is 184 

worth noting that TAWSS is elevated considerably in the bifurcation between two aortic arches after 185 

ligating RAA owing to the larger angle between AA and LAA than that between AA and RAA. 186 

When the RAA is ligated, more blood flows through the LAA with an obvious change in flow 187 

direction, leading to a high-velocity gradient region. 188 

Fig. 5 shows the energy loss for DAA in case 1 without surgery, ligating LAA or RAA. Similar 189 

to the results of an adult single aortic arch (Qiao et al., 2019), the EL for DAA reaches its maximum 190 

(t/T=0.18) before peak systole (t/T=0.23). After the ligation of either aortic arch, the EL reaches the 191 

maximum at t/T=0.114. The time averaged EL is 6.1 mW before the surgery, while it increases to 192 

9.5 mW (+55%) and 8.5 mW (+39%) after the ligation of LAA and RAA, respectively. This 193 

indicates that ligating one of the aortic arches for the patient with DAA will increase the cardiac 194 

workload. Although the diameters of LAA and RAA are very similar in case 1, the difference of EL 195 

after the removal of LAA and RAA can reach 1 mW, or 16% higher EL for the unfavorable variant. 196 

It has to be noted that case 1 is the case that shows the smallest changes before/after and between 197 

left and right AA ligations, other cases show more dramatic differences. 198 
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3.2. Effect of anatomical features on operative effect 199 

Fig. 6 shows the effect of anatomical features on the blood flow distribution from each outlet 200 

and the ratio of blood flow going to brain (LCA and RCA) and to systemic vessels (LSA, RSA and 201 

DA) before and after the surgery. Table 2 summarizes the diameter of RAA and LAA, and the FDR 202 

of LAA (LCA and LSA) and RAA (RCA and RSA). About 20%-40% blood outflows through LCA 203 

and RCA to the brain of patients, as shown in Fig. 6B. For the size-balanced DAA case 5, the FDR 204 

of RAA and LAA is similar. However, for the size-balanced DAA cases 1 and 2, the FDR of RAA 205 

and LAA differs from each other obviously, similar to the results of an adult patient with DAA 206 

reported by Hohri et al. (2021). For the unbalanced DAA cases 3 and 4, the larger aortic arch has 207 

higher flow rate, but the FDR of RAA and LAA is not different considerably for the cases 6 and 7, 208 

as shown in Fig. 6A. It is more reasonable for determining the dominant arch using the blood flow 209 

rate from the left and right carotid and subclavian arteries rather than the diameter of RAA and 210 

LAA based on the study of Hohri et al. (2021). Thus, determining the dominant arch of DAA with 211 

the CFD method may be more valid than that only with the CT images owing to the considerable 212 

effect of various anatomical features. 213 

Table 2 Summary of diameter and FDR of RAA and LAA 214 

Case 1 2 3 4 5 6 7 

LAA diameter (mm) 7.24 6.24 6.12 5.10 5.87 3.09 6.60 

RAA diameter (mm) 7.37 6.57 8.18 7.73 6.17 6.80 5.03 

FDR of LAA (LCA and LSA) (%) 20.38 29.21 21.89 15.81 28.66 20.74 28.99 

FDR of RAA (RCA and RSA) (%) 34.65 17.85 36.64 35.21 24.72 24.56 26.88 

 215 

It is noted that, for the size-balanced cases 1, 2 and 5 and the slightly unbalanced cases 3 and 7 216 

(area ratio of arches less than 2), there is no obvious change in the blood flow distribution before 217 

and after either aortic arch. However, for the severely unbalanced cases 4 and 6 (area ratio of arches 218 

larger than 2), the blood flowing out from the descending aorta is disturbed after the ligation of 219 

RAA (larger arch) obviously, leading to the decrease in the FDR of DA. However, this effect is not 220 
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noticeable after ligating the LAA (smaller arch). This is due to that the blood out from descending 221 

aorta has to flow through an aortic arch with larger flow resistance after the surgery, resulting in the 222 

reduction of FDR of descending aorta. The above simulation results implicate that arch area ratio of 223 

2 may be the critical value determining whether the smaller arch must be the ligated one in the 224 

surgery.  225 

The energy loss throughout a cardiac cycle for different patients before and after surgeries is 226 

shown in Fig. 7. It can be seen that the energy loss for case 6 is considerably larger than other cases 227 

due to the poorly developed aortic arch. After ligating either aortic arch, the energy loss will 228 

increase slightly for most cases, as shown in Fig. 7A. While in size-balanced cases (case 1) we 229 

observe only minor differences (16%) between RAA and LAA ligation, in unbalanced cases this 230 

difference can be as high as 264% (Case 6, LAA vs RAA ligation). This total energy loss is 231 

concurrent with a drop in descending aorta FDR. Our results show that in all the cases studied the 232 

blood supply to the subclavian and carotid arteries is unimpeded or slightly increased in most cases, 233 

and increased even in the critical cases (Case 6, RAA ligation), while support to the lower body is 234 

most directly affected negatively in the critical cases. In order to support surgeons in their decision 235 

making, we propose two geometric parameters to show the effect of anatomical features of DAA on 236 

the energy loss after the surgery. The first one is the area ratio of the ascending aorta to the aortic 237 

arch without ligation A0/Arem. The other one is the angle between the normal direction of ascending 238 

aorta and the aortic arch without ligation θrem, as shown in Fig. 7B. Figure 7 C and D shows the 239 

dependency of EL on the area ratio A0/ Arem in panel C and on the angle θrem in panel D. The 240 

dependency of the respective other parameter – angle in panel C, and area ratio in panel D – is 241 

shown in the marker size. A statistical analysis of the data is also performed and the results are 242 

given in Appendix D. The coefficient of determination R² that is a statistical measure in a 243 

regression model is used to describe the independent of energy loss ratio on different variables. It is 244 

interesting that the energy loss ratio before and after the surgery depends on the A0/Arem (R²=0.805) 245 
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whichever aortic arch is ligated, as shown in Fig. 7 C. While in the current sample the largest EL 246 

increases were seen for RAA ligations – consistent with the higher occurrence of RAA dominant 247 

cases – the correlation between EL increase and area ratio is clear and linear in Fig. 7 C. Although 248 

both ELbefore and ELafter are affected by the θrem due to the change of flow direction in the DAA, the 249 

correlation between EL ratio and θrem is less clear (R²=0.424) in Fig. 7 D. While there is a 250 

correlation between angle and EL there are more outliers in this graph. It is interesting, though, that 251 

these outliers are all RAA dominant cases, where the RAA ligation leads to a relatively low EL for a 252 

high angle case (case 2) and to relatively low EL for low angle cases (cases 3 and 5). Thus, based 253 

on the simulation results, the variation of FDR and energy loss after the surgery of DAA can be 254 

estimated by AR/AL, θR/θL and A0/Arem roughly to help to optimize the surgical planning. 255 

3.3. Limitations 256 

In this study, we perform simulations with a series of patient-specific geometries reconstructed 257 

from CT images taking the Non-Newtonian effect into account. However, the inlet and outlet 258 

conditions are still unsure since the patients are too young (2-36 months old) to measure their blood 259 

flow velocity in the present study. To overcome this issue, an inlet velocity waveform measured by 260 

Kocaoglu et al. (2021) not the patient-specific one is used and reconstructed based on the patient-261 

specific heart rate and the average flow rate estimated using the weight of patients, and the three-262 

element Windkessel model is applied to reproduce physiological pressure waveforms of each outlet. 263 

In addition to this, similar to most of previous studies, the vessel wall is assumed to be rigid and a 264 

flat velocity profile is given to the extruded boundary. Some previous works showed that the above 265 

assumptions have no obvious effect on blood flow ratio and the distal blood flow of the aortic arch 266 

but affect the value of WSS (Miyazaki et al., 2017; Boumpouli et al., 2021). 267 

4. Conclusions 268 

The present study investigated the patient-specific blood flow in the double aortic arch (DAA) 269 

before and after surgery with the CFD method. We collected seven cases of infantile patients with 270 
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DAA and used their computed tomography images to reconstruct 3D computational models. A 271 

three-element Windkessel model taking the effect of patient age into account was applied to 272 

reproduce physiological pressure waveforms in the simulations. Results show that the anatomical 273 

features and surgery program have a considerable effect on the WSS, flow distribution ratio and 274 

energy loss for DAA. After ligating one of the aortic arches, the blood flow from the descending 275 

aorta is generally reduced when the area ratio of the arch area ratio is larger than 2. The energy loss 276 

ratio before and after ligating one aortic arch is proportional to the area ratio of the remained aortic 277 

arch in surgery to the ascending aorta. Overall, the present study indicates that the CFD analysis can 278 

contribute to a further understanding of hemodynamics in DAA and provide some references for the 279 

surgery. 280 
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 1 

Fig. 1 (A) mass flow rate of inlet from reference of Kocaoglu et al. (2021), (B) three element 2 

Windkessel model coupled at each outlet, (C) geometries from different patients.  3 
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 4 

Fig. 2 Distribution of average wall pressure and blood flow velocity streamlines during peak systole: 5 

(a) DAA, (b) LAA ligation, (c) RAA ligation. 6 

 7 

Fig. 3 Variation of blood flow and pressure rate at each outlet during a cardiac cycle. 8 
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 9 

 10 

Fig. 4 Variation of SAWSS during a cardiac cycle and distribution of TAWSS. 11 

 12 

 13 

Fig. 5 Variation of energy loss during a cardiac cycle, the time averaged EL is 6.1 mW, 9.5 mW and 14 

8.5 mW before the surgery and after ligating LAA and RAA, respectively. 15 

 16 

 17 
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 18 

Fig. 6 Variation of Flow Distribution Ratio before (DAA) and after ligation of either aortic arch 19 

(LAA diss, RAA diss): (A) FDR of each outlet, (B) FDR going to brain (LCA and RCA) and to 20 

systemic vessels (LSA, RSA and DA). Note: case 2 has no subclavian branching from the right 21 

aortic arch (RSA). 22 
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 23 

Fig. 7 Energy losses in double aortic arch (DAA) and for dissected LAA and RAA: (A) time 24 

averaged energy loss, (B) Definition of area ratio of the ascending aorta to the aortic arch 25 

without ligation and angle between the normal direction of ascending aorta and the aortic arch 26 

without ligation, (C) and (D) relative EL change after ligation of LAA or RAA dependent on: (C) 27 

area ratio total over remaining cross sectional area, (D) angle between ascending aorta and 28 

remaining branch (marker size shows (C) angle θrmn, (D) area ratio; marker label shows case 29 

number). 30 
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Table 1 Summary of patients’ information, sizes of each inlet and outlet and clinical diagnosis 1 

Case 1 2 3 4 5 6 7 

Age (months) 9 2 3 11 11 36 36 

Sex Female Female Male Female Female Male Male 

Heart rate (bpm) 132 136 160 109 130 162 97 

Weight (kg) 9 6 6.8 10.7 8 6 11 

Height (cm) 67 60 58 77 72 80 93 

Body surface 

area (m2) 
0.39 0.30 0.31 0.46 0.386 0.37 0.53 

AA diameter 

(mm) 
10.14 9.37 9.64 9.25 8.48 7.46 9.21 

DA diameter 

(mm) 
1.43 5.70 5.37 5.48 6.81 4.85 6.35 

RCA diameter 

(mm) 
3.18 3.43 3.24 2.84 2.54 2.01 2.89 

RSA diameter 

(mm) 
4.01 N/A 3.62 3.36 3.08 1.61 2.92 

LCA diameter 

(mm) 
2.54 3.14 3.18 2.20 3.72 1.84 3.64 

LSA diameter 

(mm) 
3.62 3.10 3.22 2.41 2.46 2.97 2.83 

Angle between 

DAA (o) 
122.1 111.4 120.2 123.0 116. 8 97.9 117.8 

Angle between 

AA and RAA (o) 
39.7 37.8 29.8 27.2 38.7 33.6 41.2 

Angle between 

AA and LAA (o) 
38.8 54.9 31.3 53.0 28.7 56.7 39.6 

Clinical 

diagnosis 
PFO 

PFO, 

Trachea-st

enosis 

Trachea-st

enosis 

Trachea-st

enosis 
PFO 

ASD, 

trachea-ste

nosis, 

pulmonary 

infection 

VSD, MR, 

PAH 

PFO, patent foramen ovale; VSD, ventricular septal defect; MR, mitral regurgitation; PAH, pulmonary arterial 2 

hypertension; ASD, atrial septal defect. 3 

 4 

 5 
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Table 2 Summary of diameter and FDR of RAA and LAA 6 

Case 1 2 3 4 5 6 7 

LAA diameter (mm) 7.24 6.24 6.12 5.10 5.87 3.09 6.60 

RAA diameter (mm) 7.37 6.57 8.18 7.73 6.17 6.80 5.03 

FDR of LAA (LCA and LSA) (%) 20.38 29.21 21.89 15.81 28.66 20.74 28.99 

FDR of RAA (RCA and RSA) (%) 34.65 17.85 36.64 35.21 24.72 24.56 26.88 

 7 
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Abstract: Double aortic arch (DAA) malformation is one of the reasons for symptomatic vascular 10 

rings, the hemodynamics of which is still poorly understood. Double aortic arch is the most 11 

common type of vascular ring often requiring surgical repair in childhood. The hemodynamics for 12 

the DAA remains unclear. This study aims to investigate the blood flow characteristics in patient-13 

specific double aortic arches using computational fluid dynamics (CFD). Seven cases of infantile 14 

patients with DAA were collected and their computed tomography images were used to reconstruct 15 

3D computational models. A modified Carreau model was used to consider the non-Newtonian 16 

effect of blood and a three-element Windkessel model taking the effect of the age of patients into 17 

account was applied to reproduce physiological pressure waveforms. Numerical results show that 18 

blood flow distribution and energy loss of DAA depends on relative sizes of the two aortic arches 19 

and their angles with the ascending aorta. Ligation of either aortic arch increases the energy loss of 20 

blood in the DAA, leading to the increase in cardiac workload. Generally, the rising rate of energy 21 

loss before and after the surgery is almost linear with the area ratio between the aortic arch without 22 

ligation and the ascending aorta. 23 

Keyword: Double aortic arch; Non-Newtonian fluids; Three-element Windkessel model, Flow 24 

distribution; Energy loss  25 
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1. Introduction 26 

Double aortic arch (DAA) malformation is the most common cause of symptomatic vascular 27 

rings, arising from the persistence of the fourth aortic arches during embryonic development. In 28 

general, both left and right arches give rise to ipsilateral separate carotid and subclavian arteries 29 

(Hanneman et al., 2017). However, most DAA patients have one arch that is larger in size and 30 

extends higher cranially, categorizing the anomaly into dominant right arch (55-70%), dominant left 31 

arch (20-35%) and balanced arches (5-10%) (Temur et al., 2021). Symptoms of DAA include 32 

wheeze, dyspnea, recurrent pulmonary infection and dysphagia due to tracheal and esophageal 33 

compression.  34 

Early surgical repair is recommended for all DAA patients to prevent aggravation of symptoms 35 

or even death. In practice, ligating the non-dominant arch with concurrent repair of other anomalies 36 

is usually performed on patients with one dominant arch (Alsenaidi et al., 2006; Yang et al., 2019). 37 

However, surgeries on balanced arches remain controversial since both arches are similar in 38 

diameter and the choice of intervened arch is based predominantly upon surgeons’ experience. 39 

Subjective judgment may be insufficient considering the complex nature and multiple variations of 40 

aortic morphology as well as hemodynamics (Kaldararova et al., 2017), and suboptimal choice of 41 

ligated arch may lead to compromised prognosis, including insufficient neurological blood supply 42 

and decreased motor function of upper extremities. 43 

Computational fluid dynamics (CFD) can be used to analyze hemodynamics even in complex 44 

anatomies (Taylor and Figueroa, 2009; Numata et al. 2016; Zhu et al., 2019; Ling et al., 2021), and 45 

has been reported providing highly resolved blood flow metrics for surgeons to base their 46 

treatments upon (Pirola et al., 2017; Singh et al., 2016). Although the aortic ligation and aneurysms 47 

of patient with single aortic arch were investigated by many researchers, little work on the 48 

hemodynamics of DAA with CFD method is published (Miyazaki et al., 2017; Hohri et al., 2021). 49 

Furthermore, the above studies are limited to single patients with DAA. In this study, we collected 7 50 
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cases of infantile patients with DAA. We performed the numerical simulations with their computed 51 

tomography (CT) imaged to investigate the aortic hemodynamics in DAA with different anatomical 52 

features. The aim of the present study was to elucidate the aortic hemodynamics in double aortic 53 

arch and the changes of flow distribution ratio and energy loss before and after ligating one of aortic 54 

arches to provide some references for the surgery. 55 

2. Computational modeling and numerical method 56 

In the present study, the flow is considered to be transient, three-dimensional, and laminar since 57 

the mean Reynolds number is less than 1000. The blood is regarded as an incompressible, non-58 

Newtonian fluid with a density of 1060 kg/m3 (Boumpouli et al., 2021). Thus, the conservation 59 

equations can be described as: 60 

 0 v  （1） 61 

 )()( vvv
v





 P

t
 （2） 62 

where ρ is the blood density, v and P are the blood velocity and pressure. μ is the viscosity and is 63 

calculated using a modified Carreau model (Gambaruto et al., 2011; Pereira et al., 2013): 64 
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where the zero and infinite strain rate limit viscosities μ0 and μ∞ are equal to 45.6 and 3.2 mPa s, 66 

respectively, the relaxation time constant λ is given by 10.03 s and the power law index n is 0.344.  67 

Using constant or scaled inflow boundary conditions often arises in cardiovascular CFD. Effect 68 

of the two types of inlet flow rate on the simulation is presented in Appendix A. It is found that 69 

using constant or scaled inlet flow rate affects the values of WSS and energy loss, but has no 70 

obvious effect on the flow distribution ratio of each outlet and the variation trend of energy ratio 71 

before and after the surgery. In the present study, the scaled inflow boundary condition is applied. A 72 

pulsatile blood flow velocity waveform of ascending aorta (Fig. 1A) obtained by Kocaoglu et al. 73 

(2021) is used to reconstruct the inlet flow waves that are not available for the present patients. 74 
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Considering the difference with different patients, the flow waveform is interpolated to the heart 75 

rate and the average flow rate of each patient. Here, the flow rate is estimated using the weight of 76 

patients, �̅� = weight × 120 mL/min. The heart rate, weight and other patients’ information are 77 

given in Table 1. The BSA (body surface area) is estimated based on the references of DuBois and 78 

DuBois (1916) and Wang et al. (1992). Previous works showed that a rigid-wall assumption had no 79 

obvious effect on the resultant flow and stress fields (Pereira et al., 2013; Miyazaki et al., 2017), 80 

thus the arterial wall is assumed to be rigid. A three-element Windkessel model (WK3), as shown in 81 

Fig. 1B, is implemented at each outlet to reproduce physiological pressure P waveforms 82 

(Alimohammadi et al., 2014; Bonfanti et al., 2019): 83 

 
dt

dQ
CRR

dt

dp
CRQRRP 21221 )(   （4） 84 

where Q is flow rate, R1 and R2 are proximal and distal resistances, and C is the compliance of the 85 

vasculature distal to outlet. The derivative terms can be approximated using the forward Euler 86 

method for cases with small time step Δt: 87 
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where β=R2C/Δt. In the present study, we cannot obtain the accurate WK3 model parameters since it 89 

is difficult to measure the patient-specific inlet flow rate and pressure of each outlet for the very 90 

young patients. Therefore, these parameters are determined using the method similar to that used by 91 

Alimohammadi et al. (2014), Qiao et al. (2019) and Liao et al. (2021). Different from these 92 

previous works, the age has a significant effect on the WK3 parameters since the patients are very 93 

young (2-36 months old) in our study. Thus, we consider the effect of age in the following processes 94 

calculating the WK3 parameters. Firstly, the total resistance and the compliance at the ith outlet are 95 

estimated using: 96 

 iiti QRP ,  （6） 97 
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  （7） 98 

where the average flow rate �̅�𝑖 is calculated from the 0 Pa boundary condition simulations, the time 99 

constant τ is 1.79 s (Simon et al., 1979) and the average outlet pressure �̅�𝑖 is estimated based on the 100 

standard formula �̅�𝑖 = 𝑃𝑚𝑖𝑛 + 1/3(𝑃𝑚𝑎𝑥 − 𝑃𝑚𝑖𝑛) (Alimohammadi et al., 2014). Since the patients 101 

are too young to measure their blood pressure waveform of each outlet, diastolic and systolic blood 102 

pressures are utilized to estimate the average outlet pressure of each outlet (Qiao et al., 2020). Then, 103 

the proximal resistance R1 and distal resistance R2 are calculated using: 104 

 ii APWVR /,1    （8） 105 

 iiti RRR ,1,,2   （9） 106 

where Ai is the area of the ith outlet, and the pulse wave velocity PWV is related to the patient age 107 

and is calculated using the correlation proposed by Jarvis et al. (2020), PWV=1.3+1.2M, M is the 108 

age of the patient in month. In the present simulations, the coronary artery flow is not considered 109 

because the measured inlet flow data is lacked and the consideration of coronary arteries makes the 110 

three-element Windkessel model more complex. We thus use the ascending aorta without the 111 

coronary arteries as the simulated geometry to reduce the influence of excluding coronary arteries. 112 

The simulations are performed using Ansys Fluent, and user defined functions (UDF) are 113 

applied to achieve the modified Carreau viscosity model and the three-element Windkessel model. 114 

A velocity table is read into Fluent to achieve the pulsatile velocity of the inlet. A double-precision 115 

pressure-based solver is employed. The PISO algorithm is used as the pressure-velocity coupling 116 

method. The second-order upwind scheme is adopted for the discretization of the governing 117 

equations. The least squared cell- based gradient evaluation method is applied to compute the 118 

gradient of the scalar. The standard scheme is used for the pressure interpolation. The time step is 119 

set to 0.001 s and the data from the 6th cardiac cycle are used to avoid the start-up effects and to 120 

achieve stable results (Cheng et al., 2014; Qiao et al., 2019).  121 
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The CT images of 7 infantile patients with double aortic arch were collected retrospectively and 122 

used to reconstruct the 3D computational model, as shown in Fig. 1C. The study was approved by 123 

the Ethics Committee of West China Hospital, Sichuan University, Chengdu, China (Ref No. 2022-124 

26). In addition, written informed consent was obtained from all the guardian on behalf of the child 125 

participant. The diameters of ascending aorta (AA), descending aorta (DA), right carotid artery 126 

(RCA), right subclavian artery (RSA), left carotid artery (LCA), left subclavian artery (LSA) are 127 

summarized in Table 1.  128 

The inlet is extruded for over 10 times in their radius to ensure the full development of ejected 129 

flow. The polygonal mesh with 12 prism layers at the walls (growth rate of 1.05) is generated and 130 

used in this work. Numerical simulations for case 1 with meshes of 0.69, 0.91 and 1.10 million cells 131 

are performed to test the mesh independence. The corresponding maximum wall shear stress (WSS) 132 

is 23.251, 23.351 and 23.354 Pa, respectively, resulting in a Grid Convergence Index (GCI) of 133 

0.002% (Celik et al., 2008). Thus, the mesh-generated method for the case with 1.10 million 134 

elements is used for all simulations. All simulations are performed on a server with two 64-core 135 

AMD EPCY-7702 CPUs and 256 G RAM. For each simulation, 60 cores are used and the 136 

computational time is about 30-50 minutes for 100 time steps. The total computational time is about 137 

11-33 hours for the cases with different cardiac cycles. 138 

Table 1 Summary of patients’ information, sizes of each inlet and outlet and clinical diagnosis 139 

Case 1 2 3 4 5 6 7 

Age (months) 9 2 3 11 11 36 36 

Sex Female Female Male Female Female Male Male 

Heart rate (bpm) 132 136 160 109 130 162 97 

Weight (kg) 9 6 6.8 10.7 8 6 11 

Height (cm) 67 60 58 77 72 80 93 

Body surface 

area (m2) 
0.39 0.30 0.31 0.46 0.386 0.37 0.53 

AA diameter 

(mm) 
10.14 9.37 9.64 9.25 8.48 7.46 9.21 

DA diameter 1.43 5.70 5.37 5.48 6.81 4.85 6.35 
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(mm) 

RCA diameter 

(mm) 
3.18 3.43 3.24 2.84 2.54 2.01 2.89 

RSA diameter 

(mm) 
4.01 N/A 3.62 3.36 3.08 1.61 2.92 

LCA diameter 

(mm) 
2.54 3.14 3.18 2.20 3.72 1.84 3.64 

LSA diameter 

(mm) 
3.62 3.10 3.22 2.41 2.46 2.97 2.83 

Angle between 

DAA (o) 
122.1 111.4 120.2 123.0 116. 8 97.9 117.8 

Angle between 

AA and RAA (o) 
39.7 37.8 29.8 27.2 38.7 33.6 41.2 

Angle between 

AA and LAA (o) 
38.8 54.9 31.3 53.0 28.7 56.7 39.6 

Clinical 

diagnosis 
PFO 

PFO, 

Trachea-

stenosis 

Trachea-

stenosis 

Trachea-

stenosis 
PFO 

ASD, 

trachea-

stenosis, 

pulmonary 

infection 

VSD, MR, 

PAH 

PFO, patent foramen ovale; VSD, ventricular septal defect; MR, mitral regurgitation; PAH, pulmonary arterial 140 

hypertension; ASD, atrial septal defect. 141 

 142 

In the present study, flow distribution ratio (FDR), energy loss (EL), spatial averaged WSS 143 

(SAWSS) and time averaged WSS (TAWSS) are calculated and analyzed. The FDR is defined as 144 

the flow rate ratio of each carotid artery and subclavian artery to ascending aorta: 145 

 %100
,


in

iout

Q

Q
FDR  （10） 146 

EL is calculated by the drops of static pressure and dynamic pressure between the inlet and the 147 

outlets: 148 
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where 2u  is the average blood velocity.  150 

SAWSS and TAWSS are obtained by averaging the WSS on the wall of the whole vessel at 151 

different time and the local WSS through a cardiac cycle, respectively, and can be expressed as: 152 

 
S

dsts
S

SAWSS ),(
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  （12） 153 

 
T
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T

TAWSS
0
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1

  （13） 154 

where S and T are the area of surface wall and the cardiac period. 155 

3. Results and discussion 156 

3.1. Hemodynamics of DAA before and after removing aortic arch 157 

For the patient with DAA, it is necessary to determine which aortic arch should be ligated 158 

before the surgery. However, this is very difficult due to the complex hemodynamics of DAA, 159 

especially for the patient with balanced arches (Hohri et al., 2021). To better guide the surgeries, 160 

here we discuss the hemodynamics of DAA before and after ligating right aortic arch (RAA) and 161 

left aortic arch (LAA) using a typical balanced geometry model (case 1). Fig. 2 shows the 162 

distribution of averaged wall pressure and the blood flow velocity streamlines during peak systole 163 

before and after the surgery. The wall pressure of the arteries gradually decreases from ascending 164 

aorta to descending aorta along the blood flow direction. The high-pressure region occurs at the 165 

bifurcation of the two aortic arches due to the collision of blood upon the vessel wall directly, which 166 

will not be observed in single aortic arch. Ligating either aortic arch has no obvious effect on the 167 

maximum wall pressure of the arteries, as shown in Fig. 2. The wall pressure distribution is not 168 

changed obviously after the ligation of LAA or RAA. As for the streamlines, velocity magnitude is 169 

high in the RCA, RSA, LCA and LSA, as expected. After the ligation of one aortic arch, the 170 

maximum velocity increases obviously, and the streamlines get more helical in the carotid and 171 

subclavian arteries in the ligated side of ascending aorta. 172 

Fig. 3 shows the variations of blood flow rate and pressure at each outlet during a cardiac cycle 173 
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for case 1. The results of other cases are provided in Appendix B. The time-averaged flow rates 174 

from each outlet are summarized in Appendix C. The outlet blood flow and pressure show a similar 175 

trend before and after the ligation either aortic arch. Over 44% of blood outflows through the 176 

descending aorta in the original DAA case, and this ratio decreases after the surgery slightly. The 177 

flow rate peak of RCA, RSA, LCA and LSA occurs earlier than the inlet flow peak, but that of 178 

descending aorta is slightly later than the inlet flow peak. The pressure of descending aorta is 179 

reduced when one of aortic arches is ligated, but that of RCA, RSA, LCA and LSA is increased 180 

after the surgery. 181 

The variation of SAWSS and the distribution of TAWSS are shown in Fig. 4. Although the 182 

temporal variation of SAWSS exhibits a similar shape, its maximum is increased after ligating one 183 

of the aortic arches because of the increase in flow rate in the remaining untreated aortic arch. It is 184 

worth noting that TAWSS is elevated considerably in the bifurcation between two aortic arches after 185 

ligating RAA owing to the larger angle between AA and LAA than that between AA and RAA. 186 

When the RAA is ligated, more blood flows through the LAA with an obvious change in flow 187 

direction, leading to a high-velocity gradient region. 188 

Fig. 5 shows the energy loss for DAA in case 1 without surgery, ligating LAA or RAA. Similar 189 

to the results of an adult single aortic arch (Qiao et al., 2019), the EL for DAA reaches its maximum 190 

(t/T=0.18) before peak systole (t/T=0.23). After the ligation of either aortic arch, the EL reaches the 191 

maximum at t/T=0.114. The time averaged EL is 6.1 mW before the surgery, while it increases to 192 

9.5 mW (+55%) and 8.5 mW (+39%) after the ligation of LAA and RAA, respectively. This 193 

indicates that ligating one of the aortic arches for the patient with DAA will increase the cardiac 194 

workload. Although the diameters of LAA and RAA are very similar in case 1, the difference of EL 195 

after the removal of LAA and RAA can reach 1 mW, or 16% higher EL for the unfavorable variant. 196 

It has to be noted that case 1 is the case that shows the smallest changes before/after and between 197 

left and right AA ligations, other cases show more dramatic differences. 198 
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3.2. Effect of anatomical features on operative effect 199 

Fig. 6 shows the effect of anatomical features on the blood flow distribution from each outlet 200 

and the ratio of blood flow going to brain (LCA and RCA) and to systemic vessels (LSA, RSA and 201 

DA) before and after the surgery. Table 2 summarizes the diameter of RAA and LAA, and the FDR 202 

of LAA (LCA and LSA) and RAA (RCA and RSA). About 20%-40% blood outflows through LCA 203 

and RCA to the brain of patients, as shown in Fig. 6B. For the size-balanced DAA case 5, the FDR 204 

of RAA and LAA is similar. However, for the size-balanced DAA cases 1 and 2, the FDR of RAA 205 

and LAA differs from each other obviously, similar to the results of an adult patient with DAA 206 

reported by Hohri et al. (2021). For the unbalanced DAA cases 3 and 4, the larger aortic arch has 207 

higher flow rate, but the FDR of RAA and LAA is not different considerably for the cases 6 and 7, 208 

as shown in Fig. 6A. It is more reasonable for determining the dominant arch using the blood flow 209 

rate from the left and right carotid and subclavian arteries rather than the diameter of RAA and 210 

LAA based on the study of Hohri et al. (2021). Thus, determining the dominant arch of DAA with 211 

the CFD method may be more valid than that only with the CT images owing to the considerable 212 

effect of various anatomical features. 213 

Table 2 Summary of diameter and FDR of RAA and LAA 214 

Case 1 2 3 4 5 6 7 

LAA diameter (mm) 7.24 6.24 6.12 5.10 5.87 3.09 6.60 

RAA diameter (mm) 7.37 6.57 8.18 7.73 6.17 6.80 5.03 

FDR of LAA (LCA and LSA) (%) 20.38 29.21 21.89 15.81 28.66 20.74 28.99 

FDR of RAA (RCA and RSA) (%) 34.65 17.85 36.64 35.21 24.72 24.56 26.88 

 215 

It is noted that, for the size-balanced cases 1, 2 and 5 and the slightly unbalanced cases 3 and 7 216 

(area ratio of arches less than 2), there is no obvious change in the blood flow distribution before 217 

and after either aortic arch. However, for the severely unbalanced cases 4 and 6 (area ratio of arches 218 

larger than 2), the blood flowing out from the descending aorta is disturbed after the ligation of 219 

RAA (larger arch) obviously, leading to the decrease in the FDR of DA. However, this effect is not 220 
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noticeable after ligating the LAA (smaller arch). This is due to that the blood out from descending 221 

aorta has to flow through an aortic arch with larger flow resistance after the surgery, resulting in the 222 

reduction of FDR of descending aorta. The above simulation results implicate that arch area ratio of 223 

2 may be the critical value determining whether the smaller arch must be the ligated one in the 224 

surgery.  225 

The energy loss throughout a cardiac cycle for different patients before and after surgeries is 226 

shown in Fig. 7. It can be seen that the energy loss for case 6 is considerably larger than other cases 227 

due to the poorly developed aortic arch. After ligating either aortic arch, the energy loss will 228 

increase slightly for most cases, as shown in Fig. 7A. While in size-balanced cases (case 1) we 229 

observe only minor differences (16%) between RAA and LAA ligation, in unbalanced cases this 230 

difference can be as high as 264% (Case 6, LAA vs RAA ligation). This total energy loss is 231 

concurrent with a drop in descending aorta FDR. Our results show that in all the cases studied the 232 

blood supply to the subclavian and carotid arteries is unimpeded or slightly increased in most cases, 233 

and increased even in the critical cases (Case 6, RAA ligation), while support to the lower body is 234 

most directly affected negatively in the critical cases. In order to support surgeons in their decision 235 

making, we propose two geometric parameters to show the effect of anatomical features of DAA on 236 

the energy loss after the surgery. The first one is the area ratio of the ascending aorta to the aortic 237 

arch without ligation A0/Arem. The other one is the angle between the normal direction of ascending 238 

aorta and the aortic arch without ligation θrem, as shown in Fig. 7B. Figure 7 C and D shows the 239 

dependency of EL on the area ratio A0/ Arem in panel C and on the angle θrem in panel D. The 240 

dependency of the respective other parameter – angle in panel C, and area ratio in panel D – is 241 

shown in the marker size. A statistical analysis of the data is also performed and the results are 242 

given in Appendix D. The coefficient of determination R² that is a statistical measure in a 243 

regression model is used to describe the independent of energy loss ratio on different variables. It is 244 

interesting that the energy loss ratio before and after the surgery depends on the A0/Arem (R²=0.805) 245 
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whichever aortic arch is ligated, as shown in Fig. 7 C. While in the current sample the largest EL 246 

increases were seen for RAA ligations – consistent with the higher occurrence of RAA dominant 247 

cases – the correlation between EL increase and area ratio is clear and linear in Fig. 7 C. Although 248 

both ELbefore and ELafter are affected by the θrem due to the change of flow direction in the DAA, the 249 

correlation between EL ratio and θrem is less clear (R²=0.424) in Fig. 7 D. While there is a 250 

correlation between angle and EL there are more outliers in this graph. It is interesting, though, that 251 

these outliers are all RAA dominant cases, where the RAA ligation leads to a relatively low EL for a 252 

high angle case (case 2) and to relatively low EL for low angle cases (cases 3 and 5). Thus, based 253 

on the simulation results, the variation of FDR and energy loss after the surgery of DAA can be 254 

estimated by AR/AL, θR/θL and A0/Arem roughly to help to optimize the surgical planning. 255 

3.3. Limitations 256 

In this study, we perform simulations with a series of patient-specific geometries reconstructed 257 

from CT images taking the Non-Newtonian effect into account. However, the inlet and outlet 258 

conditions are still unsure since the patients are too young (2-36 months old) to measure their blood 259 

flow velocity in the present study. To overcome this issue, an inlet velocity waveform measured by 260 

Kocaoglu et al. (2021) not the patient-specific one is used and reconstructed based on the patient-261 

specific heart rate and the average flow rate estimated using the weight of patients, and the three-262 

element Windkessel model is applied to reproduce physiological pressure waveforms of each outlet. 263 

In addition to this, similar to most of previous studies, the vessel wall is assumed to be rigid and a 264 

flat velocity profile is given to the extruded boundary. Some previous works showed that the above 265 

assumptions have no obvious effect on blood flow ratio and the distal blood flow of the aortic arch 266 

but affect the value of WSS (Miyazaki et al., 2017; Boumpouli et al., 2021). 267 

4. Conclusions 268 

The present study investigated the patient-specific blood flow in the double aortic arch (DAA) 269 

before and after surgery with the CFD method. We collected seven cases of infantile patients with 270 
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DAA and used their computed tomography images to reconstruct 3D computational models. A 271 

three-element Windkessel model taking the effect of patient age into account was applied to 272 

reproduce physiological pressure waveforms in the simulations. Results show that the anatomical 273 

features and surgery program have a considerable effect on the WSS, flow distribution ratio and 274 

energy loss for DAA. After ligating one of the aortic arches, the blood flow from the descending 275 

aorta is generally reduced when the area ratio of the arch area ratio is larger than 2. The energy loss 276 

ratio before and after ligating one aortic arch is proportional to the area ratio of the remained aortic 277 

arch in surgery to the ascending aorta. Overall, the present study indicates that the CFD analysis can 278 

contribute to a further understanding of hemodynamics in DAA and provide some references for the 279 

surgery. 280 
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