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Abstract  

Type-B aortic dissection (AD) is one of the greatest complex and fatal conditions 

with co-occurring disorders, challenging to treat. The initial treatment for patients 

presenting with AD is medical intervention to stabilize the condition. In the present 

study, a patient-specific geometry of type-B AD is generated from computed 

tomography images, and a three-element Windkessel lumped parameter model is 

implemented at the outlets to realistic boundary conditions. According to the 

physiological response of the antihypertensive drugs in the reduction of aortic 

blood flow and heart rate, three case studies with different heart rates have been 

created. Hemodynamic distributions including wall shear stress indicators, 

velocity and pressure are investigated and compared in each model. Results show 

that there is a considerable reduction in pressure furthermore, time-averaged wall 

shear stress (TAWSS) values decreased by 25% and 30%, respectively. Main goal 

is to critically analysis the use of biomechanical and computational simulation 

tools to measure hemodynamic parameters in the absence and presence of 

antihypertensive drugs. It would be of significant use to clinicians to improve 

diagnostic and treatment planning.  

Keywords: 

  Type-B aortic dissection, Patient-specific, Computational fluid dynamic (CFD), 

Windkessel model, Anti impulse therapy 

Introduction  

Cardiovascular disease (CVD) is the first most common cause of death worldwide 

[1,2]. Only 35% of patients survive after treatment [3]. Aortic dissection (AD) 

occurs when an injury to the intima layer enables blood to enter the middle layer 

of the aortic wall and causing the formation of false lumen (FL) as opposed to the 

original pathway; true lumen (TL), separated by the intimal flap (IF). This can 

occur in either the ascending or descending aorta, for which the disease is 

classified as Stanford type-A or type-B AD, respectively [4-6]. Rupture of the 

vessel wall, hypertension, malperfusion and aneurysm formation may be due to 

AD [7-11].  

For cases of type-A AD, prompt surgical intervention is generally required, while 

the ideal decision of treatment for type-B AD stays unknown and controversial. 

The treatment of type-B AD is more changeable and patient-specific [4,6,11-13] 

early intervention for type-B AD patients is pharmacological therapy, to control 

manifestations by stabilising and decreasing the heart rate and blood pressure (BP) 

https://en.wikipedia.org/wiki/Tunica_intima
https://en.wikipedia.org/wiki/Aorta


 

3 

 

[4,6,14]. However, underlying and high-risk conditions such as malperfusion, 

aneurysm formation and aortic expansion may prioritize surgical treatment over 

pharmacological therapy; this decision is made by balancing the advantages of a 

successful surgery against confounding risk on a patient-to-patient basis [4,15].  

A successful planning treatment could potentially minimise the complication risk 

and obviate aortic reoperation [3]; the rate of reoperation for patients treated with 

surgery was about 10% higher than for patients treated medically [3,15]. In 

general, the rates of freedom from late aortic complications or late death have been 

similar for patients who treated medically and surgery, but for the last 30 years, 

the consensus has been showing that type-B AD patients should be treated 

medically except in the presence of life-threatening complications such as 

hypertension [3,11,12]. The two main reasons for the progression of the AD are 

increased blood flow and elevated BP [12,15]. In acute AD patients, the primary 

purposes of pharmacological treatment are to stabilise the dissection, accelerate 

healing, prevent rupture and reduce the risk of complications [12].  

Pharmacological therapy has been used prior to surgical treatment or endovascular 

treatment [12,16]. Historically, in the early 1960s, according to the results of 

Wheat and associates experiments, it was found that two principal goals of 

pharmacological therapy are diminution of left ventricular ejection force (dp/dt) 

and reduction in BP [12,16]. A standard group of drugs such as an -adrenergic 

and -adrenergic antagonist and Labetalol, in combination with beta-blockers 

(BBs) and sodium nitroprusside, are prescribed for routine medical therapy of 

type-B AD [12]. Trimethaphan and BB family groups would provide to decrease 

both the systemic BP and aortic pulse (dp/dt) and [12,17-19]. Although, BBs have 

a higher risk of stroke, death, and severe cardiovascular events than other 

antihypertensive drugs [18]. BBs are the initial pharmacological therapy for 

controlling the heart rate,  aortic wall stresses, and BP; systolic BP should be lower 

than 120 mmHg and heart rate lower than 60 BPM by taking BBs and also for 

additional BP reduction intravenous therapy must be used [11,20,21]. 

The physiological response of BBs reduces the progression and control of the type-

B AD by affecting the levels of potassium and calcium ions by increasing the 

effective refractory period (ERP) and cellular action potential duration (APD) 

[22,23]. Causing the reduction of aortic blood flow and reducing the heart rate 

[12]. Cardiac tamponade, aortic hemorrhage and myocardial ischemia can be the 

results of hypotension and shock [7,11]. One of the most crucial hemodynamic 

parameters in patients treated medically is the wall shear stress (WSS), which is 
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shown in equation (1), where is the local dynamic viscosity and �⃗�  is the fluid 

velocity vector:  

                                                  𝜏 = 𝜇 𝜕�⃗⃗� 𝜕𝑦                                                         (1)        

The WSS can lead to dissection progression (FL progression), redissection, 

forming plaque in arteries, or aneurysm formation and reoperation; therefore, BBs 

and other related drugs are prescribed to minimise elevated WSS and prevent 

surgical or endovascular repair [4,5,11,20,21,24]. Therefore, by having a 

meaningful understanding of WSS data and other WSS indices, i.e., oscillatory 

shear index (OSI) and highly oscillatory, low magnitude shear (HOLMES) [25] in 

the absence and presence of BBs can be used as a blueprint for clinicians in their 

decision-making process. Typical co-occurring conditions in type-B AD patients 

are atherosclerosis [11,25]. Vascular calcification is a result of the hardening of 

the aorta and is related to hypertension and atherosclerosis [25]. The results of 

follow-up mortality in acute type B AD Patients were shown that the history of 

atherosclerosis causes a significant increase in the mortality rate [26]. Therefore, 

identifying the location of plaque non-invasive and using the shear stress index 

[25] can be of great help to the clinicians. 

In this paper, a numerical simulation to investigate the hemodynamic parameters 

resulting from taking the BB family groups in an individual patient with type B 

AD is produced.  

Material and methods  

Geometry and grid generation  

The three-dimensional (3D) fluid domain was generated from a stack of 887 digital 

imaging and communications in medicine (DICOM) images of a 58year-old male 

patient with Stanford type-B AD. The fluid domain was reconstructed using 

MIMICS Research 21.0 (2018 release, Materialise, Leuven, Belgium). The 

resolution of the CT images was 0.5 mm/pixel, and the IF was between 1.5-2.5 

mm thick between the two tears. Different semiautomatic threshold, flood fill, and 

multiple slice edit tools have been used to create different masks to fully capture 

the geometry, retaining three-branch arteries (i.e. subclavian artery, left carotid 

artery, and brachiocephalic artery) on the aortic arch, and excluding other small 

vascular branches, due to the low quality of the images. The iliac arteries were 

omitted, and finally, boundaries cut with parallel planes in addition to inlet and 

outlets getting cut flat along the same axis. As shown in Fig.1, the cross-sectional 
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contours (planes A and B) of the reconstructed 3D geometry are mapped back to 

computed tomography scans to better understand the 3D model representing the 

patient-specific vessel lumen. 

 

 

Figure 1. Geometry and boundary conditions. (a) Patient-specific dissected aorta geometry with 

two planes to illustrate the dissection region and entry tear. The boundaries are names with 

black arrows: DA: descending aorta, LS: left subclavian artery, AA: ascending aorta, LCC: left 

common carotid artery, BT: brachiocephalic trunk (b) Flow rate inlet diagram; (c) 3-element 

Windkessel boundary condition. 

The fluid domain was meshed using ANSYS Meshing 18.2 (ANSYS Inc., 

Canonsburg, PA, USA). The geometry consisted of about 420000 and 175000 

tetrahedral cells and node numbers, respectively. To minimise the computational 

errors near the wall, seven prismatic layers with a growth rate of 1.2 are deployed. 

Mesh independence has been done for the fluid domain, a coarse mesh with about 

250,000 cells, and a fine-mesh with about 1000000 cells were generated to 

evaluate the grid independency. The pressure values in these three cases were 

examined so that there was a maximum 3.5% difference between the coarse mesh 
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relative to the medium mesh and a 0.7% maximum difference between the medium 

mesh and the fine mesh. In order to save computer costs, the medium mesh is 

chosen. 

Computational fluid dynamics 

The blood was assumed as an incompressible fluid with a density [4] of  1056 

kg/m3. The fluid was considered as a non-Newtonian model, with viscosity 

determined by Carreau-Yasuda viscosity model wherein is viscosity, �̇� is shear 

rate, 0 is Carreau Yasuda zero shear viscosity and  am and CY   are Carreau–
Yasuda infinite shear viscosity, Yasuda exponent, Carreau-Yasuda Power Law 

Index and Carreau–Yasuda time constant, respectively:  

                             𝜇 = (𝜇0 − 𝜇∞)(1 + (𝜆𝐶𝑌�̇�)𝑎)(𝑚−1) 𝑎⁄ + 𝜇∞                           (2)    

The parameters used in the present study were determined by Gijsen et al. [27] 

that can be seen in table (1).  

Table 1. Material properties used for the Carreau-Yasuda model [27]. 

 

 

 

The continuity and Navier-Stokes equations (equations (3) and (4), respectively) 

were solved using by the computational fluid dynamics (CFD) software ANSYS-

CFX 18.2 (ANSYS Inc., Canonsburg, PA, USA) based on the finite volume 

method, discretization of the equations involved a second-order backward Euler 

scheme with a time step of 0.005 s, and the maximum residual mean square errors 

were set to 10e-5: 

                                                       𝛻 ∙ �⃗� = 0                                                       (3) 

                                     𝜌 ∂u⃗⃗ ∂t + 𝜌(u⃗  . 𝛻)u⃗ + 𝛻𝑝 − 𝜇Δ�⃗� = 0                                  (4) 

where 𝜌 and 𝑝 represent the density and pressure, respectively. The blood flow 

was assumed to be laminar [4,28,29]. Reynolds number in the AA was 

approximately 1900. This usually occurs in large arteries due to the low mean flow 

velocity [4,30]. In order to mimic patients undergoing pharmacological treatment, 

the heart rate must be reduced (below 60 BPM) [11,20,21]. For this purpose, three 

case studies with type-B AD with different heart rates have been created to 

CY (s) m a  (m pa s) (m pa s) 

0.110 0.392 0.644 2.2 22 
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investigate. As a result of taking BBs, the patient's heart rate drops from 86 BPM 

(high heart rate) to 70 BPM (moderate heart rate) and finally to 55 BPM (regular 

heart rate). The input flow profile is virtually adjusted to represent the three 

aforementioned heart rates (rate reduced using beta-blockade). The input flow rate 

diagrams in all three cases are shown in Fig. 2. 

 

Figure 2. Input flow rate diagrams at the ascending aorta for all three heartbeats. 

Boundary conditions 

The inlet flow waveform to the AA was not available for this patient, so Karmonik 

et al.'s results [31] have been used and adjusted accordingly. Three cardiac cycles 

were needed to reach periodic repetitive states, and the last cycle was used to 

extract all the results. ANSYS CFD-Post and MATLAB (R2018b version, 

Mathworks, Natick, USA) were used to Post-processing the data. As discussed in 

Alimohammadi et al.'s papers [7,32], the present study was carried out in order to 

provide a framework for clinicians to better understand and tune their patient-

specific pharmacological treatment. Therefore, computational cost (simulation 

time) is of great importance herein; on the other hand, the inclusion of vessel wall 

simulation (Fluid-Solid Interaction) would require great resources and adequate 

time [7,33,34]; thus, rigid walls are assumed, and the aorta was assumed as no-slip 

walls. A three-element Windkessel lumped parameter model is implemented at the 

outlets to realistic boundary conditions. The values of the model parameters are 

also taken from a similar study (Fig. 1c) [25].  
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Results 

Velocity distribution    

 The velocity distribution through all cases is shown in Fig. 3. Generally, the 

velocity values decreased with reducing heart rate in all cardiac points except pick 

systole, where no significant changes can be seen. The velocity through the FL 

decreased, which lead to reducing the velocity gradient in the WSS equation (see 

equation (1)).  

Figure 4 demonstrates streamlines at end-diastole in three cases. Also, the 

distribution of volume renderings of the velocity magnitude on a plane in the 

middle of the entry tear is shown. The maximum velocity is seen in the model with 

86 BPM at entry tear. More specifically, in the case of 86 BPM heart rate, the 

maximum velocity of flow jet was about 1 m/s around the entry tear, which 

reduced to about 0.7 m/s and 0.47 m/s at 70 and 55 BPM, respectively. On the 

other hand, by lowering the heartbeats, the velocity values and turbulence regions 

at entry tear were decreased.  

Figure 3. Velocity distribution for all three cases at four cardiac points. 
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Figure 4. Velocity magnitude and streamlines for the three models at end-diastole. 

 

Pressure distribution    

The pressure distribution through all cases at pick systolic BP is shown in Fig. 5. 

Results show a significant difference in pressure values between the different 

heartbeats. The average pressure was decreased from about 110 mmHg at 86 BPM 

to approximately 100 and 85 mmHg at 70 and 55 BPM, respectively. 
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Figure 5. Pressure distribution for three cases at pick systolic blood pressure. 

WSS indicators   

Time-averaged wall shear stress (TAWSS)  is an important WSS indicator which 

is prescribed by equation (5) [4]: 

                                                     𝑇𝐴𝑊𝑆𝑆 = 1𝑇  ∫ |𝜏 (𝑡)| 𝑑𝑡𝑇0                                                        (5) 

Where 𝜏 (𝑡)  is the WSS vector at time t. This equation is adjusted to all 3D 

geometry nodes to evaluate TAWSS. The TAWSS distribution and their 

percentage differences are shown in Fig. 6 and Fig. 7, respectively.  

As shown in Fig. 6, the highest values of TAWSS were seen in the upper branches 

(especially BT) and around DA. The lowest TAWSS is seen in downstream FL, 

due to the reduction of velocity gradient, according to equations (1) and (5). From 

Fig. 7, it can be seen that TAWSS values in the whole of the aorta were decreased 

except for the FL after aortic arch (proximal FL) and around the DA in 86 BPM 

case. However, according to Fig. 6, in positive terms (about 0.2 Pa), it is apparent 

that TAWSS has been lower in these areas, and with increasing the percentage 

difference between 86 and 70 BPM, its value has not changed significantly. Figure 

7 illustrates TAWSS is decreased by an average of 25% and 30% at entry tear in 

each case, respectively. And it can be easily understood that TAWSS decreased by 

about 25% through the FL. 
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Figure 6. Time-averaged wall shear stress (TAWSS) distribution for three cases. 

 

Figure 7. Percentage difference in time-averaged wall shear stress (TAWSS) relative to 
different heart rates. (a) Percentage difference in TAWSS between 86 BPM and 70 BPM; (b) 
Percentage difference in TAWSS between 55 BPM and 70 BPM. 
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OSI is another meaningful WSS indicator and can be achieved from the following 

equation [4]: 

                                        𝑂𝑆𝐼 = 12(1 − |1𝑇 ∫ �⃗� (𝑡)𝑑𝑡𝑇0 |𝑇𝐴𝑊𝑆𝑆 )                                            (6) 

This parameter measures the oscillation of forces on the endothelial cells [4] and 

has a value between 0 and 0.5, a zero OSI quantity coincides with one-way wall 

shear forces, and the higher values indicate that the direction of the WSS forces is 

rather unknown [4,5].  

The OSI distribution and their percentage differences are shown in Fig. 8 and Fig. 

9, respectively. Generally, as shown in Fig. 8, high OSI can be seen in the 

dispersed elevated regions in the downstream entry tear and around the DA due to 

the complicated and unstable flow.  

According to Fig. 9, OSI has not changed significantly throughout the aorta. In 

fact, the average percentage difference in OSI was approximately equal to ±10% 

in most parts. Also, over the TL, a contrast of around -18% can be seen, which 

indicated a decrease in the oscillating nature of the WSS forces. According to Fig. 

9a, the highest percentage difference reduction in OSI was in the FL after aortic 

arch and DA.  

 

Figure 8. Oscillatory shear index (OSI) distribution for three cases. 
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Figure 9. Percentage difference in oscillatory shear index (OSI) relative to different heart rates. 
(a) Percentage difference in OSI between 86 BPM and 70 BPM; (b) Percentage difference in 

OSI between 55 BPM and 70 BPM. 

For better understanding of the combination and interaction of these two 

characteristics (TAWSS and OSI), a parameter called HOLMES is investigated, 

given by [25]: 

                                           𝐻𝑂𝐿𝑀𝐸𝑆 = 𝑇𝐴𝑊𝑆𝑆(0.5 − 𝑂𝑆𝐼)                                         (7) 

HOLMES is a key parameter for predicting the location of plaques and their 

progression [11]. HOLMES distribution and their percentage differences are 

shown in Fig. 10 and Fig. 11, respectively. According to Fig.10, the mean value 

of HOLMES was less than 0.5 Pa throughout the domain except for the upper 

branches (especially BT) and around the DA.  

From Fig. 11, it can be noted that HOLMES has decreased significantly through 

the aorta except in few regions, i.e., FL after the aortic arch (proximal FL) and DA 

(however, without any critical changes in absolute term). By decreasing each stage 

of heartbeats, HOLMES at the TL and FL was decreased by an average of about 

25% and 22%, respectively. 
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Figure 10. Highly oscillatory, low magnitude Shear (HOLMES) distribution for three cases. 

 

Figure 11. Percentage difference in highly oscillatory, low magnitude Shear (HOLMES) relative 
to different heart rates. (a) Percentage difference in HOLMES between 86 BPM and 70 BPM; 
(b) Percentage difference in HOLMES between 55 BPM and 70 BPM. 
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Discussion 

In the present work, the results showed significant hemodynamic differences 

between the three cases. In models with 70 and 55 BPM, the flow jet in the entry 

tear at end-diastole has decreased by about 42% and 48% in each stage of lowering 

heart rate, respectively and the vortical structures around the entry tear were also 

reduced. The vortical structures cause platelets to be trapped, and in the 

downstream regions, decreasing WSS causes thrombosis [35,36].  

In 71% of patients with type-B AD, systolic BP was more than 150 mmHg [11]. 

Studies have shown that calcification, extracellular fatty acid deposition, wall 

thickening and fibrosis are driven by chronic exposure to high pressure [5]. When 

comparing pressure values, using the results shown in Fig. 5, the pressure gradient 

along the whole aorta is significantly decreased; this behaviour indicates the 

successful effect of antihypertensive drugs [12,16,30] 

The WSS is principally essential in the study of AD because of its direct effect on 

the vessel wall [4,5], which cannot be measured invasively or experimentally. 

However, CFD can provide a great insight into this parameter and its resultant 

indices [4,5,29]. For example, a high TAWSS value causes the FL to expand and 

grow, increasing the risk of rupture in this area [4,25] and closing the TL and total 

loss of function of the lower appendages [4,37]. 

 Due to the decreasing heart rate, the velocity gradient through the coarctations 

was decreased and led to reduce WSS. As expected, by approximately a 25% 

reduction in TAWSS values at the FL, this area's growth and expansion have been 

prevented. As reported by the previous research [25,38], if an area has a high OSI 

and a low TAWSS, there is a high risk of rupture, calcification, or wall thickening 

there. The current results showed, although decreasing TAWSS in coarctations, 

OSI becomes more uniform where no considerable changes in its absolute terms 

can be seen. So that hypothesis prevents by lowering in heart rate. By notable 

decreasing in HOLMES in the TL and FL thus reducing the risk of endothelial cell 

permeability and plaque formation with successful virtual medication [25] 

This study represents a prime example of using computer simulations to measure 

hemodynamic parameters as a diagnostic tool for the clinicians. To investigate in 

detail, the predictive power of the model, the next steps will include fluid-solid 

interaction studies of different patients to allow comparisons between patients and 

possibly invasive analyses. 
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Data Availability 

The datasets used and analysed during the current study are available from the 

corresponding author on reasonable request.  
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Figures

Figure 1

Geometry and boundary conditions. (a) Patient-speci�c dissected aorta geometry with two planes to
illustrate the dissection region and entry tear. The boundaries are names with black arrows: DA:
descending aorta, LS: left subclavian artery, AA: ascending aorta, LCC: left common carotid artery, BT:
brachiocephalic trunk (b) Flow rate inlet diagram; (c) 3-element Windkessel boundary condition.



Figure 2

Input �ow rate diagrams at the ascending aorta for all three heartbeats.



Figure 3

Velocity distribution for all three cases at four cardiac points.



Figure 4

Velocity magnitude and streamlines for the three models at end-diastole.



Figure 5

Pressure distribution for three cases at pick systolic blood pressure.



Figure 6

Time-averaged wall shear stress (TAWSS) distribution for three cases.



Figure 7

Percentage difference in time-averaged wall shear stress (TAWSS) relative to different heart rates. (a)
Percentage difference in TAWSS between 86 BPM and 70 BPM; (b) Percentage difference in TAWSS
between 55 BPM and 70 BPM.



Figure 8

Oscillatory shear index (OSI) distribution for three cases.



Figure 9

Percentage difference in oscillatory shear index (OSI) relative to different heart rates. (a) Percentage
difference in OSI between 86 BPM and 70 BPM; (b) Percentage difference in OSI between 55 BPM and 70
BPM.



Figure 10

Highly oscillatory, low magnitude Shear (HOLMES) distribution for three cases.



Figure 11

Percentage difference in highly oscillatory, low magnitude Shear (HOLMES) relative to different heart
rates. (a) Percentage difference in HOLMES between 86 BPM and 70 BPM; (b) Percentage difference in
HOLMES between 55 BPM and 70 BPM.


