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Abstract 
People with Chronic Limb Ischemia (CLI) suffer from severely blocked arterial vessels in the leg and 

foot. Due to insufficient blood circulation, rest pain, ulcers, gangrene, and infections occur in the 

ischemic foot region. Patients in whom classic countermeasures such as bypass and angioplasty fail 

are referred to as no-option patients. Normally the only treatment option left for this group of patients 

is a major amputation. Since this disease is expected to become more frequent in the future due to the 

increasing incidence of diabetes mellitus and an aging society, more research is needed on alternative 

methods. One of these is the relatively new percutaneous deep venous arterialization procedure 

(pDVA). A method whose aim is to bring pressurized blood to the ischemic tissue via the venous 

system. This is achieved with the help of stents and the destruction of a venous valves. Results to date 

have been very satisfactory, although cure rates can vary widely. Currently, the exact hemodynamic 

changes caused by the procedure are poorly understood. Therefore, this work attempts to recreate in 

silico the vasculature in the foot, mimic blockages caused by CLI, and finally simulate and study the 

effects of the pDVA procedure. This is done using an open-loop model. The pressure curves and flow 

volumes in the foot could only be simulated and interpreted to a limited extent. The main reason for 

this is the current lack of data on the geometric and mechanical properties of the foot vessels. 

Nevertheless, it was found that the great saphenous vein, venous lateral perforators in the midfoot 

region, the posterior tibial artery, the lateral plantar vein, and the 1st metatarsal deep vein could be of 

great importance for the outcome of the procedure. Thus, these vessels might need special attention for 

modeling the procedure or answer the question of feasibility. However, the results can only be taken 

with caution. Future work must strive to improve available data for modeling hemodynamics in the 

vessels of the foot. In addition, it is believed that the use of a closed-loop model with more complex 

venous valves would lead to better results. 
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1 Introduction  

1.1 Peripheral arterial disease 

The peripheral arterial disease (PAD) is a slowly progressive narrowing of the arterial vessels 

especially in the legs due to fat deposits and calcification. The result of this is reduced blood supply to 

the lower limbs that can cause intermittent claudication, also known as symptomatic PAD. These 

patients experience lower limb pain during exercise, which is alleviated after a 10-minute rest.2,3 Risk 

factors are similar to those of coronary artery disease and cerebrovascular disease. Diabetes, cigarette 

smoking, age, and hypertension have the highest correlations with the occurrence of PAD.4 Studies 

have shown that PAD can be found in 15-20% of the population in the United States older than 70 

years.5,6   

1.2 Critical limb ischemia 

The end-stage of PAD is called critical limb ischemia (CLI). This group of patients affected by CLI is 

classified in the Rutherford Scale 4-6 and the Fontaine classification 3-4. In this case, the lower leg 

arteries are largely occluded.7,8 This has the consequence that the blood circulation of the lower limb, 

especially in the foot, is greatly disturbed. This condition usually worsens gradually up to the most 

severe form of CLI which is called "desert foot" because of very poor blood circulation. Symptoms are 

rest pain, ulcers, and/or gangrene in the foot due to the persistent lack of oxygenated blood.7 For 

Europe and North America approximately 500 - 1000 new CLI cases per year in a population of 1 

million are expected.2 Due to the increasing global trend of diabetes and an aging population, it can be 

assumed that the rate of CLI patients will continue to grow in the future because of the correlations of 

Diabetes and Age with the occurrence of PAD.4,9–11 

 

Rutherford stage Fontaine stage Description/definition 

0 I Asymptomatic 

1 IIa Mild claudication 

2 IIb Moderate claudication 

3 IIb Severe claudication 

4 III Rest pain 

5 IV Ischemic ulcers of the digits of the foot 

(minor tissue loss) 

6 IV Severe ischemic ulcers of the digits of the 

foot (major tissue loss) 

Figure 1, Rutherford-Becker and Fontaine classification in PAD12 
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1.3 Vascular system in the leg and foot 

1.3.1 Overview 

This work examines the hemodynamic effects of a percutaneous deep venous arterialization in a 

patient with CLI. A disease that affects the vascular system, especially in the leg and foot. For that 

reason, an overview of the relevant vessels is first given. Arteries and veins together form two 

circulatory systems: The systemic and pulmonary blood circulation. In the systemic circulation, blood 

travels from the aorta to arteries throughout the body. In the distal direction, they divide into smaller 

vessels. Arteries with a diameter smaller than 100 µm are called arterioles and those with a diameter of 

5-10 µm are called capillaries. It is at the capillaries that oxygen finally diffuses into the surrounding 

tissue where it is used for metabolic processes. In addition, carbon dioxide is absorbed there and 

transported back to the heart. Latter is done by the venous system. In the proximal direction, veins 

become larger as more and more of these join. After the venous blood has reached the heart, it is 

reoxygenated through the pulmonary circulation and thus the blood circulation in the body is 

complete.  

1.3.2 Arteries - leg 

Note that the vascular network variabilities in the foot are not discussed in this work. Instead, the 

vascular system of the lower limbs is generalized and thus simplified. We start at the aorta in the 

abdomen. Two arterial branches, each for one leg, arise from it: The common iliac arteries. The 

common iliac artery gives off a branch (internal iliac artery) to supply the pelvic viscera*. The other 

part passes through the inguinal ligament† and becomes the femoral artery. Subsequently, the femoral 

artery gives off a branch (profunda femoris) to supply the thigh. The other part continues to the knee 

joint where it becomes the popliteal artery. The popliteal artery divides into two tibial arteries: The 

anterior and posterior tibial artery. The anterior tibial artery provides perforators for the anterior aspect 

of the leg and in the ankle region, it becomes the dorsalis pedis which supplies the upper aspect of the 

foot (dorsal side). The posterior tibial artery supplies the posterior aspect of the leg and ends in the 

lower part of the foot (plantar side). Shortly after the branching from the popliteal artery, another 

branch emerges from a posterior tibial artery, which runs along the lateral part of the calf. This so-

called peroneal or fibular artery ends in the calcaneal part of the foot.13,14 

 
* Collective term for bladder, rectum, pelvic genital organs and terminal part of the urethra 
† A band running from the pubic tubercle to the anterior superior iliac spine 
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Figure 2, Arterial Network of the leg15 

1.3.3 Arteries - foot 

The dorsal and plantar networks in the foot are very similar. In both sides, an arch is formed that 

extends across the lateral and medial regions of the foot and rejoins proximally to the toes, where it 

gives off metatarsal arteries. These supply the toes with blood. In addition, there are some perforators 

on the metatarsal side that connect the dorsal aspect with the plantar aspect of the foot.16–18 

 

Figure 3, Dorsal side of foot arteries19                                        Figure 4, Plantar side of foot arteries19 

1.3.4 Veins - foot 

The venous system in the lower foot can be divided into three categories: In the foot, there are the 

deep and superficial veins. The deep veins are located under the deep fascia‡ of the foot and run 

along the large arteries. The superficial veins are in the tissue of the subcutis until they eventually 

drain into the deep veins. Perforators connect the superficial veins with the deep system. The deep 

veins of the plantar side are: 

 
‡ Tissue which sorrounds muscels  
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1. Deep plantar venous arch: This is the counterpart of the arcuate artery (see 

Figure 3). It runs along with the first to the fifth metatarsal and receives 

metatarsal veins that drain the blood from the toes. It is often found 

doubled.  

2. Medial plantar vein: This arises from the deep plantar venous arch and runs 

along the medial aspect of the foot. It receives blood from surrounding 

muscles and tissues.  

3. Lateral plantar vein: This is a continuation of the lateral end of the deep 

plantar venous arch. It runs along the lateral part of the foot until it joins 

the medial plantar vein which forms the posterior tibial vein. Both, the 

medial and lateral plantar veins are often doubled.  

In addition, there is the counterpart to the peroneal artery: The peroneal vein. This takes blood from 

the calcaneal part of the foot. Besides the deep veins in the plantar side, there are many small 

superficial veins on the sole. When the foot is stepped on, these act like a sponge that is squeezed out 

and fill surrounding veins with blood.20 The superficial veins of the dorsal side are: 

1. The dorsal arch: It lies over the proximal ends of the 

metatarsal bones and receives blood from the dorsal 

metatarsal veins.  

2. The medial marginal vein originates from the medial side 

of the dorsal arch and runs across the medial side until it 

becomes the Great Saphenous Vein (GSV).  

3. The lateral marginal that arises on the lateral side of the 

dorsal arch. This runs along the lateral side of the dorsal 

foot and ends in the Small Saphenous Vein (SSV). 

 

Additionally, perforators connect the GSV, the SSV, and the anterior tibial vein with the plantar aspect 

of the foot.21,22 This can be seen in Figure 7. 

 

Figure 7, Left: Perforators at the medial side that connect the GSV with deep plantar veins, Right: Perforators at the lateral 

side that connect the SSV with the deep plantar veins. Numbers indicate where the perforators penetrate the deep facscia.22 

 

             

Figure 6, The dorsal side of foot veins24 

Figure 5, The Plantar 

side of foot veins1 
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1.3.5 Veins - leg 

The GSV runs medially to the thigh to perforate the deep fascia. It joins the common femoral vein 

around the hip. The SSV ascends behind the lateral malleolus§ to join the popliteal vein. The tibial 

veins and the peroneal vein are connected just like the associated arteries. The posterior tibial vein 

runs along the posterior part and the anterior tibial vein runs along the anterior aspect of the lower leg. 

Together they form a popliteal vein, which continues towards the hip. In the hip area, continuations of 

the popliteal, deep femoral, and the great saphenous vein come together and end up the inferior vena 

cava.20,23 

 

Figure 8, Veins of the leg24,25 

1.4 Symptoms of CLI  

1.4.1 Pain 

The pain occurs mainly in the foot. It is caused by ischemia, tissue loss, ischemic neuropathy, or a 

combination of these. The pain is often described as excruciating and, unlike attenuated PAD, it can 

even occur at rest. Typically, the pain takes place at night, which causes the patient to have greatly 

reduced sleep. In addition, walking is nearly impossible.2 

1.4.2 Ulcer and gangrene  

Gangrene represents a decomposition of the tissue. It occurs primarily on the toes but may also be 

found on the heel in bedridden patients. In severe cases, the decomposition goes from the toes to the 

midfoot.2 Ulcer is defined as necrosis and rupture of superficial tissue layers. It can be found on the 

toes and reaches the bones in some cases. Both ulcers and gangrene are caused by minor traumas. 

Exemplary are local pressure points (e.g. ill-fitting shoes).26 Normally, these wounds would heal in a 

healthy patient. However, due to insufficient perfusion, the healing process is greatly slowed. This can 

 
§ A bone protrusion located on the lateral side at the distal end of the calf bone 
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lead to the wounds not healing and the condition of these even worsening. There is also an increased 

risk of infection at the ischemic tissue.  

1.4.3 Quality of life (QoL) 

There is an extremely poor outlook for diagnosed CLI patients. QoL is severely deteriorated in these 

people. Sprengers et al.27 have shown that QoL is lower in CLI patients than in patients with chronic 

kidney disease, chronic heart disease, or cancer. This was found out with the so-called SF-36 

questionnaire. A widely accepted, reliable, and commonly used tool to assess QoL. 

1.4.4 Mortality 

Also, the life expectancy after diagnosis is dramatically shortened. After one year, approximately 25% 

of the patients have died and another 25% have undergone major amputations. After five years, less 

than 50% are alive.2,27,28 These high rates of death and amputation show that current treatment options 

are limited and that CLI continues to be a challenge. 

1.5 Current treatment options for CLI 

1.5.1 Overall strategy 

CLI is a complex macro- and microvascular disease where the body responds with increasing 

angiogenesis, capillary sprouting, and expansion of preexisting collaterals to counteract the lack of 

blood circulation in the foot. These natural countermeasures often fail and therefore medical and 

surgical therapies must be performed when CLI is diagnosed.7,8 In addition to wound care, there are 

several treatment approaches for CLI patients to reduce risk factors and symptoms, prevent major 

amputation, improve quality of life and increase survival.29 To achieve these goals, most CLI patients 

must undergo revascularization in addition to medication. For patients with other severe co-

morbidities or for those in whom revascularization has a poor chance of success, amputation may be 

the most appropriate treatment.2  

1.5.2 Drug treatment 

All CLI patients receive drug treatment. For example, vasodilators to dilate the vessels or drugs to 

counteract metabolic abnormalities due to PAD are used. The goal is to reduce symptoms of 

claudication and to avoid events related to atherosclerosis (myocardial infarction, stroke, or death). 

Unfortunately, this approach does not lead to a significant reduction or elimination of symptoms.2  

1.5.3 Amputation 

In the case of amputations, a distinction must be made between minor and major amputations. Minor 

amputations involve amputations below the ankle (toe, metatarsal, or forefoot) and major amputations 

involve amputations above the ankle.  
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Minor amputations may be part of a limb salvage strategy. Combined with revascularization of the 

limb the ambulatory status and the quality of life can be preserved. Amputations above the ankle may 

be necessary when the patient's life is in danger due to systemic infections, severe pain at rest cannot 

be reduced, failed revascularizations, or when necrotic processes in the foot have progressed too far.2,30 

Major limb amputations are a very big break in the lives of the affected patients. On the one hand, the 

quality of life deteriorates significantly and, on the other hand, life expectancy drops sharply after a 

major amputation.31,32 Therefore, a major amputation is the last choice of all treatment options and is 

generally attempted to be avoided. Many major amputations can be prevented through successfully 

performed revascularization and therefore this will be discussed in more detail next.2 

1.5.4 Bypass and Angioplasty 

Both bypass surgery and angioplasty have their restrictions. Whether one of the methods can be used 

depends on many different physiological factors: anatomical lesions, distribution of arterial disease, 

patient's health status, comorbidities, presence of foot ulcer, foot infection, and local expertise.33 

In many cases, bypass operation is an effective way to avoid major limb amputation. But this 

technique has its limitations and therefore it is not feasible for every CLI patient, especially for those 

with severe comorbidities. If there are for example severe occlusions below the ankle, no vessels could 

provide perfusion to the distal foot after bypass surgery. This is the case in 14-18% of all CLI cases. 

Especially patients with additional diabetes tend to have more distal occlusions and therefore it can be 

assumed that the ratio of people where the bypass surgery is not feasible will increase because of the 

global trend of diabetes.11  

Angioplasty seems to be more tolerant in patients with comorbidities. Also, it can be performed 

gradually in several steps on fragile patients or be repeated in case of an unsuccessful procedure. 

However, this method also has its limitations in feasibility and is therefore not as promising as bypass 

surgery in some cases.33 

People, for whom bypass surgery and angioplasty are not applicable or for whom these interventions 

have failed, are often referred to as "no-option" patients. The last chance for these people to avoid a 

major limb amputation and/or to relieve rest pain is called venous arterialization.34 

1.5.5 Venous arterialization 

CLI mainly affects arterial vessels. Conversely, the venous system is largely free of occlusions in 

some CLI cases. This fact is exploited in the venous arterialization procedure. The idea is that after the 

procedure, arterial outflow to the ischemic tissue should be ensured through part of the disease-free 

venous system so that the capillaries can be retrogradely filled with blood. This is achieved by placing 

a connection between an artery and a vein proximal to the arterial blockage. In addition to this fistula, 

the distal venous valves must be destroyed, as they only allow blood flow in the direction to the heart. 

After the procedure blood flow and pressure in the foot increase drastically. It must be remembered 
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that due to the procedure the body lacks a complete vein in the foot to drain the blood. Due to reverse 

venous flow in the following days, there is a high risk of swelling, pain, and superficial necrosis at the 

foot which subsides after a while.35  

Venous arterialization is indeed a serious intervention on the patient's body that drastically changes the 

hemodynamics. Nevertheless, a meta-analysis from 2006 by Lu et al.36 found that, on average, the 

limb salvage rate of venous arterialization after one year is 71%. There are various approaches to 

implement this concept of vascular remodeling. Simplified, there are two main methods, which are the 

superficial and deep venous arterialization. 

1.5.6 Superficial Venous Arterialization (SVA) 

In the SVA procedure, a connection is made between the Great Saphenous Vein (GSV) and an 

appropriate artery (usually the popliteal artery). Thus, through the superficial veins on the dorsal side, 

the arterial flow to the foot is created. From the medial marginal vein to the fistula, the valves are 

destroyed by a so-called valvulotome. In addition, side branches of the superficial venous arch, which 

would lead to direct arterial backflow to the heart, are ligated to prevent subsequent shunting and to 

increase the antegrade perfusion pressure.11,34 

1.5.7 Deep Venous Arterialization (DVA) 

Unlike the SVA procedure, the DVA procedure uses the deep venous arch for arterial outflow. Often 

the posterior tibial artery and one of the concomitant veins are used. Less commonly, concomitants of 

the dorsal pedal artery are used. According to van den Heuvel et al.34, there are two advantages in the 

DVA over SVA: 

• The deep venous system is not dependent on the superficial veins to get sufficient perfusion of 

the foot.  

• In the DVA procedure, fewer venous valves need to be destroyed compared to SVA. 

Both, SVA and DVA can be performed by surgical or percutaneous approach. Usually, the 

percutaneous approach is preferred because it creates smaller wounds in the very slowly healing 

ischemic tissue and reduces the risk of infection. In addition, a surgical approach seems to be more 

difficult to perform.34 Since this work focuses on the percutaneous DVA procedure, this type of 

venous arterialization will be examined in more detail.  

1.5.8 Percutaneous DVA (pDVA) with the LimFLow system 

The LimFlow system (LimFlow SA, Paris, France) is currently the only one that makes the DVA 

procedure possible percutaneously. In the following, the pDVA procedure with the LimFlow system is 

described.  

Two catheters need to be placed into the patient. One is inserted on the arterial side through a femoral 

sheath. Inside this hollow catheter, there is a needle connected to a guidewire. On the venous side, a 
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sheath is made by puncturing the posterior tibial vein near the ankle and a second catheter is inserted. 

Both catheter tips are moved to the planned crossing point. The catheters are then aligned so that the 

needle of the catheter in the artery can penetrate the arterial and venous wall. With the help of the 

catheter in the vein, the needle is then grasped and pulled in the distal direction to the foot. The cable 

is then replaced with a thicker cable and a valvulotome is connected to its end. It is a cutting basket 

that is designed in such a way that the hooks inside make the venous valves incompetent and at the 

same time protect the vessel wall. This valvulotome is pushed from the crossing point to the midfoot 

so that all the venous valves in between become useless. After pre-dilation of the vessels, 5.5mm 

stents are stacked from the ankle to the crossing point. These ensure sufficient caliber of the vessels 

and complete destruction of the venous valves. In addition, the stents are covered so that no venous 

cross-connections (collaterals) can steal blood. The fistula and pDVA procedure are completed with 

the help of a special stent that connects the vein and artery. Proximally the caliber is 3.5mm and 

distally 5.5mm. The reason is to bridge the different diameters between both vessels. This stent is also 

covered to prevent blood leakage.37 
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2 Aim and Thesis Outline 
Despite great success of the percutaneous DVA method, it does not provide equal improvement in 

every patient. Limb salvage rates are high and yet wound healing rates vary. Also, reinterventions 

must be performed frequently. Important for a successful procedure is to get enough pressurized blood 

to the distal foot.38–40 The aim of this work is to improve the understanding of the hemodynamic 

effects of the pDVA procedure and to highlight which vessels need special intention then modeling 

this intervention or to answer the question of feasibility. 

To do so, a general 0D-open-loop model with emphasis on the pedal vessels is presented that mimics 

the hemodynamics in the human body. In addition, a parameter sensitivity analysis is performed. The 

analysis is used to investigate the impact of certain vessels on the outcome of the procedure. This is 

important because the number of measurements performed by the physician is limited. Therefore, the 

analysis might help to define a measurement protocol and to develop patient-specific models.41  

First, information is given how the model was created and how the associated sensitivity analysis was 

performed. Specifically, the network of all vessels, its data, assumptions, numerical implementation 

and the type of sensitivity analysis is described. After creating the model for a healthy human, it is 

checked to what extent it mimics the physical properties of the real human vascular system. Finally, 

the results of the simulated percutaneous deep venous arterialization procedure are discussed. 
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3 Methods 

3.1 Overview 

To obtain a realistic picture of the effects of the pDVA procedure, all major arterial and venous vessels 

of the human body are implemented in the numerical model. These vessels and the associated artery-

vein-connections (lumped model for peripheral vessels) consist of concatenated 0D models. This was 

done for all vessels above the ankle using the global multiscale model of Müller and Toro42. The 

information for the vascular network and the geometrical and mechanical properties of each vessel are 

taken from that work. Since the cerebral area is elaborated very detailed there, it is simplified. In 

addition, to investigate the effects of the pDVA procedure in the foot, numerous small vessels below 

the ankle are added. Their network and associated parameters were estimated using various studies. It 

should be noted that this is an open-loop model (unlike the model of Müller and Toro). This means 

that the venous return at the superior and inferior vena cava drains through a Windkessel model in 

each case. Therefore, there is no type of feedback for the cardiac output and so the cardiac output 

signal is the same for each period.  

3.2 Pulse Wave Propagation Model 

3.2.1 Vascular network 

In the model, the vascular system is divided into segments. Each of the segments is assigned a 

different reference number. All used segments and their corresponding reference are shown in Figure 9 

- Figure 12. Blue dots in the arterial network and red dots in the venous network display a simple link 

of two or more vessels while a yellow diode symbol represents a venous valve between segments. 

Green dots indicate a connection of the arterial and venous system by peripheral vessels. There are 

additionally outlined the simplification of the cerebral area and the extended vascular representation of 

the foot. Note that the segment with number 98 (Vertebral venous plexus) is removed.  
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Figure 9, Arterial network after Müller and Toro42 (modified) 

 

Figure 10, Venous network after Müller and Toro42 (modified) 
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Figure 11, Arteries in the right foot with references. Note that the references in the left foot correspond to those of the right 

foot, increased by 100. 

 

Figure 12, Veins in the right foot with references. Note that the references in the left foot correspond to those of the right 

foot, increased by 100. 

3.2.2 Geometrical and mechanical data 

To define the segments in the numerical model three values of each vessel section are needed: The 

length of the vessel l, the inner radius r, and the wave speed c. In Appendix A Table 4 shows all 

geometric and mechanical values used for the model, which were taken from the work of Müller and 

Toro. Table 5 and Table 6 show the remaining values of the pedal area. In literature, data of pedal 

vessels are scarce. For that reason, missing values were estimated. Missing geometrical and 

mechanical data of the pedal vascular system is estimated by several approaches. It is assumed that the 

wave velocity in the arterial and venous system of the foot does not change significantly. With this 

assumption, wave velocities in the foot were estimated using available data from nearby tibial vessels. 

Missing data of radii was estimated by Murray's law43 or by nearby geometrical ratios. Murray's Law 

can be seen in (1), where 𝑟𝑚 is the radius of the mother vessel and 𝑟𝑖 is a branching daughter vessel. 

The geometrical ratios are taken from literature and nearby vessels.  

 𝑟𝑚
3 =  𝑟1

3 + 𝑟2
3 + (… ) + 𝑟𝑛

3 (1) 
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Since the arterial and venous networks are very similar, it is also assumed that an artery and its 

associated vein are of the same length. Thus, missing vessel lengths were estimated by the associated 

vessels of the arterial/venous system.  

No geometric data was found about the venous perforators in the midfoot (see Figure 7). Two vessels 

were implemented to summarize the network of these in the foot (segment 716 and 717 in Figure 12). 

Their diameter are arbitrarily set to be 3 mm. 

3.2.3 Cardiac output signal    

The input signal for the system is intended to mimic the blood ejection of a human heart. It is a 

modified signal from the work of Olufsen et al.44 and can be seen in Figure 13. The cardiac cycle there 

has a period of 1 second, and its mean flow is 5.38 
𝑙

𝑚𝑖𝑛
. One cardiac cycle consists of 201 data points. 

  

Figure 13, Cardiac output signal with mean flow rate of 5.38 
𝑙

𝑚𝑖𝑛
 and period of 1s 

3.3 0D model 

Each of the segments is implemented using a 0D model with three different elements. In the electrical 

analogy, the 0D model consists of a resistor connected in series with a coil. The coil represents the 

inertia of the blood. Before and after these two elements, a capacitor is connected, which imitates the 

storage capacity of the vessel (see Figure 14). Since two capacitors are included, storage capacity is 

halved in each case. All three elements (C, R, and L) must be quantified for each vessel segment. The 

equations for the elements are presented below. 
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Figure 14, 0D model representation for vessel segments. C: Compliance, R: Resistance, L: Inertance, q: Flow 

Table 1, Constants 

Symbol Value Unit Description 

𝜼 0,0045 𝑃𝑎 ∙ 𝑠 Blood viscosity 

𝝆 1050 𝑘𝑔

𝑚3
 

Blood density 

𝝉 1,5 𝑠 Time constant 

 

3.3.1 Resistance  

In the following, most of the equations are based on the book “Snapshots of Hemodynamics” from 

Westerhof et al.45 The resistance R is the ratio between blood pressure and flow (2). Thus, the higher 

the resistance, the greater is the pressure drop along a vessel segment for the same blood flow.  

 
𝑅 =  

∆𝑝𝑅

𝑞𝑅
 (2) 

The resistance of each vessel is calculated with Poiseuille's law. The flow velocity vr  along the radius r 

can be described using equation (3) with the pressure gradient ∆pR over a tube with length l and the 

radius of the tube ri. The velocity profile is characterized by a parabolic shape where the maximum 

velocity is in the center of the tube. 

 
𝑣𝑟 =  

∆𝑝𝑅 ∙ (𝑟𝑖
2  − 𝑟2)

4 ∙ 𝜂 ∙ 𝑙
 (3) 

The average velocity vmean over that parabolic profile is derived from (3) and given by equation (4). 

 
𝑣𝑚𝑒𝑎𝑛 =  

∆𝑝𝑅 ∙  𝑟𝑖
2

8 ∙ 𝜂 ∙ 𝑙
 (4) 

The relationship between velocity v and volumetric flow q along a tube is as follows: 

 𝑣 =
𝑞

𝜋 ∙ 𝑟𝑖
2 . (5) 

Combining (5) and (4) we obtain equation (6). It defines the mean flow in the tube.  

 
𝑞𝑅 =  

∆𝑝𝑅 ∙ 𝜋 ∙  𝑟𝑖
4

8 ∙ 𝜂 ∙ 𝑙
 (6) 
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After reshaping equation (6) according to the form in (2) the result is the Poiseuille resistance of a tube 

(7) where A is the cross-sectional area. 

 
𝑅 =  

8 ∙ 𝜂 ∙ 𝑙

𝜋 ∙  𝑟𝑖
4 =  

8 ∙ 𝜂 ∙ 𝑙 ∙  𝜋

𝐴2
  (7) 

3.3.2 Compliance 

The compliance C of a vessel describes how much the volume V of the tube changes with the 

distending pressure ∆pC: 

 
𝐶 =  

∆𝑉

∆𝑝𝐶
 . (8) 

In the time domain, the relationship between the blood flow qC and the transmural pressure pC is 

described by the proportionality constant C (9). 

 
𝑞𝐶 =  𝐶 ∙

𝜕𝑝𝐶

𝜕𝑡
 (9) 

For the calculation of C, a derivative of the Moens-Korteweg equation is used. The Moens-Korteweg 

equation establishes a relationship between wave speed c and the incremental elastic modulus Einc for 

non-viscous fluids (10) where h is the wall thickness. 

 

𝑐 =  √
ℎ ∙  𝐸𝑖𝑛𝑐

2 ∙  𝑟𝑖 ∙  𝜌
 (10) 

A derivative of the Moens-Korteweg equation described by Bramwell and Hill46 among others gives a 

relation between wave speed and the area compliance CA (11). The area compliance is defined in (12) 

where l is the length of the vessel.  

 

𝑐 =  √
𝐴

𝜌 ∙ 𝐶𝐴
 (11) 

 
𝐶𝐴 =  

𝐶

𝑙
 (12) 

After (12) is inserted in (11) and converted to C we get the final equation for calculating the 

compliance in each vessel (13). 

 
𝐶 =  

𝑙 ∙ 𝐴

𝜌 ∙  𝑐2
 (13) 

3.3.3 Inertance 

The inertance is the effective mass of the blood. It is defined as follows:  

 
𝐿 =  

𝜌 ∙ 𝑙

𝐴
. (14) 

Newton's second law (15) states that a heavier mass m accelerates slower than a lighter mass under the 

same force F. This also applies to blood in the human body.  
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𝐹 = 𝑚 ∙  

𝜕𝑣

𝜕𝑡
 (15) 

The force that leads to an acceleration of the blood in a vessel can be formulated by the pressure 

difference along the tube times the cross-sectional area (16). 

 𝐹 =  ∆𝑝𝐿 ∙ 𝐴 (16) 

The mass of the blood is equal to the density times the volume of a tube, thus 

      𝑚 = 𝜌 ∙ 𝑉 = 𝜌 ∙ 𝐴 ∙ 𝑙. (17) 

Substituting (16) and (17) into Newton’s second law and considering the relationship between flow 

and velocity from equation (5), we obtain (18). Hence, the inertance is a proportionality factor that 

brings together the oscillation of the blood pressure and the acceleration of the blood. 

 
∆𝑝𝐿 = 𝐿 ∙  

𝜕𝑞𝐿

𝜕𝑡
 (18) 

3.4 Artery-Vein-Connections 

The connections between the arterial and venous system (AV-connections) summarize all smaller 

vessels whose network can no longer be accurately described. The behavior of these many small 

vessels can nevertheless be mimicked. This is realized by a network of 0D models already presented 

above. In the model, most of the AV-connections are a series of an input impedance and 0D models 

which are taken from Müller and Toro42. One exception is present in the celiac area. There the AV-

connection is more complex. Since, the cerebral region is simplified and the pedal region is expanded, 

the values for the AV-connections there are adjusted.  

To avoid non-physiological reflections, an input impedance Zinp is connected in series before each AV-

connection. This is recommended according to Alastruey et al.47 The formula calculating the 

impedance is taken from Matick48 and can be seen in (19) where Lterm and Cterm are the C-L-values and 

Zterm is the characteristic impedance of the terminal arterial segment.  

 

𝑍𝑖𝑛𝑝 = 𝑍𝑡𝑒𝑟𝑚 =  √
𝐿𝑡𝑒𝑟𝑚

𝐶𝑡𝑒𝑟𝑚
 (19) 

In order not to change the total peripheral resistance of the AV connection Rper, the resistance in the 

0D model is calculated as in (20), so that the sum of the AV resistance 𝑅𝐴𝑉  and Zinp equals Rper, which 

is defined as the mean pressure drop divided by the mean blood flow across the peripheral vessels. 

 𝑅𝐴𝑉  =  𝑅𝑝𝑒𝑟 − 𝑍𝑖𝑛𝑝 (20) 

All values of the AV-connections in the model can be seen in Appendix B. Each AV-connection 

above the ancle consists of three 0D models (arteriolar, capillary, and venular part) and the input 

impedance attached in front of it (see Figure 15). Additionally, the more complex AV-connection at 

the celiac artery can be seen in Figure 16. There, four of the capillary 0D models join before the 
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venule part. The terminal arteries in the foot are each connected to the corresponding veins. For this 

purpose, the values for the AV-connections in the ankle region from the work of Müller and Toro were 

combined into one 0D model and adjusted (see Table 9). 

 

Figure 15, Network of a simple artery-vein-connection after Müller and Toro42. Red vessel represents the arterial part and 

blue vessel the venous part. The corresponding values are in Table 7. 

 

Figure 16, Network of complex artery-vein-connection after Müller and Toro42. The corresponding values are in Table 8. 

3.5 Venous valves 

Venous valves are implemented as ideal diodes. Thus, when the pressure gradient across the segment 

does not correspond to the desired flow direction, the resistance is increased to mimic valve closure. 

The flap closes instantaneously in the model with an increase of the resistance by a factor of 1021. 

 

3.6 Windkessel model 

The inferior and superior vena cava are the terminal vessels of the venous system that carry all blood 

back to the heart. In the human body this venous backflow is subsequently reoxygenated by the 

pulmonary circulation and returned to the arterial system. Since this is an open-loop model, the blood 

flow in the model is not returned to the system but drains through a three-element Windkessel model 

(see Figure 17). First, the total peripheral resistance and compliance for the Windkessel models are 
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determined. After that, the input impedance Zinp and the resistance R are calculated in the same way as 

described for the AV-connections, see (19) and (20).  

 

Figure 17, Windkessel-model with Zinp: input impedance, R: resistance and C: compliance. 

For the determination of the peripheral resistance, the mean pressure, and the mean flow rate in the 

caval vein are required. The mean return rate for the superior vena cava is estimated to be 30% of 

cardiac output.49 The remaining blood volume is returning through the inferior vena cava. The central 

venous pressure (pressure in caval veins) is estimated to be 6 mmHg. 

The relationship of R and C in a RC link can be described by the time constant 𝜏 in (21). It shows how 

much time is needed for the initial pressure over R to drop by 37%.45 The constant 𝜏 is set to 1,5 

seconds.50 After inserting (20) in (21), we get the final equation to calculate C (22). All values for the 

two Windkessel models can be found in Table 2. 

 𝜏 = 𝑅 ∙ 𝐶 (21) 

 𝐶 =
𝜏

(𝑅𝑝𝑒𝑟 − 𝑍𝑖𝑛𝑝)
 (22) 

 

Table 2, Values for the Windkessel models. Units are C [
𝑚𝑙

𝑚𝑚𝐻𝑔
] 𝑎𝑛𝑑 Rper|Zinp [

𝑚𝑚𝐻𝑔∙𝑠

𝑚𝑙
]. 

Vessel Zinp Rper C 

Superior vena cava 0,05 0,22 8,44 

Inferior vena cava 0,05 0,10 34,87 

3.7 pDVA implementation 

Before implementing the pDVA procedure, the diameters of the arteries in the lower limbs were first 

greatly reduced to resemble the physiology of a CLI patient. Thereupon, a connection between the 

posterior tibial artery and vein in the right leg (segment nr. 41 and 251) is mimicked by a crossing 

stent. The length of the stent is 4 cm, and its proximal diameter is 3,5 mm while the distal diameter is 

5,5 mm. It is implemented as a 0D model analogous to all other vessels. In addition, all venous valves 

between crossing-point and mid-foot are removed. Finally, the diameter of the tibial vein is increased 
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to 5 mm due to the covered stents. See Figure 18, which outlines the implementation of the pDVA 

procedure. 

 

Figure 18, pDVA implementation, where crossing stent connects the post. tibial artery with post. tibial vein. Yellow diode 

symbols indicate implemented valves. Note that direct flow from posterior tibial vein to the medial plantar aspect of the foot 

is cut off due to the covered stent. 

3.8 Boundary Conditions and Assumptions 

Pressure: The initial pressure of each vessel segment is set to 0 mmHg.  

Flow: It is assumed that the blood flow in the vascular system is steady and laminar. All vessels have 

the shape of a uniform tube. This must be assumed to apply Poiseuille's law (3) and Murray’s law (1).  

CLI pathophysiology: The reduction in diameter due to occlusions is assumed to be 50%.51  

Crossing stent: It is assumed that the crossing stent has no significant compliance. Thus, the 

compliance there is set to 0 ml/mmHg.  

System filling: Since all vessels are empty in the first cycle, the system must be filled before it can be 

interpreted meaningfully. After 16 cardiac cycles, it is assumed that the system is filled and has 

stabilized. The simulation starts with no initial flows.  

3.9 Numerical implementation 

The model is implemented using the software MATLAB R2019a (MathWorks, Natick, MA, USA). 

The presented segments are partitioned to a maximum length of 10 cm by linear interpolation. Each of 

the elements in the 0D model (resistance, inertia, and compliance) is discretized by two nodes that can 

take to values: pressure and flow. Thus, two degrees of freedom are present in every node. 

Interconnected segments share nodes to provide continuity. In the following, the discretization of the 

0D model elements (Figure 19) and the creation of the system of equations according to Kroon et al.52 

are presented.  
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Figure 19, Discretization of the 0D model where q is the blood flow and p is the pressure. Note that the flow directions are 

directed inwards. 

In (2), (9), and (18) all three element equations are already described, which give the relationship 

between pressure and flow: 

 
𝑞𝑅 =

1

𝑅
∙ ∆𝑝𝑅 , 𝑞𝐶 = 𝐶 ∙

𝜕𝑝𝐶

𝜕𝑡
, 𝑎𝑛𝑑 ∆𝑝𝐿 = 𝐿 ∙  

𝜕𝑞𝐿

𝜕𝑡
. (23) 

Considering the discretization in Figure 19, the equations from (23) can be formulated in matrices as 

 1

𝑅
𝑀 (

𝑝1

𝑝2
) =  (

𝑞1

𝑞2
), (24) 

 

𝐶𝑀 (

𝜕𝑝1

𝜕𝑡
𝜕𝑝2

𝜕𝑡

) =  (
𝑞1

𝑞2
), and (25) 

 
1

𝐿
𝑀 (

∫ 𝑝1 𝑑𝑡

∫ 𝑝2 𝑑𝑡
) =  (

𝑞1

𝑞2
) (26) 

with 

 𝑀 =  (
1 −1

−1 1
). (27) 

Assembling the equations (24), (25), and (26) leads to 

 
𝑅𝑒𝑝𝑒 + 𝐶𝑒

𝜕𝑝𝑒

𝜕𝑡
+ 𝐿𝑒 ∫ 𝑝𝑒  𝑑𝑡 =  𝑞𝑒 , (28) 

where 𝑝𝑒 and 𝑞𝑒 are are the nodal point pressures and flows. 𝐶𝑒 contains the compliances while 𝑅𝑒 and 

𝐿𝑒 contain the inverse values for the resistances/ impedances and inertias. The values after a time step 

𝛥t are calculated by the first order backwards scheme and the first order trapezium rule. The resulting 

system of equations is  

 𝐾𝑒𝑝𝑒
𝑡+𝛥t =  𝑓𝑒𝑞𝑒

𝑡+𝛥t, (29) 

with the system matrix 𝐾𝑒 defined as 
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 𝐾𝑒 =
3

2𝛥t
𝐶𝑒 + 𝑅𝑒 +

𝛥t

2
𝐿𝑒  (30) 

and the right-hand side 

 𝑓𝑒 = −𝐶𝑒 (−
2

𝛥𝑡
𝑝𝑒

𝑡 + 𝑝𝑒
𝑡−𝛥t) − 𝐿𝑒

𝛥t

2
𝑝𝑒

𝑡 . (31) 

Note that the system matrix 𝐾𝑒 is constant. Since the flow of each element is directed inwards, 𝑞𝑡+𝛥t is 

zero for all nodes except those with prescribed external flow. Thus, the system of equations can be 

solved.  

3.10 Sensitivity Analysis 

3.10.1 Motivation 

The set of input data for the model is referred to as Z. Each of its elements z1, z2, …, zn is estimated by 

physiological data from measurements and assumptions with their accompanying simplifications. Due 

to limited measurement precision, simplifications, and biological parameters changing over time, the 

parameters zi are afflicted with an error. Each of these inaccuracies contribute to the total error of the 

output Y. The purpose of a sensitivity analysis is to identify the parameters that are relevant for Y and 

its error. Thus, it is hoped that the analysis highlights which parameters must be paid special attention 

to when modeling the pDVA procedure. Since the model is computationally expensive, a local 

sensitivity analysis is performed. It determines the local impact of input factor varieties. 

3.10.2 Implementation 

The local sensitivity analysis is defined as the partial derivative of the output Y.53 See (32) 

 𝑆 =  
𝜕𝑌

𝜕𝑧𝑖
 ,   (32) 

where S is the set of sensitivity indices. Due to the high computation time, this idea of analysis is 

simplified. Therefore, only the local impact of diameter varieties on flow is examined. This is done by 

calculating the local standard deviation of the volume flow of all preselected vessels by diameter 

changes. In addition, every single absolute standard deviation has been calculated in relation to the 

sum of all absolute standard deviations. 

The standard deviation 𝜎 with the Bessel’s correction is defined as 

 

𝜎𝑦(𝑧) =  √
1

𝑁 − 1
∑(𝑦𝑖

(𝑧)
− 𝑦(𝑧)̅̅ ̅̅ ̅)2

𝑁

𝑖=1

 (33) 

with the number of samples per segment N and the mean of these samples 𝑦(𝑧)̅̅ ̅̅ ̅ where z stands for the 

observed segment. 
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Since theoretically any diameter of the vessels is possible, but not equally likely, the input space must 

be well chosen. In the paper from Khan et al.54 the average relative standard deviation of the diameter 

of the dorsalis pedis artery is about 0.3. If a normal distribution is assumed for the occurrence of the 

diameters, then the interval µ ± 0.5µ contains more than 90% of the total set, where µ is the expected 

value for the radius. The resulting interval is adopted for all remaining vessels. A total of 5 equally 

distributed samples in each interval are used for the sensitivity analysis (N = 5). 
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4 Results 

4.1 Verification of the Model 

4.1.1 General characteristics of the healthy vascular system 

We will now see if the model mimics the physiology of a healthy human vascular system. Listed 

below are some characteristics of the blood pressure in an average healthy human described by the 

book “Snapshots of Hemodynamics” by Westerhof et al.45  

(1) The average mean pressure in the aorta is about 100 mmHg. 

(2) The mean pressure in the foot is only a few mmHg lower compared to the aorta. 

(3) The venous resistance is about 
1

20
 of the total resistance. Thus, the central venous pressure is 

about 5 mmHg, assuming that the mean aortic pressure is 100 mmHg. 

(4) Pressure waves in the peripheral arteries present:  

a. amplification of the systolic pressure amplitudes 

b. smoothing of the pulse  

c. time delay  

d. secondary reflection in the diastolic part of the wave 

(1) The mean pressure of around 100 mmHg in the aorta and (2) the slight pressure drop to the foot 

can be clearly seen in Figure 22. (3) The central venous pressure appears to be around 5 mmHg. (4) 

Although an amplification of the systolic amplitudes can be seen in Figure 20 they appear to be very 

small. The smoothing of the pulse is not present. The pulses in peripheral vessels show secondary 

reflections and are delayed. 

Figure 21 compares calculated non-pathological mean volumetric flows with measurements from 

literature. Most values included there are within the measurement ranges. Only the blood flow in the 

iliac artery seems to be too low.  
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Figure 20, Calculated pressure curves of a healthy human from the Aorta to the legs. Numbers in the legend are the 

reference numbers from Table 4. 

 

Figure 21, Calculated mean flows in arteries and veins for a healthy human. Numbers at the bar labels are the reference 

numbers from Table 4. Yellow bars show measurements from literature.55–59 

 

Figure 22, Calculated mean pressure values in arteries and 

veins for a healthy human. Numbers at the bar labels are the 

reference numbers from Table 4. 

 

Figure 23, Calculated mean pressure values in arteries and 

veins for a CLI patient after pDVA procedure. Numbers at the 

bar labels are the reference numbers from Table 4. 
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4.1.2 Flow distribution in the foot 

Non-pathological arteries 

Figure 24, Figure 25, and Figure 26 show the calculated distributions of the mean blood flows in the 

lower limb for a healthy, CLI, and post-pDVA patient. In the implemented healthy arterial system 

52% of the blood from the femoral artery goes into the dorsal aspect of the foot (ca. 70 ml/min) and 

48% into the plantar aspect (ca. 65 ml/min). In the dorsal side of the foot the blood flow is divided 

almost equally between medial and lateral arteries which does not agree with measurements of 

Liang.60 He measured around 12 ml/min blood flow through the dorsalis pedis artery. In the plantar 

side the blood flows mainly laterally. That is because no blood flows through the deep branch of the 

medial arch (segment 303). In addition, no blood flow is noted through the arterial perforators.  

Non-pathological veins 

The situation is different in the implemented venous part of the foot. There, a small blood circulation 

through the perforators in the toe area can be found. Overall, the volume flow there is much more 

evenly distributed among the vessels compared to the pedal arteries. The blood drains most equally 

divided between the posterior tibial, anterior tibial and great saphenous vein back to the heart.  

CLI 

Figure 24, Figure 25, and Figure 26 clearly show that the implementation of the stenoses lead to a 

sharp decrease of blood circulation in the foot. In total, about 20 ml/min of blood reach the pedal 

vessels there. 

pDVA 

In the simulated post-pDVA patient blood is directed from the posterior tibial artery to the posterior 

tibial vein through the crossing stent and eventually reaches the deep venous system in the foot. There, 

similar to a short circuit, a considerable part of the blood is transported through the lateral perforator to 

the dorsal aspect of the foot and finally back to the heart via the GSV and anterior tibial vein. 

Nevertheless, approximately 165 ml/min of blood reaches the plantar arch. Half of this volume flows 

to the superficial veins through the 1st metatarsal perforator. The rest is transported to the superficial 

system via the medial perforator. Note that blood flow from the posterior tibial vein is cut off directly 

to the medial aspect of the foot by the implemented covered stents. 

As a benchmark for a successful pDVA procedure, the volume flow in the crossing stent is considered. 

A volume flow of more than 364 ml/min indicates a successful procedure while a volume flow of less 

than 195 ml/min indicates a failed procedure.61 In the model presented here, this flow rate after 

procedure is around 460 ml/min (see Figure 24).  
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Figure 24, Calculated mean flows for healthy (blue), CLI (pink) and post-pDVA (red) patient in main arteries and veins for 

the foot. Negative flow indicates that flow direction is reversed due to the pDVA procedure. 

  

 

Figure 25, Calculated mean flows for healthy (blue), CLI (pink) and post-pDVA (red) patient in arterial system of the foot. 

Colouring for the three cases is taken from Figure 24. Arrows indicate flow direction. All flow values are given in [ml/min]. 

 

Figure 26, Calculated mean flows for healthy (blue), CLI (pink) and post-pDVA (red) patient in venous system of the foot. 

Colouring for the three cases is taken from Figure 24. Arrows indicate flow direction. All flow values are given in [ml/min]. 
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4.1.3 Blood pressure in the foot 

Non-pathological arteries 

Figure 27 and Figure 28 show the calculated pressure curves and a measurement of Bollinger et al.62 in 

the posterior tibial artery. Both curves have a period of one second. While the pressure curve from 

literature lies in the range of 65 to 150 mmHg, the range for the calculated signal is located between 

80 and 130 mmHg. In addition, the calculated signal appears to have a significantly higher diastolic 

pressure. This suggests that the compliance of the surrounding vessels may have been overestimated in 

the model. Figure 27 and Figure 29 show the calculated pressure curves in non-pathological foot 

arteries. It is noticeable that the shapes of the pressure curves along the vessels in the foot do not 

change. Only the offset decreases and delay increases the more distally the curve is measured.  

Non-pathological veins 

Figure 30 gives an example of the calculated pressure curves in the veins of the foot for a healthy 

subject. The curve fluctuates very strongly and therefore it cannot be interpreted in a meaningful way.  

pDVA 

As expected, blood pressure in the foot veins increased sharply after the pDVA procedure (compare 

Figure 22 and Figure 23). In addition, pressure in the observed arteries is decreased for the post-pDVA 

patient. 
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Figure 27, Calculated pressure waves in dorsal arteries of foot in healthy subject. 

 

 
Figure 29, Calculated pressure waves in plantar arteries of foot in healthy subject. 

 
Figure 30, Exemplary pressure curve in the foot veins. 

 

 

 

 

 

Figure 28, Recorded pressure waves in 

posterior tibial artery by Bollinger et al.1 
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4.2 Sensitivity analysis   

The result of the sensitivity analysis (Table 3) is that the largest variances due to locally varying 

diameters are in the great saphenous vein, the implemented venous lateral perforator in the midfoot 

region, the posterior tibial artery, and the 1st metatarsal deep vein. Thus, diameter changes of these 

four vessels have locally the strongest influence on blood flow. A change in the diameters of the 

anterior tibial artery and the medial plantar vein have the least effect on flow volume locally. The 

lateral tarsal vein (segment 911) has the highest relative variance.  

 

Table 3, Calculated local flow variances for pre-selected vessels. Standard deviations  
𝜎𝑦(𝑧) of the calculated volume flows are given in [ml/min]. 

 

 

Vessel 𝝈𝒚(𝒛) 𝝈𝒚(𝒛)

𝒚(𝒛)̅̅ ̅̅ ̅
 

𝝈𝒚(𝒛)

∑ 𝝈𝒚(𝒛)
 

Great saphenous vein (253) 154,61 0,740 0,161 

Lateral perforator (716) 109,67 0,444 0,114 

Posterior tibial artery (41) 98,97 0,238 0,103 

1. Deep plantar vein (912) 75,69 0,867 0,079 

Plantar arch (704) 44,81 0,259 0,047 

Plantar arch (703) 44,50 0,264 0,046 

Plantar arch (705) 44,49 0,250 0,046 

Medial perforator (717) 43,55 0,534 0,045 

Lateral plantar vein (715) 43,24 0,096 0,045 

Plantar arch (702) 42,25 0,271 0,044 

Posterior tibial vein (251) 37,37 0,084 0,039 

Medial plantar vein (707) 28,20 0,321 0,029 

Plantar arch (701) 27,92 0,312 0,029 

Lateral tarsal vein (911) 24,50 1,532 0,025 

Lateral tarsal vein (917) 23,17 0,093 0,024 

Dorsal vein of the great toe (916) 18,98 0,088 0,020 

Dorsal vein of the great toe (910) 15,89 0,130 0,017 

2. Deep plantar vein (913) 14,34 0,885 0,015 

Dorsal venous arch (909) 12,98 0,961 0,013 

Dorsal venous arch (908) 11,72 0,649 0,012 

Dorsal venous arch (907) 10,71 0,481 0,011 

Lateral plantar vein (706) 10,60 0,065 0,011 

Dorsal venous arch (906) 10,56 0,288 0,011 

4. Deep plantar vein (915) 5,99 0,939 0,006 

3. Deep plantar vein (914) 5,46 0,911 0,006 

Anterior tibial artery (42) 1,34 0,120 0,001 

Medial plantar vein (714) 0,00 1.158 0,000 
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5 Discussion 

5.1 Summary and interpretation 

In summary, calculated blood pressures and blood flows in the main arteries and veins appear to be 

physiological in many aspects. Nevertheless, the implemented vessels in the foot are not yet all 

optimally calibrated. Especially the foot arteries present volume flows that certainly do not correspond 

to reality. Flow rates of 0 ml/min through some arteries can be found. This suggests that some spatial 

ratios between vessels in the foot are incorrect. In addition, the pressure curve of the posterior tibial 

artery, does not seem to be reasonable compared with literature. It is assumed that the compliances of 

the foot vessels are overestimated.  

The overall blood return in the foot veins is more equally distributed among the vessels. Also, the 

uniformly distributed return over the posterior tibial, anterior tibial and great saphenous vein is in 

accordance with the expectations, because all three veins have the same diameters, which may be an 

indicator for similarly large flow volumes. However, the pressure curves in the foot veins are not 

interpretable and not physiological. It is believed that the instantaneous closing of the ideal venous 

valves is responsible for this but does not have a significant impact on the mean blood flows. 

The outcome of the sensitivity analysis suggests that the diameters of the great saphenous vein, the 

venous lateral perforators in the midfoot region, the posterior tibial artery, the lateral plantar vein, and 

the 1st metatarsal deep vein need to be evaluated for modeling or planning the pDVA procedure. This 

is in partial agreement with Migliara.35 He notes that the 1st metatarsal deep vein perforator is the most 

important vessel when evaluating perforators for a pDVA procedure. It is noticeable that vessels with 

a large diameter have a bigger effect on local blood flow than vessels with a small diameter. This 

makes sense if we assume that a higher diameter indicates a higher average blood flow. Poiseuille’s 

law (6) says that a change in diameter leads to a change of the vessel’s resistance. The resistance 

corresponds to the ratio of the pressure drop over the vessel and the average blood flow through the 

vessel. Assuming that the pressure drop does not change significantly, a doubling of the diameter leads 

to an increase of the average blood flow by a factor of 16. It therefore makes a difference in the 

sensitivity analysis how much blood goes through the vessels on average.  

The lowest sensitivity results are also justifiable. The varied diameter sizes of the anterior tibial artery 

and the medial plantar vein have no impact on the local blood flow. This is in accordance with 

expectations because only small blood flows are assumed in either vessel. For the anterior tibial artery, 

the stenoses are to blame and for the medial plantar vein the covered stent does not allow direct blood 

flow from the posterior tibial vein to the medial part of the deep venous system.  



 

32 

 

The high relative variance of the lateral tarsal vein (segment 911) can be explained by the fact that 

there is a potential short-circuit connection in the form of a perforator proximal to the segment. In the 

electrical analogy, this is speaking about two parallel resistors. An increase in resistance 1 leads to 

more flow through resistance 2. In other words, the proximal perforator in the model compensates the 

increase in the resistance of the lateral tarsal vein and vice versa. Since the goal of the pDVA 

procedure is to have as much pressurized blood flow as possible to the toes, the ratio of the diameters 

of these two vessels may be of significant importance to the physician. But it must be remembered that 

the lateral perforator (segment 716) substitutes several parallel perforators (compare Figure 7 and 

Figure 12). 

5.2 Limitations 

This model presented here is an 0D-open-loop model. So, there is no feedback on pressure and flow 

changes in the body. Such feedback could be especially important in a pDVA procedure, which 

strongly changes the hemodynamics in the body.  

The model shows that the results are only partially physiological. Calculated flow volumes and 

pressure curves above the ankle appear to be realistic. The results below the ankle should be 

considered with caution. Geometric and mechanical data for vessels in the foot have been found 

deficient in literature, whereupon many estimates had to be made there. It is believed that the scarce 

data for foot vessels in literature is currently the biggest problem when modeling hemodynamic effects 

in the foot.  

During the verification of the model, characteristics below the ancle were noticed which are not 

physiological. These are untypical flow volumes and pressure curves in the non-pathological vessels. 

The model is currently not able to generate realistic pressure curves in the vessels of the foot. For at 

least the arterial part, it is assumed that the compliances of the vessels there were estimated too high. 

The strongly alternating pressure curves in the foot veins are probably caused by the venous valves, 

which have been implemented as ideal diodes.  

Overall, the crossing stent was implemented in a simplified manner. On the one hand, the importance 

of the site of the crossing stent and its geometrical properties were not investigated. On the other hand, 

it was assumed that the crossing stent has simplified no compliance. The latter is certainly not correct. 

In addition, it should be kept in mind that the local sensitivity analysis was performed in a very 

simplified way due to time constraints. Only the local impact on blood flow by diameter variances was 

studied. Thus, the mutual influence of parameters and their global impact was not investigated. 
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5.3 Future studies 

It is strongly recommended that future work strive to create a better data set regarding the geometric 

and mechanical data of the vessels in the foot. Better data would certainly provide more realistic 

results. In addition to the geometrical and mechanical properties, however, future work must also pay 

attention to venous valves. It is assumed that these are of great importance for the pDVA procedure. 

Not only should the change of resistance of a closed venous valve be adequately quantified, but also 

the opening and closing process of the valve should be included. Any variability in the occurrence of 

the valves in the foot could also be of interest. Also, the use of a closed-loop model that provides 

feedback on the hemodynamic changes due to the pDVA procedure is suggested. Finally, it should be 

mentioned that there is not one general vascular network in the human foot. Future work might 

therefore consider investigating the effect of vascular network variabilities on the pDVA outcome.  
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7 Appendix 
 

A  

Data tables for arteries and veins 

Table 4, Physiological data for arteries and veins based on the work of Müller and Toro. Ref.: reference number, l: length; 

r0: inlet radius; r1: outlet radius; c: wave speed. The calculated compliances of the segments were reduced by 25%. 

Ref. Vessel Name l [cm] r0 [cm] r1 [cm] c [m/s] 

1 Ascending aorta 2,00 1,53 1,42 5,11 

2 Aortic arch I 3,00 1,42 1,34 5,11 

3 Brachiocephalic artery 3,50 0,65 0,62 5,91 

4 Right subclavian artery I 3,50 0,43 0,41 5,29 

5 Right carotid artery 17,70 0,40 0,37 5,92 

7 Right subclavian artery II 39,80 0,41 0,23 5,38 

8 Right radius 22,00 0,18 0,14 10,12 

9 Right ulnar artery I 6,70 0,22 0,22 8,78 

10 Aortic arch II 4,00 1,34 1,25 5,11 

11 Left carotid artery 20,80 0,40 0,37 5,92 

12 Thoracic aorta I 5,50 1,25 1,12 5,11 

13 Thoracic aorta II 10,50 1,12 0,92 5,11 

14 Intercostal artery 7,30 0,30 0,30 7,13 

15 Left subclavian artery I 3,50 0,43 0,41 5,29 

17 Left subclavian artery II 39,80 0,41 0,23 5,38 

18 Left ulnar artery I 6,70 0,22 0,22 8,78 

19 Left radius 22,00 0,18 0,14 10,12 

20 Celiac artery I 2,00 0,35 0,30 5,86 

21 Celiac artery II 2,00 0,30 0,25 6,54 

22 Hepatic artery 6,50 0,28 0,25 6,86 
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23 Splenic artery 5,80 0,18 0,15 7,22 

24 Gastric artery 5,50 0,20 0,20 6,40 

25 Abdominal aorta I 5,30 0,92 0,84 5,11 

26 Superior mesenteric artery 5,00 0,40 0,35 5,77 

27 Abdominal aorta II 1,50 0,84 0,81 5,11 

28 Right renal artery 3,00 0,28 0,28 6,05 

29 Abdominal aorta III 1,50 0,81 0,79 5,11 

30 Left renal artery 3,00 0,28 0,28 6,05 

31 Abdominal aorta IV 12,50 0,79 0,63 5,11 

32 Inferior mesenteric artery 3,80 0,20 0,18 6,25 

33 Abdominal aorta V 8,00 0,63 0,55 5,11 

34 Right common iliac artery 5,80 0,40 0,37 5,50 

35 Right external iliac artery 14,50 0,37 0,31 7,05 

36 Right internal iliac artery 4,50 0,20 0,20 10,10 

37 Right deep femoral artery 11,30 0,20 0,20 7,88 

38 Right femoral artery 44,30 0,31 0,28 8,10 

41 Right posterior tibial artery 34,40 0,18 0,18 11,98 

42 Right anterior tibial artery 32,20 0,25 0,25 9,78 

43 Right interosseous artery 7,00 0,10 0,10 15,57 

44 Right ulnar artery II 17,00 0,20 0,18 12,53 

45 Left ulnar artery II 17,00 0,20 0,18 12,53 

46 Left interosseous artery 7,00 0,10 0,10 15,57 

49 Left common iliac artery 5,80 0,40 0,37 5,50 

50 Left external iliac artery 14,50 0,37 0,31 7,05 

51 Left internal iliac artery 4,50 0,20 0,20 10,10 

52 Left deep femoral artery 11,30 0,20 0,20 7,88 

53 Left femoral artery 44,30 0,31 0,28 8,10 

54 Left posterior tibial artery 34,40 0,18 0,18 11,98 

55 Left anterior tibial artery 32,20 0,25 0,25 9,78 

84 Superior vena cava I 1,50 0,80 0,80 1,00 

85 Superior vena cava II 2,00 0,80 0,80 1,00 

86 Right brachiocephalic vein 4,00 0,56 0,56 1,36 

87 Left brachiocephalic vein 7,50 0,54 0,54 1,41 

88 Left subclavian vein I 3,00 0,56 0,56 1,36 

89 Right subclavian vein I 3,00 0,56 0,56 1,36 

160 Azygos vein I 2,00 0,43 0,43 1,62 

171 Right great saphenous vein I 7,50 0,22 0,23 2,10 
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172 Left great saphenous vein I 7,50 0,22 0,23 2,10 

173 Left posterior tibial vein I 17,30 0,15 0,15 2,38 

174 Left anterior tibial vein I 16,00 0,15 0,15 2,38 

175 Right popliteal vein 19,00 0,34 0,34 1,80 

176 Left popliteal vein 19,00 0,34 0,34 1,80 

177 Left femoral vein 25,40 0,35 0,35 1,78 

178 Right femoral vein 25,40 0,35 0,35 1,78 

179 Right deep femoral vein 12,60 0,35 0,35 1,78 

180 Left deep femoral vein 12,60 0,35 0,35 1,78 

181 Right external iliac vein 14,40 0,50 0,50 1,47 

182 Left external iliac vein 14,40 0,50 0,50 1,47 

183 Left internal iliac vein 5,00 0,15 0,15 2,38 

184 Right internal iliac vein 5,00 0,15 0,15 2,38 

185 Right common iliac vein II 2,00 0,58 0,58 1,34 

186 Left common iliac vein II 2,00 0,58 0,58 1,34 

187 Right radial vein 40,60 0,20 0,20 2,18 

188 Left interosseous vein 7,00 0,10 0,10 2,67 

189 Right ulnar vein II 30,60 0,20 0,20 2,18 

190 Left ulnar vein II 30,60 0,20 0,20 2,18 

191 Left interosseous vein 7,00 0,10 0,10 2,67 

192 Left radial vein 40,60 0,20 0,20 2,18 

193 Left subclavian vein III 27,00 0,52 0,52 1,44 

194 Right subclavian vein III 27,00 0,52 0,52 1,44 

195 Left subclavian vein II 3,00 0,52 0,52 1,44 

196 Right subclavian vein II 3,00 0,52 0,52 1,44 

197 Left ulnar vein I 10,00 0,20 0,20 2,18 

198 Inferior vena cava I 2,00 0,76 0,76 1,05 

199 Hepatic vein 6,80 0,49 0,49 1,50 

200 Inferior vena cava II 1,50 0,76 0,76 1,05 

201 Inferior vena cava III 1,50 0,76 0,76 1,05 

202 Inferior vena cava IV 12,50 0,76 0,76 1,05 

203 Inferior vena cava V 8,00 0,76 0,76 1,05 

204 Right common iliac vein I 3,80 0,58 0,58 1,34 

205 Left common iliac vein I 3,80 0,58 0,58 1,34 

206 Right ulnar vein I 10,00 0,20 0,20 2,18 

207 Left renal vein 3,20 0,25 0,25 2,03 

208 Right renal vein 3,20 0,25 0,25 2,03 
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209 Ascending lumbar vein 23,00 0,20 0,20 2,18 

210 Hemiazygos vein 23,00 0,28 0,28 1,95 

211 Inferior mesenteric vein 6,00 0,45 0,45 1,57 

212 Right posterior tibial vein I 17,30 0,15 0,15 2,38 

213 Right anterior tibial vein I 16,00 0,15 0,15 2,38 

216 Right lumbar vein 3,80 0,10 0,10 2,67 

217 Left lumbar vein 3,80 0,10 0,10 2,67 

242 Right internal jugular vein V 1,00 0,40 0,40 1,67 

243 Left internal jugular vein V 1,00 0,62 0,62 1,27 

244 Azygos vein II 28,00 0,43 0,43 1,62 

245 Inferior vena cava VI 13,30 0,76 0,76 1,05 

250 Intercostal vein 2,00 0,40 0,40 1,67 

251 Right posterior tibial vein II 17,30 0,15 0,15 2,38 

252 Right anterior tibial vein II 16,00 0,15 0,15 2,38 

253 Right great saphenous vein II 37,50 0,15 0,19 2,31 

254 Left great saphenous vein II 37,50 0,15 0,19 2,31 

255 Left anterior tibial vein II 16,00 0,15 0,15 2,38 

256 Left posterior tibial vein I 17,30 0,15 0,15 2,38 

257 Right great saphenous vein III 30,00 0,19 0,22 2,17 

258 Left great saphenous vein III 30,00 0,19 0,22 2,17 

 

Table 5, Estimated physiological data for arteries in the foot. Ref.: reference number, l: length; D0: inlet diameter; D1: outlet 

diameter. References next to values indicate that either measurements, ratios, or other information from literature were used 

to estimate the value. All diameters at the dorsal side in the model are reduced by 25% (perforators are excluded). 

Metatarsal perforator diameters are reduced by 70%. 

Ref. Vessel Name l [mm] D0 [mm] D1 [mm] c [m/s] 

301 Right lateral plantar arch 78,963 3,2 1,9 11,98 

302 Right medial plantar arch 26,564 2,09 2,09 11,98 

303 Right deep branch of the medial arch 52,4 1,464 1,4 11,98 

304 Right superficial branch of the medial arch 52,4 1,85 1,14 11,98 

305 Right deep plantar artery (1. met.) 10,065 1,4966 1,49 11,98 

318 Right perforating artery (2. met.) 10,065 1,49 1,49 11,98 

319 Right perforating artery (3. met.) 10,065 1,0465 1,04 11,98 

320 Right perforating artery (4. met.) 10,065 1,0465 1,04 11,98 

306 Right 1. Met. artery 71,0 1,14 1,14 11,98 

307 Right 2. met. artery 72,0 1,14 1,14 11,98 

308 Right 3. met. artery 68,0 1,14 1,14 11,98 

309 Right 4. met. artery 63,0   1,14 1,14 11,98 
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310 Right fibular plantar superficial artery 68,5 1,1463 1,14 11,98 

311 Right plantar arch  11,565 1,75 1,75 11,98 

312 Right plantar arch  11,565 1,75 1,75 11,98 

313 Right plantar arch 11,565 1,75 1,75 11,98 

314 Right plantar arch  11,565 1,75 1,75 11,98 

316 Right continuation of the superficial branch of 

med. a. 

68,5 1,1464 1,14 11,98 

401 Left lateral plantar arch 78,963 3,20 1,90 11,98 

402 Left medial plantar arch 26,564 2,09 2,09 11,98 

403 Left deep branch of the medial arch 52,4 1,4064 1,40 11,98 

404 Left superficial branch of the medial arch 52,4 1,85 1,14 11,98 

405 Left deep plantar artery (1. met.) 10,065 1,49 1,49 11,98 

418 Left perforating artery (2. met.) 10,065 1,49 1,49 11,98 

419 Left perforating artery (3. met.) 10,065 1,0465 1,04 11,98 

420 Left perforating artery (4. met.) 10,065 1,0465 1,04 11,98 

406 Left 1. metatarsal artery 71,0 1,14 1,14 11,98 

407 Left 2. met. artery 72,0 1,14 1,14 11,98 

408 Left 3. met. artery 68,0 1,14 1,14 11,98 

409 Left 4. met. artery 63,0 1,14 1,14 11,98 

410 Left fibular plantar superficial artery 68,5 1,1463 1,14 11,98 

411 Left plantar arch  11,565 1,75 1,75 11,98 

412 Left plantar arch 11,565 1,75 1,75 11,98 

413 Left plantar arch  11,565 1,75 1,75 11,98 

414 Left plantar arch  11,565 1,75 1,75 11,98 

416 Left continuation of the superficial branch of 

med. a. 

68,5 1,1464 1,14 11,98 

501 Right dorsalis pedis 78,9 2,9954 2,2254 9,78 

502 Right lateral tarsal artery 34,167 1,9267 1,92 9,78 

503 Right arcuate artery  11,5 2,04 2,04 9,78 

504 Right arcuate artery 11,5 2,04 2,04 9,78 

505 Right arcuate artery  11,5 2,04 2,04 9,78 

506 Right arcuate artery  11,5 2,04 2,04 9,78 

507 Right 1st dorsal metatarsal a. 62,166 1,3468 1,34 9,78 

508 Right 2nd dorsal met. a. 62,1 1,34 1,34 9,78 

509 Right 3rd dorsal met. a. 62,1 1,34 1,34 9,78 

510 Right 4th dorsal met. a. 62,1 1,34 1,34 9,78 

511 Right continuation of the lateral tarsal artery 62,1 1,34 1,34 9,78 
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601 Left dorsalis pedis 78,9 2,9954 2,22 9,78 

602 Left lateral tarsal artery 34,167 1,9267 1,92 9,78 

603 Left arcuate artery  11,5 2,04 2,04 9,78 

604 Left arcuate artery  11,5 2,04 2,04 9,78 

605 Left arcuate artery  11,5 2,04 2,04 9,78 

606 Left arcuate artery  11,5 2,04 2,04 9,78 

607 Left 1st dorsal metatarsal a. 62,166 1,3468 1,34 9,78 

608 Left 2nd dorsal met. a. 62,1 1,34 1,34 9,78 

609 Left 3rd dorsal met. a. 62,1 1,34 1,34 9,78 

610 Left 4th dorsal met. a. 62,1 1,34 1,34 9,78 

611 Left continuation of the lateral tarsal artery 62,1 1,34 1,34 9,78 

 

Table 6, Estimated physiological data for veins in the foot. Ref.: reference number, l: length; D0: inlet diameter; D1: outlet 

diameter. References next to geometrical values indicate that information from literature was used for estimation. All 

diameters at the dorsal side in the model are reduced by 40% and at the plantar side by 20% (perforators are excluded). 

Metatarsal perforator diameters are reduced by 70%. 

Ref. Vessel Name l [mm] D0 [mm] D1 [mm] c [m/s] 

701 Right plantar arch 9,669 4.4070 4.40 2,38 

702 Right plantar arch 9,669 4.4070 4.40 2,38 

703 Right plantar arch 9,669 4.4070 4.40 2,38 

704 Right plantar arch 9,669 4.4070 4.40 2,38 

705 Right plantar arch 9,669 4.4070 4.40 2,38 

706 Right lateral plantar vein 42,069 5,70 5,70 2,38 

707 Right medial plantar vein    19,069 3,70 3,70 2,38 

708 Right superf. medial branch 70,0 2,10 2,10 2,38 

709 Right 1st metatarsal vein 70,0 2,10 2,10 2,38 

710 Right 2nd metatarsal vein 70,0 2,10 2,10 2,38 

711 Right 3rd metatarsal vein 70,0 2,10 2,10 2,38 

712 Right 4th metatarsal vein 70,0 2,10 2,10 2,38 

713 Right fibular plantar superfr. branch 70,0 2,10 2,10 2,38 

714 Right medial plantar vein 19,069 3,70 3,70 2,38 

715 Right lateral plantar vein 42,069 5,7070 5,70 2,38 

716 Right lateral perforator 10,0 2,00 2,00 2,38 

717 Right medial perforator 10,0 2,00 2,00 2,38 

801 Left plantar arch 9,669 4,4070 4,40 2,38 

802 Left plantar arch 9,669 4,4070 4,40 2,38 

803 Left plantar arch 9,669 4,4070 4,40 2,38 
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804 Left plantar arch 9,669 4,4070 4,40 2,38 

805 Left plantar arch 9,669 4.40 4,40 2,38 

806 Left lateral plantar vein 42,069 5,70 5,70 2,38 

807 Left medial plantar vein 19,069 3,70 3,70 2,38 

808 Left superf. medial branch 70,0 2,10 2,10 2,38 

809 Left 1st metatarsal vein 70,0 2,10 2,10 2,38 

810 Left 2nd metatarsal vein 70,0 2,10 2,10 2,38 

811 Left 3rd metatarsal vein 70,0 2,10 2,10 2,38 

812 Left 4th metatarsal vein 70,0 2,10 2,10 2,38 

813 Left fibular plantar superf. branch 70,0 2,10 2,10 2,38 

814 Left medial plantar vein 19,069 3,70 3,70 2,38 

815 Left lateral plantar vein 42,069 5,7070 5,70 2,38 

816 Left lateral perforator 10,0 2,00 2,00 2,38 

817 Left medial perforator  10,0 2,00 2,00 2,38 

901 Right 1. metat. dorsal vein 62,1 2,50 2,50 2,38 

902 Right 2. metat. dorsal vein 62,1 2,50 2,50 2,38 

903 Right 3. metat. dorsal vein 62,1 2,50 2,50 2,38 

904 Right 4. metat. dorsal vein 62,1 2,50 2,50 2,38 

905 Right lateral dorsal digital vein of 5th toe 62,1 2,50 2,50 2,38 

906 Right dorsal venous arch  11,5 5.10 5.10 2,38 

907 Right dorsal venous arch  11,5 5.10 5.10 2,38 

908 Right dorsal venous arch  11,5 5.10 5.10 2,38 

909 Right dorsal venous arch  11,5 5.10 5.10 2,38 

910 Right dorsal vein of the great toe 39,5 5,30 5,30 2,38 

911 Right lateral tarsal vein  17,1 3,40 5,80 2,38 

912 Right Deep plantar vein 1. met. 10,0 3,70 3,70 2,38 

913 Right Deep plantar vein 2. met. 10,0 3,70 3,70 2,38 

914 Right Deep plantar vein 3. met. 10,0 2,59 2,59 2,38 

915 Right Deep plantar vein 4. met. 10,0 2,59 2,59 2,38 

916 Right dorsal vein of the great toe 39,4 5,30 5,30 2,38 

917 Right lateral tarsal vein  17,1 3,40 5,80 2,38 

1001 Left 1. metat. dorsal vein 62,1 2,50 2,50 2,38 

1002 Left 2. metat. dorsal vein 62,1 2,50 2,50 2,38 

1003 Left 3. metat. dorsal vein 62,1 2,50 2,50 2,38 

1004 Left 4. metat. dorsal vein 62,1 2,50 2,50 2,38 

1005 Left lateral dorsal digital vein of 5th toe  62,1 2,50 2,50 2,38 
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1006 Left dorsal venous arch  11,5 5.10 5.10 2,38 

1007 Left dorsal venous arch  11,5 5.10 5.10 2,38 

1008 Left dorsal venous arch  11,5 5.10 5.10 2,38 

1009 Left dorsal venous arch  11,5 5.10 5.10 2,38 

1010 Left dorsal vein of the great toe 39,4 5,30 5,30 2,38 

1011 Left lateral tarsal vein  17,1 3,40 5,80 2,38 

1012 Left Deep plantar vein 1. met. 10,0 3,70 3,70 2,38 

1013 Left Deep plantar vein 2. met. 10,0 3,70 3,70 2,38 

1014 Left Deep plantar vein 3. met. 10,0 2,59 2,59 2,38 

1015 Left Deep plantar vein 4. met. 10,0 2,59 2,59 2,38 

1016 Left dorsal vein of the great toe 39,4 5,30 5,30 2,38 

1017 Left lateral tarsal vein  17,1 3,40 5,80 2,38 
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B   

Data tables for the AV-connections 

Table 7, Simple AV-connections after Müller and Toro42. Note that each connection is divided into three 0D models 

(arterioles, capillaries, and venules) and one input impedance. Units are C [
𝑚𝑙

𝑚𝑚𝐻𝑔
], R|Zinp [

𝑚𝑚𝐻𝑔∙𝑠

𝑚𝑙
] and L [

𝑚𝑚𝐻𝑔∙𝑠2

𝑚𝑙
]. The 

compliances of the AV-connections in the model are reduced by 25%. 

Artery Vein Zinp Ral Lal Cal Rcp Lcp Lcp Rvn Lvn Cvn 

8 187 13,5055 17,0300 0,0180 0,0140 6,5500 0,0029 0,0014 2,1000 0,0052 0,0430 

43 188 39,4048 393,7000 0,0700 0,0043 151,4000 0,0117 0,0004 48,5000 0,0209 0,0129 

44 189 9,9182 19,6900 0,0180 0,0140 7,5700 0,0029 0,0014 2,4200 0,0052 0,0430 

45 190 9,9182 19,6900 0,0180 0,0140 7,5700 0,0029 0,0014 2,4200 0,0052 0,0430 

46 191 39,4048 393,7000 0,0700 0,0043 151,4000 0,0117 0,0004 48,5000 0,0209 0,0129 

19 192 13,5055 17,0300 0,0180 0,0140 6,5500 0,0029 0,0014 2,1000 0,0052 0,0430 

37 179 4,9857 13,3700 0,0140 0,1150 5,1400 0,0023 0,0023 1,6500 0,0042 0,0680 

52 180 4,9857 13,3700 0,0140 0,1150 5,1400 0,0023 0,0023 1,6500 0,0042 0,0680 

36 184 6,3903 23,4800 0,0180 0,0182 9,0300 0,0030 0,0014 2,8900 0,0054 0,1080 

51 183 6,3903 23,4800 0,0180 0,0182 9,0300 0,0030 0,0014 2,8900 0,0054 0,1080 

32 211 4,8972 30,7400 0,0200 0,0178 11,8500 0,0033 0,0011 3,7800 0,0060 0,0330 

28 208 2,0247 4,3100 0,0080 0,0680 1,6600 0,0014 0,0067 0,5300 0,0024 0,2000 

30 207 2,0247 4,3100 0,0080 0,0680 1,6600 0,0014 0,0067 0,5300 0,0024 0,2000 

14 250 2,0050 5,6100 0,0090 0,1390 2,1600 0,0015 0,0139 0,6900 0,0027 0,4170 

 

Table 8, Values for complex AV-connections after Müller and Toro42. Units are C [
𝑚𝑙

𝑚𝑚𝐻𝑔
], R|Zinp [

𝑚𝑚𝐻𝑔∙𝑠

𝑚𝑙
] and L [

𝑚𝑚𝐻𝑔∙𝑠2

𝑚𝑙
]. 

The compliances of the AV-connection in the model are reduced by 25%. 

Vessel Zinp Ral Lal Cal Ral Lcp Ccp Rvn Lvn Cvn 

22 2,7594 16,24 0,015 0,021 6,24 0,0024 0,0021 - - - 

26 1,1634 3,85 0,007 0,081 1,48 0,0012 0,0081 - - - 

23 7,8931 21,33 0,018 0,014 8,2 0,003 0,0014 - - - 

24 4,0493 8,91 0,012 0,033 3,43 0,0019 0,0032 - - - 

199 - - - - - - - 0,255 0,0013 0,527 
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Table 9, Estimated values for pedal AV-connections. Units are C [
𝑚𝑙

𝑚𝑚𝐻𝑔
], R|Zinp [

𝑚𝑚𝐻𝑔∙𝑠

𝑚𝑙
] and L [

𝑚𝑚𝐻𝑔∙𝑠2

𝑚𝑙
]. 

Artery Vein Zinp C R L 

310 713 106,995 0,014 334,806 0,184 

309 712 106,995 0,014 334,806 0,184 

308 711 106,995 0,014 334,806 0,184 

307 710 106,995 0,014 334,806 0,184 

306 709 106,995 0,014 334,806 0,184 

316 708 106,995 0,014 334,806 0,184 

507 901 112,389 0,059 200,962 0,164 

508 902 112,389 0,059 200,962 0,164 

509 903 112,389 0,059 200,962 0,164 

510 904 112,389 0,059 200,962 0,164 

511 905 112,389 0,059 200,962 0,164 

410 813 106,995 0,014 334,806 0,184 

409 812 106,995 0,014 334,806 0,184 

408 811 106,995 0,014 334,806 0,184 

407 810 106,995 0,014 334,806 0,184 

406 809 106,995 0,014 334,806 0,184 

416 808 106,995 0,014 334,806 0,184 

607 1001 112,389 0,059 200,962 0,164 

608 1002 112,389 0,059 200,962 0,164 

609 1003 112,389 0,059 200,962 0,164 

610 1004 112,389 0,059 200,962 0,164 

611 1005 112,389 0,059 200,962 0,164 

 


