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13 PREFACE 

Very little is known about the arterial pathophysiology in horses. Nevertheless, vascular 

disorders leading to changes in arterial physiology may be associated with acute fatalities in 

horses. Arterial rupture associated with exercise, parturition or breeding, and aorto-cardiac or 

aorto-pulmonary fistulation are of great concern as these are often fatal events. All those 

arterial pathologies might result from altered vascular wall properties associated with age, sex 

or breed. 

As the most important function of the arterial wall is buffering the differences in blood pressure 

by elastic expansion during systole and passive recoil during diastole, the functionality of the 

arterial wall can be expressed by measuring arterial elasticity. In human medicine arterial 

elasticity is evaluated by means of arterial wall stiffness. Local as well as regional wall stiffness 

can be assessed. In horses, assessment of arterial wall properties has been poorly explored 

and little information is available regarding possible effects of age, sex or breed on the arterial 

wall.  

In the introduction of this thesis, a brief overview is given of the composition and function of 

the arterial wall, followed by an exposition of the normal arterial wall function. In this part the 

pathophysiology of blood pressure and different methodologies of measuring blood pressure 

are described, together with a short review of the biomechanical properties of the arterial wall 

and mathematical models, used to understand and study arterial physiology. The next part of 

the introduction focusses on the measurement of arterial wall stiffness and influencing factors 

such as age, sex and breed. Finally, an overview is given of common, possibly fatal, vascular 

disorders in horses. 

The first part of the research section of this PhD aims at explaining and understanding the 

normal equine arterial physiology. In a second part, a method to noninvasively measure arterial 

wall stiffness in horses is developed. The third part describes the effect of age and breed on 

the properties of the arterial wall. The effect of age is not only assessed in vivo, but also ex 

vivo by biomechanical testing and histological assessment.  
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In human medicine, measurement of arterial wall stiffness is routinely used to asses vascular 

health and is proven to be independently linked with mortality. In horses, no methods to 

measure arterial wall stiffness in vivo and as such, assess vascular health, have been 

described. Nevertheless, several clinical findings suggest that arterial wall stiffness plays an 

important role in the pathophysiology of arterial rupture in horses. Although the condition is 

rare, it is often fatal and therefore affects not only horse welfare but also rider safety. Arterial 

rupture in horses has been associated with age, breed (e.g. aortic rupture in Friesian horses), 

exercise, copulation and treatment with Ŭ1-agonists. In human medicine, increasing age has 

been described as one of the most important factors contributing to increased arterial wall 

stiffness, and a similar pathophysiology is likely to exist in horses.  

In order to unravel the pathophysiology of arterial rupture in horses and develop strategies to 

reduce the risk for arterial rupture, better knowledge of the characteristics of the equine arterial 

wall and the effect of blood pressure is necessary. A method to assess the arterial wall 

characteristics in vivo must be developed. Such a method would allow to screen horses and 

identify risk factors for arterial rupture. The in vivo measurement technique of arterial wall 

stiffness should be validated by histology and ex vivo biomechanical testing. 

1. Normal structure of the arterial wall 

The arterial wall is composed of three different layers: the tunica intima, tunica media and 

tunica adventitia (Fig. 1).  

The tunica intima in the innermost layer of the arterial wall and consists of a single layer 

endothelial cells, and a small layer of collagen, the lamina basalis[1]. The most important 

function of this layer is to prevent the blood from clotting, provide nutrient transport from and 

to the blood stream[1] and regulate vasodilation or vasoconstriction in muscular arteries.  

The tunica media is the middle layer of the arterial wall and consists of an internal elastic 

lamina, containing mostly elastin, followed by a thick layer of concentric patterns of elastic 

fibers and smooth muscle cells intertwined with small bundles of collagen fibers and an 

external elastic lamina, again containing mostly elastin. The ratio between elastin, collagen 

and smooth muscle cells varies along the arterial tree. From central arteries (elastic arteries) 

towards more peripheral arteries (muscular arteries) the tunica media becomes increasingly 

muscular, with a reduced amount of elastic fibers and more smooth muscle cells[1]. The main 

function of the tunica media is to stretch and recoil with changing arterial pressures[2].  

The tunica adventitia is the outermost layer of the arterial wall, consisting of  of longitudinally 

orientated collagen fibers in combination with fibroblasts, elastic fibers, nerves and vasa 

vasorum, providing blood supply to the arterial wall itself. From the elastic (central) to the 
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muscular (peripheral) arteries, this layer becomes thicker. The collagen fibers of tunica 

adventitia prevent the artery from overstretching and rupturing under normal physiological 

circumstances[1]. 

 

Figure 1: Schematic representation of the different layers in the arterial wall (adapted from Wikipedia) 

1.1. Major components of the arterial wall 

1.1.1. Elastic fibers 

Elastic fibers are an essential part of the arterial wall, responsible for elasticity and resilience 

of major arteries[3; 4]. Due to physiological forces, elastic fibers deform by storing energy, in 

order to release the stored energy afterwards by passive recoil. Elastic fibers are composed 

of elastin, an insoluble, stable polymer formed by extensively crosslinked tropoelastin[4]. A 

schematic overview of elastin synthesis can be found in Fig. 2. In nearly all species tropoelastin 

is encoded by one single gene[5; 6] and is expressed by various cell types during neonatal 

stage of development[6]. Immediately after translation, to prevent premature aggregation, the 

tropoelastin molecule is bounded to its molecular chaperone in the rough endoplasmatic 

reticulum. This chaperone-tropoelastin complex persists in the Golgi apparatus, until excretion. 

After excretion the complex will be localized on the cell surface, where the tropoelastin will be 

separated from its chaperone. The chaperone is recycled, while the tropoelastin molecule itself 

is aligned and modified to be incorporated in an elastic network by irreversible 

polymerization[6; 7]. An elastin core, an insoluble polymer, consisting of several cross-linked 

tropoelastin molecules[6], is formed. This elastin core is extremely stable, and in combination 

with a very slow turnover, mature elastin is said to lasts for the entire life[6]. However, in 

humans, the elastin half-life time has been suggested to be around 70 years, which means 

that, due to the long life-expectancy, degradation and modification of elastic fibers within the 

arterial wall might contribute to the pathogenesis of arterial aging. Some authors even report 

an elastin half-life time of only 40-50 years, which would even more explain the age-related 
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stiffening of large elastic arteries [8; 9]. Those crosslinked elastin cores, in combination with 

an outer layer of microfibrils form the elastic fibers[10]. Those microfibrils consists mostly of 

fibrillin, combined with several fibrillin-binding proteins[11] (Fig. 3). In humans, three fibrillin 

isoforms have been described, nevertheless fibrillin-1 is by far the most abundant in mature 

tissue. Multiple heritable connective tissue disorders, including the well-known Marfan 

syndrome, highlight the importance of fibrillin-1 in elastic tissue[11; 12].  

 

Figure 2: Schematic representation of the elastin synthesis[6].  

 

Figure 3: Schematic representation of microfibril assemblage and elastic fiber formation[13] 
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1.1.2. Smooth muscle cells 

Smooth muscle cells are the stromal cells of the arterial wall[14] and the major cell type of the 

tunica media[15]. Their contractile function enables them to participate in the blood pressure 

regulation[14], while their synthetic function enables them to construct and maintain or repair 

several components of the arterial wall[14; 16]. This phenotypic diversity is the result of genetic 

programming in combination with environmental signals, including biomechanical factors, extra 

cellular matrix components and stretch and shear stress[16]. The two ends of the phenotypic 

spectrum of smooth muscle cells are the contractile and synthetic vascular smooth muscle 

cells, with many intermediate phenotypes in between. Synthetic and contractile smooth muscle 

cells have a completely different microscopic appearance. Contractile cells are elongated, 

spindle-shaped cells, in contrary to synthetic cells, which are less elongated and have a 

cobblestone morphology. Also the inside of the cells is completely different. Synthetic cells 

contain lots of organelles, necessary for the protein synthesis, whereas in contractile cells 

those organelles are replaced by contractile filaments. Another important difference is that 

synthetic cells have higher growth potential, and a higher migratory capacity in comparison 

with contractile cells[16]. This migration and proliferation forms the basis of intimal thickening 

during hypertension and formation of atherosclerotic plaques[17]. The contractile cells, as the 

name suggests, are responsible for the regulation of the vascular tone via vessel 

constriction[18], while the synthetic cells are able to produce extra cellular matrix proteins[19; 

20] and collagen[21]. Overall, the tunica media consists mostly of contractile smooth muscle 

cells, fulfilling the contractile function of the arterial wall, while the synthetic cell type, present 

in a smaller amount, is necessary for the maintenance and physiological remodelling of the 

arterial wall[16].  

1.1.3. Collagen 

Collagen is a protein, which is mostly produced by fibroblasts, but can also be produced by 

other cell types like epithelial cells and smooth muscle cells[21; 22]. It is made of amino acids 

and provides the structural support of connective tissue. Collagen is responsible for the rigidity 

and resistance to tension in multiple tissues including bone, tendons, skin, ligaments and 

arteries[23]. The synthesis of collagen is a complex interaction of intracellular and extracellular 

events[24]. Intracellularly the corresponding collagen chain genes are transcribed to mRNA in 

the nucleus, afterwards the mRNA moves into the cytoplasm and interacts with ribosomes to 

be translated to pre-pro-polypeptide chains. These chains travel to the endoplasmic reticulum, 

where they are modified multiple times to become pro-collagen. Still in the endoplasmic 

reticulum three pro-collagen chains form a triple helix. Now the pro-collagen is ready to be 

transported to the Golgi apparatus, where the final modifications are made, before being 

assembled in secretory vesicles for transport to the extracellular space. Extracellularly, the 
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enzyme collagen peptidase removes the ends of the pro-collagen chains in order to become 

tropocollagen. Afterwards the enzyme lysyl oxidase enables the formation of collagen fibrils by 

modulating bounding between multiple tropocollagen chains[23]. A schematic overview of the 

collagen synthesis can be found in Fig. 4. At least 16 types of collagen exist, nevertheless 80 

to 90 % of the total collagen in the body consists of collagen type I, II and III, which are long, 

thin fibrils. Type IV collagen in contrary forms a two-dimensional reticulum[22]. Collagen type 

I and III are the two most prominent types of collagen in the arterial wall, they are both present 

in the tunica intima, media and adventitia. Type IV collagen is only present in the endothelial 

basement membrane and the basement membranes of the smooth muscle cells[25].  

 

 

Figure 4: Schematic representation of the collagen synthesis  
(adapted from http://flipper.diff.org/app/items/Collagen). 
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1.1.4. Proteoglycans  

Although proteoglycans are a minor component of the arterial wall, they are essential for 

viscoelasticity of the arterial wall, lipid metabolism, haemostasis and thrombosis[20]. 

Proteoglycans are produced by smooth muscle cells and endothelial cells, and play an 

important role in cellular adhesion, migration and proliferation, important processes in the 

development of arteries, but also in the development of vascular lesions such as lipid retention, 

calcification and retention of macrophages[26]. The two most important proteoglycans 

associated with vascular disease are hyaluronan and versican[26].  

2. Physiological function of arteries 

Arteries carry blood that is ejected by the heart during systole, away from the heart, over the 

whole body. There are two different arterial circuits, the systemic circuit and the pulmonary 

circuit. The pulmonary circuit transports blood from the right ventricle, low in oxygen, to the 

lungs, where it can be oxygenated before it is returned to the left atrium via the pulmonary 

veins. The systemic circuit transports oxygen rich blood to the rest of the body. The function 

of the systemic arterial tree is dual: conducting blood towards the downstream circulation in 

the first place, but also buffer the enormous pulsatile difference between systolic and diastolic 

pressure, in order to guarantee a continuous blood flow towards the organs. This conversion, 

from pulsatile pressure to continuous pressure is performed by the proximal, elastic arteries. 

During systole, when blood is pumped away from the heart, a part of the ejected blood and 

energy is retained due to the elasticity of the arterial wall. During diastole, this part of the 

ejected blood and energy is released again, thanks to passive recoil of the arterial wall and 

thereby buffering the pulse pressure, which is the difference between diastolic and systolic 

arterial pressure, guaranteeing a continuous blood flow at the level of the arterioles[27]. 

2.1. Blood pressure 

Pressure depends on dynamic influences, for example acceleration and friction in a moving 

fluid, and on static influences, for example gravitational forces[28]. Arterial blood pressure is 

referred to as systolic, diastolic and mean arterial blood pressure. While blood volume is 

proportional to body mass and heart rate varies enormously in mammals, in combination with 

a cardiac output which also scales to body mass, systolic and diastolic arterial pressure are 

independent of body mass. The major reason for the constant blood pressure across 

mammalian species is the lower mass-specific metabolism in larger species, which can be 

sustained by a lower capillary density, resulting in less resistance arteries per mass. Therefore 

peripheral vascular resistance increases proportionally to the increase in cardiac output[29]. 

Also heart rate scaling in between species plays an important role in maintaining constant 

blood pressure: total peripheral resistance multiplied with total compliance, divided by the 
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cardiac period is constant across species[30]. Whether mean aortic pressure is influenced by 

body mass remains unclear and some authors suggest that mean aortic pressure is the same 

across species[29], while other authors do describe an effect of body mass[31; 32]. Mean aortic 

blood pressure differing among species seems logical, as the distance between the heart and 

the brain gets longer and mean arterial pressure at brain-level needs to be constant. For 

example, giraffes need a higher mean aortic pressure in order to guarantee sufficient blood 

supply to the brain[29].  

2.1.1. Blood pressure regulation  

Blood pressure (BP) is the result of cardiac output (CO) and total peripheral resistance (TPR),  

BP= CO * TPR, which means blood pressure can be highly regulated by physiological 

adaptations. The blood pressure in a mammalian body is measured by baroreceptors, which 

are located in the aortic arch and carotid sinus. Blood pressure-induced mechanical 

deformations evoke afferent nerve signals, resulting in efferent sympathetic traffic, leading to 

adaptations in heart rate and peripheral vascular resistance[33]. On the other hand, the renin-

angiotensin system also regulates arterial blood pressure. This system works through 

interactions between kidney, cardiovascular system and central nervous system[34]. When 

blood pressure becomes too low, renal hypoperfusion will result in renin production by the 

kidney. Renin is an enzyme that converts the plasma protein angiotensinogen, produced by 

the liver, to angiotensin 1. In the lungs and the kidneys angiotensin 1 is converted to 

angiotensin 2 by the angiotensin-converting enzyme. This angiotensin 2 has multiple functions, 

all resulting in an elevated blood pressure. Angiotensin 2 stimulates vasoconstriction of the 

peripheral arteries and also stimulates the pituitary gland to produce anti-diuretic hormone in 

order to stimulate water retention by the kidneys. Lastly, it stimulates the adrenal gland to 

produce aldosterone, which in turn stimulates sodium reabsorption and as such, has an anti-

diuretic effect, increasing blood volume and blood pressure[34; 35]. A schematic review of the 

renin-angiotensin system can be found in Fig. 5.  
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Figure 5:: Schematic representation of the renin-angiotensin system to control blood pressure[36]. ACE: 
angiotensin-converting enzyme; ADH: anti-diuretic hormone 

Peripheral vascular resistance 

Peripheral vascular resistance plays an important role in regulating blood pressure, as blood 

pressure is the result of cardiac output and systemic vascular resistance[37]. When blood 

vessels constrict (vasoconstriction) systemic vascular resistance increases, while dilation of 

blood vessels (vasodilation) leads to a decrease in systemic vascular resistance. Vascular 

resistance is not only important for the regulation of systemic blood pressure, but especially 

for maintaining organ perfusion, preventing abnormal blood pressure at organ level which 

would cause tissue damage. To prevent organ damage, there is a large drop in pressure at 

the level of the arterioles, which are the main regulators of peripheral vascular resistance. The 

basis for this mechanism is given by the Hagen-Poiseuille equation: R= 8Ln/(ˊ*r4), where R is 

the resistance of blood flow, L is the length of the vessel, n is the blood viscosity and r is the 

radius of the blood vessel. As such, modifying the radius of the vessel has an important effect 

on blood flow resistance [37].  

Peripheral vascular resistance is regulated by neuro-hormonal response and by locally 

produced metabolites. Norepinephrine, released into the bloodstream during an adrenergic 

response, binds to the Ŭ1-receptor of the vascular smooth muscle cells. This leads to an 

intracellular increase in guanosinetriphosphate (GTP), which activates phospholipase C and 

starts the inositol triphosphate (IP3) pathway. Intracellularly stored calcium is released and 

results in vascular smooth muscle cell contraction[37; 38]. Other molecules that cause 
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vasoconstriction include thromboxane, endothelin, angiotensin II, vasopressin and 

dopamine[37; 39]. Epinephrine on the other hand binds to the ɓ2-receptors of the vascular 

smooth muscle cells, increasing cyclic adenosine monophosphate (cAMP), leading to an 

increased activity of protein kinase A. Protein kinase A phosphorylates myosin-light-chain 

kinase (MLCK), decreasing its activity and as such leading to vasodilation[37]. Other molecules 

that cause vasodilation include nitric oxide, histamine, prostacyclin, prostaglandin D2 and E2, 

adenosine, bradykinin, carbon dioxide, and vasoactive intestinal peptide[37; 40]. Also the 

endothelium itself can modulate blood pressure (endothelium derived vasodilation or 

vasoconstriction), by releasing nitric oxide (NO) or endothelin, respectively[37].  

2.1.2. Blood pressure measurement 

Arterial pressure is influenced by four major mechanisms: 1) the cardiac output and peripheral 

resistance, determining the mean value of the blood pressure; 2) the flow amplitude and 

characteristic arterial resistance, determining the pressure amplitude; 3) the orthostatic 

pressure and 4) the local flow velocity, of which the influence is rather small [28]. Arterial blood 

pressure can be measured invasively and non-invasively. 

2.1.2.1. Invasive blood pressure measurement 

Invasive blood pressure measurement means that the blood pressure is directly measured in 

the corresponding artery. To measure blood pressure, a catheter or needle is inserted in a 

superficial artery, which will be connected to a pressure transducer using a fluid-filled line. The 

pressure transducer will translate the pulsatile pressure in an electronical signal, which can be 

displayed continuously on a screen. The pressure transducer needs to be situated at the level 

of the heart, in order to correct for gravitational forces. In humans and small animals this 

technique is frequently used in intensive care for monitoring critically ill patients. It is also 

frequently used during surgical interventions and experimental conditions, in both small and 

large animals. Those fluid-filled systems are relatively inexpensive, but measurement errors 

up to 20 mmHg are reported. Those measurement errors might be due to damping, mostly due 

to air bubbles or small blood clots. Another possible cause of measurement error is systolic 

overshooting. All pressure waves have a natural resonant frequency. If the fluid filled hydraulic 

system vibrates at the same frequency, the peak of tracing will be much higher than the actual 

pressure inside the artery, leading to systolic overshooting. Pressure tip catheters, where the 

pressure sensor is placed directly on the tip of the catheter, are more precise, but also more 

expensive. They are nowadays routinely used to monitor intra-cardiac pressure during cardiac 

surgeries in humans where precise blood pressure monitoring is necessary[41].  
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2.1.2.2. Noninvasive blood pressure measurement 

The noninvasive techniques of blood pressure measurement can be divided into three 

categories: the auscultatory method, the oscillometric technique and the Doppler technique. 

The auscultatory blood pressure measurement 

The auscultatory method can be used in humans, but is not used in small animal or equine 

medicine. For this method, a sphygmomanometer cuff is placed around the arm. The pressure 

in the cuff is inflated above systolic pressure. A stethoscope is placed at the corresponding 

artery distal from the cuff. As the cuff is inflated above systolic pressure, there is no blood flow 

in the corresponding artery and nothing can be heard through the stethoscope. When the cuff 

is slowly deflated, the pressure at which the first sound can be heard through the stethoscope 

can be defined as the systolic arterial pressure. Thereafter the cuff is further deflated until no 

sound can be heard at all, this pressure can be noted as the diastolic pressure[42]. A schematic 

representation of the auscultatory method is represented in Fig. 6. 

 

Figure 6: Auscultatory blood pressure measurement[42]. 

The oscillometric blood pressure measurement 

Similar as for the auscultatory technique, for the oscillometric technique a cuff is placed over 

a superficial artery, and inflated above systolic pressure. During gradual deflation of the cuff, 

the reducing pressure exerted on the artery allows blood to flow through, which sets up 

detectable vibrations of the arterial wall[43]. Those vibrations, also called oscillations are 

recorded. The oscillations start at systolic pressure and continue below diastolic pressure. The 

point of maximal oscillations is registered as the mean arterial blood pressure, while diastolic 

blood pressure cannot be measured and will be estimated using algorithms[44]. The 

oscillometric technique can be used in humans and small animals, but also in horses, where it 
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is the most commonly used technique. In human patients the cuff is placed around the arm, 

while in horses and small animals the cuff is placed around the leg (in anesthetized horses), 

or around the base of the tail over the coccygeal artery. A schematic representation of the 

oscillometric measurement is displayed in Fig. 7. 

 

 

Figure 7:  Schematic representation of oscillometric blood pressure measurement[45] 

The Doppler ultrasound blood pressure measurement technique  

This technique is based on an ultrasound transmitter and receiver placed over the 

corresponding superficial artery, in combination with a sphygmomanometer cuff. This 

technique is the most used technique in small animals, but can also be used in horses. The 

principle is basically the same as the other techniques: the cuff is first inflated above systolic 

pressure and afterwards slowly deflated. At systolic pressure, the red blood cells and 

consequently the arterial wall starts to move, which causes a Doppler phase shift in the 

reflected ultrasound. The point where diminution of arterial movement occurs is recorded as 

diastolic pressure[44], which is not reliable in small animals. A schematic overview of the 

ultrasonic blood pressure measurement can be found in Fig 8.  

 

Figure 8: Schematic representation of the ultrasonographic blood pressure measurement[46]. 
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2.1.3. Normal blood pressure in horses 

Blood pressure measurement in horses can be performed both invasively and noninvasively. 

Invasive blood pressure measurement requires cannulation of an artery, which is labor 

intensive and time consuming and in some cases even dangerous or impossible in the standing 

awake horse[47]. Therefore, in horses, invasive techniques are usually only applied in 

experimental settings or under general anesthesia, as hypotension increases anesthesia-

related morbidity and mortality[48-50]. The noninvasive oscillometric method, using a cuff 

placed around the base of the tail, is by far the most used method in the standing, non-sedated 

horse[47]. To correct the reading at the level of the coccygeal artery to the level of the heart 

base, for each centimeter in difference between the right atrium and the tail cuff, a correction 

factor should be applied to correct for hydrostatic pressure[47]. In literature, a range of 

correction factors is used. Tearney et al.[50] for example used a correction factor of 0.735 

mmHg for every centimeter difference between the measurement site and the sternum, while 

Hatz et al.[51] and Tunsmeyer et al.[52] used a correction factor of 0.74 mmHg. Dryan et al. 

[53] on the other hand used a correction factor of 0.75 mmHg for every centimeter in difference 

as he states that one cm fluid height of H2O is equal to 0.75 mmHg, while, Olsen et al.[54] and 

Heliczer et al.[47] used a correction factor of 0.76 and 0.77 mmHg, respectively. The 

hydrostatic pressure of 1 cm of water is 0.74 mmHg. Nevertheless blood has a higher density 

compared to water. Therefore the correct correction factor is 0.77 mmHg for every cm 

difference in height, as Ўὦὴ Ὠ Ȣ , where Ўὦὴ represents the difference in blood pressure, 

dv the vertical distance from the measurement point to the heart in mm, sgb the specific gravity 

of blood (1.05)[55] and sgm the specific gravity of Hg (13.6)[56]. 

Noninvasive blood pressure measurement in standing, non-sedated horses is useful to monitor 

progression of cardiac and renal disease, evaluate chronic or severe pain and monitor fluid 

resuscitation[47; 54]. Multiple studies compared the agreement between invasively and 

noninvasively measured blood pressure in awake and anesthetized horses. Heliczer et al.[47] 

investigated the agreement between noninvasive and invasive blood pressure measurements 

at different blood pressure ranges in standing horses and compared them with horses under 

general anesthesia. For noninvasive measurements, oscillometry was used at the level of the 

tail, while invasive measurements were performed simultaneously at the level of the transverse 

facial artery. Measurements were performed in normal pressure ranges, in induced 

hypertension (using phenylephrine IV) and in induced hypotension (using acepromazine IV). 

A group of 8 standing horses and 8 anesthetized horses was used. They concluded that both 

in the standing and anesthetized group, the noninvasively measured blood pressure was 

strongly correlated with the invasive one and was able to reliably differentiate increases and 

decreases in blood pressure. Nevertheless the accuracy and precision of the noninvasively 
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measured blood pressure was limited in the standing horses, in comparison with the 

anesthetized horses[47]. Another study of Olsen et al. in seven standing conscious trotter 

horses showed that the oscillometric mean arterial blood pressure, which is the most important 

value to assess cardiovascular status, could be measured with a high overall accuracy, in 

combination with a high overall precision. The lowest measurement error was found during 

normo- and hypertension. In this study hypertension was induced using IV dobutamine in 

combination with atropine, while hypotension was induced using IV acepromazine[54].  

Another important consideration when blood pressure is measured noninvasively is an 

appropriate cuff bladder width-to-tail circumference ratio. A too small cuff will overestimate 

arterial blood pressure, while a too large cuff will underestimate arterial blood pressure. Hatz 

et al.[51] and Heliczer et al.[47] used a cuff to tail circumference ratio of 0.4, while Tunsmeyer 

et al.[52] and Olsen et al.[54] used a ratio between 0.4-0.6. In contrast with these authors and 

with manufacturer descriptions, Tearney et al.[50] found a cuff widt-to-tail circumference ratio 

of 0.25 the best cuff width for equivalence between invasive and oscillometric mean arterial 

blood pressure, measured in anesthetized horses in lateral recumbency.  

Parry et al.[57] published normal limits (within the 2.5th and 97.5th percentiles) for corrected 

noninvasive coccygeal measured arterial blood pressure in 296 clinically normal horses, 

including 97 thoroughbreds, 97 standardbreds and 102 Hacks. Published normal limits were 

68-159 mmHg for systolic arterial blood pressure and 45-97 mmHg for diastolic arterial blood 

pressure. Other values for standing, conscious, healthy horses that can be found in literature 

are for example the normotensive values reported by Heliczer et al.[47] (142±20 mmHg 

systolic, 100±18 mmHg diastolic and 116±20 mmHg mean arterial blood pressure), measured 

in 7 horses, or the ones reported by Nostell et al.[58] (113±11 mmHg systolic, 69±12 mmHg 

diastolic and 87±16 mmHg mean arterial blood pressure), measured in 13 horses, 11 

standardbreds and 2 warmblood horses.   

3. Biomechanical characteristics of the arterial wall 

It is obvious that the arterial wall is not homogeneous, also called inhomogeneity. As 

mentioned previously the arterial wall consists of three different layers: the tunica intima, media 

and adventitia, with each layer containing its own specific amount of elastin, collagen, smooth 

muscle cells and proteoglycans. It is therefore clear that the arterial wall can be considered as 

multi-phase material, meaning a material that is composed of multiple materials, all with their 

own, largely different characteristics[59]. Another important characteristic of the arterial wall is 

its anisotropy, which means that the elastic properties differ between the longitudinal and 

circumferential direction[60], an important property to keep in mind when uni-axial tensile tests 

are performed[59]. Next to this inhomogeneity and anisotropy, non-linearity is another 
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important characteristic which means that the stress-strain relationship curve is non-linear (Fig. 

9), because arterial tissue becomes stiffer the more it is deformed[59; 60]. Stress represents 

the ratio of the load or force to the cross-sectional area of the material to which the load is 

applied, while the strain is a measure of the deformation of the material as a result of the force 

applied. There is an important difference between engineering stress and strain and true stress 

and strain, due to the original shrinking of the tissue and the development of elongation during 

stress tests. True stress is always larger than the engineering stress, while true strain in always 

lower. Engineering stress can be defined as ratio of the load (force) to the original cross 

sectional area, while true stress represents the ratio of load (force) to the actual cross sectional 

area. Similarly, engineering strain represents the ratio of the amount of deformation to the 

original length, while true strain can be defined as the natural logarithm of the ratio of current 

length to original length. Finally, the arterial wall shows visco-elasticity, which is shown by the 

fact that the arterial wall exhibits stress-relaxation. When an artery is deformed and kept at this 

deformation for a while, it is observed that the stress, needed to maintain this deformation will 

decrease to a new steady state[59].  

 

Figure 9: Stress-strain curve from a pig aorta, indicating the non-linearity of the arterial wall 

Due to the inhomogeneity, anisotropy and visco-elasticity of the arterial wall, characterizing the 

biomechanical properties of the arterial wall is challenging. Wall tissue can be investigated 

using tensile tests, whereby the arterial wall is stretched in a controlled way from a zero-stress 

state until rupture occurs. Using this technique force-extension data can be converted into 

stress-strain relations, describing the biomechanical properties of the arterial wall[61; 62].  
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3.1. Uniaxial tensile test 

Uniaxial tensile tests are the simplest and most widely used method in order to characterize 

the biomechanical properties of the arterial wall ex vivo. Samples need to be collected in 

circumferential and longitudinal direction and need to be dogbone-shaped (Fig. 10). The tissue 

sample is clamped into manual or pneumatic grips, taking care not to damage the tissue. 

During a tensile test the force necessary for displacement is recorded. Force-extension data 

are collected and converted into stress-strain curves[62]. 

  

Figure 10: Dogbone-shaped sample collection for uni-axial tensile tests [62]. 

3.2. Biaxial tensile test 

Biaxial tensile tests better simulate the real, in vivo behavior of the arterial wall. As the 

longitudinal and circumferential direction can be tested at once, differences in tissue properties 

between the two directions can be assessed. A square piece of arterial wall needs to be 

collected for a biaxial test. The tissue sample is anchored using hooks and as such connected 

to the stretcher arms. Starting from stretch free state, stress-strain curves are recorded (Fig. 

11). This method is less suitable for stretching until rupture, due to the attachment technique 

and the square-shaped samples[62].   
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Figure 11: Biaxial tensile test and derived stress-strain curve for the longitudinal and circumferential direction[62]. 

3.3. Inflation-extension test 

Another way of testing the biomechanical properties of the arterial wall is the inflation-extension 

test. This test mimics best the in vivo situation as the whole cylindrical segment is pressurized 

and is preferred over a biaxial test which does not take into account sample curvature[62]. 

Tissue deformation can be monitored using video-based tracking techniques or ultrasound 

analysis[62; 63]. For video tracking, multiple markers are embedded in or affixed to the 

specimen. With traditional video tracking, a blood vessel is commonly assumed to be a perfect 

cylindrical tube and only the outer diameter is assessed. Recently, advanced three-

dimensional tracking systems have been applied to measure non-uniform deformation of 

arterial tissue, by monitoring circumferential changes. Ultrasound can be used to monitor 

circumferential changes. However, cross-sectional image quality is not always optimal at 4 and 

8 oôclock position, which makes manual tracking of the arterial wall more difficult. 

Ultrasonographic diameter measurements on the other hand reveal good reproducibility 

independent of imaging plane and load applied to the arterial wall. As such, a reliable 

estimation of the arterial stiffness can be obtained for a physiologic pressure range[63].  

4. Mathematical models of the arterial tree 

Models of the arterial tree can be used to study blood flow, blood pressure and flow waveforms. 

Models are always a simplistic version of the reality, but are very helpful to understand the 

function and physiology of biological systems[64]. 

 



 

 
 

33 CHAPTER 1: INTRODUCTION 

4.1. Zero-dimensional (Windkessel) model  

The Windkessel model is used to understand variations in pressure during the cardiac cycle 

and over the arterial tree due to the elasticity of the major arteries. The model was named after 

the Windkessel present in fire engines, because this Windkessel can be compared to the 

volume elasticity of large arteries (Fig. 12)[65]. This Windkessel model is also called the 

lumped model, as it studies the pressure-flow relation of the whole arterial system by two 

parameters: the compliance and the resistance. This Windkessel model belongs to the zero-

dimensional models, as it is composed of an in-series combination of resistive and compliant 

elements of the arterial tree and variables are only a function of time, not space. The advantage 

of this model is that only a few parameters are necessary to study the arterial network. 

However, this model cannot be used to study wave travel and wave reflections over the arterial 

tree[64; 65]. 

The compliance (C) can be defined as the ratio of volume change (ȹV) to pressure change 

(ȹP; C=ȹV/ȹP) and represents the sum of the compliances of all major arteries over the arterial 

tree. A high compliance means that a small increase in pressure induces a large increase in 

volume and vice versa. Resistance can be defined as the degree to which a substance 

prevents flow through it. In zero-dimensional models, the resistance of the arterial tree can be 

considered as the sum of all individual resistances of the arterial microcirculation, because the 

resistance in the small arteries and arterioles contributes the most to the arterial resistance. 

As the law of Poiseuille states: the resistance is related to the length of the vessel and inversely 

proportional to the blood vessel radius to the fourth power[65].  

 

Figure 12: Schematic representation of the Windkessel model, in the fire engine and in the arterial tree[65]. The so 
called two-element Windkessel model consists of a resistance and a compliance element. 
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4.2. One-dimensional models 

The so-called one-dimensional (1D) models are based on the Navier-Strokes equation, 

describing the flow of incompressible fluids. In those 1D models the main arteries of the arterial 

tree are divided into small interconnected straight arterial segments. In each of these 

segments, the Navier-Strokes equation can be solved. Appropriate 1D models can be used to 

easily and precisely model the forward and reflected waves in the arterial tree, making those 

models ideal to study pressure and flow wave propagation along the arterial tree[64]. An 

example of a 1D model of the systemic arterial circulation in mice is represented in Fig. 13. 

 

Figure 13: Schematic representation of a 1D model describing the systemic arterial circulation in mice. 

In human medicine, a wide range of 1D models is available, allowing researchers to study the 

normal and abnormal physiology of the arterial system, without the need of in vivo 

measurements[66-68]. A large number of arterial segments can be included which allows 

specific information about blood flow or pressure wave characteristics at the level of individual 

branches and even in patient-specific situations to be obtained[69; 70].  



 

 
 

35 CHAPTER 1: INTRODUCTION 

5. Measurement of arterial wall stiffness  

In 2006 an expert consensus on the methodological issues and clinical applications of arterial 

wall stiffness in human patients has been published[71]. Local and regional arterial stiffness 

can be measured directly and noninvasively at various sites along the arterial tree. Local and 

regional stiffness measurements are based on measurement of parameters which are directly 

linked to arterial wall stiffness at a specific site or over a part of the arterial tree, 

respectively[71]. 

5.1. Regional measurement of arterial wall stiffness  

Because the aorta contributes most to the arterial buffering capacity, the aorta is the most 

important vessel when assessing arterial wall stiffness[72]. Moreover, the regional stiffness of 

the aorta has been proven to be an independent predictor of cardiovascular outcome[71-74].  

The carotid to femoral pulse wave velocity, generally accepted as the most simple and robust 

way to measure regional arterial wall stiffness, is considered as the gold standard method to 

assess arterial stiffness in humans[71; 75; 76]. In many epidemiological studies, pulse wave 

velocity has been shown to be of highly predictive value for cardiovascular events[71-74]. The 

pulse wave velocity can also be measured more towards the periphery, for example at the 

upper or lower limb, but these values do not have a proven predictive value[71]. A higher pulse 

wave velocity indicates stiffer arteries, while a lower pulse wave velocity indicates more 

compliant arteries. The pulse wave velocity is usually measured using pulsed wave Doppler 

ultrasound or tonometry to capture the pulse wave noninvasively at two different arterial sites, 

for example the common carotid artery and the femoral artery in case of carotid to femoral 

pulse wave velocity[71; 77; 78]. Tonometry uses noninvasive pressure sensors applied 

transcutaneously over the carotid and femoral artery, while for the Doppler ultrasound method, 

Doppler velocity signals of the carotid and femoral artery are used. In both cases, the pulse 

transit time is calculated from the foot (onset) of one pressure wave to the foot of the other 

pressure wave, called the foot-to-foot method (Fig. 14). The pressure wave is usually captured 

simultaneously at both places. Another option is to use the electrocardiogram (ECG) as a 

timing reference. Hereby, the time interval between the R wave of the synchronized ECG and 

the onset of the waveform is measured. The shortest time interval, at the level of the carotid 

artery, is subtracted from the longest time interval, at the level of the femoral artery, in order to 

calculate the pulse transit time. To calculate the pulse wave velocity (m/s) the traveled distance 

between the two measuring places (m) is divided by the pulse transit time (s)[71; 77]. The 

traveled distance between the two measuring places is usually estimated from body surface 

measurements. Some authors use the direct surface measurement between the carotid and 

the femoral artery[79], while others subtract the distance from the sternal notch to the carotid 
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artery from the distance between the carotid and femoral artery[80] or from the distance 

between the sternal notch and femoral artery[81; 82]. Also multiplying the surface distance 

between the carotid and the femoral artery with a correction factor has been described[83]. 

Huybrechts et al.[84] compared the true traveled distance, obtained by MRI measurements to 

several body surface measurements. They concluded that the surface measurement between 

carotid end femoral artery, multiplied with a correction factor of 0.8 corresponds the best with 

the real traveled distance[84]. 

  

Figure 14: Measurement of carotid to femoral artery pulse wave velocity using the foot to foot method[71].  

5.2. Local measurement of arterial wall stiffness 

Ultrasound devices can be used to assess local arterial stiffness of reachable arteries. Local 

stiffness parameters are based on the change in volume, driven by pressure changes. All types 

of classical vascular ultrasound can be used to determine those changes in diameter during 

the cardiac cycle, but manual measurements are limited in precision. Therefore echotracking 

devices were developed to measure diameter changes with very high precision[71]. Multiple 

local stiffness parameters are described in literature, such as: 

-The stroke change in diameter or lumen area (ȹD;ȹA) is the systolic (Ds;As) minus the 

diastolic diameter or lumen area (Dd;Ad)[71].  

æD=Ds-Dd  

æA=As-Ad 

-The arterial diameter or lumen area strain (SD; SA) represents the relative change in diameter 

or lumen area during the cardiac cycle, and is thus defined as the stroke change in diameter 

or lumen area (ȹD;ȹA) divided by the diastolic diameter or lumen area (Dd;Ad)[85].  

SD (%) =æD/Dd 

SA (%) =æA/Ad 
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-The arterial compliance coefficient (CCD;CCA) represents the absolute diameter or lumen area 

change that occurs between systole and diastole, i.e. the pulse pressure. This means that the 

arterial compliance coefficient is equal to the stroke change diameter or in lumen area (ȹD;ȹA) 

divided by the pulse pressure (ȹP)[86].  

CCD=æD/æP  

CCA=æA/æP  

-The arterial distensibility coefficient (DCD;DCA) represents the relative diameter or lumen area 

change that occurs between systole and diastole, i.e. the pulse pressure. This means that the 

distensibility coefficient is equal to the stroke change in diameter or area (ȹD;ȹA) to the 

diastolic diameter or area (Dd;Ad), divided by the pulse pressure (ȹP)[86]. 

DCD=(æD/Dd)/æP 

DCA=(æA/Ad)/æP  

-The stiffness index (SI) represents the ratio of the natural logarithm of systolic (SAP) to 

diastolic arterial pressure (DAP) divided by the relative diameter change[87]. 

SI=ln(SAP/DAP)/(æD/Dd) 

6.  Physiological and pathological changes of the arterial wall 

The arterial wall is a dynamic structure, which is able to adapt to different physiological and 

pathological circumstances. Multiple studies show that long-term changes in arterial blood flow 

and/or blood pressure can lead to blood vessel diameter increase and thickening of the arterial 

wall[88-90]. Arterial blood flow generates arterial wall shear stress, frictional stress on the 

vascular lumen surface, while arterial blood pressure creates arterial wall hoop stress, a tensile 

stress on the arterial wall in the circumferential direction[89]. The effect of arterial blood flow 

was, among others, studied by Kamiya and Togawa in 1980[88]. They created an 

arteriovenous shunt between the common carotid artery and the external jugular vein in 12 

dogs. After a long-term follow-up period of 6 to 8 months, the arterial radius and the arterial 

wall shear stress was defined. Results showed that the arterial diameter increased with the 

flow rate and that eventually the shear stress had recovered to almost normal values. 

Wolinsky[90] on the other hand, studied the effect of hypertension on the arterial wall in rats. 

Ten weeks of hypertension revealed an increased diameter and an increased arterial wall 

thickness, as result of an increased thickness of the tunica media. In addition, the total amount 

of collagen in the arterial wall was increased in hypertensive rats. 

6.1. The effect of aging on the arterial wall  
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The organ systems of mammals, and other vertebrates are designed to work efficiently up to 

reproductive age, not beyond. Thus as mammals become older, degenerative processes start 

to occur[91]. Vascular aging is associated with changes in structural and mechanical arterial 

wall properties, leading to a loss of elasticity and arterial compliance. As mammals age, there 

will be an increase in collagen, cross-linking of collagen, elastin fracture, calcification and a 

decrease in the amount of elastin[92]. Other characteristics of vascular aging are endothelial 

dysfunction, resulting in a reduced bioavailability of the endothelium-synthesized nitric oxide, 

leading to decreased endothelium depended dilation[93] and increased arterial wall thickness 

of medium and large sized arteries due to smooth muscle cell phenotype switch and 

migration[94; 95]. 

The mechanisms of aging and the effect on life and health span, among which cardiovascular 

health, have been well studied in several animal species, for example in mice, rats, primates, 

fish, birds and even dogs. All those species are studied as models for human aging. Normal 

aged mice show very low prevalence of cardiovascular disease, in contrary to the naked mole 

rat, which has a way longer life span[96]. Aged dogs (>7 years) are known to reveal a dilated 

and stiffer aorta in comparison with young dogs (1-2 years). Moreover decreased aortic strain 

was shown to be significantly related with the amount of collagen in the aortic wall[97]. In 

horses, up to now, only little is known about the functional changes of the arterial wall due to 

aging. Concerning the histological age-related changes, one study, performed by Endoh et 

al.[98] showed that from the first year to the mature stage of life, the amount of elastin in the 

aortic wall decreased, while the amount of collagen increased. Ueno et al.[99] showed changes 

of the uterine artery wall, like smooth muscle cell atrophy, fibrosis and intima thickening in older 

mares, compared to younger mares. 

6.1.1. Functional changes of the human arterial wall due to aging  

In humans, age-related loss of compliance, leading to an increase in systolic and a decrease 

in diastolic arterial pressure is a well-known phenomenon[92]. As mentioned previously, in 

order to guarantee a continuous flow towards the peripheral tissues, the arterial tree is 

designed to buffer cardiac pulsations. During systole young, compliant, elastic vessels show a 

large increase in diameter, retaining a large volume of blood, which results in a relatively small 

increase in systolic pressure. During diastole, the arterial wall releases the retained blood 

volume, by passive recoil. Therefore young, healthy individuals with compliant arteries show a 

relatively small arterial pulse pressure, which is the pressure difference between systolic and 

diastolic arterial blood pressure. In older individuals with stiffer elastic vessels, during systole 

only a small fraction of the blood volume is retained, as the arterial wall is not compliant 

enough, and therefore the systolic pressure will increase. During diastole, only a small volume 

of retained blood will be released, resulting in a low diastolic pressure, and thus a high pulse 
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pressure (Fig. 15)[27]. The elevated systolic pressure will induce increased left ventricular 

afterload and left ventricular hypertrophy. The increased ventricular afterload will increase 

myocardial oxygen demand but due to the lower diastolic blood pressure, coronary circulation 

is reduced and thus myocardial blood supply is decreased instead of increased, explaining the 

increased incidence of myocardial infarctions, chronic ischemic heart disease and sudden 

cardiac death due to arrhythmias in the elderly[100].  

 

Figure 15: Effect of the age and elasticity of the arterial wall on the arterial blood pressure[27]. 

As large arteries stiffen, the velocity of the pulse wave, an important parameter for arterial wall 

stiffness, will increase. Increased pulse wave velocity, due to aging, will also contribute to an 

increased systolic blood pressure, by earlier return of the reflected waves.  

6.1.2. Structural changes of the human arterial wall due to aging  

As described above, in human medicine, the arterial wall is known to stiffen with age. This 

stiffening is caused by an increased loss of vascular smooth muscle cells, endothelial 

disruption, fibrosis, elastin fragmentation, calcification and amyloidosis[101]. Aged vessels 

show an increase in reactive oxygen species, resulting in endothelial dysfunction. Vascular 

smooth muscle cells will start to migrate towards the intima, where they proliferate and start 

producing collagen and proteoglycans, being responsible for the increased arterial wall 

thickness. In contrast, due to apoptosis, the amount of smooth muscle cells decreases in the 
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tunica media and the elastin in the media will be fragmented and replaced by collagen and 

calcification, which is the major cause of increased stiffness in aged arteries[102].  

Various pathways contribute to these structural changes including inflammatory cytokines and 

matrix metalloproteinases[102]. An increase in inflammatory mediators enables white blood 

cells to infiltrate into the arterial wall. Macrophages are activated and release additional 

inflammatory cytokines, after which they die by necrosis, thereby releasing their cytokines, 

leading to the degradation of elastin. Matrix metalloproteinases on their turn, mediate elastin 

degradation and also have a collagenolytic activity, causing uncoiled, stiffer collagen, 

contributing to the increased arterial stiffness[103].  

6.2. Gender differences in arterial wall stiffness 

Multiple studies were carried out in order to assess the influence of gender on the human 

arterial wall[104; 105]. A multicenter cross-sectional study performed by Kim et al.[104] 

showed that women had a significantly higher augmentation index compared to men, however 

pulse wave velocity was higher in men than in women. Recent publications also indicate that 

women show a higher arterial stiffness compared to men when aging[105], especially after the 

onset of the menopause[106]. On the other hand, the Asklepios study, including 2026 

apparently healthy, middle aged subjects (35-55 years old) found no difference in pulse wave 

velocity between men and women[107].  

Testosterone, the male sex hormone, belongs to the family of androgens and binds to the 

androgen receptor to induce physiological actions. Testosterone seems to have a protective 

role in arterial stiffening. Low serum levels of testosterone impair endothelial function and are 

proven to correlate with increased arterial stiffness. Indeed, in testosterone deficient patients 

replacement of testosterone leads to decreased arterial stiffness and blockage of testosterone 

production leads to increased arterial stiffness[105].  

Estrogen, the female sex hormone, binds to estrogen receptors (Ŭ and ɓ) and also seems to 

play a protective role in arterial wall stiffening[106]. Before puberty, females have less 

compliant arteries than males of the same age, while after puberty the arterial stiffness 

decreases in females and starts to increase in males. From puberty on until the menopause, 

women seem to be protected against cardiovascular disease compared to age-matched men, 

while postmenopausal loss of estrogen induces accelerated stiffening of arteries and increased 

incidence of cardiovascular disease[106]. Next to this, estrogen deficiency has also been 

shown to promote collagen synthesis, which is associated with arterial stiffening[105].  

Very little is known about gender differences in arterial wall stiffness in our domestic animals. 

In dogs Nogueria et al.[108] found no difference in the arterial wall stiffness by measuring 
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carotid to femoral pulse wave velocity, between healthy male and female dogs. In horses, no 

information was found regarding the influence of gender on the arterial wall.  

6.3. Effect of training on arterial wall stiffness   

Several studies show that regular exercise training reduces arterial stiffness in humans[109; 

110]. An inverse relationship between training level and arterial stiffness, including pulse wave 

velocity, augmentation index, stiffness index and arterial strain has been found[110-113]. 

Arterial compliance decreases with age, but the magnitude of the reduction in arterial 

compliance will be attenuated when aerobic exercise is performed. Recent studies even show 

that a relatively brief (13 to 14 weeks) period of regular aerobic exercise can restore some of 

the losses of arterial compliance in normally non-active old and middle-aged men. Moreover 

the increase in arterial compliance seen in this situation is independent from changes in body 

weight, arterial blood pressure or metabolic risk factors[113].  

On the other side, resistance training, which is a popular mode of exercises nowadays, seems 

to have a negative effect on arterial wall stiffness. Kawano et al.[114] studied carotid artery 

stiffness in a group of 12 middle-aged men, who were performing resistance training for >10 

years and compared it with a control group of 17 age-match men, who had not participated in 

a regular exercise program over the last 2 years. They found that the stiffness index and the 

systolic and mean arterial blood pressure were significantly higher in the resistance trained 

group. Cortez-Cooper et al.[115] showed that, also in women, 11 weeks of high-intensity 

strength and power training increases arterial stiffness, as the carotid augmentation index and 

the carotid to femoral pulse wave velocity were elevated.  

In our domestic animals, nothing was found about the influence of training on the arterial wall 

stiffness.  

 6.4. Racial differences in arterial wall stiffness  

Elderly black people are known to have a higher risk of developing hypertension and increased 

vascular stiffness. Indeed, black people were found to have a lower aortic distensibility, but 

without any difference in arterial wall thickness, which suggests that hypertension itself 

possibly accounted for the stiffer arteries[116]. Other studies concluded that the elevated blood 

pressure was not the sole cause of the increased arterial stiffness, as even after correction for 

blood pressure, aortic stiffness was increased in African people, compared to Europeans. 

Therefore, Chaturverdi et al.[117] suggested that the increased vascular stiffness is due to 

ethnic differences in vascular remodeling. Goel et al.[118] showed that black people and 

Hispanics had higher aortic stiffness compared to white people, with the highest values in black 
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people. Asians on their turn show a higher pulse wave velocity thus stiffer arteries in 

comparison with African people, even after correction for age and blood pressure[119].   

Not only during adulthood or with aging racial differences are found. African-American children 

have significantly higher pulse wave velocity and thus a higher arterial stiffness compared to 

white children. After correction for height there appeared to be no difference in blood pressure 

and arterial wall thickness between those African-American children and white children, but 

the difference in arterial wall stiffness remained significant[120].  

Again, in our domestic animals, studies investigating differences in arterial wall stiffness 

between different breeds have not been found. 

7. Arterial disorders in horses 

Arterial wall stiffness is well-studied in human medicine, but as described in the previous 

paragraphs, very poorly in horses. Nevertheless, vascular disorders such as exercise-induced 

arterial rupture, parturition or breeding-associated arterial rupture, aortic rupture and aorto-

cardiac or aorto-pulmonary fistula formation are of great concern in equine medicine as they 

are mostly fatal and affect horse welfare and rider safety. All those arterial pathologies might 

be linked to altered arterial wall properties due to aging, gender differences, racial differences 

or even differences in training level, but in depth pathophysiological research is still lacking. 

The most common arterial disorders in horses, together with their prevalence and possible 

pathophysiological background are described beneath. 

7.1. Exercise-induced arterial rupture  

Arterial rupture is one of the most important causes of sudden death in horses next to 

arrhythmias, intestinal lesions and spinal cord injury[121-126]. Looking at cardiovascular 

causes of sudden death in specific, most deaths occur during exercise or racing, mostly, but 

not always during the fastest work, while other horses collapse within one hour after the 

effort[122; 127]. Aortic rupture itself is well known as a fatal condition in sport horses, mostly 

occurring during exercise. Over the last years some famous horses died in front of a big public 

in different sport disciplines, for example the Olympic jumping horse Hickstead during the 

famous jumping of Verona, Admir Ratki a seven year old racing horse, who collapsed and died 

just after crossing the finish line of the Melbourne cup and Filur, the 23 year old warmblood, 

who died during the four-in-hand FEI world cup qualification in Stockholm, gaining massive 

media and public attention for aortic rupture in (sport)horses.   

Besides the aorta, also other (major) abdominal or thoracic arteries tend to rupture during 

exercise. Lyle et al.[124] found that 56% of the 143 investigated sudden deaths in 

Thoroughbred horses, suffered exercises associated sudden-death due to cardiac or 
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pulmonary failure. Of those horses 20% died due to pulmonary hemorrhage, while another 

27% of the examined horses died due to a hemorrhagic shock. Gelberg et al.[125] reviewed 

25 post mortem examinations of racing or training Thoroughbreds. In only eight cases the 

cause of death could be identified. Six of those eight cases showed massive thoracic or 

abdominal bleeding, but the site of the vascular rupture could not be identified. Another 

important finding of Gelberg et al.[125] is that nearly all examined horses had pulmonary 

congestion and/or pulmonary hemorrhage. DeLay[126] reported 963 post mortem 

examinations of sudden deaths and euthanasiaôs associated with exercise. That review 

included Thoroughbreds, Standardbreds and Quarter horses. In 157 out of the 963 horses 

sudden death occurred and was causally associated with racing or training activities. Those 

157 horses died during or immediately after the activity. Thirty-four horses (22%) died due to 

cardiovascular reasons, of which 15 showed hemopericardium with 13 cases surely defined 

as aortic rupture. Eight % of the horses (13/157) died due to hemothorax, hemoabdomen, 

mediastinal or pulmonary hemorrhage.  

7.2. Aorta-cardiac fistula  

Aortic rupture is not always immediately fatal. In those cases, rupture occurs most often at the 

level of the right aortic sinus with formation of an aorto-cardiac fistula ending up in the right 

ventricle, right atrium or left ventricle[128; 129]. Typical signs of an aorto-cardiac fistulation 

include colic, acute distress, exercise intolerance, monomorphic ventricular tachycardia, the 

presence of a right-sided continuous murmur and bounding arterial pulses[128; 129]. It has 

been described at different ages and breeds, including Thoroughbred horses, Quarter horses, 

Standardbreds, Arabian horses and cross-breeds. Aorto-cardia fistula have been described in 

both females and males, but stallions seem to be predisposed, especially during coitus[129]. 

Rooney et al.[130] described eight cases in stallions, with a mean age of 15 year, indicating a 

higher incidence in older stallions.  

Whether or not histological changes are present in cases developing an aorta-cardiac fistula 

is not clear. Marr et al.[129] described no histological changes in four horses died from aorto-

cardiac fistula, while Sleeper et al.[131] reported disorganization of fibrous tissue in the area 

of the fistula in a chronic case and Briceno et al.[132] reported clear degenerative changes 

within the aortic wall, with loss of continuity and disorganization of elastic fibers (Fig. 16).  
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Figure 16: Histological section of a ruptured aorta in horse, evidencing degenerative changes with loss of continuity 

of elastic fibers[132]; haematoxylin and eosin staining. 

7.3. Aortopulmonary fistula in Friesian horses  

It is widely known that Friesians or more prone to aortic rupture, compared to other breeds[133; 

134], without any sex or age predilection[135]. In contrast with other breeds where aortic 

rupture almost always occurs at the aortic root, in Friesian horses the aorta ruptures close to 

the ligamentum arteriosum, with formation of an aortopulmonary fistula (Fig. 17)[134]. In those 

cases, an aortic pseudoaneurysm is found, starting from a transverse rupture of the aorta, near 

the ligamentum arteriosum. This pseudoaneurysm is a blood-filled cavity surrounded by 

granulation tissue, ending up in the pulmonary artery via a transverse rupture. Horses suffering 

from aortic rupture usually show subacute or chronic signs for weeks to months before death. 

The most important clinical signs are colic, resting tachycardia, peripheral oedema, coughing, 

jugular pulsation and a strong bounding pulsation in the carotid artery[134]. Aortic rupture in 

combination with aortopulmonary fistulation can occur at any age, although most of the cases 

reported are rather young[134]. Antemortem diagnosis of this pathology is very important in 

order to differentiate from ónormal colicô and prevent cases of sudden death during riding or 

handling the horse, involving rider and handler safety. Indicative clinical signs need to be 

combined with advanced ultrasound imaging in order to correctly diagnose the presence of an 

aortopulmonary fistula. On standard echocardiographic images, an enlarged pulmonary artery 

and subsequently dilation of the right ventricle and atrium can be visible. The pulmonary artery 

might be displaced to the left and most of the times, already on the normal right-sided images 

the pseudoaneurysm is visible between the aorta and the pulmonary artery. Next to these 

findings, the diastolic diameter of the aorta might be small, due to the large left-to-right-shunt. 

Non-classic ultrasound views are necessary to visualize the fistula itself, but might be 

challenging due to the heavy musculature of Friesian horses, in combination with the location 

of the fistula, being often obscured by the air filled lungs.  
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Figure 17: Aortic rupture (indicated by the dashed line) in most breeds is typically located at the base of the heart 

(a), while in Friesians ruptures occurs near the ligamentum arteriosum (b)[134]. 

The reason why Friesian horses are more prone to aortic rupture remains unclear. 

Embryological malformation could be a cause, but affected animals are normal at birth and no 

other cardiac developmental abnormalities are described in Friesians with aortic rupture, 

making this hypothesis less likely[134]. In addition, we have recently found the first case of a 

10 year old asymptomatic Friesian stallion with an aortic rupture in combination with a 

pseudoaneurysm, which did not connect to the pulmonary artery[136]. These observations 

favor a progressive condition starting from an aortic rupture. Medial necrosis has been 

described in affected Friesians (Fig.18) [137] and can be caused by ischemia[138], connective 

tissue disorders[139], increased blood pressure[140] or inflammation[141]. Whether or not 

these are also causable factors in Friesian horses is not clear. A difference in connective tissue 

metabolism and homeostasis between Warmblood and Friesian horses is suspected[142]. 

Ploeg et al.[142] found an increase in lysylpyridinoline cross-links, elastin cross-linking and 

matrix metalloproteinases in aortic tissue of affected Friesians. Also in tissue of flexor tendons 

differences were found in collagen lysine hydroxylation and pyrrole cross-links. Moreover Saey 

et al.[143] recently found a higher rate of collagen degeneration in Friesian horses compared 

to Warmblood horses in urinary samples. Another study by Saey et al.[144] found significant 

structural differences between unaffected Friesian and Warmblood horses, with an increased 

thickness of the tunica media and an increased area % of collagen type I in Friesian horses 

compared to age-matched Warmblood horses. Affected Friesians showed a decreased 

amount of elastin in combination with smooth muscle cell hypertrophy, compared to 

Warmbloods and non-affected Friesians, which suggests not only collagen disorders, but also 

some degree of elastin deficiency. On the other hand, no biochemical evidence for the 

predisposition of Friesian horses to aortic rupture could be found[61]. 
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Figure 18: Medial necrosis (lower part) in the aortic wall of an affected Friesian, characterised by smooth muscle 
cells with loss of nuclei[134]; haematoxylin and eosin staining  

7.4. Parturition-associated arterial rupture   

Arterial rupture is a well-recognized cause of pregnancy associated fatality in mares. 

Nevertheless arterial rupture is not always fatal. Blood might accumulate in the broad ligaments 

with formation of a hematoma, which might over time organize and resorb, leading to the 

survival of the mare. Mares suffering from arterial rupture usually show clinical signs of colic in 

combination with pale mucous membranes. Williams et al. [145] reported 513 cases of 

pregnancy-associated arterial rupture, collected over 15 years at the University of Kentucky. 

They found that rupture can occur during (59%), before (30%, half of these being more than a 

month before due date) or shortly after (11%) parturition and concluded that arterial rupture 

occurs mostly in older mares, as 78% of the investigated mares were aged over 15 years, with 

a mean age of 17 years. Most of the mares were also multiparous, the mean was the 7th 

parturition and 52% of the mares had produced eight or more foals. Eight mares did only have 

one foal before and 7 mares had only two, indicating that arterial rupture not only affects 

multiparous mares. It was mostly, but not always, the uterine artery, in the first 20 cm from the 

origin, that ruptured. Other arteries were also described to rupture, leading to hemo-abdomen 

or hemothorax: the left uterine artery (47% of the cases), the right uterine artery (30%), the 

iliac artery (10%), uterine wall arteries (6%), the aorta (4%), the ovarian artery (3%) and the 

mesenteric artery (1%). It is believed that those arteries rupture due to chronic intramural 

degenerative changes and weakening, but during parturition also foaling-associated trauma 

can play a role. Ueno et al. described the pathological findings of 31 Thoroughbred mares who 

died from peripartum broad ligament hematomas. Five young, multiparous control horses were 

also included in the study. Similar to what is described by Williams et al., Ueno et al. described 

that arterial rupture most often occurred in the proximal part of the uterine artery, followed by 
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the distal part and the middle part, while the internal iliac artery, caudal mesenteric artery and 

internal pudendal artery were found to rupture in a minority of the cases (Fig. 19). Histologically 

the tunica media in close proximity with the site of arterial rupture showed smooth muscle cell 

atrophy and fibrosis. Also a thickened arterial wall was found, due to disruption and calcification 

of the internal elastic lamina. These findings were most prominent in the aged multiparous 

mares, and were not present in young control mares, indicating age and parity associated 

changes in the arterial wall (Fig. 20 and 21). 

  

Figure 19: Most frequently found locations of arterial rupture in pregnant mares described by Ueno. et al. 1: 
abdominal aorta, 2: external iliac artery, 3: internal iliac artery, 4: ovarian artery, 5: proximal part of the uterine artery, 
5ô: middle part of the uterine artery, 5ôô: distal part of the uterine artery, 6: internal pudendal artery, 7: umbilical artery, 
8: vaginal artery, 9: uterine branch of the vaginal artery; 10: caudal visceral artery, 11: middle rectal artery, 12: 
caudal mesenteric artery[99]. 

 

Figure 20: Histological section of the uterine artery of a young control mare (a) and an old mare (b). The atrophy of 
smooth muscle cells in combination with fibrosis is clearly visible in the old mare. Elastica von Gieson stain, 
magnification x20, bar = 120 µm[99]. 
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Figure 21: Histological section of the uterine artery of a young, control mare (a) and an old mare (b). The thickened 
lamina elastic interna (LEI) is clearly visible in the aged mare. Elastica van Gieson stain, magnification x5, bar = 50 
µm[99]. 

7.5. Phenylephrine associated arterial rupture 

Phenylephrine, an alpha1-agonist, is often used as part of the treatment of nephrosplenic 

entrapment of the large colon in horses. Nephrosplenic entrapment of the large colon is a 

common diagnosis in horses showing colic signs[146]. The prognosis is typically good, with 

successful resolution of the entrapment reported in up to 92% of the cases[147]. Phenylephrine 

works on the alfa1-adrenergic receptors, which cause splenic contraction and systemic 

vasoconstriction, leading to increased blood pressure. Severe (fatal) bleeding is a well-known 

side effect of the therapeutic use of phenylephrine, probably due to the induced hypertension. 

Fréderick et al.[148] reported that all horses showing severe hemorrhage after phenylephrine 

administration were older than 15 years. Therefore they concluded that aged horses have a 

higher risk on developing (fatal) bleeding after phenylephrine administration, which could be 

linked to altered arterial wall properties. 

Conclusion 

Literature shows that arterial wall stiffness has been well-studied in humans, as it is proven to 

be of highly predictive value for the risk of cardiovascular death. Multiple techniques to reliably 

measure arterial wall stiffness have been validated. Until now, in horses, no standard technique 

to measure arterial wall stiffness is available and the relation between arterial wall changes  

and arterial disorders remains largely unknown. 
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Arterial disorders may be associated with (acute) fatalities in horses. Although predisposing 

factors and histological vascular changes have been suggested, the underlying vascular 

pathophysiology is largely unknown. Therefore the overall objective of this thesis was to 

investigate the normal arterial hemodynamics and structural and biomechanical characteristics 

of the equine arterial wall, as well as exploring the effect of specific risk factors. 

Very little is known about the characteristics of normal arterial flow and pressure waves in 

horses, which in part depend on the size and branching pattern of the arterial tree. Therefore, 

the first aim was to map the majority of the equine arterial tree and use these data to 

predict flow profiles and pressures in healthy horses (Chapter 3). For this purpose, the 

whole arterial tree was dissected and measured in detail on necropsy. With these results, a 

one-dimensional in silico model was created in order to simulate and explain normal 

(ultrasound) flow and pressure waves over the arterial tree in horses.  

So far, no techniques have been described for measurement of arterial wall stiffness in horses, 

which is essential to study vascular properties. The second aim was to develop a method 

to reliably measure local (diameter/area change, compliance, distensibility, strain, stiffness 

index) and regional (pulse wave velocity) arterial wall stiffness in horses (Chapter 4). 

In humans, race seems to be associated with differences in arterial wall stiffness and in horses, 

also breed differences have been suggested. A third aim was to investigate the effect of 

breed on the arterial wall stiffness (Chapter 5). Friesian horses are predisposed to aortic 

rupture which could indicate an underlying primary vascular disorder. Therefore, the above 

mentioned techniques were used to compare the arterial wall stiffness between Friesian 

horses and Warmblood horses. 

In human patients, the arterial wall is known to stiffen with age and several clinical findings 

make it highly probable that this is also the case in horses. Uterine artery rupture for example, 

occurs more often in older mares compared to young ones, aortic rupture occurs more often 

in older stallions and the risk for phenylephrine-associated fatal hemorrhage is higher in older 

horses. Therefore, the last aim was to investigate the effect of aging on the arterial wall 

(Chapter 6 and 7). In a first study, the arterial wall-stiffness of young and old horses was 

compared in vivo based on the previously developed techniques (Chapter 6). Next, we 

examined age-related arterial structural changes by histology, while biomechanical properties 

were tested using an ex vivo inflation-extension test (Chapter 7).
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Abstract  

Arterial rupture in horses has been observed during exercise, after phenylephrine 

administration or during parturition (uterine artery). In human pathophysiological research, the 

use of computer models for studying arterial hemodynamics and understanding normal and 

abnormal characteristics of arterial pressure and flow waveforms is very common. The 

objective of this research was to develop a computer model of the equine arterial circulation, 

in order to study local intra-arterial pressures and flow dynamics in horses. Morphologically, 

large differences exist between human and equine aortic arch and arterial branching patterns. 

Development of the present model was based on post-mortem obtained anatomical data of 

the arterial tree (arterial lengths, diameters and branching angles); in vivo collected 

ultrasonographic flow profiles from the common carotid artery, external iliac artery, median 

artery and aorta; and invasively collected pressure curves from carotid artery and aorta. These 

data were used as input for a previously validated (in humans) 1D arterial network model. Data 

on terminal resistance and arterial compliance parameters were tuned to equine physiology. 

Given the large arterial diameters, Womersley theory was used to compute friction coefficients, 

and the input into the arterial system was provided via a scaled time-varying elastance model 

of the left heart. Outcomes showed plausible predictions of pressure and flow waveforms 

throughout the considered arterial tree. Simulated flow waveform morphology was in line with 

measured flow profiles. Consideration of gravity further improved model based predicted 

waveforms. Derived flow waveform patterns could be explained using wave power analysis. 

The model offers possibilities as a research tool to predict changes in flow profiles and local 

pressures as a result of strenuous exercise or altered arterial wall properties related to age, 

breed or gender. 

Introduction  

A wide range of one dimensional (1D) computer models of the human arterial circulation is 

available. Such models allow the computation of pressure and flow waveforms throughout the 

whole arterial network, and hence allow researchers to study the normal and abnormal 

physiology of the cardiovascular system, without the need of in vivo measurements[1-7]. 1D 

models are well-balanced between complexity and computation costs, making them relevant 

for many (bio)medical applications. Due to their capability of involving extensive arterial 

segments, 1D models can provide useful information about characteristics of blood flow at the 

level of individual branches or even in patient-specific situations[8, 9]. These models can also 

be used as a non-invasive diagnostic tool, helping physicians to understand observed changes 

in routine clinical blood pressure measurements and their possible physiological origin and to 

predict surgical operation results[9-11]. 
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Due to technical limitations, difficult arterial accessibility, and ethical concerns, in-depth 

pathophysiological research of the equine arterial tree remains challenging and could be 

facilitated by the application of a model. Because of large differences between human and 

equine arteries regarding dimensions and branching patterns, especially of the aortic arch, a 

horse specific 1D model of the arterial circulation is needed.  

The aim of this study was therefore to develop a 1D computer model of the equine arterial 

circulation. Providing reference data on equine arterial hemodynamics and physiology, this 

model might contribute to a better understanding of some clinical findings, such as the origin 

of the more oscillatory flow patterns in horses, the higher prevalence of aortic rupture in 

Friesians compared to Warmblood horses[12, 13], the occurrence of sudden death during 

exercise due to arterial rupture[14-17], the higher chance of uterine artery rupture in older 

mares[18, 19], or the higher chance of arterial rupture after phenylephrine administration in 

older horses[20]. In order to develop a reliable model, several anatomical data of the main 

equine arterial tree were collected ex vivo and combined both with in vivo invasive blood 

pressure measurements and non-invasively determined ultrasonographic flow profiles.  

Materials and methods  

All procedures were approved by the Ethical Committee of the Faculty of Veterinary Medicine, 

Ghent University (EC 2016/104). Five warmblood horses were investigated, mean age 18 ± 3 

years and mean body weight 648 ± 47 kg. All horses were scheduled for euthanasia because 

of non-cardiovascular reasons. One horse was privately owned (informed owner consent was 

obtained), the remaining four horses were experimental horses owned by the Faculty of 

Veterinary Medicine, Ghent University. For euthanasia the following protocol was applied: 

premedication with detomidine 0.02mg/kg; induction with a combination of ketamine 2.2mg/kg 

I.V. and midazolam 0.04mg/kg I.V.; and finally euthanasia with 6 ml/50 kg T61 (Intervet 

International GmbH, Unterschleissheim, Germany), containing 24mg/kg embutramide, 6 

mg/kg mebezoniumjodide and 0,6 mg/kg tetracaïnehydrochloride.   

In vivo measurements  

Ultrasound 

Ultrasound imaging was performed (Vivid IQ, GE Healthcare) on all 5 standing, non-sedated 

horses. Different regions along the arterial tree were examined: the aorta from a left and right 

parasternal position, the right common carotid artery 15 cm cranial to the thoracic inlet, the 

right external iliac artery from the inguinal region and the right median artery just proximal to 

the carpus on the medial side of the leg. 2D B-mode images were collected, using a 9 MHz 

linear transducer (9L-RS, GE Healthcare) for the common carotid and the median artery, a 6 
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MHz phased array probe (6S-RS,GE Healthcare) for the external iliac artery and a 5 MHz 

phased array probe (M5Sc-RS, GE Healthcare) for the aorta. Mean values were obtained from 

3 consecutive cardiac cycles at a heart rate between 35-45 beats per minute. Measurements 

were performed off-line (Echopac version 201, GE Healthcare). Diastolic diameters were 

measured from a transverse image for the carotid and external iliac artery, and from a 

longitudinal image for the aorta and the median artery. Pulsed wave Doppler images were 

collected at every location, using a 6 MHz phased array probe (6S-RS,GE Healthcare) for the 

common carotid and the external iliac artery, a 5 MHz phased array probe (M5Sc-RS GE 

Healthcare) for the aorta, and a 9 MHz linear probe (9L-RS,GE Healthcare) for the median 

artery. Angle correction was set at 45° for every image at all locations. Using this fixed angle 

correction, images were optimised to align with the flow direction.  

Invasive blood pressure  

In all 5 horses, the blood pressure at the level of the common carotid artery was measured 

invasively in the standing, awake animal. The right common carotid artery was punctured 

aseptically under ultrasound guidance (Vivid IQ, GE Healthcare; 9L-RS, GE Healthcare), using 

an 18 gauge 90mm needle (Terumo spinal needle, Terumo) placed in the middle of the lumen 

and kept in place for at least 20 consecutive heart cycles. The needle was connected with a 

fluid filled pressure transducer (MLT0699 Disposable BP Transducer, ADInstruments) 

interfacing with a digital acquisition station (PowerLab 8, ADInstruments), blood pressure 

curves were recorded for offline analysis (LabChart, ADInstruments). For each horse the 

systolic, diastolic and mean arterial pressure was calculated automatically as the mean of 20 

consecutive heart beats (heart rate between 35-45 bpm).  

In one horse, scheduled for euthanasia, invasive blood pressure measurements over the whole 

length of the thoracic and abdominal aorta were performed under general anaesthesia (pre-

medication: detomidine 0.02mg/kg; induction: combination of ketamine 2.2mg/kg I.V. and 

midazolam 0.04mg/kg I.V.) with the horse in the dorsal recumbent position. After chirurgical 

exposure of the right common carotid artery, a 72cm steerable 8.5Fr sheath (Zurpaz, Boston 

Scientific) was introduced using the Seldinger technique. Under transthoracic ultrasound 

guidance (Vivid IQ, GE Healthcare; M5Sc-RS, GE Healthcare) the sheath was introduced 

retrogradely through the brachiocephalic trunk, into the ascending part of the aorta. Once in 

place, a custom-made pressure tip catheter (Gaeltec) was introduced and advanced to the 

most caudal end of the aorta under transrectal ultrasound guidance. Blood pressures were 

recorded (PowerLab 8, ADInstruments) at the most caudal site and subsequently at every 10 

cm during step-wise pulling back of the catheter until the ascending part of the aorta was 

reached. An ECG was recorded simultaneously. At each location, an ensemble-averaged 
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waveform was constructed from at least 5 cardiac cycles. The ensemble-average was aligned 

in time relative to the peak of the R-wave of the ECG. Pulse wave velocity was calculated from 

the relation between inter-measurement distance and time delay. The time delay was 

calculated from delays in the peak of the 2nd derivative of pressure, assumed to represent the 

foot of the pressure wave. After the procedure the horse was euthanized while still under 

general anaesthesia with 6 ml/50 kg bodyweight T61 (Intervet International GmbH, 

Unterschleissheim, Germany) containing 24mg/kg bodyweight embutramide, 6 mg/kg 

bodyweight mebezoniumjodide and 0,6 mg/kg bodyweigth tetracaïnehydrochloride.  

Ex vivo measurements 

Necropsy of 4 out of 5 horses was performed within 12 hours after euthanasia. A dissection 

was completed on the aorta and the most important (left sided) side branches and 

morphometric data (length, diameter and branching angle) were recorded. Arterial length was 

measured using a tape measure and diameters were measured in the middle of each segment 

by introducing custom-made iron rods of different diameters into the explored arterial lumen. 

Subsequently, post-mortem diameters were scaled to the in vivo diameters, using the in vivo 

ultrasound measurements of common carotid artery, external iliac artery and median artery as 

a reference. Angles of the different arterial segments in the 1-dimensional plane were 

measured using anatomical images of the equine arterial tree[21]. Lengths of terminal 

segments were only measured in one horse. Right sided circulation was assumed to be the 

same as the left sided arterial circulation, except for the right sided subclavian circulation (as 

the branching pattern is different), which was measured separately in one of the horses. All 

investigated arterial branches and their corresponding average length and diameter are 

displayed in Table 1. Note that in the mathematical model vessel tapering will be included, 

meaning that average segment diameters will be adjusted to minimize forward reflections (see 

chapter óDistal boundary conditions and bifurcationsô).  

Mathematical model 

The mathematical model is based on a previously published and validated 1D arterial network 

model in humans[22; 23]. Main differences between the human and the adapted equine model 

are described below. The system of nonlinear equations is solved using in-house MatLab code. 

For the solution an implicit finite difference scheme was chosen, with second order of accuracy 

for the temporal and spatial domains. Forward, central and backward difference 

approximations of the spatial derivative were used for the proximal, middle and distal nodes in 

each segment, respectively. The arterial tree was initialized with a pressure of 100 mmHg and 

a flow of 1ml/s. The solution was found over 8 cardiac cycles yielding pressure and flow 
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waveforms over the entire arterial tree. For more details on the modelling aspects and the 

mathematical equations, we refer the interested reader to Ref. [22]. 

Governing equations 

The main branches of the equine arterial tree were divided into 117 interconnected straight 

cylindrical arterial segments and inserted in the mathematical model (Fig. 1, Table 1). The 

integrated forms of the continuity and momentum equations of the Navier-Stokes equations 

were solved in each of these segments for pressure (0), flow (1) and cross-sectional area (!),  

                                                                                                                          (1) 

                                  ᷿όὨὃ ς“Ὑ ὃὫÃÏÓ—                            (2) 

where ὼ and ὸ are the spatial and temporal variables, ό is the longitudinal velocity component, 

and Ὑ is the lumen radius. Given that measurements in animals, used as input into the model, 

were acquired in standing, awake animals, as well as in anesthetized and supine animals, we 

expect effects of gravity to be important given the height of the animal. We therefore accounted 

for the effects of gravity including the body forces term in the momentum equation, with Ὣ=9.81 

m/s2, the gravitational acceleration constant, and —, the projection angle on the vertical axis. 

Results will be further reported for both situations, considering the effects of gravity and 

neglecting gravitational body forces. Blood was assumed to be an incompressible Newtonian 

fluid with density ʍ=1050 kgȾm  and dynamic viscosity ʈ=0.004 PaϽs. Given the large arterial 

diameters in horses, the Witzig-Womersley correction (see section óVelocity profileô) was used 

to approximate the convective acceleration term ( ᷿όὨὃ) and the wall friction term 

(† ‘ ), both present in the momentum equation.  
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Fig. 1. Schematic representation of the left sided arterial tree of the horse. Numbers agree with 

the numbers displayed in Table 1. 

 

 

 

 

 

 

 

 

 












































































































































































































































































































































