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Calcification of the tunica media of the main pulmonary arteries (PA) has been reported 

in a large proportion of racehorses. In humans, medial calcification is a significant cause 

of arterial stiffening and is implicated in the pathogenesis of cardiac, cerebral and renal 

microvascular diseases, as well as pulmonary hypertension. Pulse wave velocity (PWV) 

provides a measure of arterial stiffness. This study aimed to develop a technique to 

determine PA-PWV in standing sedated horses, and secondarily to investigate a potential 

association between PA-PWV and the presence of fibro-calcified lesions in the PA of 

these animals. A dual pressure sensor catheter (PSC) was placed in the main PA of 13 

sedated horses. The pressure waves recorded from 10 of those horses were used to 

determine PWV along the PA. The method used for PWV determination was the 

statistical phase offset, a method developed from data collected during this study. 

Histological analysis of the PA was performed to investigate the presence of fibro-

calcified lesions. The mean ±SD PWV was 2.3±0.7m/s in the proximal PA trunk and 

1.1±0.1m/s further distal (15cm) in a main PA branch. The mean ±SD of mean arterial 

pressures in the proximal PA trunk was 30.1±5.2mmHg, and 22.0±6.0mmHg further 

distal (15cm) within the main PA branch. The mean ±SD pulse pressure in the proximal 

PA trunk was 15.0±4.7mmHg, and 13.5±3.3mmHg further distal (15cm) within the main 

PA branch. Moderate to severe lesions of the tunica media of the PAs were observed in 

7/10 horses, but a correlation with PWV could not be established with the data collected. 



 

Pulmonary artery PWV may be determined in standing horses. The technique described 

could allow further investigation of the effect of calcification of large PAs in the 

pathogenesis of equine pulmonary circulatory disorders. 
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CHAPTER 1- LITERATURE REVIEW 

1.1 Arteries 

1.1.1 Arterial structure 

The arterial walls are structurally divided in three layers: the intima, the media and the 

adventitia. The intima is composed of a layer of endothelial cells, the endothelium, and 

fibrous/connective tissue. The endothelium is a non-thrombogenic lining which covers 

the entire circulatory system, constituting a selective permeable barrier between the 

extravascular and the intravascular spaces. In this position, it is able to interact both with 

blood components and cells, and the cells in the vessel wall, having a crucial function in 

maintaining vascular function (Cahill and Redmond, 2016). The media is constituted by a 

varying number of layers of elastic fibers, collagen and smooth muscle cells. It 

contributes to the arterial wall load bearing function, and modulation of blood flow. The 

adventitia consists of extracellular matrix with fibroblasts, nerves, blood and lymphatic 

vessels, immune cells and progenitor cells (Stenmark et al., 2013). The cells in the 

adventitia are able to sense several stimuli, including physical, hormonal, inflammatory, 

and environmental stresses, communicate with neighboring tissues and initiate responses. 

These responses may include the increased production of extra-cellular matrix proteins, 

cell proliferation, secretion of growth factors, cytokines, chemokines, stimulation of other 

cells of the vascular wall, or the extension of vasa vasorum (Stenmark et al., 2013). 

Between the intima and the media, and between the media and the adventitia there are the 

internal and the external elastic laminae respectively (Kassab, 2006). 

Given its structural, and functional characteristics, arteries may be categorized as elastic 

arteries (e.g.: aorta and large pulmonary arteries) or muscular arteries (e.g.: femoral, 
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pulmonary arterioles). Elastic arteries are located more proximal to the heart and function 

as conducts, but also as energy and blood storage during systole. As these arteries distend 

to accommodate the blood during systole, and then return to their form pre-systole, they 

dampen the pressure created and allow a steady blood flow to the peripheral tissues 

during the whole cardiac cycle. This is possible thanks to a higher proportion of elastic 

layers in its media. In comparison, muscular arteries appear more distally, are less elastic 

and have in their tunica media a larger proportion of smooth muscle cells, which allow 

them to alter arterial tone and modulate the velocity of the blood pressure waves 

(Shirwany and Zou, 2010).  

1.1.2 Arterial stiffness 

Stiffness is a mechanical property of a given material. It is a measure of the load required 

to cause a given deformation in the material. 

Artery stiffening may be mediated by three general mechanisms: modification of the 

intrinsic material properties of the arterial wall; alteration of the stiffness of the wall due 

to the operating conditions, which result in increased arterial dilation/strain; and active 

mechanism, such as contraction of smooth muscle cells and myofibroblasts in the arterial 

walls (Chirinos, 2012; Lammers et al., 2012). 

The most significant changes in the intrinsic material properties of the arterial wall are 

perhaps due to changes elastin or collagen fibers (Shirwany and Zou, 2010). These are 

the main structural proteins of the arterial walls, determining its strength and elasticity. 

Both are elastic, and able to accommodate significant changes in shape with each pulse 

wave, storing elastic-strain energy. However, elastin is significantly more extensible at 

lower strains than collagen. Arteries are subjected to repeated strain with every heartbeat. 
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This means that elastin and collagen are exposed to fatigue due to repeated and lifelong 

strain, and the mechanical degradation it causes. Elastin is a protein with long longevity 

and minimal turnover. So, with time/ageing, fractured and disorganized elastin fibers 

accumulate in the arterial walls, likely contributing to an increase in stiffness.  In line 

with the concept of mechanical fatigue due to repeated stress and strain, there are studies 

showing that increased heart rate is independently associated with increased progression 

of arterial stiffness. Increased wall stiffness due to dilation occurs, because elastin and 

collagen support the wall at different stretch levels and the two have different elasticities. 

Therefore, when the wall is at a low stretch level, it is mainly elastin exerting its effect, 

while at a higher stretch level, it is collagen, a stiffer structural protein, which supports 

the wall elasticity (Lammers et al., 2012). In these cases, the mechanisms of arterial 

stiffness are a reflection of the elementary material properties of the artery, and so are 

considered passive mechanisms. 

Mechanisms of arterial stiffness that are coordinated by cellular and/or molecular 

interactions, in response to a stimulus are considered active mechanisms.  

Studies performed on bovine aortic endothelial cells have shown that compared to 

unidirectional shear, oscillatory shear stress combined with pressure upregulates 

temporarily the expression of endothelin-1 (ET-1), while simultaneously down regulating 

endothelial nitric oxide synthase (eNOS) (Ziegler et al., 1998). The potential result is an 

imbalance between endothelium-derived vasodilators and vasoconstrictors, leading to 

increased arterial stiffness and pulse pressure. As this change in the activity of endothelial 

cells may result from a local increase in arterial stiffness, this seems to be a positive 

feedback mechanism promoting vascular stiffness (Peng et al., 2003; Schmitt et al., 2005; 
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Wilkinson et al., 2002).  

Vascular smooth muscle cells (SMCs) are able to regulate the vascular tone and affect 

peripheral resistance. In addition, smooth muscle cells are implicated in the development 

of intimal and medial calcification contributing to increased arterial stiffness (Leopold, 

2015). This process seems to occur through a change in the SMCs into an osteoblast-like 

phenotype, and via the production of matrix vesicles which act as a nidus for deposition 

of calcium-phosphate in the arterial wall. The triggers for calcification of arterial wall are 

varied, and may be more local, like the fracture of elastin fibers, or due to systemic 

changes in the regulation of calcium and phosphate homeostasis (Demer and Tintut, 

2008).  

As noted before, important components of the extracellular matrix (ECM) of the arterial 

wall include elastin, collagen, proteoglycans and glycoproteins (Zieman et al., 2005). 

Elastin and collagen turnover is regulated by catabolic matrix metalloproteinases 

(MMPs). These are metal-linked enzymes with protease activity, which are secreted as 

proenzymes (zymogen) by SMCs, endothelial cells, monocytes, macrophages, and T-

cells. The MMPs remain latent until they are activated and their enzymatic site is 

uncovered. The levels of proenzyme are closely regulated by transcriptional mechanisms, 

and inflammatory cytokines (e.g.: tumor necrosis factor-alpha, interleukins, and special 

extracellular MMP inducers) (Spinale et al., 2000). In addition, platelet-derived growth 

factor and CD40 ligands, are also able to efficiently modulate the transcriptional 

mechanisms of MMP family members. After they are produced, MMP proenzymes 

remain in the ECM until they are cleaved and activated, through interaction with plasmin, 

thrombin, and reactive oxygen species (ROS) (Rajagopalan et al., 1996; Visse and 
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Nagase, 2003). To balance MMP activity and downregulate their action, there are tissue 

inhibitors of metalloproteinases (TIMPs), which can neutralize the MMP function at 

varying degrees (partial- to completely) (Liu et al., 2006). Thus, when the vessel wall is 

exposed to an inflammatory reaction, the balance between activation and inactivation of 

MMPs may be lost, leading to increased degradation of ECM collagen, and elastin fibers 

(Shirwany and Zou, 2010). 

Advanced glycation end products (AGE) are the result of a non-enzymatic protein 

glycation reaction, which irreversibly cross-links collagen. Glycation of elastin fibers also 

occurs, but it appears to happen at a lower level. However, elastin glycation may be 

increased in hypertension, when elastin neoformation is stimulated. In this case, the new 

elastin has a higher proportion of lysine residues constituting new preferential sites for 

glycation to occur (Sell and Monnier, 2012; Winlove et al., 1996). When AGE occur in 

arteries, affecting collagen and elastin, it leads to increased stiffness. In addition to its 

effects on collagen and elastin, AGE also affect endothelial function by down-regulating 

the NO production and increasing the production of ROS. In turn, these lead to changes 

in MMP activity, endothelial dysfunction, increased smooth muscle tone and promotion 

of increased arterial stiffness (Rojas et al., 2000; Shirwany and Zou, 2010).  

Another important molecular pathway that is implicated in increasing ECM stiffness in 

the arterial walls is the process of S-nitrosylation, which is the NO-mediated modification 

of protein cysteine residues, generating an S-nitrosothiol (SNO) and preventing arterial 

stiffness (Lima et al., 2010). Specifically, NO may modify tissue transglutaminase (tTG). 

This protein is produced by the endothelial cells and secreted into the ECM. Once 

secreted, it binds to fibronectin, and has a transglutaminase activity capable of cross-
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linking proteins involved in ECM stabilization and tissue remodeling. As tissue 

transglutaminase protein type 2 (TG2) occurs in the vascular walls, it may cross-link 

collagen in the ECM of the arterial wall, causing increased wall stiffness (Lai et al., 

2001). The activity of TG2 is regulated by NO, through a calcium-dependent mechanism. 

When NO bioavailability is decreased (e.g. with endothelial dysfunction, ageing, or 

inflammation), there is reduced S-nitrosylation of TG2, which causes secretion of this 

protein into the ECM and potentially increased collagen cross-linking (Lai et al., 2001; 

Santhanam et al., 2010; Townsend et al., 2015).  

The action of the nervous system in the stiffness of large arteries has been difficult to 

characterize. This is due to the difficulty in separating its intrinsic effect on smooth 

muscle tone from the passive change in arterial stiffness due to arterial distension with 

increased pressure changes (Townsend et al., 2015). Nonetheless, several studies with 

animal models have showed an increase in aortic pulse wave velocity (PWV) and wall 

stiffness, assessed as pressure diameter relations, in response to the administration of 

neurotransmitter substances (noradrenaline, phenylephrine) (Barra et al., 1993; Nichols 

and McDonald, 1972). More recently, a study performed in humans showed that there 

was a relationship between muscle sympathetic nerve activity and carotid-to-femoral 

PWV (cfPWV) which was independent from heart rate, pulse pressure or blood pressure 

(Swierblewska et al., 2010).  

Vascular stiffness is also susceptible to hormonal modulation. Angiotensin II (ATII), for 

example, stimulates production of collagen and AGEs, matrix remodeling, endothelial 

and vascular smooth muscle cell hypertrophy, reduces NO-dependent signaling, increases 

ROS stress, causes degradation of elastin, and stimulates cytokines and growth factors in 
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the matrix which contribute to an increased inflammatory response (Benetos and Safar, 

1996; Dzau, 1986; Gibbons et al., 1992; Kato et al., 1991; Tokimitsu et al., 1994). These 

effects of ATII have been associated with the age-related changes observed in the arterial 

walls. Several ATII-regulated complex pathways have been identified to explain these 

changes, including increases in transforming growth factor-β1, calpain-1, milk fat globule 

epidermal growth factor-8, MMP 2 and 9, monocyte chemoattractant protein-1, NADPH-

oxidase, and ROS in central arterial walls with age (Wang et al., 2010). Angiotensin II 

also plays a major role in the regulation of aldosterone synthesis. Aldosterone, on the 

other hand, also stimulates vascular smooth muscle cell hypertrophy, fibrosis, and 

fibronectin, in a process that appears to be mediated by an increase in endothelin-1 

incited by aldosterone itself (Blacher et al., 1997; Lacolley et al., 2002; Park and 

Schiffrin, 2001). 

Another endocrine imbalance that may lead to increased arterial stiffness is insulin 

resistance and hyperinsulinemia, observed in human obesity or diabetes. In fact, insulin 

seems to upregulate the expression of ATII type 1 receptors in vascular smooth muscle 

cells, potentiate the activity or the renin-angiotensin-aldosterone axis and lead to wall 

hypertrophy and fibrosis (Jesmin et al., 2003; Nickenig et al., 1998). On the other hand, 

hyperglycemia resulting from insulin resistance, may also lead to increased formation of 

AGEs (Brownlee et al., 1986). 

Finally, several studies have shown the existence of gene polymorphisms in angiotensin 

converting enzyme, angiotensin receptor, endothelin A and B receptor, fibrillin-I, insulin-

like growth factor I, NO pathways, MMPs, and matrix elastin structure (Brull et al., 2001; 

Cambien et al., 1994; Lacolley et al., 2009; Lajemi et al., 2001; Schut et al., 2003). This 
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means that the progression of arterial stiffness may be determined also by specific 

inheritable genetic traits, which may predispose subjects to increased arterial stiffness and 

arterial hypertension.  

1.1.3 Blood flow in the arterial tree- the Windkessel model (s) 

With each heartbeat, a pressure wave is created and transmitted through the arterial tree 

to the systemic or pulmonary capillary bed. This describes a fundamental characteristic of 

blood flow in the cardiovascular system, the pulsatility. Pulsatility is determined by 

arterial pulse pressure (the difference between peak systolic pressure and minimum 

diastolic pressure) and pulsatility index, which is defined by the difference between the 

peak systolic and minimum diastolic blood flow velocity, divided  by the mean velocity 

for the duration of a cardiac cycle (Barić, 2014). As each wave moves through the main 

large elastic arteries it is first accommodated by their compliance, and then attenuated to 

gradually move distally, dealing with both vascular resistance and impedance (i.e. 

opposition to steady flow and opposition to fluctuating flow, respectively) created by 

changes in the properties of the vascular wall, the vascular diameter, or bifurcation of 

blood vessels. The result of the interaction between the different segments of the arterial 

tree is the transformation of a pulsatile blood flow in the large elastic arteries into a 

steadier one at the capillary level (Lammers et al., 2012; Westerhof et al., 2009). 

The blood flow in the arterial system is then mainly determined by vascular resistance, 

compliance and impedance of the blood vessels.  

Compliance of the arterial system is mainly dependent on the elasticity of the large, or 

conduit arteries. Total arterial compliance (C) may be obtained adding the compliances of 

all vessels. Total arterial compliance may be expressed by the ratio:  
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C= ΔV/ΔP, where ΔV is the change in volume for ΔP, the change in pressure.  

The relationship between steady flow, pressure gradient, and the dimensions of a 

capillary tube are demonstrated by the Poiseuille’s law, which is expressed by the 

equation:  P1-P2= (Flow x viscosity x length x 8)/ π x (radius)
4
, where P1-P2 is the 

pressure gradient along the vessel and π is the viscosity of the fluid (blood). The 

implication of Poiseuille’s law is that resistance is inversely proportional to blood vessel 

radius to the fourth power. This means that in the arterial tree, the resistance to blood 

flow is mainly occurring in resistance vessels, namely small arteries and arterioles. The 

resistance of the complete vascular bed (either systemic or pulmonary) may be obtained 

by adding all the individual resistances in the microcirculation, in which case the total 

peripheral resistance to blood flow is determined (Nichols et al., 2011; Westerhof et al., 

2009).  

One model that describes arterial hemodynamics based only on resistance of peripheral 

vessels and the compliance of the large elastic arteries is the two-element Windkessel 

model (Westerhof et al., 2009). This model compares the effect of the air reservoir (the 

windkessel) in fire engines which allowed steady water flows, to the effect of the large 

elastic arteries, which together with the aortic/pulmonic valves and the peripheral 

resistance also allows steady blood flow to peripheral tissues. This Windkessel model 

essentially points out that the cardiac load is a function of peripheral resistance and total 

arterial compliance. However, this two-element model does not account for the change in 

blood flow due to its pulsatile characteristics. To complement the two-element model, 

impedance, the opposition to pulsatile flow, should be considered. When a pulse wave 

encounters opposition, a part of the wave continues moving forward and the other is 
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reflected backwards to the heart. The multiple reflected waves add to each other and the 

resulting wave reaches the aorta/pulmonary artery in late systole-early diastole. 

Impedance allows quantification of the load faced by the heart due to these backward 

flowing waves (Westerhof et al., 2009). 

1.1.4 Biomechanical implications of arterial stiffness 

In the normal arterial tree, a stiffness gradient is formed from the proximal distensible 

elastic arteries to the more distal muscular arteries, contributing to the wave reflection 

phenomenon. With arterial stiffening, however, the velocity of the forward pulse wave 

increases, causing a retrograde wave traveling backwards from the peripheral vessels to 

arrive earlier. This change in timing leads to increased aortic and/or pulmonary systolic 

pressure and, at the same time, to a decrease in the diastolic pressure (Lammers et al., 

2012; Shirwany and Zou, 2010), decreasing the coronary perfusion pressure and, 

therefore, the myocardial oxygen delivery (Fukuda et al., 2006; Ikonomidis et al., 2008; 

Ikonomidis et al., 2015). This increase in the systolic pressure in the central elastic 

arteries also means an increase in the ventricular afterload, and so in the myocardial 

workload, mass, and oxygen demand. The outcome is a mismatch between reduced 

oxygen delivery and increased oxygen demand, which may lead to higher tendency for 

ischemia of subendocardial myocardial fibers. In addition, because arterial stiffening 

involves mainly the large proximal arteries, the stiffness gradient from these to the more 

distal muscular arteries is diminished (Benetos et al., 1993). The consequence of this is a 

reduction in the amplitude of wave reflection originating from the resistance vessels, and 

simultaneously, an increase in the transmission of pressure to the microcirculation, which 

can have potential harmful effects for the brain, kidneys lungs (O'Rourke and Safar, 
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2005; Thenappan et al., 2016). This means the effect of arterial stiffness on target organs 

is determined by the combined effect of the increased regional pulse wave velocity and 

by the reduction of stiffness gradient between the central elastic and the peripheral 

muscular arteries.  

1.1.5 Clinical relevance of arterial stiffness 

1.1.5.1 Hypertension 

There is good evidence about the relationship between arterial stiffness and hypertension 

(Kaess et al., 2012; Liao et al., 1999; Najjar et al., 2008). Whether arterial stiffness is a 

cause or a consequence of hypertension is still debated, but evidence suggests that both 

are fractions of a positive feedback loop (Humphrey et al., 2016). Older publications 

indicated that long-term hypertension stimulates changes in matrix synthesis, with 

increased vascular thickness and structural stiffness (Folkow, 1990; Wolinsky, 1972).  

Conversely, a recent analysis showed that increased arterial stiffness was associated with 

increase in blood pressure and the incidence of hypertension 7 years later. Despite that, in 

the same study, blood pressure measured initially was not independently associated with 

the risk of progressive aortic stiffening (Kaess et al., 2012), which suggested that aortic 

stiffness was a cause, more than a consequence of hypertension. In addition, other studies 

provided further evidence supporting the hypothesis that arterial stiffness is a cause rather 

than a consequence of hypertension (Dernellis and Panaretou, 2005; Liao et al., 1999).  

Stiffer arteries are less efficient in damping pulse pressure waves created by each heart 

beat and have also been associated with defective baroreceptor sensitivity (Mattace-Raso 

et al., 2007; Mattace-Raso et al., 2006; Protogerou et al., 2008). The end result is an 

increase in blood pressure lability, as the cardiac output changes during normal activities 
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like physical exercise or changes in posture (Okada et al., 2012; Thanassoulis et al., 

2012). 

1.1.5.2 Cardiac disease 

As the large elastic arteries (aorta and pulmonary artery, PA) become stiffer, there is an 

increase in the ventricular systolic load, which may result in ventricular remodelling and 

decreased mechanical efficiency. This increase in load is associated with an increase in 

myocardial oxygen demand, and simultaneously with a decrease in coronary perfusion 

during diastole, an increase in pulse pressure and lower diastolic blood pressure (Kass et 

al., 1996; Kelly et al., 1992). This increase in pulse pressure, occurs as a consequence of 

the change in timing of arrival of the retrograde wave traveling from the peripheral 

vessels back to the heart, as explained earlier in 1.1.4. Increases in arterial stiffness have 

also been associated with left ventricular diastolic dysfunction, causing an increase in 

cardiac filling pressure and opposing efficient coronary perfusion (Abhayaratna et al., 

2008; Russo et al., 2012). In addition, in humans, arterial stiffness as been linked with 

atherosclerosis, which may also cause impaired ventricular perfusion (Stefanadis et al., 

1987; van Popele et al., 2001). The diastolic dysfunction and heart failure observed with 

arterial stiffening appears to be a consequence of the direct effects of the abnormal load 

and loading sequence on cardiac muscle cell contraction and relaxation, as well as the 

ventricular hypertrophy (Hori et al., 1985; Kawaguchi et al., 2003; Kohno et al., 1996; 

Russo et al., 2012; Weber et al., 2013). At a different level, diastolic dysfunction may 

also increase load on the atria, leading to atrial hypertrophy and fibrosis, and atrial 

fibrillation (Cremer et al., 2015; Mitchell et al., 2007). Finally, arterial stiffness has been 

shown to be an independent predictor of increased risk of heart failure and is increased in 
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patients presenting with heart failure, with either normal or abnormal left ventricular 

systolic function (Chae et al., 1999; Desai et al., 2009; Mitchell et al., 2001). To 

summarize, significant increases in arterial stiffness may have complex deleterious 

effects on the heart. 

1.1.5.3 Peripheral arterial disease 

In health, the interaction between the elastic aorta and the muscular stiff arteries results in 

an impedance mismatch, with pulse waves facing a great resistance as they travel deeper 

into smaller arterial branches. When arterial stiffening occurs, it affects the large 

proximal arteries to a larger degree, causing a reduction in the stiffness gradient between 

these and the distal muscular arteries. With a narrower stiffness gradient, the normal 

impedance mismatch is lost and there is an increased transmission of pulsatile energy to 

the periphery, potentially causing damage (Mitchell et al., 2004; Mitchell et al., 2011).  

Aortic stiffening and excessive pressure pulsatility has also been associated with blunted 

microvascular reactivity to ischemic stress, indicating impaired microvascular structure 

and function (Mitchell et al., 2005). In addition, remodeling and hypertrophy of the 

resistance vessel walls seems to be more dependent on pulse pressure than mean arterial 

pressure (i.e. average blood pressure over a cardiac cycle), suggesting that also the 

changes in the resistance vessels may be contributing to the reduced reactivity in 

remodeled vascular beds (Baumbach, 1996; Baumbach et al., 1991; Christensen, 1991; 

James et al., 1995). The association between increased arterial stiffness and hypertrophy 

of resistance arteries was also demonstrated in a cohort of hypertensive patients (Muiesan 

et al., 2013).  In addition to the structural properties of small arteries, pressure pulsatility 

also affects their dynamic tone (Loutzenhiser et al., 2002; Loutzenhiser et al., 2006; 
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Shepherd, 1978). This implies that in organs such as the kidney and the brain, which 

regulate their blood flow, the vascular resistance may be dependent on pulse pressure and 

mean arterial pressure. As the tone of resistance arteries increases due to increases in 

pulse pressure, despite constant mean arterial pressure, the flow will decrease as 

resistance increases. Changes in the balance between pulse and mean arterial pressure 

could lead to dissociation between mean pressure and resistance and hamper the 

mechanism of auto-regulation of flow. The pulse pressure normally increases with 

ageing, while mean pressure stays constant or decreases, placing organs with auto-

regulated blood flow, like the kidneys and the brain, at risk of ischemia (Townsend et al., 

2015). 

1.1.5.4 End organ damage 

The design of the arterial tree allows it to transport blood from the heart to peripheral 

tissues, and simultaneously transform the pulsatile flow into a steady one (O'Rourke, 

1982). However, the circulation in the brain and kidneys is unique in that these tissues are 

continuously and passively perfused during systole and diastole, at high-flow and 

volume. The vascular resistance in these tissues is very low, meaning that it is relatively 

closer to the input and characteristic impedance. The result is that under normal 

conditions, the vascular tree in kidneys and brain behaves as the dilated vascular tree of 

other vascular beds in the body with the ability to control flow and pulsatility (e.g. 

skeletal muscle). In practical terms, with low impedance, the wave reflection from these 

vascular beds is very low, and pressure and flow pulses are able to penetrate into the 

capillaries of these tissues with no significant opposition (O'Rourke, 1982). Despite the 

different hemodynamics, neither kidneys nor brain sustain damage when arterial 
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stiffening has not occurred. Nonetheless, given the lack of vasoconstrictor arteries, they 

are more susceptible to significant fluctuations of flow (Baumbach and Heistad, 1985; 

Faraci and Heistad, 1990; Rizzoni et al., 2003; Verhave et al., 2005). Besides the brain 

and the kidneys, the lungs appear to be the only other organ with a similar regulation of 

blood flow in healthy humans. 

1.1.5.4.1  Central nervous system 

In the central nervous system, the low impedance and transmission of high energy 

pulsatile flow may then contribute to episodes of microvascular ischemia and tissue 

damage, contributing to cognitive impairment, and dementia (Elias et al., 2009; Gorelick 

et al., 2011; Mitchell et al., 2011).  

Large-vessel stroke, both ischemic and hemorrhagic, has been associated with aortic 

stiffening (Domanski et al., 1999; Laurent et al., 2003). The contribution of arterial 

stiffness to the pathogenesis of stroke may be through predisposing to atherogenesis, 

plaque rupture, atrial fibrillation (providing cardiac source for embolus), or due to aortic 

diastolic flow reversal, which can disrupt and direct plaques into the carotid circulation 

(Hashimoto and Ito, 2013; Lovett et al., 2003). On the other hand, extreme blood pressure 

pulsatility may also lead to the dissection or rupture of intracranial aneurysm of larger 

arteries, causing hemorrhagic stroke (Rothwell et al., 2010). 

1.1.5.4.2  Renal disease 

In addition to being exposed to high blood flow and pulsatility, the renal 

microvasculature at the glomerular level also deals with high pressure, due to the flow 

regulation exerted by the afferent and efferent arterioles which increase the pressure 

locally.  As the aorta stiffens, excessive flow and pressure pulsatility reaches the 
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microvasculature of the kidney, damaging the glomerulus impairing its function and 

causing albuminuria (Baumann et al., 2010; Hashimoto and Ito, 2011). Another study 

also showed a correlation between increased renal blood pulsatility and the 

cardiovascular and renal outcomes in essential hypertension (Doi et al., 2012). Several 

studies have pointed to an association between increased pulse pressure or PWV and 

lower glomerular filtration rate (GFR) or proteinuria (Hermans et al., 2007; Mourad et 

al., 2001; Upadhyay et al., 2009; Yoshida et al., 2007). Nonetheless, the associations 

between estimated GFR and markers of increased arterial stiffness were found to be 

dependent on adjustment for potential confounders (Garnier and Briet, 2016). The 

importance of a confounder was illustrated in a cohort of patients in which cfPWV was 

found to be an independent determinant of proteinuria in diabetic but not in nondiabetic 

patients (Weir et al., 2011).  

An association was found between impaired renal function (GFR measured directly) and 

increased pulse pressure. However this association appeared to be age-dependent, 

remaining only in patients over 60 years of age (Verhave et al., 2005). It is important to 

note that in this study the GFR was determined directly by administering a CRI of 

technetium 99m and timed urine collections, and not based on serum creatinine level 

(Verhave et al., 2005). This may indicate that the results of studies assessing the relation 

between pulse pressure (PP) and GFR may be biased in older individuals, in whom loss 

of muscle mass may potentially decrease the accuracy of GFR estimation based on 

measurements of creatinine levels (Stevens et al., 2006; Stevens and Levey, 2005). 

Considering that increased aortic stiffness is associated with increased age, the 

importance of the relationship between aortic stiffness and kidney damage may be 
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underestimated in those studies that relied on estimated GFR as a surrogate for kidney 

function. 

1.1.5.5 Pulmonary hypertension 

In human patients, pulmonary hypertension (PH) is defined as mean PA pressure 

≥25mmHg. It may be a primary disease (idiopathic pulmonary arterial hypertension), 

secondary to cardiopulmonary disease (left heart disease, lung disease or hypoxia, or 

chronic thromboembolic pulmonary hypertension), or associated with miscellaneous 

diseases (Hoeper et al., 2013).  

In health, the pulmonary circulation is a very compliant system, which functions at low 

pressures, and is capable of dealing with marked increases in cardiac output during 

exercise.  When pulmonary hypertension occurs, the compliance of the PA is reduced, 

and it systematically correlates with its severity (Kopeć et al., 2013; Mahapatra et al., 

2006; Sanz et al., 2009). Pulmonary artery stiffening in pulmonary hypertension has been 

thought to be due to accumulation of collagen and loss of elastin in the proximal PAs, 

both in adult-onset and neonatal PH (Dodson et al., 2014; Kobs et al., 2005; Lammers et 

al., 2008; Ooi et al., 2010). 

It was thought that pulmonary artery stiffening in pulmonary hypertension was a 

consequence of proliferative vasculopathy of distal small vessels which lead to increased 

peripheral vascular resistance (PVR), and mean PA pressure. An increase in mean PA 

pressure will decrease PA compliance due to nonlinear elastic properties of the arterial 

walls (Reuben, 1971), as previously discussed in 1.1.2. Nonetheless, there is compelling 

evidence suggesting arterial stiffening may trigger pulmonary hypertension (Tan et al., 

2014a). Patients with low-grade pulmonary vascular disease and exercise-induced 
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pulmonary hypertension have decreased pulmonary artery compliance, regardless of 

having normal resting PA pressure (Lau et al., 2016; Sanz et al., 2009). These findings 

indicate that arterial stiffening occurs early, and may contribute to the development of 

arterial hypertension. Giving support to the hypothesis that arterial stiffening leads to 

distal proliferative vasculopathy, is the finding that fragmentation of the elastic lamina 

occurs prior to smooth muscle hypertrophy and endothelial cell proliferation, in a animal 

model of PH induced by monocrotaline (Todorovich-Hunter et al., 1992). On the other 

hand, in a model of chronic hypoxia pulmonary hypertension, the inhibition of elastases 

prevented the development of PH, putting elastin disruption in the role of trigger rather 

than consequence of pulmonary artery vasculopathy (Zaidi et al., 2002). Pulmonary 

artery stiffness was not investigated in the early stages in these models, but it has been 

consistently associated with the disruption of elastic tissue in the wall (Dodson et al., 

2014; Le et al., 2014). Vasoconstriction of pulmonary vessels also contributes to 

pulmonary hypertension in hypoxia and other models, and probably happens concurrently 

with structural changes of the elastic lamina (Thenappan et al., 2016). The mechanism 

through which decreased arterial compliance may cause vascular disease in distal smaller 

pulmonary arteries is mechano-transduction (Lehoux and Tedgui, 2003). Briefly, 

endothelial cells of small vessels are able to sense the highly pulsatile flow, transmitted 

due to reduced arterial compliance, creating a biochemical signalling cascade. This 

cascade leads to a proinflammatory response, activation of vasoactive cytokines and 

growth factors, a reduction in the expression of endothelial nitric oxide synthase 

(vasodilator), and increased expression of endothelin and angiotensin converting enzyme 

(vasoconstrictors) (Li et al., 2009a; Li et al., 2009b; Scott et al., 2013; Tan et al., 2014b). 
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The results include pulmonary artery smooth muscle hypertrophy, vasoconstriction, and 

remodelling. Interestingly, cyclooxygenase-2 (COX-2) appears upregulated in pulmonary 

artery smooth muscle cells and seems to have a protective function in response to 

hypoxia. In fact, it has been shown that in the absence of COX-2, there is increased 

proliferation of smooth muscle cells, and production of extracellular matrix proteins 

(collagen and fibronectin) (Fredenburgh et al., 2008). On the other hand, increased 

expression of COX-2 appears to reduce the stiffness-induced increase in ECM deposition 

(Fredenburgh et al., 2008).  

In addition to triggering vascular smooth muscle hypertrophy, arterial stiffening also 

activates fibroblasts in a feedback loop mechanism, which promotes further deposition of 

ECM and fibrosis. Increased wall stiffness causes increased fibroblast proliferation, 

contraction, and matrix synthesis, which seem to be inhibited in normal, healthy 

compliant arteries (Liu et al., 2015; Liu et al., 2010). 

1.2 Vascular diseases in horses  

Several conditions have been reported to affect the equine vasculature, including 

vasculitis, aneurysms, rupture of large vessels, thrombosis, verminous endarteritis, and 

neoplasia.  

1.2.1 Vasculitis 

Examples of vasculitis include those caused by equine viral arteritis, equine herpes virus, 

equine infectious anemia, equine granulocytic ehrlichiosis, or purpura hemorrhagica. The 

equine arteritis virus infects the endothelial cells where it replicates until the endothelium 

is damaged. The virus then invades the underlying media where it disrupts the elastin 
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fibers of the vessel walls, and causes leukocyte infiltration and inflammation (Coignoul 

and Cheville, 1984; Estes and Cheville, 1970).  

The equine herpes virus also causes endothelial destruction, leading to vasculitis, 

thrombosis and ischemia of the affected tissues, but invasion of the subjacent media is 

not described (Gosztonyi et al., 2009). Although the equine infectious anemia virus is 

able to infect endothelial cells, the lesions observed were not readily detected (Oaks et 

al., 1999). Infection with Anaplasma phagocytophilum may cause necrotizing and 

proliferative vasculitis affecting small arteries and veins. This is characterized by 

swelling of endothelial and smooth muscle cells, and perivascular leukocytic infiltrates, 

composed mainly of monocytes, and lymphocytes (Lepidi et al., 2000). Purpura 

hemorrhagica is an aseptic vasculitis affecting horses as a result of an infection or 

exposure to Streptococcus equi (bacteria or the vaccine), Streptococcus zooepidemicus, 

Corynebactrium pseudotuberculosis, or Rhodococcus equi. In these cases, the vasculitis 

is secondary to the deposition of immune complexes in the capillaries and small blood 

vessels, causing a type III hypersensitivity reaction. The blood vessel walls appear 

enlarged, infiltrated by neutrophils, with visible fibrinoid degeneration, and lined with 

swollen endothelial cells (Pusterla et al., 2003). However, lesions in larger vessels are not 

described.  

1.2.2 Aneurysms and vascular ruptures 

Aneurysms are vascular dilations, which develop due to the progressive weakening of the 

vascular wall, that may progress to vascular rupture (Ploeg et al., 2016). With aneurysms, 

the vascular wall remains mostly intact; meanwhile, if the three layers of the vessel wall 

rupture, and there is contained bleeding, a pseudoaneurysm is formed (Webber et al., 
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2007). The exact causes of aneurysm in horses are unknown, but they may follow 

parasitic migration, sepsis, or vascular wall degeneration due to ageing and/or disease 

(Archer et al., 2012; Greatorex, 1977; Marr et al., 1998; Niwa et al., 2016; Okamoto et 

al., 2007; Ploeg et al., 2016). Aneurysms have been described in the aortic root (sinus of 

Valsalva), the cranial mesenteric artery, the distal aorta in a septic foal, and rarely in the 

aortic arch (Archer et al., 2012; Niwa et al., 2016; Okamoto et al., 2007; Rooney et al., 

1967; Sleeper et al., 2001).  

Aortic ruptures may occur at the aortic root as a consequence of aneurysm rupture, or 

without the prior occurrence of aneurysms at the aortic arch (Ploeg et al., 2016). 

Although it has been reported in other breeds, the condition appears to be relatively more 

common in Friesian horses (Ploeg et al., 2016). In other breeds, it happens more often in 

breeding stallions, near the sinus of Valsalva, but in Friesians the rupture occurs just 

proximal to the ligamentum arteriosum (Ploeg et al., 2015). Histologically, these lesions 

were characterized by the accumulation of mucoid material, disruption of elastic laminae, 

hypertrophy of medial smooth muscle layers, varying degrees of medial necrosis, 

including calcified lesions, the accumulation of inflammatory cells (mainly neutrophils) 

and aberrant collagen deposition (Ploeg et al., 2015). Although, there is the suspicion of a 

genetic defect causing changes in structural proteins (elastin and collagen) or 

extracellular matrix that would lead to the arterial weakness and rupture, until now this 

has not been confirmed (Ploeg et al., 2016).  

Another site where arterial rupture occurs often is the level of the broad ligament of the 

uterus, especially in older and multiparous mares. These lesions seem to happen in the 

proximal uterine artery, at bifurcations, curvatures, and abrupt flexures of the arteries 
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(Ueno et al., 2010). Interestingly, the histological analysis of the arterial walls at the site 

of rupture revealed atrophy of smooth muscle cells and fibrotic changes in the media, 

with concurrent intimal defects characterized by disorganization and calcification of the 

internal elastic lamina, and collagen deposition. These findings, associated with the fact 

that the lesions occur more often peripartum, when there is an increase of blood flow to 

the uterus, lead the researchers to suspect that they occur due to an increase in 

hemodynamic stress to the walls (e.g. increased wall shear stress) (Ueno et al., 2010).  

1.2.3 Thrombosis and thrombophlebitis 

Thrombosis is the intravascular formation of a blood clot and consequent impairment of 

blood flow. Thrombosis may be triggered by blood stasis, trauma to the vessel lining/wall 

(e.g. needle penetration, catheterization), or hypercoagulable states (sepsis, neoplasia, 

endotoxemia, genetic coagulation defects, protein losing enteropathy or nephropathy) 

(Dolente et al., 2005). Thrombophlebitis occurs when the thrombus formation is 

associated with inflammation of the vessel wall. This inflammatory process may be 

aseptic or complicated by bacterial or, more rarely, fungal infections (Dias and de 

Lacerda Neto, 2013).  The jugular veins are the most common site of thrombophlebitis in 

horses, likely because they are so often used for drug and intravenous fluid administration 

(Dolente et al., 2005).  

1.2.4 Verminous arteritis 

Infestations with Strongylus vulgaris have the potential to cause verminous arteritis, as 

the larvae enter and then migrate through the mesenteric arteries. After invading the 

intestinal wall, the larvae penetrate the branches of the cranial mesenteric artery, where 

they migrate against the blood flow, undermining the intima, causing inflammation, 
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endothelial disruption, and predisposing the vessel to thrombosis (Morgan et al., 1991; 

White et al., 1983). The most common sites affected are the cranial mesenteric and 

ileocolic arteries. However, aberrant larval migration may occur and affect the aorta, 

coronary and renal arteries, and the spinal cord (Cranley and McCullagh, 1981; 

Slocombe, 1985). Grossly, the lesions appear as rounded fibrous plaques on the arterial 

luminal surface and mural thrombi. These plaques appear well demarcated and raised 

above the encircling intimal surface (Cranley and McCullagh, 1981). Histologically, 

intimal lesions are characterized by local extensive intimal necrosis, edema, fibrin 

deposition, and accumulation of eosinophils, neutrophils, lymphocytes, and macrophages. 

Degenerated larvae tended to cause increased accumulation of leukocytes. Chronic active 

lesions presented increased accumulation of inflammatory cells when compared with 

chronic lesions. The internal elastic lamina appeared disrupted in the majority (95%) of 

the arteries affected. Interestingly, as the degree of internal elastic lamina disruption 

increased the severity of medial fibrosis also increased. Moreover, when the internal 

elastic lamina was intact, no fibrosis was observed. Medial lesions were in general equal 

or less severe than in the intima, showing smooth muscle necrosis, loss of elastic lamina, 

fibrosis and mineralization in some cases (Slocombe, 1985). The severity of 

inflammation of the arterial wall and the occurrence of thrombosis in these cases was 

directly correlated with the presence of larvae (Morgan et al., 1991). Whether 

thromboembolism secondary to verminous arteritis is the main cause of cause of 

intestinal infarction and colic or the occurrence of thrombus in other locations of the 

peripheral circulation is equivocal (Maxie and Physick-Sheard, 1985; Slocombe, 1985; 

White, 1981). 
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1.2.5 Aorto-iliac thrombosis 

An additional condition in which thrombus formation occurs in horses is aorto-iliac 

thrombosis. As suggested by the name, most lesions are located at the aortic 

quadrifurcation, and in the distal portions of the femoral and internal iliac arteries (Maxie 

and Physick-Sheard, 1985). The cause of these lesions is not well understood yet, but 

infection with Strongylus vulgaris, embolization, systemic infection with influenza or 

strangles, trauma to the back due to falling or parturition, endothelial damage due to 

turbulent flow and mechanical stress during racing have been suggested (Azzie, 1969; 

Maxie and Physick-Sheard, 1985; Moore et al., 1998). This condition has been described 

in horses of different breeds, ages and sex, but it has been reported more often in young 

male racing horses. However, this may be a reflection of the practice populations and the 

management practices used for those horses, from which high performances are always 

expected (Maxie and Physick-Sheard, 1985). As mentioned previously, the majority of 

the lesions are located in the terminal aorta and distally in the iliac artery system. The 

lesions seem to progress centripetally from the iliac system, originating either from 

thrombus in the aorta or the iliac arteries. Their distribution is consistent with lodgment 

of thromboemboli at the points of arterial bifurcation, followed by emboli organization 

(Azzie, 1969; Maxie and Physick-Sheard, 1985). Histologically, the lesions consisted of 

organized thrombus of fibrous connective tissue that disrupted the arterial intima and 

occluded its lumen. Although there was adipose tissue in some of the masses composing 

the thrombus, it was not a common finding. In some instances, the internal elastic lamina 

was partially ruptured. The plaques in the intima were often mineralized. The media 

appeared unaffected in most cases, but in some animals irregular mineralization was also 
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observed in this layer. In general, the arterial walls located distal to the obstructions 

appeared normal, but intimal plaques were observed in some cases, partially obstructing 

the vessel lumens (Maxie and Physick-Sheard, 1985). Interestingly in most of the cases 

described there is no evidence of verminous arteritis in the aorto-iliac arterial system 

(Azzie, 1969; Maxie and Physick-Sheard, 1985).  

1.2.6 Neoplasia 

Hemangioma and hemangiosarcomas are tumors originating from the vascular 

endothelium and account for less than 1% of equine tumors. They were reported mostly 

in the respiratory, musculoskeletal systems, and spleen, but also in the heart, the skin, the 

central nervous system, eye, the gastrointestinal tract, abdominal mesentery, the ovary, 

diaphragm, lymph nodes, the adrenal gland, the larynx and the mandible (Collins et al., 

1994; Gearhart et al., 2007; Holzhausen et al., 2012; Rossier et al., 1990; Schaffer et al., 

2013; Southwood et al., 2000; Sweeney and Gillette, 1989). Cutaneous vascular 

neoplasia is more frequently benign, but it may also be malignant and locally invasive. 

There are more cases reporting this neoplasia in Thoroughbreds, however, other breeds 

may be affected and a true breed predilection has not been confirmed. Most horses 

diagnosed were middle-aged, but the age range varied from 3 to 27 years old, with no 

apparent sex predilection (Southwood et al., 2000).  

1.3 Exercise induced pulmonary hemorrhage (EIPH) in horses 

1.3.1 Current knowledge on EIPH 

Exercise induced pulmonary hemorrhage is a condition characterized by the presence of 

blood in the airways due to stress failure of pulmonary capillaries during intense exercise 
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(West et al., 1993). The condition is associated with poor performance in racing horses 

and may affect their wellbeing (Hinchcliff et al., 2015; Hinchcliff et al., 2005). It is 

mainly described in Thoroughbred and Standardbred horses, but can occur in horses of 

other breeds performing intense exercise (Hillidge et al., 1984; Hillidge et al., 1985; 

Voynick and Sweeney, 1986). Epistaxis and a decrease in athletic performance are the 

most frequent presenting complaints. Changes in temperature, heart and respiratory rates, 

or cough do not allow a distinction from unaffected horses (Christley et al., 2001; 

O'Callaghan et al., 1987a). On post mortem examination, the most consistent finding on 

gross pathology is bilateral and symmetrical dark blue-brown lung discoloration of the 

caudo-dorsal areas of the lung lobes (O'Callaghan et al., 1987b; Williams et al., 2013). In 

more severe cases, the discolored areas may extend cranially on the dorsal lung surface 

(O'Callaghan et al., 1987b; Williams et al., 2008). Histologically, these lesions appear as 

bronchiolitis, with distorted bronchioles with thick walls, increased connective tissue, and 

increased number of pulmonary alveolar macrophages containing hemosiderin 

(O'Callaghan et al., 1987c; Oikawa, 1999). More specifically, regarding pulmonary 

vascular histopathology, Williams et al. (2008) reported extensive vascular remodeling, 

with a large number of vessels in pleura and interlobular septa presenting wall thickening. 

This vascular remodeling was characterized by marked medial smooth muscle 

hypertrophy, intimal hyperplasia, and inconsistent presence of elastic lamina, from absent 

to present both in an internal and external elastic lamina. In most intralobular veins there 

was an increase in connective tissue deposition (collagen and extracellular matrix) around 

the vessel, in the adventitia, and between the elastic lamina that resulted in a marked 

reduction of the vascular lumen (Williams et al., 2008). In addition, there was a marked 
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increase in the thickness of the tunica media of muscular arteries at the sites with more 

significant lesions, as well as destruction of internal and external elastic lamina 

(O'Callaghan et al., 1987c; Oikawa, 1999; Williams et al., 2008). Interestingly, the 

vascular remodeling observed is similar to what is reported in the lungs of humans with 

pulmonary hypertension (Pietra et al., 1989; Williams et al., 2008). Ultrastructural studies 

revealed signs of stress failure of pulmonary capillaries, with rupture of capillary 

endothelium and the alveolar epithelium, the accumulation of red blood cells in the 

alveolar walls and spaces, and edema (West et al., 1993). The pathogenesis of exercise-

induced pulmonary hemorrhage is not fully understood, however. The most accepted 

mechanism of disease is stress failure of the pulmonary capillaries due to excessive 

transmural pressure, as a result of high capillary blood pressure and low intra-alveolar 

pressure (Jones et al., 2002; West et al., 1993). During intensive exercise, mean 

pulmonary arterial pressure rises from approximately 25mmHg at rest to over 95mmHg. 

Consequently, there is an increase in the pulmonary capillary pressures of a similar 

degree (Manohar and Goetz, 1996; Sinha et al., 1996). The critical pulmonary arterial 

pressure above which capillary rupture occurs is above 75mmHg, which is lower than the 

pressure reached in galloping horses (Birks et al., 1997; Erickson et al., 1990; Manohar 

and Goetz, 1996). This increase in arterial pressure appears to result mainly from 

increased cardiac output, despite a reduction in pulmonary vascular resistance during 

intense exercise (Manohar and Goetz, 1999). The fact that most lesions occur in the 

caudodorsal lung region seems to be the result of a significant increase in blood flow to 

that region during exercise, possibly due to differential vasodilation of pulmonary vessels 
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and the vascular structure (Bernard et al., 1996; Erickson et al., 1999; Hlastala et al., 

1996; Hlastala and Glenny, 1999; Kindig et al., 2001). 

Although an increase in pulmonary artery pressure seems essential for the occurrence of 

EIPH, it does not appear to be the sole determinant. In fact, Manohar and Goetz (1996) 

compared a group of Thoroughbreds with EIPH with one group that was clear of blood 

post-exercise air-way endoscopy, and reported that there were no statistically significant 

differences between the pulmonary arterial, pulmonary capillary, and pulmonary venous 

pressures. On the other hand, bleeding and the vascular remodeling typically observed on 

EIPH positive horses coincides with areas in which there is a significant increase in blood 

flow, and venous hypertension during exercise (Williams et al., 2013). However, the 

reason why the increase in blood flow causes more severe vascular remodeling in some 

horses than others is not explained yet. Interestingly, a study comparing EIPH in horses 

before and after nitrous oxide (NO) inhalation may shed some light into this matter. 

Kindig and colleagues (2001)  found that despite lowering pulmonary arterial pressure 

(approx. 4mmHg) with NO inhalation, there was a significant increase in the severity of 

EIPH in a group of thoroughbred horses. This suggested that the pulmonary arteriolar bed 

is not completely dilated during maximal exercise, and that it may serve as a protective 

mechanism to the capillary bed (Kindig et al., 2001). On the other hand, this also shows 

that despite the degree of potential venous remodeling present in those horses, a very 

significant factor causing bleeding was the transmission of arterial hemodynamic forces 

to the small pulmonary capillary beds.  
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1.3.2 Arterial stiffness in EIPH 

As mentioned in the previous section, pulmonary arterial compliance plays a major role 

in the pathogenesis of pulmonary hypertension in humans. In fact, increased arterial 

stiffness seems to be a cause rather than a consequence of remodeling of the smaller 

distal pulmonary vessels (Thenappan et al., 2016). When arterial stiffness increases, the 

pulmonary artery loses the ability to dampen the pressure wave created by the ventricular 

contractions. Briefly, the main consequences of increased pulmonary artery stiffness are 

an increase in systolic pressure, a decrease in diastolic pressure, an increase in pulse 

pressure, and increased transmission of high pressure and pulsatile blood flow to the 

pulmonary microcirculation. These hemodynamic changes not only increase the cardiac 

workload, but also expose the microcirculation to harmful pulsatile blood flow, with 

potential to cause vascular remodeling (Lammers et al., 2012; Li et al., 2009a; Li et al., 

2009b; Thenappan et al., 2016).  

Arterial calcification is considered a major contributor to arterial stiffening in humans 

(Demer and Tintut, 2008). In horses, arterial calcification has been described in several 

locations, including the main pulmonary arteries (Arroyo et al., 2008; Cranley, 1983; 

Fales-Williams et al., 2008; Harrington, 1982; Harrington and Page, 1983; Maxie and 

Physick-Sheard, 1985; Nakamura et al., 1992; Ploeg et al., 2015; Slocombe, 1985; Ueno 

et al., 2010). Indeed, calcification of large pulmonary arteries was observed in the 

majority of young racing horses, in one study (Arroyo et al., 2008). This may be 

particularly relevant in understanding the pathogenesis of EIPH, since increased 

pulmonary artery stiffness may cause the small pulmonary capillaries and veins to be 
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exposed to harmful blood flow (higher blood flow, increased pressure, and pulsatility), 

for a constant pulmonary artery pressure, and regardless of pulmonary vein pressures. 

1.3.3 Measuring pulmonary arterial stiffness in horses 

There is vast literature regarding arterial stiffness and the different methods to assess it, 

particularly in humans (Chirinos, 2012; Laurent et al., 2006; Shirwany and Zou, 2010; 

Tian and Chesler, 2012). The methods described are aimed to determine elastic properties 

of the arterial wall, pulse wave velocity, and impedance.  

In order to determine the elastic properties of the arterial wall (e.g. Einc – incremental 

elastic modulus), measurements of the diameter, pressure and wall thickness are 

performed. The arterial pressure in the pulmonary arteries can be measured via right heart 

catheterization with a measuring catheter (Kopeć et al., 2013), which is considered the 

gold standard (Tian and Chesler, 2012). Alternatively, the peak systolic pulmonary 

arterial pressure could be estimated by measurement of the tricuspid regurgitant jet 

velocity with continuous wave Doppler echocardiography (Dyer et al., 2006; Friedberg et 

al., 2006). However, this method would have limited use since not all individuals present 

with tricuspid valve regurgitation, or the regurgitation jet may not be easily identified 

(Dyer et al., 2006; Tian and Chesler, 2012). Measurement of the pulmonary artery 

diameter and cross section area has been described with various techniques, including 

standard trans-thoracic echocardiography (Wu et al., 2008), intra-vascular ultrasound 

(IVUS) (Lau et al., 2012; Rodés-Cabau et al., 2003; Weinberg et al., 2002), color 

Motion-Mode Doppler Tissue imaging (Dyer et al., 2006), and magnetic resonance 

imaging (MRI) (Gan et al., 2007). Standard transthoracic ultrasound, Motion-Mode 

Doppler Tissue imaging, and MRI can be used for geometric measurements, but to assess 



 31 

arterial stiffness, the intra-vascular pressures would have to be measured simultaneously. 

Finally, IVUS allows imaging of both the arterial diameter and thickness of the wall, 

which coupled with pressure measurement makes it possible to determine arterial 

stiffness. 

Carotid-to-femoral pulse wave velocity (cfPWV, velocity of a pulse wave traveling 

between the human carotid and femoral arteries) is considered the gold standard method 

to access aortic stiffness (Laurent et al., 2006). Pulse wave velocity may be determined 

using  pulse waves created by arterial pressure (Kopeć et al., 2013), wall distension (van 

der Heijden-Spek et al., 2000) or blood flow (Cruickshank et al., 2002) readings. In 

general PWV can be measured in 2 ways (PWV=ΔDistance/Δtime): by detecting the 

pulse wave in 2 locations simultaneously and then estimating the distance between the 2 

locations; or by detecting the pulse wave consecutively in 2 different locations, while 

running an electrocardiogram to time the 2 waves measured. Several different techniques 

are available to determine PWV in superficial arteries. However, reports on pulmonary 

artery PWV are scarce and include either MRI studies (Poon et al., 2013) or right heart 

catheterization for arterial pressure measurements (Kopeć et al., 2013). 

Considering the different techniques available to assess arterial stiffness, the challenges 

imposed by working with a large animal, like the horse, and the work already developed 

in this area (Manohar et al., 1998; Manohar et al., 1993), the best option to measure pulse 

wave velocity in the equine pulmonary arteries seems to be through right heart 

catheterization and arterial pressure measurements.  

Calculation of pulse wave transit times is essential to the determination of pulse wave 

velocity. The foot to foot technique, in which a point of minimum pressure in the 
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diastolic portion of the waveform is used (e.g. the point of minimum pressure 

immediately preceding systole), is the technique most commonly used by clinicians to 

determine pulse wave transit times (Nichols et al., 2011).  Other techniques have been 

developed, in which a larger number of points of the wave are used to calculate the wave 

transit times. Some examples include the cross correlation and the statistical phase offset 

technique (Benthin et al., 1991; Runciman et al., 2016). When different techniques were 

compared, both cross correlation and the statistical phase offset (SPO) technique 

provided the most consistent PWV results (Runciman et al., 2016), making them 

potentially more reliable for PWV calculations.  

1.4 Summary  

Arterial stiffening is implicated in the pathogenesis of cardiovascular diseases, including 

pulmonary hypertension. There are several conditions affecting horses that may damage 

the arterial walls and modulate their mechanical properties leading to arterial stiffness.  

Considering this, arterial stiffness could play a central role in the pathogenesis and 

progression of diseases like exercise-induced pulmonary hemorrhage.  



 33 

CHAPTER 2- DEVELOPMENT OF A TECHNIQUE FOR DETERMINATION 

OF PULMONARY ARTERY PULSE WAVE VELOCITY IN HORSES 

 

This chapter is partially published in: J Appl Physiol (1985), p. jap.00962.2016 

Silva, G. T., B. B. Guest, D. E. Gomez, M. McGregor, L. Viel, M. L. O'Sullivan, J. 

Runciman, and L. G. Arroyo, 2017, Development of a technique for determination of 

pulmonary artery pulse wave velocity in horses 

 

2.1 Introduction 

Calcification and fibrosis of the main pulmonary arteries has been observed in a large 

proportion of young racehorses (Arroyo et al., 2008; Cranley, 1983).  In humans, vascular 

calcification is now recognized as a major contributor to arterial stiffening (Demer and 

Tintut, 2008), which is considered a major risk factor for several cardiovascular events 

(Townsend et al., 2015). In fact, increased arterial stiffness has been associated with the 

development of systemic hypertension, microvascular disease in the brain and kidneys, 

and the development of pulmonary hypertension (Humphrey et al., 2016; O'Rourke and 

Safar, 2005; Thenappan et al., 2016). Arterial stiffness increases with aging, 

hypertension, exposure to inflammation, or diseases like diabetes mellitus (Jain et al., 

2014; Payne et al., 2010; Prenner and Chirinos, 2015). In horses arterial calcification has 

been described in cases of aortic rupture and aorto-pulmonary fistulation, resulting in 

sudden death (Ploeg et al., 2015). However, the importance of arterial calcification and 

stiffness in the progression of other equine cardiovascular diseases has not been studied. 
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Elastic arteries like the aorta and the large pulmonary arteries function as conduits, as 

well as storing energy and blood during systole.  As they distend to accommodate blood 

during systole, and then return to their pre-systolic form, they dampen the pressure 

created by the ventricular contraction and allow a steady blood flow to the peripheral 

tissues during the cardiac cycle (Lammers et al., 2012; Townsend et al., 2015). 

A pressure and flow wave (the pulse wave) is created with each heartbeat and transmitted 

through the arterial tree to the capillary bed.  As this wave moves peripherally, it faces 

the impedance (opposition to fluctuating flow) created by changes in the properties of the 

vascular wall or the vascular diameter (Chirinos, 2012). When the pulse wave encounters 

opposition, a fraction of the wave continues moving forward and the others are reflected 

back towards the heart. The multiple reflected waves add to each other and the resulting 

wave reaches the main arteries (aorta or pulmonary) in late systole or early diastole. The 

speed at which this wave travels through the arteries is defined as the pulse wave 

velocity. In stiff arteries however, due to the changes in mechanical properties of the 

arterial walls, the pulse wave velocity increases and the retrograde wave tends to arrive 

earlier. The early arrival means that, instead of arriving during the following diastole, the 

retrograde wave arrives during systole, adding-on to the systolic pressure wave being 

created. This change in timing will lead to an increase in systolic pressure, as well as to a 

decrease in the diastolic pressure (Lammers et al., 2012), resulting in increased pulse 

pressure. On the other hand, the changes in elastic properties occurring in the large 

arteries lead to increased propagation of pulsatile blood flow deeper into the 

microcirculation, triggering inflammation, and vascular remodeling at the capillary level 

(Thenappan et al., 2016; Townsend et al., 2015).  
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Carotid-to-femoral PWV (velocity of a pulse wave traveling between the human carotid 

and femoral arteries) is considered the gold standard method to determine aortic stiffness 

in humans (Laurent et al., 2006). Pulse wave velocity can be determined using 

waveforms derived from blood pressure (Kopeć et al., 2013), arterial wall distension (van 

der Heijden-Spek et al., 2000) or flow (Cruickshank et al., 2002) recordings.  In general, 

PWV (PWV= distance traveled by the pulse wave/ time interval taken to travel said 

distance) can be measured in two ways: a) by detecting a pulse wave in 2 locations 

(determining the interval of time needed for the wave to travel a distance) and then 

estimating the distance between the 2 locations where the wave was detected (e.g. carotid 

artery to femoral artery); or b) by detecting 2 pulse waves consecutively in 2 different 

locations, while running an electrocardiogram to time the 2 waves detected (Shirwany 

and Zou, 2010).  

Considering the frequency with which arterial calcification was observed in racing 

horses, and the common occurrence of diseases affecting the pulmonary vasculature (e.g. 

exercise induced pulmonary hemorrhage), it is essential to develop a technique to assess 

arterial stiffness and its potential clinical implications.  

We hypothesized that using a dual pressure sensor catheter, it is possible to collect 

arterial pressure data and determine pulse wave velocity in the main pulmonary arteries 

of horses.  Therefore, the main objective of this study was to develop a technique to 

determine the pulse wave velocity in the main pulmonary arteries of horses. As a 

secondary objective, histological analysis of the pulmonary artery walls was performed to 

investigate a potential link between the presence of lesions and changes in PWV.  
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2.2 Material and methods 

2.2.1 Animals  

Fifteen mature horses deemed clinically healthy based on physical examination were 

used.  Two horses were used for preliminary studies performed in the equine ex vivo 

pulmonary artery perfusion system (EVPAPS) and thirteen horses were used in the in 

vivo trials. Horses with no abnormalities on cardiac, (i.e. increased heart rate, murmurs) 

or pulmonary auscultation (i.e. increased respiratory rate, crackles, or wheezes), fever, or 

ongoing medical treatments (e.g. systemic antimicrobials, corticosteroids, or hormonal 

therapies) were used. One exception was one horse which presented with atrial 

fibrillation (trial 11). This study was approved by the Animal Care Committee of the 

University of Guelph (AUP#3278) and conformed to the standards of the Canadian 

Council on Animal Care.  

2.2.2 Ex-vivo trials in the equine ex-vivo pulmonary artery perfusion system 

(EVPAPS) 

Two trials were performed using the EVPAPS for testing of different long catheter 

introducers and balloon catheters.  The objective of these preliminary trials was to 

explore solutions for technical problems encountered during an in vivo trial performed by 

Guest et al. (2013). The main difficulties to address in this trial were to ensure that the 

navigation catheter would have the correct specifications (length of the catheter, size of 

balloon when distended, and distance from the balloon to the tip of the catheter) in order 

to be inserted through a catheter introducer sheath into the PA, remain in the main branch 

of the pulmonary artery, and then be easily retrieved through the catheter introducer after 

balloon deflation.  During the in vivo trial, Guest et al. (2013) used a 9Fr by 100cm long 



 37 

catheter introducer sheath (Super Arrow-Flex model CL-07900, Teleflex Inc., Markham, 

ON, Canada), followed by a biliary and pancreatic stone retrieval balloon catheter 

(Extractor Pro DL 4722. Boston Scientific 6430 Vipond Drive Mississauga, Ontario L5T 

1W8 Canada) fitted with a 0.035” guide wire (Boston Scientific Dreamwire High 

Performance Guidewire M00556171. Boston Scientific 6430 Vipond Drive Mississauga, 

Ontario L5T 1W8).   

In the first trial, a 12-year-old Standardbred mare was used. For the second trial, a 16-

year-old Paint mare was used. Both horses appeared clinically healthy on general 

physical examination prior to the trials. Animal ante-mortem preparation and tissue 

collection was as previously described by Guest et al. (2016). Briefly, prior to euthanasia, 

an IV catheter (BD Angiocath 382269. Becton Dickinson Infusion Therapy systems Inc. 

9450 S State St. Sandy, Utah 84070) was placed in the left jugular vein, and heparin 

solution was administered (100IU/kg, IV). The horses were euthanized 5 minutes later 

with a lethal dose of pentobarbital (130-170mg/kg, IV). During tissue collection, the 

lungs were kept inflated, and the pulmonary vessels were flushed using an in house made 

phosphate buffered solution (see appendix 2, page 90) in order to reduce the amount of 

blood present in circulation and improve visibility during vascular endoscopy. The lungs 

and the heart were then fitted to the pulmonary arterial perfusion system.  

For the first trial a 7Fr, 110 cm long catheter introducer sheath (Flexo Tuohy-Borst Side-

Arm Introducer G50142. Cook Incorporated 750 Daniels Way Bloomington, IN 47404, 

USA) was passed, followed by a new biliary and pancreatic stone retrieval balloon 

catheter (B-V233P-A, Multi-3V Plus 15mm. Olympus 25 Leek Crescent, Richmond Hill, 

ON, Canada L4B 4B3), fitted with a 0.035” guide wire (Boston Scientific Dreamwire 
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High Performance Guidewire M00556171. Boston Scientific 6430 Vipond Drive 

Mississauga, Ontario L5T 1W8). Once the long catheter introducer sheath was passed 

into the main trunk of the PA, as assessed via endoscopy, the balloon catheter was passed 

and the balloon was filled with equal volumes of air and blue colored water (food 

coloring solution), until the maximum volume recommended for this balloon was 

achieved (15mm diameter balloon).  It was possible to guide the balloon catheter with 

endoscopic guidance, however this catheter deviated into smaller branches several times, 

resulting in the catheter bending over it-self. A second difficulty was found when the 

balloon was deflated in order to be removed from the catheter introducer sheath. The air 

was easily retrieved, but the food coloring solution could not be completely aspirated. 

However, once the balloon catheter was empty, it was easily removed from the catheter 

introducer sheath. The cuff of the balloon catheter was tested outside of the EVPAPS, 

and it was noticed that the balloon was relatively easier to fill and empty when the 

catheter introducer sheath was kept straight. This finding led to the suspicion that bending 

of the catheter occurred inside the heart, partly obstructing the lumen of the channel used 

to fill the balloon. Therefore, the balloon catheter was tested outside of the EVPAPS 

using a catheter introducer sheath of a larger inner diameter. At this time, a 9Fr by 100cm 

long catheter introducer sheath (Super Arrow-Flex model CL-07900, Teleflex Inc., 

Markham, ON, Canada) was used. With this catheter introducer sheath, emptying and 

filling the new balloon catheter was relatively easy, even when the catheter introducer 

sheath was moderately bent.  

In the second trial, a 9Fr by 100cm long catheter introducer sheath (Super Arrow-Flex 

model CL-07900, Teleflex Inc., Markham, ON, Canada) was used in conjunction with a 
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biliary stone retrieval catheter with a larger balloon (B-V433P-A, Multi-3V Plus 20mm. 

Olympus 25 Leek Crescent, Richmond Hill, ON, Canada L4B 4B3).  The balloon could 

be filled up and emptied out with no difficulty while the catheter was in the PA trunk.  

The balloon was initially filled up with an equal volume of air and food coloring solution. 

The catheter would still wedge itself in small side branches with this air:water ratio. The 

ratio was then changed to 4.5ml of air: 1ml of coloring solution, and the balloon 

remained repeatedly in the main PA branch. Therefore, the catheter was advanced as 

deep as possible in the main PA branch until it was wedged. Then the balloon was 

partially emptied and advanced again, remaining in the main PA branch, as confirmed by 

intravascular endoscopy. The balloon catheter was then pulled back, the balloon was 

emptied and the catheter easily removed through the LCIS. Emptying the balloon was 

still time consuming due to the small diameter of the balloon channel and the viscosity of 

the water solution, but there were no further complications. 

2.2.3 Pressure sensor catheter placement in-vivo 

2.2.3.1 Horse preparation (all trials) 

Blood pressure waveforms were recorded simultaneously in 2 locations within the PA to 

calculate the PWV.  A custom-made catheter fitted with two pressure sensors with 5cm 

distance separation, with the distal sensor placed 5 mm from the tip of the catheter (7Fr x 

170cm, Transonic Scisense Inc, London, ON, Canada) was used to record the waveforms.  

 In preparation for each trial, a 14G x 13cm catheter was placed in the left jugular vein 

for administration of sedatives. Hair was clipped over the cardiac silhouette on both sides 

of the thorax to facilitate ultrasound imaging of the heart and pulmonary artery trunk.  

Three small regions were clipped for electrocardiogram electrode placement (1 over the 
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right shoulder, 1 on the xyphoid region, and 1 on the pectoral muscles).  The distal 1/3 of 

the right jugular groove was also clipped for placement of the pressure sensor catheter 

(PSC).  

For each live trial, the horse was sedated and placed in stocks.  The drugs used and level 

of sedation were adjusted for each horse according to the demeanour/behaviour, and the 

optimization of the protocol at the time, as the procedures were simplified and the data 

collection became more efficient. 

Horses1-6 were sedated with xylazine (0.5mg/kg, IV) and morphine boluses (0.07mg/kg, 

IV), and then maintained on at a constant infusion rate of xylazine 1mg/kg/h and 

morphine 0.05mg/kg/h during PSC manipulation for data collection (Table 2-1). Horses 

8, 11, 12, and 13 were sedated only with xylazine boluses (0.3-0.4mg/kg, IV). Horses 7, 

9, and 10 were sedated with detomidine (0.01mg/kg, IV), and butorphanol (0.01-

0.02mg/kg, IV) boluses for PSC placement, and maintained sedated with xylazine 

boluses (0.3-0.4mg/kg, IV). In an attempt to minimize the potential effect of sedation, 

horses 8 to 13 were allowed a washout period of 30 minutes after the last sedation with 

xylazine, before data was collected. 

 The ECG electrodes were applied for cardiac rhythm and rate monitoring during the 

entire procedure. The right jugular groove was aseptically prepared and local anesthetic 

block with bupicavaine was performed.  A stab incision was made using a #15 scalpel 

blade to facilitate placement of an introducer needle (14G x 5cm) in the jugular vein.  

This needle was then exchanged over-the-wire (0.038’’x 50cm) for a tear-away 

introducer sheath
 
(16 Fr x 13.5 cm, ref. 32365, Qosina, Edgewood, NY, USA)(Figure 2-

1). 
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Figure 2-1. Tear-away catheter introducer sheath 
Photograph of a tear-away catheter and obturator used to insert the LCIS in the left jugular vein. 

The tear away catheter is 16Frx13.5cm, and once the LCIS is placed may be peeled off 
completely, allowing better seal between the LCIS and the skin and preventing the aspiration of 

air into the vein. 

2.2.3.2 Trial 1 

Subsequently, a 9F x 100 cm long catheter introducer sheath (Super Arrow-Flex model 

CL-07900, Teleflex Inc., Markham, ON, Canada) was passed into the vein and, for trial 

1, the tear-away introducer left in place. The LCIS was advanced into the pulmonary 

artery trunk via the right heart under transthoracic ultrasonographic guidance (Figure 2-

2).  
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Figure 2-2. Ultrasonographic image of long catheter introducer sheath in the right 

ventricular outflow tract 
Ultrasonographic image of LCIS passing from the right ventricle, through the pulmonic valve, 

and into the pulmonary artery trunk. Arrow heads, LCIS; RA, right atrium; RV, right ventricle; 

PA, pulmonary artery; Ao, aorta. 

Once the catheter was fully inserted into the pulmonary artery trunk, it was secured in 

place by suturing it to the skin. A Tuohy-Borst valve was attached to the LCIS using a 

custom made adapter, and the catheter was flushed continuously with a heparinized saline 

solution (10000 IU/liter) (Figure 2-3).  

RA 
RV 

PA 

Ao 
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The extraction catheter with the larger balloon, (B-V433P-A, Multi-3V Plus 20mm. 

Olympus 25 Leek Crescent, Richmond Hill, ON, Canada L4B 4B3) with a 0.035” guide 

wire (Boston Scientific Dreamwire High Performance Guidewire M00556171. Boston 

Scientific 6430 Vipond Drive Mississauga, Ontario L5T 1W8), was then passed until the 

balloon was through the LCIS. The balloon was then distended (1ml contrast solution and 

4.5ml air) and advanced until it was wedged approximately 40cm distal to the end of the 

LCIS. Then, 3ml of air were withdrawn from the balloon and the catheter was advanced 

again until it was wedged, approximately 50cm through the LCIS. 

The ECG leads were detached and thoracic radiographs were taken to determine the 

location of the balloon catheter. Once correct placement of the balloon catheter in the 

distal left PA branch was confirmed (Figure 2-4 A), the horse was returned to the 

experiment room and re-instrumented with the ECG leads and the sedative CRI resumed. 

The balloon catheter was removed and the guide wire left in the PA. Thoracic 

radiographs were repeated to confirm the correct placement of the guide wire still within 

the PA branch (Figure 2-4 B). 

Figure 2-3. Tuohy-Borst valve with side-arm adapted to the long catheter introducer 

sheath with the custom made adaptor 
Photograph of Tuohy-Borst valve with side-arm on custom made adaptor (two-headed arrow), 

applied to LCIS that passes through tear-away catheter introducer sheath. Both the Tuohy-Borst 
side-arm and the side-arm of the LCIS could be used to flush the catheter during the procedures. 
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Figure 2-4. Lateral thoracic radiographs showing the balloon catheter and the guide-wire 

in the pulmonary artery- horse 1 
A) Left lateral thoracic radiograph of the horse used in the first trial. Note the guide-wire of the 

catheter (thin arrows) undulating in the main branch of the pulmonary artery, as well as the 
balloon of the catheter distended with contrast solution (arrow head). B) Left lateral thoracic 

radiograph of the horse used in the first trial. The guide wire (thin arrows) was left within the 

main pulmonary artery branch after the removal of the balloon catheter. 

The pressure sensor catheter was calibrated before each trial according to the 

manufacturer’s recommendations. Briefly, a two-point calibration curve was made 

(0mmHg and 100mmHg) using the pressure control unit (SP200 Pressure System, 

A 

B 
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Transonic Scisense Inc, London, ON, Canada). Then the catheter was submerged in 0.9% 

saline solution for 20 min at room temperature. Finally each pressure sensor was held just 

below the meniscus of the saline solution (where the pressure is closest to 0 mmHg) and 

the offset (above or below 0 mmHg) was corrected by adjusting the output of each sensor 

to zero, using the pressure control unit.  

Once it was calibrated, the PSC (Figure 2-5) was passed over the wire into the PA.  

 

Figure 2-5. Dual pressure sensor catheter passing through the long catheter introducer 

sheath 
Photograph of the PSC passing through the LCIS. Note the two sensors at the end of the catheter. 
The sensors are 5cm apart from each other, and the distal sensor is placed 5mm from the tip of the 

catheter. 

As the PSC was advanced, resistance was encountered which prevented placing the 

catheter as deep in the lungs as intended. Thoracic radiographs were then performed to 

locate the PSC, which revealed that it had coiled in the main PA trunk (Figure 2-6 A).  

The wire and catheter were then manipulated in order to reduce the coil and the PSC was 

advanced again, without resistance (approximately 45cm through the distal end of the 

LCIS). Thoracic radiographs were repeated and the PSC was well positioned within the 

distal PA branch this time (Figure 2-6 B).  
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Figure 2-6. Lateral thoracic radiographs showing dual pressure sensor catheter coiled and 

correctly placed in the pulmonary artery- horse 1 
A) Left lateral thoracic radiograph of the horse used in trial 1. Note the guide-wire of the PSC 

(thin arrows) coiled in the proximal PA. Pressure sensors (arrow heads). B) Left lateral thoracic 
radiograph of the horse used in trial one, after the balloon catheter was exchanged over-the-wire 

by the PSC. Note the two sensors of the PSC (arrow heads), and the guide-wire of the catheter 

(thin arrows) in the main pulmonary artery branch. Note that the guide-wire does not reach the 
end of the PSC. 

B 

A 
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The horse was then returned to the stocks and kept lightly sedated for data collection. 

Continuous ECG and pressure data was collected at maximum insertion of the PSC and 

then at 5 cm steps backwards along the pulmonary artery, as the catheter was withdrawn 

into the heart. The pressure waveforms were recorded at a frequency of 2000 Hz and data 

recorded for a minimum of 2 minutes in each location.  The signals produced by the PSC 

and the ECG tracings were acquired simultaneously using a commercially available data 

acquisition system (Powerlab model ML870, and BioAmp model 136, ADInstruments, 

Colorado Springs, CO, USA), and recorded with the LabChart 7 software 

(ADInstruments Inc., Colorado Springs, CO, USA). Unfortunately, as the sedation wore 

off, the horse became increasingly agitated in the stocks, until the PSC was accidentally 

damaged and at that point data collection was terminated.  

2.2.3.3 Trial 2 

In trial 2, the long catheter introducer sheath was placed in the right jugular vein, 

following the same protocol used in the first trial. However, the tear-away introducer was 

peeled-off once the LCIS was in the vein.  

The LCIS was advanced, and it was perceived to be in the pulmonary artery. Therefore, 

the balloon catheter was placed and thoracic radiographs were taken. At this point, it was 

confirmed that the catheters had in fact entered the caudal vena cava (Figure 2-7). 
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Figure 2-7. Lateral thoracic radiograph showing the long catheter introducer sheath and 

the balloon catheter in the caudal vena cava- horse 2 
Left lateral thoracic radiograph of the horse used in trial 2, after incorrect placement of the LCIS 
and the balloon catheter in the caudal vena cava. Note the contour of the LCIS (arrow heads) with 

the guide-wire of the balloon catheter inside (thin arrows). 

The balloon catheter was removed, and the LCIS was manipulated until it was positioned 

in the pulmonary artery trunk. The balloon catheter was then positioned again. The 

balloon was distended with contrast solution and air, and advanced until it was wedged at 

approximately 40cm distal to end of the LCIS. Then, 3ml of air were withdrawn from the 

balloon and the catheter was advanced again until it was wedged approximately 50cm 

beyond the distal end of the LCIS. Minor resistance was encountered at first, which 

appeared to resolve with catheter manipulation and the catheter was easily advanced. 

However, radiographs showed that the balloon catheter was bent, with a loop extending 

caudal to where the balloon was wedged (Figure 2-8). 



 49 

 

Figure 2-8. Lateral thoracic radiograph showing balloon catheter wedged and bent in the 

distal end of a main pulmonary artery branch- horse 2 
Left lateral thoracic radiograph of the horse used in trial 2, with the balloon catheter wedged and 

bent in the distal end of a main pulmonary artery branch. Note the balloon distended with contrast 

media, and the guide-wire bent caudal to it. The guide-wire does not reach the tip of the catheter. 
Thick arrow, LCIS; thin arrows, guide-wire inside the balloon catheter; arrow head, balloon 

distended with contrast media and air. 

The balloon catheter and the guide wire were manipulated and the bend was reduced, but 

despite several attempts, the balloon catheter continued to get wedged and bent 

repeatedly, therefore it was removed.  As a result, a different approach was attempted and 

the pressure sensor catheter was passed directly through the LCIS instead, and 

radiographs were repeated to assess its location. As the PSC was within a main branch of 

the PA, it was advanced further 15-20cm, and its position in the main branch was 

confirmed again with thoracic radiographs (Figure 2-9) 
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Figure 2-9. Lateral thoracic radiograph showing dual pressure sensor catheter in a main 

branch of the pulmonary artery without over-the-wire exchange- horse 2 
Left lateral thoracic radiograph of the horse used in trial 2 showing the PSC correctly placed in a 

main branch of the pulmonary artery, after a first attempt to place this catheter without pre-

placing the guide-wire with the balloon catheter. Thin arrows, guide-wire; arrowheads, pressure 

sensors. 

Since the PSC remained in the main PA branch, the horse was returned to the stocks and 

kept sedated for data collection. Data collection was completed as previously described in 

trial 1. 

2.2.3.4 Trials 3 to 13 

For the remaining trials, the protocol described in trial 2 was repeated. Once the LCIS 

was in place, the PSC was advanced into the pulmonary artery, until the proximal sensors 

were between 10 to 20cm beyond the tip of the introducer sheath. Thoracic radiographs 

were taken to determine the location of the PSC within one of the main branches of the 

pulmonary artery. The catheter was manipulated if required, and radiographs were 

repeated until the PSC was in the desired location (see appendix 3, page 91). Data was 

collected as previously described in trial 1, except for the horse in trial 7. In this case, 
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pressure data was only collected at one location, before and after thoracic radiographs 

were taken, and after the effects of sedation wore off. Once data collection was 

completed, the PSC and LCIS were removed and the horses were humanely euthanized 

with an overdose of pentobarbital immediately after or within 24 h of data collection. 

2.2.4 Data analysis 

Minimum diastolic, peak systolic, and mean arterial pressures (MAP) were determined 

using the data pad automatic functions of LabChart 7.  Pulse pressure (PP) was 

determined for each cycle by subtracting the diastolic pressure from the systolic pressure. 

Pressure data from ten consecutive cardiac cycles was analysed and the mean of diastolic, 

systolic, mean arterial, and pulse pressures was determined for each position. 

Ten consecutive full cardiac cycles were used to calculate the pressure wave transit times, 

at each individual sampling location, for each horse using Mathlab (The MathWorks Inc., 

Natick, MA, USA). The transit times were determined using the statistical phase offset 

(SPO) method (Runciman et al., 2016). Briefly, this method uses a series of data points 

for the calculation of transit time. First, all raw data is smoothed using a 21-point moving 

average. Then, the difference between the two pulse pressure waveforms across a given 

interval is determined. The mean of these differences and the standard deviation are 

calculated.  The distal waveform is then incremented a single time step, 0.0005 sec for 

this study, and the difference average and standard deviation calculations are repeated.  

These steps are repeated until the minimum standard deviation of the pressure differences 

is detected, which occurs when the two waves overlap the most. The sum of time steps 

needed to reach the minimum standard deviation will correspond to the transit time for 
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the pulse wave between the two sensor locations. The PWV was determined using the 

formula:  

PW𝑉 =
∆𝑑

 ∆𝑡
 

, where PWV is the pulse wave velocity, Δd is the distance between pressure sensors, and 

Δt is the transit time of the pulse wave. The step at which the proximal sensor passed the 

pulmonic valve into the right ventricle was determined by detecting a significant increase 

in pulse pressure, and distinctive pressure waveform (see appendix 7, page 133). Based 

on this information, the location of the sensors in the PA at each measurement was 

estimated considering the 5 cm steps taken from distal to proximal PA. 

2.2.5 Histological analysis 

Complete circumferential ring samples of the pulmonary artery trunk (within 5cm from 

the bifurcation), and main branches (up to 2cm distal to the bifurcation) were collected, 

fixed in 10% buffered formalin and embedded in paraffin. Fixed tissues were cut (without 

decalcification) into sections of 5μm thickness and stained with HE for routine histologic 

examination. 

Histological examination of all samples was performed, blinded to the results obtained 

for pulse wave velocities. Each slide was classified on a categorical scale: normal, when 

there were no obvious calcium deposits, elastin fibre disruption or accumulation of 

disorganized connective tissue; mild lesions, when there were focal calcium deposits 

and/or accumulation of connective tissue affecting less than 25% of the medial thickness; 

moderate lesions, when there were focal calcium deposits and/or connective tissue 

deposition across 25-50% of the medial thickness; severe lesions, when there were focal 

calcium deposits and/or connective tissue deposition occupying more than 50% of the 
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medial thickness. When the lesions were multifocal and diffuse along the tunica media, 

the lesion was also classified as severe. 

2.2.6 Statistical analysis 

For each variable (MAP, systolic pressure, diastolic pressure, PP, PWV) the mean and 

standard deviations were calculated at each position of data collection. The average 

MAP, PP, and PWV of all considered for the final data set was also calculated. The 

presence of outliers was investigated using Grubbs test, set at 10% significance level. The 

data was log-transformed, and maximum and minimum values at each point were 

consecutively tested in two cycles to determine if either should be considered an outlying 

value. After each cycle, values considered outliers were removed from the data. 

Statistical analysis was performed with SAS (Statistical Analysis Software, Singapore). 

The PWV, MAP and PP measurements were analysed in light of the histology results, 

and correlation statistical analysis was considered to investigate any associations between 

the PA PWV and the histological classification. However, considering the significant 

variability among the subjects (age, pre-conditioning, sedation protocol), which was not 

controlled for in study, correlation analysis was not determined. 

2.3 Results 

Eight mares, 4 geldings, and 1 stallion with a mean age of 10 years (ranging from 3 to 20 

years) were included in the final data set. Eight were Thoroughbred, 4 were 

Standardbred, and one was a mixed breed horse. The mean body weight was 492 kg 

(ranging from 348 kg to 646 kg) (Table 2-1). 
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Table 2-1. Summary of signalment, sedatives used, cardiac arrhythmias, pulmonary artery lesions found on gross post mortem 

examination and histological scoring for all horses 

Horse Age 

(years) 

Sex Breed BW (kg) Sedation Cardiac 

Arrhythmias 

Gross 

lesions 

PA Trunk Left PA Right PA 

1 10 MC MB 600 X, M AVB II; APC; VPC Yes Normal Mild Moderate 

2 20 MC TB 534 X, M AVB II; APC; VPC No Normal Mild Normal 

3 7 MC STB 498 X, M VPC; APCs No Normal Mild Normal 

4 6 MC STB 503 X, M AVB II; VPCs; Vtach Yes Mild Severe Normal 

5 4 F TB 463 X, M VPCs; AVB II; Vtach No Normal Normal Normal 

6 3 F TB 363 X, M VPCs; Vtach Yes Mild Severe Severe 

7 12 F TB 520 X, D, B AVB II; VPC, Vtach Yes Mild Severe Mild 

8 16 F STB 479 X No ECG No Mild Moderate Moderate 

9 5 F TB 450 X, D, B Vtach; VPCs; AVB II No Mild Moderate Moderate 

10 5 M TB 348 X, D, B AVB II; VPCs; Vtach Yes Mild Mild Moderate 

11 13 F STB 460 X AF, VPCs, Vtach Yes Mild Mild Mild 

12 18 F TB 530 X AVB II; VPCs; Vtach Yes Moderate Severe Severe 

13 16 F TB 646 X VPCs; Vtach No Severe Mild Mild 

MC, male castrated; F, female; M, male; MB, mixed breed; TB, Thoroughbred; STB, Standardbred; X, xylazine; M, morphine; D, detomidine; B, 

butorphanol; AVB II, 2nd degree atrio-ventricular block; APC, atrial premature contraction; VPC, ventricular premature contraction; V-tach, 

ventricular tachycardia; AF, atrial fibrillation. 
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Catheterization of the main branches of the pulmonary artery was achieved and 

confirmed by thoracic radiographs in all horses. The LCIS reached the left pulmonary 

artery branch in 12/13 horses, and the right in one case as confirmed by 

echocardiography. Catheter manipulation for optimal placement in one of the main PA 

branches was required in 4/13 cases. 

Cardiac arrhythmias were recorded in all horses (except horse 6) at some point during 

catheter placement and/or the data collection period. The following arrhythmias were 

observed: second degree atrio-ventricular blocks, atrial premature contractions, 

ventricular premature contractions, ventricular tachycardia, and atrial fibrillation (Table 

2-1). All arrhythmias resolved spontaneously once catheter manipulation was 

discontinued (except for the atrial fibrillation in horse 11). ECG was not recorded in 

horse 6 due to equipment malfunction.  

2.3.1 MAP, PP, and PWV results 

The pressure data from horse 1 was excluded because data collection was not completed 

due to catheter malfunction. Horse 4 was removed from the final data set due to 

unreliable recorded data, including unexplained spikes or drops in pressure that resulted 

in the poor quality of the pulse waves available for PWV calculations. On further analysis 

of the data collected in this horse, it was concluded that the faulty data was the result of a 

poor connection between the PSC and the data acquisition system.  The data from horse 7 

was also excluded because there was not enough data to localize the pressure sensors 

with precision to allow comparison to the data sets from the remaining horses. The data 

collected for horse 11 was excluded from the final data set because the mare presented 

with atrial fibrillation (see appendix 1, page 87). 
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The mean ±SD PWV was 2.3±0.7m/s in the proximal PA trunk and 1.1±0.1m/s 15-20cm 

more distal in a main PA branch (Figure 2-10) 

 

Figure 2-10. Graphic representation of pulmonary artery pulse wave velocity 
Graphic representation of pulmonary artery pulse wave velocities for each horse and the average 

of all horses measured from proximal pulmonary artery (Proximal PA) to distal (20-25cm) at 
different depths within the pulmonary artery.   

The mean ±SD of the mean arterial pressures was 30.1±5.2mmHg in the proximal PA 

trunk, and 22.0±6.0mmHg at the distal site (15cm) in a main PA branch (Figure 2-11). 

The mean ±SD pulse pressure was 15.0±4.7mmHg and 13.5±3.3mmHg, in the proximal 

PA trunk and distal main PA branch site (15cm), respectively (Figure 2-12). Additional 

pressure data and calculated transit times may be found on appendix 5 (page 111). 

Calculation of lower and upper limits for detection of outliers was performed.  There 

were several transit time (TT) results within this interval that were considered outliers 

because they appeared to deviate significantly from the expected results.  In horses 2, 3, 
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8, 9, 12, and 13, there were 1-4 TT considered outliers and removed from the calculations 

(see appendix 6, page 121).  

 

Figure 2-11. Graphic representation of pulmonary artery mean arterial pressures 
Graphic representation of pulmonary artery mean arterial pressures for each horse and the 

average of all horses, measured with the proximal sensor at the most proximal site in the proximal 
pulmonary artery and distally at different depths (20cm). 

Horses 2, 6, 12, and 13, aged 20, 3, 18, and 16 years old respectively, tended to have 

higher PWV, while horses 3, 4, 5, 8, 9, and 10 aged 7, 6, 4, 16, 5, and 5 years old, 

respectively, tended to have lower PWV at the level of the PA trunk (Figure 2-10).  

Horses 5, 6, 12, and 13 had higher MAP while horses 2, 3, 4, 8, 9, and 10 had lower MAP 

at most of the locations measured along the PA (Figure 2-11). The PP was higher than 

average in horses 4, 5, 6, 9, 12, and 13, while 3 horses (2, 3 and 8) had PP below average 

in all locations measured along the PA. The PP of horse 10 fluctuated above and below 

average along the PA (Figure 2-12).  
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Figure 2-12. Graphic representation of pulmonary artery pulse pressures 
Graphic representation of pulmonary artery pulse pressures for each horse and the average of all 

horses, measured with the proximal sensor at the most proximal site in the proximal pulmonary 
and distally at different depths (20cm). 

2.3.2 Post mortem examination and histological analysis  

On post mortem examination, macroscopic lesions were noted in the pulmonary artery 

trunk and/or proximal main branches of 7/13 horses. The lesions noted were raised 

plaques, firm on palpation, which did not erode through the endothelium. The size of the 

lesions varied from focal lesions of 1mm diameter to diffuse 3cm x 4cm plaques (Figure 

2-13; see appendix 4, page 108).  
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Figure 2-13. Photograph of pulmonary artery gross lesions- horse 12 
Pulmonary artery trunk and main branches of horse 12, with several calcified lesions noticeable 

on the endothelial surface. 

Upon histological analysis, 4 horses were classified with normal PA trunks, 7 with mild 

lesions, 1 moderate lesions and 1 had severe lesions. In the left pulmonary arteries, one 

horse was classified as normal, 6 had mild lesions, 2 moderate lesions, and 4 had severe 

lesions. In the right pulmonary arteries, 4 horses were classified as normal, 3 had mild 

lesions, 4 had moderate lesions, and 2 had severe lesions (Table 2-1). 

2.3.3 MAP, PP, PWV and histological analysis 

Horses 6, 12, and 13 had moderate to severe histological lesions as well as higher PWV, 

MAP and PP in distal PA branches. The remaining horses in which PWV, MAP and PP 
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were assessed had histological lesions that ranged from normal to moderate in the PA 

trunk and main branches. 

2.4 Discussion 

Pulse wave velocity of the main pulmonary arteries was measured in sedated standing 

horses. A dual PSC was successfully placed deep within the lung vessels in all horses and 

pressure waves were recorded for PWV calculations. The ex-vivo trials using the 

EVPAPS allowed the selection of a balloon catheter for blind navigation, and a LCIS 

which did not compromise either the function of the balloon (balloon filling and 

emptying), or balloon catheter retrieval. Several inconveniences were encountered during 

the first in vivo trials. However, by the third trial the protocol for data collection had been 

revised and largely standardized. Placement of a pressure sensor catheter within the PA 

via right heart catheterization (RHC) is a well-described procedure in horses and 

considered the gold standard to determine pulmonary artery pressures (Manohar et al., 

1998; Manohar et al., 1993). An alternative to using pressure and geometric 

measurements of the artery to determine its stiffness is calculating the velocity of a pulse 

wave travelling through the vessel. This relation is explained by the Moens-Korteweg 

equation: PWV= √𝐸ℎ/𝜌𝐷, where E is the wall elastic modulus, h is the wall thickness, ρ 

is the blood density and D is the vessel diameter. Considering that Eh is equivalent to 

stiffness, from this formula, it can be inferred that pulse wave velocity increases 

proportionally with stiffness (Lammers et al., 2012). Several techniques are available to 

determine PWV in superficial peripheral arteries. However, reports on pulmonary artery 

PWV are scarce even in humans and include either MRI studies (Poon et al., 2013) or 

RHC for arterial pressure measurements (Kopeć et al., 2013). Considering the size of a 
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mature horse, the current techniques available to assess arterial stiffness are not suitable 

for horses and therefore, right heart catheterization and arterial pressure measurement 

was the best alternative. Calculation of pulse wave transit times is essential to determine 

pulse wave velocity. The foot to foot technique, in which a point of minimum pressure in 

the diastolic portion of the waveform is used (e.g. the point of minimum pressure 

immediately preceding systole), is the technique most commonly used by clinicians to 

determine pulse wave transit times (Nichols et al., 2011).  Our research group compared 

several methods to calculate PA-PWV in horses and determined SPO technique as a 

reliable and robust (Runciman et al., 2016), and therefore it was used to calculate pulse 

wave transit times in this study.  The transient self-limiting cardiac arrhythmias noted 

during catheter placement and manipulations are not unexpected.  These arrhythmias 

have been reported in horses with RHC (McGurrin et al., 2005) and commonly resolve 

spontaneously after catheter removal and seldom cases require treatment (Hoeper et al., 

2006).  Since these arrhythmias were self-limiting and no complications were 

encountered with RHC in this study, this procedure appears to be safe and well tolerated 

by the horses. The average pulse wave velocity was higher at the proximal pulmonary 

artery trunk (2.3m/s) and then the gradually decreased (1.1m/s) towards the distal 

vascular tree, as expected in a tubular structure with walls that deform under the pulse 

pressure (Lammers et al., 2012). This pulmonary artery PWV in horses compared to 

those reported by Kopec and co-workers for healthy human adults (1.9-4.0m/s)(Kopeć et 

al., 2013).  Reference values for pulse wave velocity in the systemic or pulmonary 

circulation in healthy horses could not be found, therefore our results require further 

confirmation in a larger population. The average MAP obtained (30 mmHg) was 
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comparable to previous reports for PAP in horses at rest (Erickson et al., 1992; Manohar 

et al., 2000). Similarly, the average pulse pressures recorded in the main pulmonary 

artery trunk (15mmHg) were also consistent with those previously reported (Manohar et 

al., 1997) . This was considered an indication that the methods used to measure the PA 

pressures and to locate the PSC in the arterial trunk were accurate. 

In general, pulmonary artery stiffening is mediated by three different mechanisms, 

modification of the intrinsic material properties of the arterial wall; active contraction of 

the smooth muscle cells and myofibroblasts in the arterial wall; and alteration of the 

stiffness of the wall due to the operating conditions (increases in blood pressure), which 

result in increased arterial dilation(Lammers et al., 2012). Increased wall stiffness due to 

increased dilating pressure occurs because elastin and collagen support the wall at 

different stretch levels and the two have different elasticities. Therefore, when the wall is 

at a low stretch level, it is mainly elastin exerting its effect, while at a higher stretch level, 

it is collagen, a stiffer structural protein, which supports the wall elasticity (Lammers et 

al., 2012).  The MAP is the most significant physiological variable affecting arterial 

stiffness (Townsend et al., 2015). In humans, to prevent interference with arterial blood 

pressure, several conditions should be met for a more standardized and accurate 

measurement of PWV. The measurements should be performed in a quiet environment, 

after the patient has been resting in a supine position for at least 10 minutes, with no food 

or caffeine intake during the 3 hours prior to the measurements, and being aware of white 

coat effects (Van Bortel et al., 2012). The horses used in our study were not pre-

conditioned to the research facility rooms (stocks, radiology room, stalls) or 

instrumentation, and some of the younger horses (horses 5, 6, 9, and 10) had been 
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minimally handled prior to this study, which may have also influenced their level of 

stress. This subject variability, together with the optimization of the protocol, and quicker 

data collection lead to the use of different sedation protocols. In order to minimize the 

potential effects of sedation in the arterial pressure, a shorter acting sedative was used 

(xylazine bolus alone), and a washout period (20-30 min) was allowed before data 

collection in some horses. The use of shorter acting sedation, followed by a washout 

period had the desired effect and these horses were awake at the time of data collection. 

However, this study was not designed to evaluate the effect of the different sedation 

protocols in the MAP, and therefore no conclusions can be drawn regarding which 

sedation protocol might interfere less with PWV measurements. 

Although this study was not designed to compare groups with potentially different 

arterial stiffness, we observed that most horses with PWV above the average were older 

than 10 years (horses 2, 12, and 13). The aortic PWV of humans subjects of 20-years of 

age is approximately 8m/s, but increased to 13.5m/s by the age of 80 (Avolio et al., 

1983). Ageing may play a passive role as a mechanism of arterial stiffness due to the 

continuous accumulation of repeated mechanical stress cycles to which the elastin fibers 

are exposed throughout life, causing elastin fiber degradation (Avolio et al., 1998; 

Greenwald, 2007; O'Rourke and Hashimoto, 2007). However, horse 6 (5 year-old) had a 

high PWV (3.6m/s) while horse 8 (16 year-old) had a low PWV (1.7m/s), which suggests 

that other factors aside from age could affect vascular stiffness and therefore PWV in the 

PA of horses, as occurs in humans. The changes in intrinsic material properties of the 

arterial wall may be caused by abnormal deposition or cross-linkage of elastin or collagen 
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(Kobs et al., 2005; Lammers et al., 2012; Lammers et al., 2008), or eventually medial 

calcification (Demer and Tintut, 2008), which likely occurs in the PA of horses.  

Histological analysis revealed that most horses (12/13) in this study had some degree of 

histological lesions in the pulmonary artery walls, with 9/13 animals having lesions 

classified as moderate to severe. Based on previous observations, this finding comes with 

no surprise (Arroyo et al., 2008; Imaizumi et al., 1989). The changes in intrinsic material 

properties of the arterial wall may be caused by abnormal deposition or cross-linkage of 

elastin or collagen (Kobs et al., 2005; Lammers et al., 2012; Lammers et al., 2008), or 

eventually medial calcification (Demer and Tintut, 2008), which may be observed in the 

PA of horses. Hypertension, ongoing systemic inflammation, hyperglycemia and hyper-

insulinemia, changes in the calcium phosphate homeostasis may contribute to the arterial 

wall remodeling observed in the human arterial walls (Demer and Tintut, 2008; Jain et 

al., 2014; Townsend et al., 2015). In our study, although all horses appeared healthy on 

general clinical examination, their previous medical history was unknown, and so the 

cause(s) of the arterial lesions observed could not investigated.  

 Interestingly, the only 3 horses with severe histological lesions (horses 6, 12, 13; the 

PWV data for horses 4 and 7 was not comparable), were also the only horses that had 

simultaneously higher than average PWV, and MAP in the proximal PA and higher PP in 

the distal PA branches. An association between increased PWV, MAP, PP and more 

severe histological lesions is suspected in these cases, as increased arterial stiffness may 

lead to increased MAP and PP, and vice versa (Humphrey et al., 2016). However, 

considering the small sample and multiple potentially confounding factors that were not 

accounted for, this observation remains to be tested. 
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This study described an effective technique for catheterization and data collection to 

determine pulse wave velocity in the pulmonary arteries of standing horses. There were 

multiple limitations and variable factors encountered, or unaccounted for in the study 

design, and therefore no conclusions were drawn regarding our secondary objective . 

Nonetheless, these confounding factors were identified and should be addressed in future 

studies.  

In summary, pulse wave velocity was measured for the first time in the pulmonary 

arteries of standing sedated horses, without major adverse events secondary to RHC. Due 

to confounding factors mentioned above, the suspected association between the presence 

of histological arterial lesions and changes in PWV could not be confirmed at this time. 

Nevertheless, this study may be a corner stone to understand the potential role that 

lesions like arterial medial calcification may play in the pathogenesis of pulmonary 

vascular diseases.  
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CHAPTER 3- SUMMARY 

The main objective of this study was to standardize and refine a technique designed to 

place pressure sensor catheters in the pulmonary vasculature of standing sedated horses.   

Chapter one focused on reviewing the causes of arterial stiffness in humans and their 

clinical implications to the cardiovascular system and end-organ health. In addition to 

stress failure, which occurs with age, and repeated mechanical stress applied to the elastic 

fibers in the arterial walls, several metabolic variables contribute to the differential 

progression of arterial diseases in humans (Townsend et al., 2015). Those variables 

include abnormal regulation of glycemia, sodium-chloride and calcium-phosphorus 

homeostasis. What makes this so relevant is the evidence that similar pathogenic 

processes take place in the equine cardiovascular system, and could also affect equine 

health in several ways not investigated. Not only, there are several equine viruses which 

directly affect endothelial cells and in some cases the media of large arteries (e.g. equine 

arteritis virus, equine herpes virus), but there are also studies on uterine artery rupture and 

aorto-iliac thrombosis which indicate that in horses, the turbulent blood flow at large 

arterial bifurcations may also be transduced into active mechanisms of arterial stiffening 

(Azzie, 1969; Coignoul and Cheville, 1984; Estes and Cheville, 1970; Gosztonyi et al., 

2009; Maxie and Physick-Sheard, 1985; Ueno et al., 2010). Further, metabolic diseases 

like PPID and EMS, also cause endothelial dysfunction and changes in vascular tone in 

horses (Morgan et al., 2016), which modulate the blood flow to the distal limbs and may 

precipitate microvascular lesions observed in laminitis. Finally, and especially relevant 

for this project is that there is increasing evidence about the role of arterial dysfunction in 

the pathogenesis of exercise induced pulmonary hemorrhage. Considering these findings, 
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and the observations by Arroyo and co-workers (Arroyo et al., 2008) who reported 

calcified lesions in the pulmonary arterial walls of 82% of racing horses, it was 

considered imperative to investigate the role of pulmonary artery lesions in the 

pathogenesis of cardiovascular diseases in horses. 

Therefore, the main objective of this study was to develop a technique to measure pulse 

wave velocity (an indirect measure of arterial stiffness) in the pulmonary arteries of 

horses. Secondarily, we intended to investigate a potential association between increased 

pulmonary artery pulse wave velocity with the presence and severity of arterial wall 

histological lesions (e.g. fibrosis and calcification).  

The initial part of the project consisted on reviewing the results obtained by Guest (2013) 

during a first trial in-vivo to place a PSC in the PA of a standing horse, and identifying 

the main difficulties. The main difficulties encountered included the selection of a 

catheter with a balloon of appropriate dimensions which would allowed the blind 

navigation to and easy retrieval from the distal aspect of the main pulmonary artery 

branch.  The ex-vivo trials using the EVPAPS allowed us to select a balloon catheter for 

blind navigation, and a LCIS which did not compromise either the function of the balloon 

(balloon filling and emptying), or balloon catheter retrieval. These ex-vivo trials served as 

pilot studies for the in-vivo experiments. 

Several inconveniences were encountered during the first in-vivo trial, including 

accidental damage of the PSC due to the horse’s fractious behavior. However, by the 

third trial the protocol for data collection had been revised and improved, reducing 

significantly the time and resources needed for the completion of each trial. Moreover the 
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remaining trials, we were able to reduce significantly the level of sedation of the horses at 

the time of data collection.  

The data collection time was shorter as more experiments were carried out, and this 

allowed to concomitantly test other techniques and equipment. These included remote 

data collection, a new catheter prototype developed by Transonic for assessment of 

arterial wall lesions, and the IVUS. Although the equipment used for remote data 

collection was operational, it was only tested once, and it may warrant design 

improvements to make it more portable and user friendly, for future studies under field 

setting, or on the treadmill.  

The overall objective of this research was the developing a technique to measure pulse 

wave velocity in the pulmonary arteries of standing sedated horses.  Any association 

between the presence of histological arterial lesions and changes in PWV could not be 

determined at this time, due to several factors previously discussed. Nevertheless, this 

study may be a corner stone to understand the potential role that lesions like arterial 

medial calcification may play in the pathogenesis of pulmonary vascular diseases. 

The main focus of this project was on the pulmonary circulation, but it also points to 

several fields of equine medicine to which the current concepts of arterial stiffness and its 

repercussions may be applied. These include the early diagnosis and better prognosis 

indicators of cardiac disease, vascular diseases triggered by PPID or EMS (e.g. laminitis), 

or even cardiovascular dysfunction and microvascular damage precipitated by systemic 

inflammation.  

Future studies in this area should include assessing the repeatability of results obtained 

following this protocol, the assessment of changes in pulmonary arterial stiffness under 
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exercise, and their clinical significance for conditions as EIPH or inflammatory airway 

diseases.  

To summarize, this DVSc project resulted in the development of a new technique to 

measure pulmonary artery pulse wave velocity in horses, and pointed out several 

opportunities for other research projects in the field of vascular physiology in horses. 
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APPENDIX 1- ADDITIONAL INFORMATION REGARDING DIFFICULTIES 

ENCOUNTERED DURING THE TRIALS IN-VIVO 

3.1 In-vivo trial 9 

Trial 9 was performed on a 5-year-old, 450kg, Thoroughbred mare. The protocol 

followed for horse preparation and data collection was the one described in trial 2. 

However, while the LCIS was being manipulated into the PA, it bent in the RVOT and 

turned back into the RV (Figure A1-1). This finding reinforced the importance of 

ultrasound guidance to ensure correct catheter place in this procedure. 

 

Figure A1-1. Ultrasonographic image of long catheter introducer sheath bent in the right 

ventricular outflow tract- horse 9 
Ultrasonographic image of LCIS placement on trial 9. No the LCIS passing from the right 

ventricle to the pulmonary artery trunk, and bending back into the RVOT. Arrow heads, long 

catheter introducer sheath; RA, right atrium; RV, right ventricle; PA, pulmonary artery; Ao, aorta. 

Ao 

PA 

RV RA 
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3.2 In-vivo trial 10  

Trial 10 was completed on a 5-year-old, 348kg, Thoroughbred, colt. The protocol 

followed for horse preparation and data collection was the one described in trial 2. In this 

case, once the LCIS was placed in the PA, it was impossible to remove the obturator from 

the sheath. This may have happened due to the repeated use of this LCIS, the time taken 

to correctly place the catheter in the PA, and the low pressure/flow of heparinized 

solution through the LCIS, while it was being placed. Despite several attempts to flush 

the catheter sheath, the parts had adhered to each other and with manipulation the sheath 

broke (Figure A1-2). As both parts were outside of the horse at this time, the situation 

was resolved by placing a guide wire through the obturator and LCIS and exchange the 

damaged LCIS by a new one.

 

Figure A1-2. Long catheter introducer sheath broken during trial 10 
Photograph of the LCIS (9Frx100cm) used in trial 10, which broke after several attempts to 
removed the obturator. The catheter broke while significant force was applied to the obturator in 

an attempt to release it from the catheter sheath. The two parts had adhered to each other likely 

due to significant blood coagulation inside the catheter. 
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3.3 In-vivo trial 11 

Trial 11 was completed with a 12-year-old, 520kg, Thoroughbred mare. The protocol 

followed for horse preparation and data collection was the one described in trial 2. 

The data collected in trial 11 was excluded from the final data set because the mare 

presented with atrial fibrillation (Firgure A1-3) 

 

Figure A1-3. Sample of electrocardiogram and pressure data from horse 11 showing 

atrial fibrillation 
Sample of pressure and ECG tracings collected from the horse used in trial 11. Red tracing, 

pressure waves from the distal sensor; blue tracing, pressure waves from the proximal sensor; 

green tracing, ECG reading. 
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APPENDIX 2- PHOSPHATE BUFFER SOLUTION 

Constituent Concentration (mg/L) Molarity (mM) 

Sodium chloride (NaCl) 8000 136.9 

Potassium chloride (KCl) 200 2.68 

Potassium phosphate monobasic 

(KH2PO4) 

200 1.47 

Sodium phosphate dibasic (Na2HPO4) 1150 8.1 
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APPENDIX 3- COLLECTION OF THORACIC RADIOGRAPHS PERFORMED TO 

CONFIRM CORRECT CATHETER PLACEMENT (TRIALS 3 TO 13) 

 

Figure A3-1. Lateral thoracic radiograph showing dual pressure sensor catheter location- 

horse 3 
Left lateral thoracic radiograph of the horse used in trial 3, with the LCIS and PSC straight in a 

main branch of the PA. The tick arrow indicates the distal end of the LCIS and the aarrow heads 
indicate the pressure sensors. 
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Figure A3-2. Lateral thoracic radiograph showing dual pressure sensor catheter location- 

horse 4 
Left lateral thoracic radiograph of the horse used in trial 4, with the LCIS and PSC straight in a 
main branch of the PA. The thick arrow indicates the distal end of the LCIS, and the arrow heads 

indicate the pressure sensors. 
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Figure A3-3. Lateral thoracic radiograph showing dual pressure sensor catheter slightly 

deviated from main pulmonary artery branch- horse 5 
Left lateral thoracic radiograph of the horse used in trial 5, with the LCIS and PSC deviating 

slightly dorsal from the main branch of the PA. The arrowheads indicate the pressure sensors.  



 94 

 

Figure A3-4. Lateral thoracic radiograph showing dual pressure sensor catheter location- 

horse 5 
Left lateral thoracic radiograph of the horse used in trial 5, with the LCIS and PSC straight in a 
main branch of the PA. The arrowheads indicate the pressure sensors.  
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Figure A3-5. Lateral thoracic radiograph showing dual pressure sensor catheter location 

on trial 6 
Left lateral thoracic radiograph of the horse used in trial 5, with the LCIS and PSC straight in a 
main branch of the PA. The thick arrow indicates the distal end of the LCIS and the arrowheads 

indicate the pressure sensors. 
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Figure A3-6. Lateral thoracic radiograph showing dual pressure sensor catheter slightly 

deviated from main pulmonary artery branch- horse 7 
Left lateral thoracic radiograph of the horse used in trial 7, with the LCIS and PSC deviating 

slightly dorsal from the main branch of the PA. The arrow heads indicate the pressure sensors. 
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Figure A3-7. Lateral thoracic radiograph showing dual pressure sensor catheter location- 

horse 7 
Left lateral thoracic radiograph of the horse used in trial 7, with the LCIS and PSC straight in a 

main branch of the PA. The arrowheads indicate the pressure sensors. 
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Figure A3-8. Lateral thoracic radiograph showing dual pressure sensor catheter position 

still inside long catheter introducer sheath- horse 8 
Left lateral thoracic radiograph of the horse used in trial 8, showing the position of the PSC 
relative to the LCIS. In this case there was significant resistance met when the PSC was passed 

and, at this point, the proximal pressure sensor was still inside the LCIS. The thick arrow 

indicates the distal end of the LCIS, and the arrowheads indicate the pressure sensors. 
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Figure A3-9. Lateral thoracic radiograph showing dual pressure sensor catheter position 

after initial manipulation- horse 8 
Left lateral thoracic radiograph of the horse used in trial 8, showing the position of the PSC 
relative to the LCIS. After manipulation, both sensors were outside of the LCIS. However, they 

still appeared to be slightly deviated dorsally. The thick arrow indicates the distal end of the 

LCIS, and the arrowheads indicate the pressure sensors. 
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Figure A3-10. Lateral thoracic radiograph showing dual pressure sensor catheter position 

deviating into a dorsal branch of the pulmonary artery- horse 8 
Left lateral thoracic radiograph of the horse used in trial 8, showing the position of the PSC after 

further manipulation. The catheter deviated dorsally into a small pulmonary artery branch.  The 

arrowheads indicate the pressure sensors. 
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Figure A3-11. Lateral thoracic radiograph showing final dual pressure sensor catheter 

placement- horse 8 
Left lateral thoracic radiograph of the horse used in trial 8, showing the LCIS and PSC straight in 
a main branch of the PA. The arrowheads indicate the pressure sensors. 
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Figure A3-12. Lateral thoracic radiograph showing dual pressure sensor catheter 

placement- horse 9 

Left lateral thoracic radiograph of the horse used in trial 9, showing the LCIS and PSC 

straight in a main branch of the PA. The thick arrow indicates the LCIS, and the 

arrowheads indicate the pressure sensors.  
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Figure A3-13. Lateral thoracic radiograph showing dual pressure sensor catheter 

placement- horse 10 
Left lateral thoracic radiograph of the horse used in trial 10, showing the LCIS and PSC straight 

in a main branch of the PA. Note that in this case the catheter appears to be placed further distal 
in the PA branch. In this case, the relatively smaller size of the horse (348kg) may have had 

influence on the PSC location at the beginning of data collection. The thick arrow indicates the 

distal end of the LCIS, and the arrowheads indicate the pressure sensors. 
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Figure A3-14. Lateral thoracic radiograph showing dual pressure sensor catheter 

placement- horse 11 
Left lateral thoracic radiograph of the horse used in trial 11, with the LCIS and PSC straight in a 

main branch of the PA. The thick arrow indicates the distal end of the LCIS, and the arrow heads 
indicate the pressure sensors. 
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Figure A3-15. Lateral thoracic radiograph showing dual pressure sensor catheter 

placement- horse 12 
Left lateral thoracic radiograph of the horse used in trial 12, showing the LCIS and PSC straight 

in a main branch of the PA. The arrowheads indicate the pressure sensors. 
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Figure A3-16. Lateral thoracic radiograph showing dual pressure sensor catheter slightly 

deviated from main pulmonary artery branch- horse 13 
Left lateral thoracic radiograph of the horse used in trial 13, showing the LCIS and PSC deviating 

slightly dorsal from the main branch of the PA. The arrowheads indicate the pressure sensors. 
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Figure A3-17. Lateral thoracic radiograph showing final dual pressure sensor catheter 

placement- horse 13 
Left lateral thoracic radiograph of the horse used in trial 13, showing the LCIS and PSC straight 

in a main branch of the PA. The arrowheads indicate the pressure sensors. 
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APPENDIX 4- COLLECTION OF PHOTOGRAPHS OF PA GROSS LESIONS 

 

 

  

LPA RPA 

PA trunk 

PA trunk 

LPA 

A 

B Figure A4-1. Gross lesions on the pulmonary artery trunk and main branches- horse 6 
Photographs of endothelial surface of the pulmonary artery trunk and bifurcation of the horse used in 

trial 6. A) Note the large raised lesions on both arterial branches (yellow circles). B) Detail of lesions 
(yellow circles and arrowheads) just distal to the bifurcation on the axial aspect of both PA braches 

present on the left PA branch and PA trunk. RPA, right pulmonary artery branch; LPA, left pulmonary 

artery branch. 

B 
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Figure A4-2. Pulmonary artery gross lesions- horse 4 
Photographs showing the endothelial surface of the pulmonary artery trunk and bifurcation of the 

horse used in trial 4. A) Note the large raised lesions on both arterial branches (yellow circles) 

and the multiple smaller ones (yellow arrowheads). B) Detail of lesions present on the left PA 
branch and PA trunk. These smaller lesions were also present encircling the bifurcation of a 

smaller branch originating from the right PA (green arrow heads). RPA, right pulmonary artery 

branch; LPA, left pulmonary artery branch. 
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PA trunk 

PA trunk 

RPA 

RPA 
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Figure A4-3. Pulmonary artery gross lesions- horse 7 
Photograph of the endothelial surface of the pulmonary artery trunk and bifurcation of the horse 

used in trial 7. Note the large raised lesion on the axial aspect of the left PA branch (yellow 
circle). RPA, right pulmonary artery branch; LPA, left pulmonary artery branch. 
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PA trunk 
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APPENDIX 5- SUPPLEMENTARY INFORMATION ON HEART RATE, ARTERIAL PRESSURES, WAVE TRANSIT 

TIMES AND PULSE WAVE VELOCITIES FROM THE TRIALS DESCRIBED IN CHAPTER 2 

  

Table A5-1. Heart rates, arterial blood pressures, pulse wave transit times and velocities- horse 2 

Heart rate (bpm), systolic, diastolic, mean arterial, and pulse pressure for proximal and distal pressure sensors (mmHg), transit times 

(milliseconds), and pulse wave velocity (m/s) at each location in horse 2. 

 Heart rate SPp DPp MAPp PPp SPd DPd MAPd PPd TT PWV 

0cm 44 27.4 

(±1.1) 

20.6 

(±2.1) 

22.9 

(±1.5) 

6.8 

(±2.1) 

21.7 

(±1.4) 

15.7 

(±1.1) 

17.7 

(±1.1) 

5.9 

(±0.9) 

22.1 

(±5.1) 

2.4 

(±0.6) 

5cm 40 26.9 

(±1.2) 

17.3 

(±1.1) 

20.5 

(±1.0) 

9.6 

(±1.0) 

21.9 

(±1.1) 

11.2 

(±1.1) 

14.7 

(±1.0) 

10.7 

(±0.8) 

19.7 

(±7.0) 

2.8 

(±0.8) 

10cm 40 22.9 

(±1.2) 

13.3 

(±0.9) 

16.5 

(±0.9) 

9.6 

(±0.9) 

19.5 

(±1.3) 

8.9 

(±0.9) 

12.5 

(±0.9) 

10.6 

(±1.0) 

22.9 

(±7.4) 

2.4 

(±0.6) 

15cm 40 18.0 

(±1.1) 

11.1 

(±1.0) 

13.4 

(±1.0) 

7.0 

(±0.4) 

14.3 

(±1.1) 

7.0 

(±1.1) 

9.5 

(±1.0) 

7.3 

(±0.4) 

49.0 

(±17.6) 

1.2 

(±0.5) 

20cm 40 17.9 

(±0.8) 

9.9  

(±0.8) 

12.5 

(±0.6) 

8.0 

(±0.9) 

14.7 

(±0.7) 

5.9 

(±0.8) 

8.9 

(±0.6) 

8.8 

(±1.0) 

45.1 

(±10.3) 

1.2 

(±0.3) 

25cm 40 18.7 

(±0.8) 

8.7 

(±1.1) 

12.0 

(±1.0) 

10.0 

(±0.4) 

15.6 

(±0.8) 

5.2 

(±1.0) 

8.7 

(±0.9) 

10.4 

(±0.4) 

51.7 

(±4.2) 

1.0 

(±0.1) 

30cm 44 16.0 

(±0.9) 

6.5 

(±0.8) 

9.7 

(±0.8) 

9.5 

(±0.3) 

12.8 

(±0.8) 

2.9 

(±0.8) 

6.2 

(±0.8) 

9.9 

(±0.2) 

57.7 

(±8.8) 

0.9 

(±0.1) 

35cm 40 14.0 

(±1.4) 

5.3 

(±1.1) 

8.2 

(±1.1) 

8.7 

(±1.0) 

11.4 

(±2.6) 

2.6 

(±1.1) 

5.5 

(±1.1) 

8.8 

(±1.3) 

53.0 

(±5.7) 

1.0 

(±0.1) 

40cm 40 16.7 

(±1.5) 

7.4 

(±0.9) 

10.5 

(±1.0) 

9.3 

(±1.0) 

13.7 

(±1.5) 

4.7 

(±0.9) 

7.7 

(±1.1) 

9.0 

(±0.8) 

52.2 

(±8.3) 

1.0 

(±0.2) 
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Table A5-2. Heart rates, arterial blood pressures, pulse wave transit times and velocities- horse 3 

Heart rate (bpm), systolic, diastolic, mean arterial, and pulse pressure for proximal and distal pressure sensors (mmHg), transit times 

(milliseconds), and pulse wave velocity (m/s) at each location in horse 3. 

 Heart rate SPp DPp MAPp PPp SPd DPd MAPd PPd TT PWV 

0cm 40 34.9 

(±1.1) 

22.4 

(±2.5) 

26.6 

(±1.9) 

12.5 

(±2.0) 

31.2 

(±1.2) 

18.2 

(±2.7) 

22.6 

(±2.0) 

13.0 

(±2.2) 

24.9 

(±6.0) 

2.1 

(±0.5) 

5cm 34 29.9 

(±3.6) 

18.8 

(±4.1) 

22.5 

(±3.8) 

11.1 

(±1.8) 

26.2 

(±4.0) 

15.1 

(±4.2) 

18.8 

(±4.0) 

11.2 

(±1.6) 

50.4 

(±7.0) 

1.0 

(±0.1) 

10cm 34 25.3 

(±4.0) 

15.1 

(±4.6) 

18.5 

(±4.3) 

10.1 

(±1.3) 

22.1 

(±4.0) 

10.8 

(±4.6) 

14.6 

(±4.4) 

11.3 

(±1.3) 

31.9 

(±5.5) 

1.6 

(±0.3) 

15cm 34 22.2 

(±3.8) 

10.4 

(±4.9) 

14.4 

(±4.2) 

11.7 

(±3.9) 

15.8 

(±3.9) 

6.0 

(±4.9) 

9.3 

(±4.2) 

9.8 

(±3.8) 

41.4 

(±4.9) 

1.2 

(±0.2) 

20cm 34 22.2 

(±3.4) 

11.8 

(±4.3) 

15.3 

(±3.8) 

10.4 

(±2.5) 

16.6 

(±3.4) 

6.4 

(±4.3) 

9.8 

(±3.8) 

10.2 

(±2.6) 

44.5 

(±6.5) 

1.1 

(±0.1) 

25cm 30 20.7 

(±3.9) 

11.0 

(±4.7) 

14.2 

(±4.4) 

9.7 

(±1.1) 

15.3 

(±3.9) 

6.0 

(±4.7) 

9.1 

(±4.4) 

9.3 

(±1.1) 

46.9 

(±5.4) 

1.1 

(±0.1) 

30cm 30 17.9 

(±5.0) 

8.6 

(±4.9) 

11.7 

(±4.9) 

9.3 

(±1.8) 

12.9 

(±5.1) 

4.0 

(±4.9) 

6.9 

(±4.9) 

8.9 

(±1.8) 

46.4 

(±4.7) 

1.1 

(±0.1) 
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Table A5-3. Heart rates, arterial blood pressures, pulse wave transit times and velocities- horse 4 

Heart rate (bpm), systolic, diastolic, mean arterial, and pulse pressure for proximal and distal pressure sensors (mmHg), transit times 

(milliseconds), and pulse wave velocity (m/s) at each location in horse 4. 

 Heart rate  SPp DPp MAPp PPp SPd DPd MAPd PPd TT PWV 

0cm 28 23.6 

(±5.2) 

9.1 

(±6.1) 

13.9 

(±5.1) 

14.5 

(±5.8) 

30.8 

(±15.2) 

15.2 

(±6.1) 

20.4 

(±5.0) 

15.6 

(±7.4) 

N/A N/A 

5cm 28 26.2 

(±0.8) 

13.8 

(±1.8) 

18.0 

(±1.4) 

12.4 

(±1.3) 

26.9 

(±1.1) 

14.5 

(±2.0) 

18.6 

(±1.6) 

12.4 

(±1.6) 

N/A N/A 

10cm 26 25.6 

(±5.4) 

1.4 

(±10.6) 

9.5 

(±5.7) 

24.3 

(±15.3) 

22.9 

(±2.5) 

11.9 

(±2.1) 

15.6 

(±2.2) 

11.0 

(±1.0) 

N/A N/A 

15cm 28 22.7 

(±3.2) 

9.9 

(±5.0) 

14.2 

(±4.0) 

12.7 

(±4.3) 

20.3 

(±3.4) 

9.0 

(±5.1) 

12.8 

(±4.1) 

11.2 

(±4.3) 

39.8 

(±5.9) 

1.3 

(±0.2) 

20cm 30 19.6 

(±3.5) 

9.2 

(±4.9) 

12.7 

(±4.1) 

10.4 

(±3.8) 

18.3 

(±3.4) 

8.2 

(±4.7) 

11.6 

(±3.9) 

10.1 

(±3.8) 

46.1 

(±3.3) 

1.1 

(±0.1) 

25cm 28 16.3 

(±4.9) 

6.9 

(±4.8) 

10.0 

(±4.8) 

9.4 

(±1.2) 

15.2 

(±5.0) 

5.9 

(±4.8) 

9.0 

(±4.8) 

6.2 

(±1.0) 

50.7 

(±3.7) 

1.0 

(±0.1) 

30cm 24 17.5 

(±1.9) 

8.0 

(±1.6) 

11.2 

(±1.6) 

9.6 

(±0.8) 

16.3 

(±2.1) 

7.0 

(±1.7) 

10.1 

(±1.8) 

9.3 

(±0.6) 

51.6 

(±3.5) 

1.0 

(±0.1) 
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Table A5-4. Heart rates, arterial blood pressures, pulse wave transit times and velocities- horse 5 

Heart rate (bpm), systolic, diastolic, mean arterial, and pulse pressure for proximal and distal pressure sensors (mmHg), transit times 

(milliseconds), and pulse wave velocity (m/s) at each location in horse 5. 

 

 

 

 

 

 

  

 Heart rate SPp DPp MAPp PPp SPd DPd MAPd PPd TT PWV 

0cm 36 40.8 

(±1.8) 

23.1 

(±5.7) 

29.0 

(±4.1) 

17.6 

(±5.2) 

37.9 

(±1.9) 

25.7 

(±1.8) 

29.8 

(±1.8) 

12.2 

(±0.9) 

25.4 

(±5.9) 

2.1 

(±0.5) 

5cm 36 39.1 

(±2.2) 

25.4 

(±2.3) 

30.0 

(±2.2) 

13.7 

(±1.1) 

37.6 

(±2.1) 

23.1 

(±2.3) 

27.9 

(±2.2) 

14.6 

(±1.1) 

31.9 

(±6.3) 

1.6 

(±0.3) 

10cm 36 38.5 

(±6.0) 

19.1 

(±2.3) 

25.5 

(±3.2) 

19.4 

(±4.9) 

31.5 

(±1.7) 

17.2 

(±2.2) 

22.0 

(±2.0) 

14.4 

(±1.1) 

42.3 

(±2.3) 

1.2 

(±0.1) 

15cm 36 37.6 

(±3.2) 

19.5 

(±1.7) 

25.5 

(±1.9) 

18.1 

(±2.8) 

32.2 

(±1.9) 

17.6 

(±1.6) 

22.5 

(±1.5) 

14.6 

(±1.8) 

39.9 

(±3.9) 

1.3 

(±0.1) 
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Table A5-5. Heart rates, arterial blood pressures, pulse wave transit times and velocities- horse 6 

Heart rate (bpm), systolic, diastolic, mean arterial, and pulse pressure for proximal and distal pressure sensors (mmHg), transit times 

(milliseconds), and pulse wave velocity (m/s) at each location in horse 6. 

 Heart rate SPp DPp MAPp PPp SPd DPd MAPd PPd TT PWV 

0cm 38 46.7 

(±2.4) 

28.7 

(±2.1) 

34.7 

(±1.9) 

17.9 

(±2.4) 

43.0 

(±2.4) 

26.3 

(±2.0) 

31.9 

(±1.9) 

16.7 

(±2.0) 

14.6 

(±3.7) 

3.6 

(±0.7) 

5cm 38 45.9 

(±2.3) 

27.7 

(±1.3) 

33.7 

(±1.5) 

18.2 

(±1.8) 

41.2 

(±2.2) 

25.1 

(±1.3) 

30.4 

(±1.5) 

16.2 

(±1.7) 

18.5 

(±3.4) 

2.8 

(±0.5) 

10cm 38 35.8 

(±0.7) 

22.4 

(±0.7) 

26.9 

(±0.7) 

13.3 

(±0.3) 

32.4 

(±0.6) 

19.9 

(±0.6) 

24.1 

(±0.6) 

12.6 

(±0.3) 

32.6 

(±2.2) 

1.5 

(±0.1) 

15cm 40 35.5 

(±2.8) 

21.3 

(±1.3) 

26.0 

(±1.4) 

14.2 

(±2.7) 

34.1 

(±2.6) 

19.1 

(±1.3) 

24.1 

(±1.5) 

15.0 

(±2.4) 

48.1 

(±4.8) 

1.0 

(±0.1) 

20cm 38 33.0 

(±2.2) 

17.7 

(±1.9) 

22.8 

(±1.8) 

15.3 

(±1.8) 

32.6 

(±2.2) 

16.6 

(±1.8) 

21.9 

(±1.8) 

16.0 

(±1.7) 

48.9 

(±3.2) 

1.0 

(±0.1) 

25cm 40 32.1 

(±1.1) 

15.1 

(±1.5) 

20.8 

(±1.3) 

17.0 

(±1.0) 

32.7 

(±1.0) 

14.8 

(±1.3) 

20.8 

(±1.2) 

18.0 

(±0.8) 

41.0 

(±2.9) 

1.2 

(±0.1) 
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Table A5-6. Heart rates, arterial blood pressures, pulse wave transit times and velocities- horse 8 

Heart rate (bpm), systolic, diastolic, mean arterial, and pulse pressure for proximal and distal pressure sensors (mmHg), transit times 

(milliseconds), and pulse wave velocity (m/s) at each location in horse 8. 

 

 

 

 

  

 Heart rate SPp DPp MAPp PPp SPd DPd MAPd PPd TT PWV 

0cm 40 38.2 

(±3.8) 

27.6 

(±4.1) 

31.1 

(±3.9) 

10.6 

(±1.4) 

35.1 

(±3.8) 

24.3 

(±4.1) 

27.9 

(±4.0) 

10.8 

(±1.4) 

31.0 

(±7.8) 

1.7 

(±0.5) 

5cm 38 31.4 

(±2.1) 

20.5 

(±2.8) 

24.1 

(±2.3) 

10.9 

(±2.7) 

29.2 

(±2.0) 

18.0 

(±2.7) 

21.8 

(±2.2) 

11.2 

(±2.5) 

28.7 

(±7.5) 

1.9 

(±0.5) 

10cm 38 29.3 

(±3.0) 

18.8 

(±3.8) 

22.3 

(±3.3) 

10.5 

(±2.8) 

27.2 

(±2.9) 

16.5 

(±3.9) 

20.1 

(±3.3) 

10.7 

(±3.0) 

36.4 

(±5.7) 

1.4 

(±0.2) 

15cm 40 28.5 

(±2.9) 

18.0 

(±2.7) 

21.5 

(±2.6) 

10.5 

(±2.1) 

26.6 

(±2.9) 

16.0 

(±2.6) 

19.6 

(±2.4) 

10.6 

(2.4±) 

45.2 

(±6.3) 

1.1 

(±0.2) 
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Table A5-7. Heart rates, arterial blood pressures, pulse wave transit times and velocities- horse 9 

Heart rate (bpm), systolic, diastolic, mean arterial, and pulse pressure for proximal and distal pressure sensors (mmHg), transit times 

(milliseconds), and pulse wave velocity (m/s) at each location in horse 9. 

 Heart rate SPp DPp MAPp PPp SPd DPd MAPd PPd TT PWV 

0cm 32 41.4 

(±3.4) 

22.3 

(±5.6) 

28.7 

(±4.7) 

23.3 

(±4.9) 

34.8 

(±4.2) 

16.7 

(±5.4) 

22.7 

(±4.8) 

18.1 

(±3.3) 

24.5 

(±3.7) 

2.1 

(±0.3) 

5cm 28 35.5 

(±4.3) 

18.9 

(±4.8) 

24.4 

(±4.3) 

16.6 

(±3.8) 

30.0 

(±4.3) 

12.7 

(±4.8) 

18.5 

(±4.3) 

17.2 

(±3.6) 

40.2 

(±8.0) 

1.3 

(±0.2) 

10cm 28 34.1 

(±4.0) 

16.7 

(±5.2) 

22.5 

(±4.6) 

17.4 

(±2.7) 

27.3 

(±4.4) 

11.3 

(±5.1) 

16.6 

(±4.6) 

16.0 

(±3.2) 

41.0 

(±7.6) 

1.3 

(±0.2) 

15cm 28 30.9 

(±4.2) 

15.1 

(±4.6) 

20.4 

(±4.2) 

15.8 

(±3.3) 

26.1 

(±4.1) 

9.7 

(±4.5) 

15.2 

(±4.1) 

16.4 

(±3.1) 

49.5 

(±4.8) 

1.0 

(±0.1) 

20cm 28 33.4 

(±2.7) 

15.7 

(±3.0) 

21.6 

(±2.7) 

17.6 

(±1.8) 

28.1 

(±2.5) 

10.1 

(±2.9) 

16.1 

(±2.6) 

18.0 

(±1.6) 

55.3 

(±5.4) 

0.9 

(±0.1) 

25cm 22 34.4 

(±2.5) 

17.9 

(±2.5) 

23.4 

(±2.3) 

16.4 

(±1.6) 

29.6 

(±2.2) 

12.4 

(±2.3) 

18.1 

(±2.2) 

17.3 

(±1.3) 

46.4 

(±3.9) 

1.1 

(±0.1) 
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Table A5-8. Heart rates, arterial blood pressures, pulse wave transit times and velocities- horse 10 

Heart rate (bpm), systolic, diastolic, mean arterial, and pulse pressure for proximal and distal pressure sensors (mmHg), transit times 

(milliseconds), and pulse wave velocity (m/s) at each location in horse 10. 

 Heart rate SPp DPp MAPp PPp SPd DPd MAPd PPd TT PWV 

0cm 34 34.0 

(±1.9) 

19.6 

(±3.5) 

24.4 

(±2.9) 

14.4 

(±2.2) 

30.8 

(±2.4) 

15.8 

(±3.5) 

20.8 

(±3.1) 

15.0 

(±1.4) 

31.4 

(±3.2) 

1.6 

(±0.2) 

5cm 34 29.5 

(±2.0) 

16.0 

(±2.6) 

20.5 

(±2.4) 

17.2 

(±2.4) 

24.8 

(±2.2) 

12.5 

(±2.6) 

16.6 

(±2.4) 

12.3 

(±0.6) 

41.9 

(±5.2) 

1.2 

(±0.2) 

10cm 32 26.9 

(±2.9) 

13.6 

(±3.6) 

18.0 

(±3.1) 

13.3 

(±2.7) 

24.6 

(±2.8) 

11.0 

(±3.5) 

15.5 

(±3.1) 

13.5 

(±2.6) 

50.9 

(±6.8) 

1.0 

(±0.2) 

15cm 32 27.7 

(±2.9) 

13.6 

(±4.2) 

18.3 

(±3.7) 

14.1 

(±2.1) 

25.5 

(±3.0) 

11.2 

(±4.1) 

15.9 

(±3.7) 

14.3 

(±1.9) 

54.4 

(±4.8) 

0.9 

(±0.1) 

20cm 32 24.7 

(±3.3) 

11.6 

(±3.7) 

16.0 

(±3.6) 

13.2 

(±1.2) 

22.4 

(±3.2) 

8.6 

(±3.7) 

13.2 

(±3.5) 

13.8 

(±1.2) 

64.5 

(±6.8) 

0.8 

(±0.1) 

25cm 32 22.2 

(±3.6) 

7.9 

(±4.6) 

12.7 

(±4.1) 

14.3 

(±2.4) 

19.9 

(±3.5) 

4.6 

(±4.5) 

9.7 

(±4.0) 

15.3 

(±2.4) 

55.3 

(±4.3) 

0.9 

(±0.1) 

30cm 34 23.5 

(±4.2) 

6.6 

(±4.9) 

12.3 

(±4.5) 

16.9 

(±3.0) 

20.4 

(±4.0) 

2.6 

(±4.8) 

8.5 

(±4.3) 

17.8 

(±2.9) 

45.1 

(±5.0) 

1.1 

(±0.1) 
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Table A5-9. Heart rates, arterial blood pressures, pulse wave transit times and velocities- horse 12 

Heart rate (bpm), systolic, diastolic, mean arterial, and pulse pressure for proximal and distal pressure sensors (mmHg), transit times 

(milliseconds), and pulse wave velocity (m/s) at each location in horse 12. 

 

 

 

 

 

 

  

 Heart rate SPp DPp MAPp PPp SPd DPd MAPd PPd TT PWV 

0cm 38 46.2 

(±2.7) 

30.9 

(±2.0) 

36.0 

(±1.5) 

15.3 

(±3.6) 

42.8 

(±2.8) 

27.6 

(±2.0) 

32.7 

(±1.5) 

15.2 

(±3.6) 

16.7 

(±5.6) 

3.3 

(±1.1) 

5cm 34 42.5 

(±4.0) 

28.4 

(±2.3) 

33.1 

(±2.5) 

14.1 

(±3.4) 

39.4 

(±3.8) 

25.4 

(±2.6) 

30.1 

(±2.6) 

14.0 

(±3.4) 

26.0 

(±12.5) 

2.4 

(±1.3) 

10cm 34 38.1 

(±2.7) 

23.8 

(±2.3) 

28.6 

(±1.9) 

14.3 

(±3.1) 

35.8 

(±2.7) 

21.3 

(±2.3) 

26.1 

(±2.0) 

14.5 

(±3.1) 

35.3 

(±3.9) 

1.4 

(±0.2) 

15cm 40 37.5 

(±2.4) 

22.4 

(±2.1) 

27.5 

(±2.0) 

15.0 

(±1.9) 

36.2 

(±2.4) 

20.3 

(±2.1) 

25.6 

(±2.0) 

15.9 

(±2.0) 

46.6 

(±8.0) 

1.1 

(±0.2) 

20cm 36 36.2 

(±2.6) 

19.9 

(±2.7) 

25.3 

(±2.2) 

16.3 

(±3.2) 

35.6 

(±2.5) 

18.3 

(±2.8) 

24.0 

(±2.3) 

17.3 

(±3.0) 

48.6 

(±8.0) 

1.1 

(±0.2) 

25cm 36 34.5 

(±2.1) 

18.3 

(±1.9) 

23.7 

(±1.4) 

16.2 

(±2.8) 

33.7 

(±2.0) 

16.9 

(±1.9) 

22.5 

(±1.4) 

16.8 

(±2.7) 

44.5 

(±4.6) 

1.1 

(±0.1) 
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Table A5-10. Heart rates, arterial blood pressures, pulse wave transit times and velocities- horse 13 

Heart rate (bpm), systolic, diastolic, mean arterial, and pulse pressure for proximal and distal pressure sensors (mmHg), transit times 

(milliseconds), and pulse wave velocity (m/s) at each location in horse 13. 

 Heart rate SPp DPp MAPp PPp SPd DPd MAPd PPd TT PWV 

0cm 40 49.0 

(±2.1) 

32.4 

(±1.7) 

37.9 

(±1.6) 

16.6 

(±1.9) 

42.0 

(±2.1) 

25.2 

(±1.7) 

30.8 

(±1.7) 

16.8 

(±1.8) 

24.7 

(±7.6) 

2.3 

(±0.9) 

5cm 40 46.4 

(±2.8) 

30.3 

(±2.4) 

35.6 

(±2.5) 

16.1 

(±0.9) 

40.1 

(±2.7) 

23.3 

(±2.4) 

28.9 

(±2.5) 

16.8 

(±0.8) 

22.0 

(±8.3) 

2.6 

(±0.9) 

10cm 42 45.4 

(±2.3) 

27.8 

(±2.2) 

33.7 

(±1.8) 

17.6 

(±2.6) 

39.2 

(±2.4) 

21.6 

(±1.9) 

27.4 

(±1.7) 

17.7 

(±2.7) 

34.9 

(±2.6) 

1.4 

(±0.1) 

15cm 40 41.6 

(±1.4) 

26.1 

(±1.8) 

31.3 

(±1.6) 

15.5 

(±1.1) 

35.2 

(±1.4) 

19.2 

(±1.8) 

24.5 

(±1.6) 

16.0 

(±1.1) 

46.6 

(±3.5) 

1.1 

(±0.1) 

20cm 40 41.7 

(±2.3) 

26.2 

(±2.2) 

31.3 

(±2.2) 

15.5 

(±1.5) 

36.7 

(±2.3) 

19.7 

(±2.3) 

25.4 

(±2.2) 

17.0 

(±1.2) 

40.8 

(±3.6) 

1.2 

(±0.1) 

25cm 42 38.4 

(±2.4) 

22.2 

(±2.0) 

27.6 

(±2.1) 

16.2 

(±0.8) 

33.5 

(±2.3) 

16.9 

(±2.0) 

22.4 

(±2.1) 

16.6 

(±0.7) 

39.1 

(±2.7) 

1.3 

(±0.1) 

30cm 40 34.3 

(±1.7) 

18.3 

(±1.7) 

23.7 

(±1.7) 

16.0 

(±0.8) 

29.3 

(±1.9) 

13.6 

(±1.6) 

18.9 

(±1.7) 

15.7 

(±0.8) 

38.6 

(±3.2) 

1.3 

(±0.1) 
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APPENDIX 6- ARBITRARY AND CALCULATED OUTLIERS IDENTIFIED PRIOR TO PWV CALCULATIONS DESCRIBED 

IN CHAPTER 2 

Table A6-1. Outliers identified prior to PWV calculations- horse 2 

Raw data, arbitrary, and calculated outliers removed from PWV calculations for horse 2. PWV in m/s; TT in milliseconds. 

 0cm 5cm 15cm 

Measurement TT 

1 

PWV 

1 

TT 

2 

PWV 

2 

TT 

1  

PWV 

1 

TT 

2 

PWV 

2 

TT 

1  

PWV 

1 

TT 

2 

PWV 

2 

TT 

3 

PWV 

3 

1 22 2.3 22 2.3 16 3.1 16 3.1 11 4.5      

2 27 1.9 27 1.9 32 1.6 32 1.6 109 0.5    109 0.5 

3 18 2.8 18 2.8 14 3.6 14 3.6 23 2.2 23 2.2 23 2.2 

4 27 1.9 27 1.9 14 3.6 14 3.6 56 0.9 56 0.9 56 0.9 

5 27 1.9 27 1.9 27 1.9 27 1.9 40 1.3 40 1.3 40 1.3 

6 121 0.4    81 0.6    59 0.8 59 0.8 59 0.8 

7 20 2.5 20 2.5 72 0.7    79 0.6 79 0.6 79 0.6 

8 14 3.6 14 3.6 17 2.9 17 2.9 42 1.2 42 1.2 42 1.2 

9 44 1.1   18 2.8 18 2.8 59 0.8 59 0.8 59 0.8 

10 160 0.3    4 12.5    34 1.5 34 1.5 34 1.5 

AVG 48.0 1.9 22.1 2.4 29.5 3.3 19.7 2.8 51.2 1.2 49.0 1.2 55.7 1.1 

STD 50.3 1.0 5.1 0.6 26.0 3.4 7.0 0.8 28.2 1.2 17.6 0.5 25.9 0.5 

 

 

  

Legend: TT 1 and PWV 1- raw data; TT 2 and PWV 2- data after removal or arbitrary outliers; TT 3 and PWV 3- data after 

removal of calculated outliers. 
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Table A6-2. Outliers identified prior to PWV calculations- horse 2 (Continued) 

Raw data, and calculated outliers removed from PWV calculations for horse 2. No arbitrary outliers were removed. PWV in m/s; TT 

in milliseconds. 

 40cm 

Measurement TT 1 PWV 1 TT 3 PWV 3 

1 54 0.9 54 0.9 

2 46 1.1 46 1.1 

3 34 1.5   

4 48 1.0 48 1.0 

5 55 0.9 55 0.9 

6 53 0.9 53 0.9 

7 55 0.9 55 0.9 

8 54 0.9 54 0.9 

9 57 0.9 57 0.9 

10 66 0.8 66 0.8 

AVG 52.2 1.0 54.2 0.9 

STD 8.3 0.2 5.7 0.1 

 

 

  

Legend: TT 1 and PWV 1- raw data; TT 3 and PWV 3- data after removal of calculated outliers. 
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Table A6-3. Outliers identified prior to PWV calculations- horse 3 

Raw data, arbitrary, and calculated outliers removed from PWV calculations for horse 3. PWV in m/s; TT in milliseconds. 

 5cm 10cm 25cm 

Measurement TT 

1 

PWV 

1 

TT 

2 

PWV 

2 

TT 

3 

PWV 

3 

TT 

1  

PWV 

1 

TT 

2 

PWV 

2 

TT 

1  

PWV 

1 

TT 

2 

PWV 

2 

TT 

3 

PWV 

3 

1 41 1.2 41 1.2 41 1.2 27 1.9 27 1.9 55 0.9 55 0.9 55 0.9 

2 55 0.9 55 0.9 55 0.9 15 3.3    42 1.2 42 1.2 42 1.2 

3 42 1.2 42 1.2 42 1.2 39 1.3 39 1.3 44 1.1 44 1.1 44 1.1 

4 51 1.0 51 1.0 51 1.0 15 3.3    46 1.1 46 1.1 46 1.1 

5 51 1.0 51 1.0 51 1.0 28 1.8 28 1.8 43 1.2 43 1.2 43 1.2 

6 61 0.8 61 0.8 61 0.8 39 1.3 39 1.3 52 1.0 52 1.0 52 1.0 

7 20 2.5       24 2.1 24 2.1 49 1.0 49 1.0 49 1.0 

8 58 0.9 58 0.9 58 0.9 34 1.5 34 1.5 39 1.3 39 1.3 39 1.3 

9 44 1.1 44 1.1 44 1.1 31 1.6 31 1.6 77 0.6       

10 51 1.0 51 1.0 51 1.0 33 1.5 33 1.5 52 1.0 52 1.0 52 1.0 

AVG 47.4 1.2 50.4 1.0 50.4 1.0 28.5 2.0 31.9 1.6 49.9 1.0 46.9 1.1 46.9 1.1 

STD 11.7 0.5 7.0 0.1 7.0 0.1 8.6 0.8 5.5 0.3 10.8 0.2 5.4 0.1 5.4 0.1 

 

 

 

 

  

Legend: TT 1 and PWV 1- raw data; TT 2 and PWV 2- data after removal or arbitrary outliers; TT 3 and PWV 3- data after 

removal of calculated outliers. 
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Table A6-4. Outliers identified prior to PWV calculations- horse 4 

Raw data, arbitrary, and calculated outliers removed from PWV calculations for horse 4. PWV in m/s; TT in milliseconds. 

 15cm 25 cm 

Measurement TT 1 PWV 1 TT 2 PWV 2 TT 3 PWV 3  TT 1 PWV 1 TT 2 PWV 2 TT 3 PWV 3 

1 34 1.5 34 1.5 34 1.5 45 1.1 45 1.1 45 1.1 

2 40 1.3 40 1.3 40 1.3 52 1.0 52 1.0 52 1.0 

3 46 1.1 46 1.1 46 1.1 54 0.9 54 0.9 54 0.9 

4 40 1.3 40 1.3 40 1.3 50 1.0 50 1.0 50 1.0 

5 44 1.1 44 1.1 44 1.1 50 1.0 50 1.0 50 1.0 

6 41 1.2 41 1.2 41 1.2 51 1.0 51 1.0 51 1.0 

7 28 1.8     56 0.9 56 0.9 56 0.9 

8 46 1.1 46 1.1 46 1.1 2 25.0     

9 44 1.1 44 1.1 44 1.1 53 0.9 53 0.9 53 0.9 

10 35 1.4 35 1.4 35 1.4 45 1.1 45 1.1 45 1.1 

AVG 39.8 1.3 41.1 1.2 41.1 1.2 45.8 3.4 50.7 1.0 50.7 1.0 

STD 5.9 0.2 4.4 0.1 4.4 0.1 15.8 7.6 3.7 0.1 3.7 0.1 

 

 

 

 

 

  

Legend: TT 1 and PWV 1- raw data; TT 2 and PWV 2- data after removal or arbitrary outliers; TT 3 and PWV 3- data after 

removal of calculated outliers. 
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Table A6-5. Outliers identified prior to PWV calculations- horse 5 

Raw data, and calculated outliers removed from PWV calculations for horse 5. No arbitrary outliers were removed. PWV in m/s; TT 

in milliseconds. 

 10 cm 15 cm 

Measurement  TT 1 PWV 1 TT 3 PWV 3 TT 1 PWV 1 TT 3 PWV 3 

1 40 1.3   41 1.2 41 1.2 

2 43 1.2 43 1.2 44 1.1 44 1.1 

3 43 1.2 43 1.2 43 1.2 43 1.2 

4 37 1.4   37 1.4 37 1.4 

5 44 1.1 44 1.1 38 1.3 38 1.3 

6 44 1.1 44 1.1 42 1.2 42 1.2 

7 44 1.1 44 1.1 39 1.3 39 1.3 

8 42 1.2 42 1.2 45 1.1 45 1.1 

9 42 1.2 42 1.2 38 1.3 38 1.3 

10 44 1.1 44 1.1 32 1.6   

AVG 42.3 1.2 43.3 1.2 39.9 1.3 40.8 1.2 

STD 2.3 0.1 0.9 0.0 3.9 0.1 2.9 0.1 

 

 

 

 

 

  

Legend: TT 1 and PWV 1- raw data; TT 3 and PWV 3- data after removal of calculated outliers. 
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Table A6-6. Outliers identified prior to PWV calculations- horse 6 

Raw data, and calculated outliers removed from PWV calculations for horse 6. No arbitrary outliers were removed. PWV in m/s; TT 

in milliseconds. 

 25cm 

Measurement TT 1  PWV 1 TT 3 PWV 3 

1 38 1.3 38 1.3 

2 41 1.2 41 1.2 

3 39 1.3 39 1.3 

4 42 1.2 42 1.2 

5 42 1.2 42 1.2 

6 40 1.3 40 1.3 

7 48 1.0   

8 42 1.2 42 1.2 

9 40 1.3 40 1.3 

10 38 1.3 38 1.3 

AVG 41.0 1.2 40.2 1.2 

STD 2.9 0.1 1.6 0.1 

 

 

 

 

 

 

 

Legend: TT 1 and PWV 1- raw data; TT 3 and PWV 3- data after removal of calculated outliers. 
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Table A6-7. Outliers identified prior to PWV calculations- horse 8 

Raw data, arbitrary, and calculated outliers removed from PWV calculations for horse 8. PWV in m/s; TT in milliseconds. 

 0cm 15cm 

Measurement TT 1 PWV1 TT 2 PWV2 TT1 PWV1 TT3 PWV3 

1 14 3.6    48 1.0 48 1.0 

2 39 1.3 39 1.3 40 1.3 40 1.3 

3 23 2.2 23 2.2 32 1.6   

4 42 1.2 42 1.2 53 0.9 53 0.9 

5 34 1.5 34 1.5 49 1.0 49 1.0 

6 34 1.5 34 1.5 46 1.1 46 1.1 

7 17 2.9    51 1.0 51 1.0 

8 31 1.6 31 1.6 40 1.3 40 1.3 

9 20 2.5 20 2.5 44 1.1 44 1.1 

10 25 2.0 25 2.0 49 1.0 49 1.0 

AVG 27.9 2.0 31.0 1.7 45.2 1.1 46.7 1.1 

STD 9.5 0.8 7.8 0.5 6.3 0.2 4.6 0.1 

 

 

 

 

 

 

 

Legend: TT 1 and PWV 1- raw data; TT 2 and PWV 2- data after removal or arbitrary outliers; TT 3 and PWV 3- data after 

removal of calculated outliers. 
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Table A6-8. Outliers identified prior to PWV calculations- horse 9 

Raw data, arbitrary, and calculated outliers removed from PWV calculations for horse 9. PWV in m/s; TT in milliseconds. 

 5 cm 20cm 

Measurement TT 1 PWV 1 TT 3 PWV 3 TT 1 PWV 1 TT 2 PWV 2 TT 3 PWV 3 

1 39 1.3 39 1.3 9 5.6     

2 32 1.6 32 1.6 52 1.0 52 1.0 52 1.0 

3 48 1.0 48 1.0 58 0.9 58 0.9 58 0.9 

4 58 0.9   51 1.0 51 1.0 51 1.0 

5 44 1.1 44 1.1 55 0.9 55 0.9 55 0.9 

6 35 1.4 35 1.4 58 0.9 58 0.9 58 0.9 

7 34 1.5 34 1.5 56 0.9 56 0.9 56 0.9 

8 34 1.5 34 1.5 63 0.8 63 0.8 63 0.8 

9 41 1.2 41 1.2 60 0.8 60 0.8 60 0.8 

10 37 1.4 37 1.4 45 1.1 45 1.1 45 1.1 

AVG 40.2 1.3 38.2 1.3 50.7 1.4 55.3 0.9 55.3 0.9 

STD 8.0 0.2 5.3 0.2 15.5 1.5 5.4 0.1 5.4 0.1 

 

 

 

 

  

Legend: TT 1 and PWV 1- raw data; TT 2 and PWV 2- data after removal or arbitrary outliers; TT 3 and PWV 3- data after 

removal of calculated outliers. 
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Table A6-9. Outliers identified prior to PWV calculations- horse 10 

Raw data, arbitrary, and calculated outliers removed from PWV calculations for horse 10. No arbitrary outliers were removed. PWV 

in m/s; TT in milliseconds. 

 5cm 10 cm 20 cm 

Measurement TT1 PWV1 TT3 PWV3 TT1 PWV1 TT3 PWV3 TT1 PWV1 TT3 PWV3 

1 43 1.2 43 1.2 56 0.9 56 0.9 58 0.9 58 0.9 

2 42 1.2 42 1.2 53 0.9 53 0.9 61 0.8 61 0.8 

3 47 1.1 47 1.1 52 1.0 52 1.0 60 0.8 60 0.8 

4 45 1.1 45 1.1 48 1.0 48 1.0 60 0.8 60 0.8 

5 40 1.3 40 1.3 51 1.0 51 1.0 67 0.7 67 0.7 

6 36 1.4 36 1.4 36 1.4   80 0.6   

7 43 1.2 43 1.2 59 0.8 59 0.8 69 0.7 69 0.7 

8 49 1.0 49 1.0 58 0.9 58 0.9 69 0.7 69 0.7 

9 31 1.6   51 1.0 51 1.0 60 0.8 60 0.8 

10 43 1.2 43 1.2 45 1.1 45 1.1 61 0.8 61 0.8 

AVG 41.9 1.2 43.1 1.2 50.9 1.0 52.6 1.0 64.5 0.8 62.8 0.8 

STD 5.2 0.2 3.8 0.1 6.8 0.2 4.6 0.1 6.8 0.1 4.3 0.1 

 

 

  

Legend: TT 1 and PWV 1- raw data; TT 3 and PWV 3- data after removal of calculated outliers. 
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Table A6-10. Outliers identified prior to PWV calculations- horse 12 

Raw data, arbitrary, and calculated outliers removed from PWV calculations for horse 12. PWV in m/s; TT in milliseconds. 

 0cm 5cm 

Measurement TT 1 PWV 1 TT 2 PWV 2 TT3 PWV3 TT 1  PWV 1 TT 2 PWV 2 TT3 PWV3 

1 15 3.3 15 3.3 15 3.3 43 1.2 43 1.2 43 1.2 

2 1 50.0      4 12.5      

3 3 16.7    3 16.7 15 3.3 15 3.3 15 3.3 

4 6 8.3   6 8.3 16 3.1 16 3.1 16 3.1 

5 6 8.3   6 8.3 18 2.8 18 2.8 18 2.8 

6 10 5.0 10 5.0 10 5.0 32 1.6 32 1.6 32 1.6 

7 13 3.8 13 3.8 13 3.8 40 1.3 40 1.3 40 1.3 

8 16 3.1 16 3.1 16 3.1 39 1.3 39 1.3 39 1.3 

9 26 1.9 26 1.9 26 1.9 10 5.0 10 5.0 10 5.0 

10 20 2.5 20 2.5 20 2.5 21 2.4 21 2.4 21 2.4 

AVG 11.6 10.3 16.7 3.3 12.8 5.9 23.8 3.4 26.0 2.4 26.0 2.4 

STD 7.9 14.6 5.6 1.1 7.4 4.7 13.7 3.4 12.5 1.3 12.5 1.3 

 

 

 

 

 

 

  

Legend: TT 1 and PWV 1- raw data; TT 2 and PWV 2- data after removal or arbitrary outliers; TT 3 and PWV 3- data after 

removal of calculated outliers. 
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Table A6-11. Outliers identified prior to PWV calculations- horse 13 

Raw data, arbitrary, and calculated outliers removed from PWV calculations for horse 13. PWV in m/s; TT in milliseconds. 

 0cm 5cm 10cm 

Measurement TT 

1 

PWV 

1 

TT 

2 

PWV 

2 

PWV 

3 

PWV 

3 

TT 

1 

PWV 

1 

TT 

2 

PWV 

2 

TT 

1 

PWV 

1 

TT 

2 

PWV 

2 

TT 

3 

PWV 

3 

1 11 4.5 11 4.5   13 3.8 13 3.8 16 3.1    16 3.1 

2 4 12.5      21 2.4 21 2.4 39 1.3 39 1.3 39 1.3 

3 28 1.8 28 1.8 28 1.8 14 3.6 14 3.6 32 1.6 32 1.6 32 1.6 

4 25 2.0 25 2.0 25 2.0 35 1.4 35 1.4 34 1.5 34 1.5 34 1.5 

5 19 2.6 19 2.6 19 2.6 21 2.4 21 2.4 34 1.5 34 1.5 34 1.5 

6 35 1.4 35 1.4 35 1.4 15 3.3 15 3.3 6 8.3      

7 21 2.4 21 2.4 21 2.4 43 1.2    32 1.6 32 1.6 32 1.6 

8 35 1.4 35 1.4 35 1.4 32 1.6 32 1.6 37 1.4 37 1.4 37 1.4 

9 23 2.2 23 2.2 23 2.2 17 2.9 17 2.9 36 1.4 36 1.4 36 1.4 

10 25 2.0 25 2.0 25 2.0 30 1.7 30 1.7 93 0.5    93 0.5 

AVG 22.6 3.3 24.7 2.3 26.4 2.0 24.1 2.4 22.0 2.6 35.9 2.2 34.9 1.4 39.2 1.5 

STD 9.7 3.4 7.6 0.9 6.0 0.4 10.3 1.0 8.3 0.9 22.6 2.2 2.6 0.1 21.2 0.7 

 

 

  

Legend: TT 1 and PWV 1- raw data; TT 2 and PWV 2- data after removal or arbitrary outliers; TT 3 and PWV 3- data after 

removal of calculated outliers. 
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Table A6-12. Outliers identified prior to PWV calculations- horse 13 (continued) 

Raw data, and calculated outliers removed from PWV calculations for horse 13. No arbitrary outliers were removed. PWV in m/s; TT 

in milliseconds. 

 20cm 25cm 30cm 

Measurement TT 1 PWV 1 TT 3 PWV 3 TT 1 PWV 1 TT 3 PWV 3 TT 1 PWV 1 TT 3 PWV 3 

1 36 1.4   33 1.5   41 1.2 41 1.2 

2 33 1.5   41 1.2 41 1.2 42 1.2 42 1.2 

3 42 1.2 42 1.2 40 1.3 40 1.3 41 1.2 41 1.2 

4 42 1.2 42 1.2 38 1.3 38 1.3 37 1.4 37 1.4 

5 41 1.2 41 1.2 36 1.4   39 1.3 39 1.3 

6 45 1.1 45 1.1 41 1.2 41 1.2 32 1.6   

7 43 1.2 43 1.2 41 1.2 41 1.2 38 1.3 38 1.3 

8 42 1.2 42 1.2 41 1.2 41 1.2 39 1.3 39 1.3 

9 42 1.2 42 1.2 39 1.3 39 1.3 35 1.4 35 1.4 

10 42 1.2 42 1.2 41 1.2 41 1.2 42 1.2 42 1.2 

AVG 40.8 1.2 42.4 1.2 39.1 1.3 40.3 1.2 38.6 1.3 39.3 1.3 

STD 3.6 0.1 1.2 0.0 2.7 0.1 1.2 0.0 3.2 0.1 2.4 0.1 

 

 

 

Legend: TT 1 and PWV 1- raw data; TT 3 and PWV 3- data after removal of calculated outliers. 
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APPENDIX 7- COLLECTION OF PRESSURE WAVES USED TO DEFINE THE 

STEP IN WHICH THE PROXIMAL PRESSURE SENSOR PASSED FROM THE 

PULMONARY ARTERY INTO THE RIGHT VENTRICLE 

 

Figure A7-1. Pressure wave contours in the proximal pulmonary artery and right 

ventricle- horse 2 
Pressure waves in the proximal PA (on the left) and in the right ventricle (on the right) for horse 

2. Note the sharp drop in pressure, and a significant reduction in the diastolic blood pressure in 

the proximal pressure sensor. The distal pressure sensor appears to be in the RV too. Pulse 

pressure went from 6.8 to 29.2mmHg on the proximal sensor and 5.9 to 27.5mmHg on the distal 
sensor. Pressure scales in mmHg. Red tracing, pressure waves from the distal sensor; blue tracing, 

pressure waves from the proximal sensor.  



 134 

 

Figure A7-2. Pressure wave contours in the proximal pulmonary artery and right 

ventricle- horse 3 
Pressure waves in the proximal PA (on the left) and in the right ventricle (on the right, proximal 

sensor) for horse 3. Note a sharp drop in pressure, and a significant reduction of in the diastolic 
blood pressure in the proximal pressure sensor. The distal pressure sensor remains in the PA. 

Pulse pressure went from 12.5 to 30.2mmHg in the proximal sensor and 13.0 to 15.5mmHg in the 

distal sensor. Pressure scales in mmHg. Red tracing, pressure waves from the distal sensor; blue 
tracing, pressure waves from the proximal sensor. 
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Figure A7-3. Pressure wave contours in the proximal pulmonary artery and right 

ventricle- horse 4 
Pressure waves in the proximal PA (on the left) and in the right ventricle (on the right, on the 

proximal sensor) for horse 4. Note the significant, change in pressure wave contour, with a sharp 
drop in pressure after the systolic pressure wave (versus the presence of a diastolic pressure 

wave), and, in this case a decrease in the systolic blood pressure measured in the proximal 

pressure sensor. Note that in this trial other incoherencies (sharp spikes and drops in pressure) 
were noted during pressure measurements. The distal pressure sensor remains in the PA. The 

average pulse pressure changed from 14.5 to 25.0mmHg in the proximal pressure sensor and 15.6 

to 20.7mmHg on the distal pressure sensor. Pressure scales in mmHg. Red tracing, pressure 

waves from the distal sensor; blue tracing, pressure waves from the proximal sensor. 
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Figure A7-4. Pressure wave contours in the proximal pulmonary artery and right 

ventricle- horse 5 
Pressure waves in the proximal PA (on the left) and in the right ventricle (on the right, on the 

proximal sensor) for horse 5. In this case the increase in peak systolic pressure in the proximal 

sensor is not so evident, but a sharp drop in pressure is still observed, as well as a significant 

reduction of in the diastolic blood pressure. The distal pressure sensor remains in the PA. The 
average pulse pressure changed from 17.6 to 29.7mmHg in the proximal pressure sensor and 12.2 

to 13.7mmHg on the distal pressure sensor. Pressure scales in mmHg. Red tracing, pressure 

waves from the distal sensor; blue tracing, pressure waves from the proximal sensor. 
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Figure A7-5. Pressure wave contours in the proximal pulmonary artery and right 

ventricle- horse 6 
Pressure waves in the proximal PA (on the left) and in the right ventricle (on the right, on the 

proximal sensor) for horse 6. Note a sharp drop in pressure, and a significant reduction of in the 
diastolic blood pressure in the proximal pressure sensor. The distal pressure sensor appears to 

remain in the PA. The average pulse pressure changed from 17.9 to 33.2mmHg in the proximal 

pressure sensor and 16.7 to 19.0mmHg in the distal pressure sensor at this step. Pressure scales in 
mmHg. Red tracing, pressure waves from the distal sensor; blue tracing, pressure waves from the 

proximal sensor. 
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Figure A7-6. Pressure wave contours in the proximal pulmonary artery and right 

ventricle- horse 8 
Pressure waves in the proximal PA (on the left) and in the right ventricle (on the right, on the 

proximal sensor) for horse 8. Note the sharp drop in pressure, and a significant reduction of in the 
diastolic blood pressure in the proximal pressure sensor. The distal pressure sensor appears to 

remain in the PA. In this case, the average pulse pressure changed from 10.6 to 22.3mmHg in the 

proximal pressure sensor and from 10.8 to 10.3mmHg in the distal pressure sensor. Pressure 
scales in mmHg. Red tracing, pressure waves from the distal sensor; blue tracing, pressure waves 

from the proximal sensor. 
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Figure A7-7. Pressure wave contours in the proximal pulmonary artery and right 

ventricle- horse 9 
Pressure waves in the proximal PA (on the left) and in the right ventricle (on the right, on the 

proximal pressure sensor) for horse 9. Note the sharp drop in pressure, and a significant reduction 

of in the diastolic blood pressure in the proximal pressure sensor. The distal pressure sensor 

appears to remain in the PA. The average pulse pressure changed from 23.3 to 30.9mmHg in the 
proximal pressure sensor and from 18.1 to 22.4mmHg in the distal pressure sensor. Pressure 

scales in mmHg. Red tracing, pressure waves from the distal sensor; blue tracing, pressure waves 

from the proximal sensor. 
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Figure A7-8. Pressure wave contour in the proximal pulmonary artery and right 

ventricle- horse 10 
Pressure waves in the proximal PA (on the left) and in the right ventricle (on the right, on the 
proximal pressure sensor) for horse 10. Note the sharp drop in pressure, and a significant 

reduction of in the diastolic blood pressure in the proximal pressure sensor. The distal pressure 

sensor appears to remain in the PA. At this step, the average pulse pressure changed from 14.4 to 
30mmHg in the proximal pressure sensor and 15.0 to 15.1mmHg in the distal pressure sensor. 

Pressure scales in mmHg. Red tracing, pressure waves from the distal sensor; blue tracing, 

pressure waves from the proximal sensor. 
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Figure A7-9. Pressure wave contour in the proximal pulmonary artery and right 

ventricle- horse 12 
Pressure waves in the proximal PA (on the left) and in the right ventricle (on the right, on the 
proximal pressure sensor) for horse 12. In this case the step at which in which the proximal 

pressure sensor passed from the proximal PA into the RV was determined assessing pressure 

wave contours, but also the change in pulse pressures in the proximal pressure sensor. Although 
there was an increase in systolic pressure, as in some of the remaining cases, a drop in pressure 

was present only after a second wave (arrow in B), and it was not as sharp as observed in 

previous cases. This sharp drop in pressure appeared only one step later (C). However, since there 

was significant increase in PPp from A to B (15.3mmHg to 29.5mmHg), followed by a smaller 
step from B to C (29.5mmHg to 34.2mmHg), and there wasn’t a significant step in PPd (15.2 to 

14.6 to 17.4mmHg) the prior was considered the point at which the proximal sensor crossed the 

pulmonic valve. In this case, the contour of the pressure waves observed in step B could 
potentially be attributed to insufficient valve closure and significant pulmonic valve regurgitation. 

Pressure scales in mmHg. Red tracing, pressure waves from the distal sensor; blue tracing, 

pressure waves from the proximal sensor. 

 

 

  

B A C 
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Figure A7-10. Pressure wave contour in the proximal pulmonary artery and right 

ventricle- horse 13 
Pressure waves in the proximal PA (on the left) and in the right ventricle (on the right, on the 

proximal pressure sensor) for horse 13. Note the sharp drop in pressure, and a significant 
reduction of in the diastolic blood pressure in the proximal pressure sensor. The distal pressure 

sensor appears to remain in the PA. The average pulse pressure changed from 16.6 to 28.6mmHg 

in the proximal pressure sensor and 16.8 to 18.2mmHg in the distal pressure sensor, at this step. 
Pressure scales in mmHg. Red tracing, pressure waves from the distal sensor; blue tracing, 

pressure waves from the proximal sensor. 
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