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ABSTRACT 

Development of an Equine Ex Vivo Pulmonary Arterial Perfusion System 

Bruce Bissett Guest      Advisor: 

University of Guelph, 2013.     Dr. Luis G. Arroyo 

Pulmonary artery calcification has been reported in racehorses.  This vascular lesion is associated 

with arterial stiffness, which is considered the best predictor of many human cardiovascular 

diseases.  Interestingly, horses experience catastrophic vascular rupture and exercise induced 

pulmonary hemorrhage (EIPH).  Pulse wave velocity (PWV) is, currently, the most common 

clinical measure of arterial stiffness in humans, and may be useful in the study of equine 

cardiovascular disease.  In order to measure PWV and evaluate pulmonary vascular stiffness, a 

precise method of catheter placement in the equine pulmonary artery is required as fluoroscopic 

guidance is precluded in the horse. 

The behavior of catheters within the pulmonic vasculature was investigated using equine en bloc 

heart and lung preparations.  An ex vivo pulmonary arterial perfusion system (EVPAPS) with 

controlled pulsatile flow, perfusate temperature and ventilation was designed and constructed.  A 

blind technique for catheter placement into the distal main stem f the pulmonary artery utilizing 

balloon tipped catheters was evaluated.  Catheter performance was observed with an 

intravascularly placed endoscope.  

Three balloon catheters were selected for navigation trials; a 4mm diameter x 1.2cm, 2.7Fr, 

142cm angioplasty catheter (C4mm); a 10mm diameter x 4cm, 5Fr, 150cm angioplasty catheter 

(C10mm); and a 16mm diameter, 7Fr, 200cm pancreatic duct sphincteroplasty catheter (C16mm).  

A successful catheter insertion event was defined as insertion within a left or right main stem to a 

distance greater than 20 cm beyond the bifurcation.  The 16mm catheter was superior with an 

average proportion of successful insertions (PSIavg) of 93.6%; an average insertion distance in 

the main stem (IDMavg) of 30.1±5.68 cm; and an average insertion distance anywhere in the 



pulmonary artery (IDAavg) of 29.3±6.42cm verses the 10mm (PSIavg 25%, IDMavg 

39.3±11.4cm, IDAavg 19.3±15.1cm) and 4mm (PSIavg 11%, IDMavg 40.0±11.0cm, IDAavg 

12.8±13.2cm) respectively. 

The C16mm was then used in the EVPAPS to place, via over the wire exchange, a dual pressure 

sensor catheter in 2-heart and lung preparations and PWV data was collected.  

An equine ex vivo pulmonary arterial perfusion model was developed and functioned with 

sufficient fidelity to establish a method of blind catheter placement in the equine pulmonary 

artery. 
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CHAPTER 1 

LITERATURE REVIEW 

1.1 Introduction 

The circulatory system of vertebrates is divided into a systemic circuit and a pulmonary 

which are reciprocally connected in series.  Each circuit is composed of a two stage 

pulsatile pump which connects the circuits, elastic conduit arteries which have pulse 

pressure and flow modulation functions, arterioles which are the main regulators of 

circuit resistance and system pressure and capillaries (arterioles and venules) which 

enable exchange of nutrients and waste.  Return is effected by a parallel venous and 

lymphatic system.  The elastic nature of the conduit arteries, particularly the large 

proximal elements, results in storage of volume during the ejection phase of the pump 

(systole) thus reducing the peak pressure experienced by downstream structures and 

provides continuous perfusion to the capillaries during the relaxation phase (diastole) by 

relieving stored strain (Lammers et al., 2012).  Arteries are tubular composite structures 

with components that gradually vary along the axis but are maintained in distinct radial 

layers.   In general, as the distance from the heart increases the properties of arteries vary 

in that the diameter and wall thickness decrease, the wall thickness to diameter ratio 

increases, elasticity decreases, wall viscoelastic effects increase and active control effects 

increase (Kalita and Schaefer, 2008).  An important consequence of this functional 

heterogeneity is the nearly complete attenuation of pulsatility at the capillary level under 

normal physiologic conditions (Li et al., 2009b). 
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Arterial stiffness can occur as a result of structural changes to the vascular wall, in 

particular fibro-calcification.  It is well established that arterial stiffness is a reliable 

predictor of cardiovascular diseases in humans (Mattace-Raso et al., 2010, Laurent et al., 

2006, Shirwany and Zou, 2010).  Stiffness of the conduit arteries imparts increased 

transfer of energy to the microvasculature, which, in turn may respond with increased 

resistance which can further exacerbate hypertensive effects of conduit artery stiffness 

(Safar and Struijker-Boudier, 2010).  In particular microvascular damage has been 

demonstrated in cerebral and renal vasculature in association with conduit arterial 

stiffness (Safar, 2004, O'Rourke and Safar, 2005, Chue et al., 2010).  Exercise Induced 

Pulmonary Hemorrhage (EIPH) is believed to be an important microvascular affliction of 

racing horses, yet the etiology remains elusive (Ocallaghan et al., 1987, Van Erck-

Westergren et al., 2013, Hinchcliff et al., 2009, Williams et al., 2008).  Prevalence is 

reported to be as high as 95% and imposed costs of 100 million USD annually have been 

estimated (Van Erck-Westergren et al., 2013, Hinchcliff et al., 2009).  Pulmonary arterial 

hypertension has been associated with the occurrence of EIPH and there are a number of 

studies associating exercise intensity with degree of pulmonary arterial hypertension 

(Langsetmo et al., 2000, Manohar et al., 1993b, Manohar and Goetz, 1999).  However the 

relationships between EIPH and arterial stiffening and other arterial wall behaviour does 

not appear to have been explored.  Study of these relationships would appear to be a 

logical area of investigation given the strong relationships between vascular pathology 

and arterial wall stiffness in humans 

The importance of cardiovascular disease in humans has spurred much research in this 

area.  Arteries share the highly non-linear elastic stress-strain relationship with other 
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collagen containing soft tissues but have unique mechanical properties due to their 

hollow cylindrical structure, integration of smooth muscle cells (SMC) and most 

importantly, significant structural components composed of elastin component (Fung, 

1967, Holzapfel and Ogden, 2010a).  From an evolutionary perspective, elastin is a 

relatively recent, highly conserved protein that appeared with the development of 

vertebrate closed circulation systems (Wagenseil and Mecham, 2009).  A significant step 

towards understanding arterial properties was the development by Fung of a strain energy 

based constitutive model for soft tissue mechanics (Humphrey and Na, 2002).  

Application of continued advances in material testing and imaging techniques as well as 

computing power to variants of this model has rapidly expanded knowledge in the field 

of arterial material mechanics (Kalita and Schaefer, 2008, Holzapfel and Ogden, 2010a, 

Parker, 2009). 

 

1.2 Arterial cellular and subcellular structure 

The major structural components of the artery are smooth muscle and endothelial cells, 

elastin fibres, collagen fibres and extracellular matrix.  There are three distinct layers, 

which have unique functional and biomechanical properties.  The innermost layer (tunica 

intima) is composed of endothelial cells, which are in contact with the blood, bounded by 

a basement membrane of extracellular matrix.   Axially oriented elastin fibres are also 

present (Gundiah et al., 2009).  This layer is generally not considered to make a 

significant mechanical contribution in healthy tissue, although it has important regulatory 

functions controlling active mechanical properties through regulating smooth muscle tone 

and structural expression (Kalita and Schaefer, 2008).  The middle layer (tunica media) is 
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a series of concentric rings composed of primarily of elastin enveloped by smooth muscle 

cells and collagen all embedded in extracellular matrix.  Each of these rings forms a 

lamellar unit.  The lamellar units are ultimately bounded by an internal and external layer 

of elastin. The thickness of the lamellar units is highly conserved between arterial 

locations and mammalian species (Kalita and Schaefer, 2008).  A significant proportion 

of the collagen fibres are arranged in counter-wound helixes along the axial direction of 

the artery (Holzapfel and Ogden, 2010b), elastin fibres are oriented circumferentially 

(Gundiah et al., 2009).  The tunica media is responsible for the majority of the 

mechanical behaviour of the artery, whereas the outer layer (tunica adventitia) is 

primarily composed of loose relatively unorganized collagen fibres along with sparse 

axially oriented elastin fibres and fibrocytes embedded in extracellular matrix (Akhtar et 

al., 2011).  The latter attaches the artery to surrounding tissues and plays an important 

role in imposing axial and compressive loads to the artery.  Specific consequences of the 

anchoring and load transmission functions of the adventitia are only recently beginning to 

emerge (Hodis and Zamir, 2011b).   It typically has an elastic modulus at least one order 

of magnitude lower than that of the tunica media and has a less but significant 

contribution to mechanical wall properties (Holzapfel and Ogden, 2010b, Watton et al., 

2009, Kalita and Schaefer, 2008). 

Smooth muscle cells are an active component of the artery wall responding to neuronal 

and hormonal signals to alter geometry and elastic modulus (Tabima and Chesler, 2010).  

SMC also produce the elastin and collagen fibres as well as the extracellular matrix.  

Elastin fibres form a rubber like polymer with a low elastic modulus on the order of MPa 

and can sustain strains of 250%.  Collagen fibres of several types are present and 
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generally form structures of linked fibres.  Collagen is relatively inelastic and its modulus 

increases with strain resulting in modulus ranges of 10 to 100s of MPa.  The extracellular 

matrix is a highly hydrated viscous matrix composed mainly of proteoglycans that is not 

thought to contribute to the elasticity of artery walls (Kalita and Schaefer, 2008). 

 

1.3 Arterial mechanical properties 

There are a number of mechanical properties which are unique to arteries and require 

consideration when trying to characterize or model the artery.  From the structural 

description above, it is clear that the wall is heterogeneous at a number of different 

architecture levels.  Although there are a few models based on lower level architecture 

including the molecular level (Bischoff et al., 2004), most models work at the level of the 

tunica and use separate parameters for the media and adventitia with the tunica usually 

being ignored (Kalita and Schaefer, 2008).  Artery walls are fundamentally 

orthotropically anisotropic.  The natural axis of orthotropy align with the axial, 

circumferential and radial directions.  Due to a major component of the collagen fibres in 

the media being arranged in a helical pattern along the arterial axis arteries can also be 

successfully treated as transversely isotropic (Holzapfel and Ogden, 2010b).  The water 

content of artery walls is 70% which in conjunction with the other wall components 

results in radial compression on the order of 1.25% at physiological loads (Kalita and 

Schaefer, 2008).  As a result, the artery is generally considered to consist of 

incompressible material.  Like most collagen containing soft tissues, arteries exhibit non-

linear elastic response to load (Holzapfel and Ogden, 2010a).  In addition, the cylindrical 

geometry of the arterial wall inherently imparts non linearity due to the large 
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circumferential displacements imposed by physiologic pulse pressure fluctuations (Kalita 

and Schaefer, 2008).  Although often treated as pseudo elastic (differing mechanical 

response between loading and unloading), the arterial wall is visco-elastic due to its high 

water content and complex microstructure as well as significant smooth muscle content 

(Kalita and Schaefer, 2008).  Artery walls demonstrate hysteresis stabilization, rate of 

strain response, displacement phase shift under oscillating load, stress relaxation and 

creep, although the latter is minimal (Kalita and Schaefer, 2008).  Loads imposed by 

pulse pressure and flow waves exert a continuously changing influence on the mechanical 

response of the artery through axial, circumferential, radial and shear forces.  The 

resulting displacements alter the fluid dynamic domain of the blood creating a complex 

system of interaction (Kalita and Schaefer, 2008).  Additionally there are external axial, 

circumferential and compressive loads imposed by surrounding tissues. These loads may 

have a significant dynamic component due to relative motion of the artery with respect to 

tissue attachments and other organs. 

The arterial wall is a dynamic structure.  For example, SMCs are under the influence of 

neural and hormonal control as well as responsive to wall shear and circumferential 

strain.  As a consequence, the contractile state of the smooth muscle cells influences the 

mechanical response of the arterial wall directly by altering the elastic properties and 

indirectly by altering geometry (Holzapfel and Ogden, 2010a, Kalita and Schaefer, 2008). 

Finally, of particular importance in arteries are: axial pre-stretch and residual stress.  

When an artery is removed from its tissue attachments it will contract axially.  This 

phenomenon is referred to as pre-stretch.  Functional elastin is formed only during the 

perinatal period (Wagenseil and Mecham, 2009).  As a consequence, there is a nearly 
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linear increase in the axial stretch of the elastin with age during a mammal’s growth stage 

(Cardamone et al., 2009).  Collagen and smooth muscle cells undergo continuous 

turnover and presumably new components will be integrated into the arterial wall with a 

preferred strain.  This observation combined with various ablation studies of major wall 

components suggests that elastin is primarily responsible for axial pre-stretch 

(Cardamone et al., 2009).  Upon cutting a removed section of artery open along the radial 

plane, the artery will spring open.  The sector created by this displacement is referred to 

as the opening angle.  Residual stresses, created by transmural pre-stretch of elastin 

which developed during radial growth of the vessel, has been shown to make a significant 

contribution to this phenomena.  There may also be a minor contribution from 

compression of collagen fibres as a consequence of reduced circumferential stretch in the 

absence of intraluminal pressure (Cardamone et al., 2009).  It is also suggested that 

heterogeneous transmural proteoglycan distribution may mediate regulation of residual 

stresses via charge density effects (Azeloglu et al., 2008).  It is supposed that the purpose 

of the residual stress is to create a neutral stress environment under physiologic in-vivo 

conditions (Azeloglu et al., 2008, Cardamone et al., 2009). 

1.4 Great vessel function 

The elastic properties of the great arteries in relation to minimizing pressure fluctuation 

in the vasculature resulting from pulsatile flow have been studied for some time (Davies 

et al., 2007a).  Hales (1773) and others observed that the elastic nature of the aorta allows 

it to absorb as much as 2/3 of ventricular output (Chue et al., 2010, Kassab, 2006).   The 

elastic nature of the great arteries allows them to act as both a cushion to elevated 

pressure and reservoir to maintain flow in response to the pulsatile nature of cardiac 
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output (Safar and Struijker-Boudier, 2010).   Loss of elasticity of the aorta or pulmonary 

artery results in an increase in systolic pressure, decrease in diastolic pressure and 

subsequently an increase in pulse pressure (Avolio et al., 2009).  There remains some 

controversy regarding the main causes of this phenomenon.  One popular theory is based 

on a frequency domain approach (wave reflection model) which suggests that increased 

arterial stiffness increases pulse wave velocity (PWV) which results in enhanced 

propagation of the incident wave and consequentially, upon reaching reflecting sites in 

the distal vasculature, returns the reflected waves more rapidly and with more amplitude 

so that they arrive during systole causing increased pressure augmentation (Mattace-Raso 

et al., 2010, Wang et al., 2010).  Others suggest a time domain approach were the 

reservoir and wave propagation functions (Windkessel model) of the aorta are considered 

and the loss of reservoir capacity combined with enhanced forward wave propagation in a 

stiffer arterial wall are responsible for the increased systolic and pulse pressures (Baksi et 

al., 2009, Chue et al., 2010, Davies et al., 2007b, Wang et al., 2003).  Regardless of the 

major mechanisms that cause increased arterial pressure as a result of arterial stiffening, 

PWV is the current clinical technique for measuring arterial stiffness (Laurent et al., 

2006, Wang et al., 2010). 

1.5 Pulmonary vascular pathology 

Calcification of large arterial vessels in horses, particularly active race horses is common. 

(Arroyo et al., 2008, Cranley, 1983, Imaizumi et al., 1989).  The incidence of calcified 

arterial lesions has been reported to be between 82% and 27% in race horses (Arroyo 

2008, Nakamura 1989).  Of the four histological manifestations of human arterial 

calcification (atherosclerotic [fibrotic], medial artery calcification [Mönckeberg's 
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sclerosis], cardiac valve, and vascular calciphylaxis) most lesions found in horses appear 

to originate in the tunica media and closely resemble Mönckeberg's sclerosis, which in 

humans, is associated with diabetes and renal disease (Arroyo et al., 2008, Chue et al., 

2010).  Interestingly, medial artery calcification in horses seems to be associated with 

young horses in active racing in contrast to humans where it becomes more prevalent 

with aging (Demer and Tintut, 2008, Imaizumi et al., 1989). 

In horses, there are two clinical syndromes associated with pulmonary vascular 

pathology.  Rupture of the great thoracic and pulmonary vessels is associated with sudden 

death in race horses (Lyle et al., 2011, Arroyo et al., 2008) and Exercise induced 

pulmonary hemorrhage (EIPH).  The latter occurs commonly in athletic horses, 

particularly race horses (Takahashi et al., 2001, Erickson et al., 2001) and imposes a 

significant economic and animal welfare cost to the equine industry (Birks et al., 2003, 

Michelotto et al., 2011, Sullivan et al., 2012).  Alveolar capillary failure has been 

proposed as the ultimate mechanism by which EIPH occurs (West and Mathieucostello, 

1994) however, a cohesive picture of the physiologic conditions and pathologic sequence 

of events leading to EIPH remains unclear with pulmonary hypertension, respiratory 

and/or locomotory interactions, immune mediation and vascular remodeling all 

implicated (Derksen et al., 2011, McKane and Slocombe, 2010, Kindig et al., 2003, 

Thorpe et al., 2009, Newton et al., 2005). 

 

1.5.1 Pathologic mechanisms 

Much work has been performed on describing the histological features of vascular lesions 

in the tunica media that relate arterial stiffness and hypertension in humans and other 
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species (Demer and Tintut, 2008).  Generally, the break-down of elastin, disproportionate 

increases in collagen, alteration in smooth-muscle cells, ingress of macromolecules, and 

calcification are all implicated in arterial wall thickening and altered visco-elastic 

properties (Hashimoto and Ito, 2009, Mattace-Raso et al., 2010).  However there has not 

yet emerged a process which connects the various systemic risk factors with the 

development of specific lesions.  It has long been held that there is a relationship between 

fluid dynamic forces and cyclic stress from both primary and possibly harmonic effects 

of pulsatile flow with the location and nature of arterial vascular lesions (Fry, 1968, 

Hashimoto and Ito, 2009, Younis et al., 2004).  A brief review of various hypotheses 

relating mechanical events to lesion development follows. 

 

1.5.1.1 Mechanical homeostasis 

One approach to considering the stimulus for structural change in vessel walls is the 

concept of mechanical homeostasis.  It has been postulated since the time of Galileo that 

biological form and function are influenced by mechanical forces and that tissue 

remodeling will occur in response to pathological forces in order to maintain normal 

stress and strain.  However, it was not until the 1970's that evidence emerged showing a 

correlation between mechanics and gene expression (Demer and Tintut, 2008, Humphrey, 

2008b).  There is a large body of evidence supporting mechanical homeostasis and 

potentially pathological responses as a consequence of endothelial cells, vascular smooth 

muscle cells and fibroblasts attempting to maintain mechanical homeostasis in the vessel 

walls (Hodis and Zamir, 2009b, Humphrey, 2008b). 
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1.5.1.1.1 Uniform shear hypotheses 

Blood vessels remodel diameter acutely (vaso-constrict/dilate) or chronically to maintain 

a constant wall shear stress (WSS) through constant fluid velocity at different flow rates 

(Kassab, 2006, Lu et al., 2001).  This phenomena, referred to as Murray's Law, and can 

be rationalized as a consequence of balancing the need to minimize resistance to flow 

with the metabolic cost of maintaining a large blood volume (Humphrey, 2008a). 

 

1.5.1.1.2 Uniform circumferential stress/strain hypotheses 

Blood vessels remodel wall thickness in response to changes in intraluminal pressure in 

order to create a wall thickness to radius ratio that maintains constant stress and strain 

values in the wall and indeed in the average tension across elastic lamellar units across 

multiple species (Humphrey, 2008a, Kassab, 2006, Lu and Kassab, 2011, Wagenseil and 

Mecham, 2009).  It is interesting to note that recent work shows a more rapid tissue 

response to and normalization of, strain (Kassab, 2006). 

 

1.5.1.1.3 Uniform transmural strain hypothesis 

Residual strain in vessel walls has the effect of creating more even distribution of strain 

throughout the wall when it is subjected to physiologic pressures, however this 

relationship breaks down when normal arteries are subjected to supra-physiological 

pressures (Kassab, 2006, Fung and Liu, 1992). 

In summary, the relationships between circumferential, radial and longitudinal residual 

strains in vessels and physiologic forces create a mechanical homeostasis.  When this 



 

 12 

homeostasis is perturbed the affected tissue responds by re-modeling (Humphrey, 2008b, 

Kassab, 2006). 

 

1.5.1.2 Mechanotransduction: 

Endothelial cells have been shown to produce a number of responses to luminal wall 

shear stress, hydrostatic pressure and cyclic stretch including apoptosis, changes in 

permeability, increased low density lipoprotein uptake and expression of cytokines such 

as IL-8, monocyte chemo-attractant protein-1 (MCP-1) and P-selectin (VanEpps and 

Vorp, 2007, Younis et al., 2004).  In addition, alterations in mechanical homeostasis have 

been shown to increase levels of matrix metaloproteinases (MMP) (Demer and Tintut, 

2008, Humphrey, 2008b).  Cyclic strain has been shown to increase expression of MCP-1 

in smooth-muscle cells, stimulate the release of fibroblastic growth factor-2 (FGF-2), 

increase production of collagens I and III as well as chondroitin sulfate (Humphrey, 

2008a, Younis et al., 2004).  Cyclic strain has also been shown to have mitogenic effects 

on both endothelial and smooth muscle cells (Younis et al., 2004). 

The consequence of strain in a tissue is deformation of the components including 

individual proteins and hence of their conformation or binding attachments as well as 

cells in terms of attachment sites or cytoskeleton (Kassab, 2006).  Fibroblasts have been 

shown to reorganize the collagen in their surrounding extracellular matrix as well as 

regulate production of elastin, proteoglycans and other matrix proteins, alter integrin 

attachment plaques and intracellular cytoskeleton components such as microtubules and 

actin stress fibres in order to re-establish a preferred cell level tension (Humphrey, 

2008b).  Cellular response to strain or strain rate could possibly be due to stretch or 
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deformation activated ion cells (Kassab, 2006).  It is interesting to note that there are 

usually different mechanisms for acute responses (seconds to minutes) verses chronic 

responses (hours to days) for strain responses at all levels (Humphrey, 2008b, Lu and 

Kassab, 2011). 

 

1.5.1.3 Heterogeneity of lesion location 

It is well observed that arterial lesions have heterogeneous distribution which suggests 

that the origin of lesions is not solely systemic and indeed there are a large number of 

researchers who are pursuing biomechanical factors as the inciting cause (VanEpps and 

Vorp, 2007).  Mechanical forces vary significantly throughout the vascular system as a 

consequence of anatomy and morphology.  Regions of the vasculature that experience 

elevated stress through fluid dynamic and mechanical forces have been associated with 

increased incidence of lesions in the pulmonary artery of horses (Teeter et al., 2010) and 

in the aorta and coronary arteries of humans (VanEpps and Vorp, 2007, Younis et al., 

2004).  It has been shown that regions of pulmonary artery calcification correlate with 

regions of increased wall stress as determined by ex vivo finite element analysis in the 

region of the pulmonary artery bifurcation (Teeter et al., 2010). 

Correlations between regions of higher stress and/or strain and development of intima 

media lesions have been shown by a number of researchers (Chien, 2003, Teeter et al., 

2010, VanEpps and Vorp, 2007).  In humans, the abdominal aorta is more predisposed to 

lesions in a region where there is less support from surrounding tissue and stress and 

strains are proportionally higher at supraphysiological blood pressures (Debakey et al., 

1985, Kassab, 2006).  An interesting example to consider would be whether the focal 
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lesions found at bifurcation in horses is indicative of a more diffuse development of 

arterial stiffness and hence likely identifiable via increased PWV or if the lesions have a 

more focal developmental etiology and are more likely to be identified via intravascular 

ultrasound (IVUS) techniques. 

 

1.5.1.4 Elastin fatigue 

The intriguing question of why elastin fatigues is essential to understanding the process 

of arterial stiffening.  Artery walls experience primary circumferential oscillations on the 

order of billions in the life time of a human as well as flow induced shear stresses and 

other undefined loads resulting from turbulence within the lumen and tethering forces 

acting on the adventitia (Hodis and Zamir, 2009a).  Current work is focused on the loads 

and strains involved in the cyclic stretching of elastin fibres and on the shear stress 

sustained within and between elastin fibres, however, there is little knowledge of these 

stresses and the effects they may have on elastin fibres and constructs (Hodis and Zamir, 

2009b).  Although viscoelastic behaviour of the artery wall has not been the main focus 

of attention it may gain importance as the viscoelastic response is likely be important in 

reducing dynamic stress and strains in artery walls (Zhang et al., 2007). 

The pathogenesis of medial artery calcification in humans is speculated to be a complex 

actively regulated bio-mineralization process that may involve vascular smooth-muscle 

cells as key elements (Demer 2008, Humphery 2008, Guzman 2007, VanEpps 2007).  In 

addition, an intriguing subpopulation of smooth-muscle-like cells that are associated with 

calcification in equine pulmonary arteries (Arroyo et al., 2008) and hypertension in 

bovine pulmonary arteries (Stenmark et al., 2006).  It has been postulated that elastin 
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degradation and consequential destabilization of vascular SMCs combined with cytokines 

associated with tissue instability, such as tumor necrosis factor-α, result in osteogenic 

differentiation (Demer 2008). 

However, the etiology of vascular response to mechanical stimulus is most likely 

multifactorial with elastin fatigue and breakdown one of many contributing elements 

ranging from events in the lumen (Ochoa et al., 2008) through to the adventitia (Stenmark 

et al., 2013) The initiating and mediating processes of medial arterial calcification are 

poorly understood in humans and not entirely unknown in horses.  Although it is possible 

that arterial calcification in horses and, particularly the high prevalence in racing horses, 

is incidental, it seems likely that there are associations with other disease processes, 

particularly those associated with arterial stiffness as has been shown to be the case in 

humans (Laurent et al., 2006).  Of specific interest are the consequences of increased 

arterial wall stiffness.  Arterial stiffness is a predictor of cardiovascular events in humans 

with hypertension, diabetes, renal disease, as well as geriatrics and the general population 

(O'Rourke and Hashimoto, 2007). 

1.6 Arterial stiffness 

It is well established in humans that the tunica media becomes up to three times thicker 

with advancing age compared to onset of adulthood (Laurent et al., 2005).  Elastin fibres 

are fragmented, degraded and replaced with collagen which can ultimately become 

mineralized (Shirwany and Zou, 2010).  Consequently the arterial wall becomes stiffer 

and loses its compliance function which results in increased significant alterations to the 

pulse pressure wave form including increased systolic pressure and overall hypertension, 

rapid diastolic runoff and alterations to the reflected wave which impairs coronary artery 
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perfusion and with important effects on microvasculature (O'Rourke and Safar, 2005, 

Shirwany and Zou, 2010).  As a consequence, arterial stiffness in humans is central to the 

development of a broad range of cardiovascular diseases and is well correlated with 

cardiovascular morbidity and mortality (Cecelja and Chowienczyk, 2009, Chue et al., 

2010, Mattace-Raso et al., 2010, Wang and Fitch, 2004, Li et al., 2009a). 

 

1.6.1 Measuring arterial wall stiffness 

1.6.1.1 Pulse wave velocity (PWV) 

When the heart ejects blood into the arteries a wave of elastic distortion travels along the 

arterial wall at about 10 times the velocity of the blood flow.  This wave has great 

importance in terms of energy transport and wave reflection within the arterial system 

(Kalita and Schaefer, 2008, Shirwany and Zou, 2010).  The phenomena of the pulse wave 

was first documented in horses in 1733 by Stephan Hales and Leonhard Euler published 

the first attempt at calculating it in 1755 (Parker, 2009).  Thomas Young correctly 

deduced a formula for PWV in 1808 without convincing derivation and by 1878 the work 

of Moens and Korteweg gave us the definitive equation based on the elasticity of a vessel 

wall and the compressibility of the fluid known as the Moens-Korteweg equation (Parker, 

2009). 

 

      
  

   
 Equation 1-1  

 

Where E = circumferential Young's modulus, h = wall thickness, R = lumen radius and ρ 

= fluid density.  The Moens-Korteweg equation is based on Laplace’s theory of thin 
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walled tubes and assumes incompressible flow, absence of forces due to shear, flow or 

mass and a Poisson’s ratio of zero.  Although there are various modifications for thick 

walled vessels, a more realistic Poisson’s ratio and blood velocity it remains in use today 

(Kalita and Schaefer, 2008).  PWV has been established in humans for close to a century 

(Bramwell, 1922).  There are currently a myriad of devices to measure PWV non-

invasively in peripheral arteries but central artery measurement via catheterization 

remains the most accurate method (Laurent et al., 2006, Pannier et al., 2002). 

 

Arterial stiffness can be implied from PWV using a tubular model of the arterial system 

and the Moens-Korteweg equation.  The relationship between modulus, wall thickness 

and lumen radius may be expressed in terms of volume distensibility (Bramwell, 1922), 

 

  

  
   

  

   
 Equation 1-2 

 

where V = volume and P = luminal pressure.  This relationship allows       
  

   

 Equation 1-1 to be further derived to  

 

      
   

   
 Equation 1-3 

 

From       
  

   
 Equation 1-1, it can be seen  that PWV is inversely proportional to 

the square root of distensibility which implies that PWV is directly proportional to the 
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square root of arterial stiffness (Yildiz, 2010).  This expression also allows PWV to be 

determined from concurrent measurements of arterial pressure and some form of artery 

wall displacement rather than direct measurement of pulse transit time (Giannattasio et 

al., 2011). 

There are three major phenomena associated with the pulse wave that can be measured in 

order to determine velocity; pressure; volume (radial distension); and flow (fluid 

velocity) (Korpas et al., 2009, Mattace-Raso et al., 2010).  All three forms can be 

monitored non-invasively, with applanation tonometry being most common in human 

clinical applications (Boutouyrie et al., 2009, Mattace-Raso et al., 2010).  Non-invasive 

techniques are challenged by accurate measurement of arterial distance and the effects of 

external motion, particularly with higher fidelity techniques such as radiofrequency 

tonometry (Boutouyrie et al., 2009, De Melis et al., 2009).  Direct intravascular pressure 

measurement is routinely used in research environments and has been successfully used 

to measure pulmonary arterial pressure in horses (Manohar et al., 1993a, Manohar et al., 

1998).  The use of a dual pressure sensing catheter would extend pulmonary artery 

pressure measurement techniques to PWV in the horse model (Latham et al., 1985, Ruiz-

Feria et al., 2009).  A key aspect of measuring the time interval between pulse waves at 

two locations is precisely identifying a consistent point on the pulse wave form, usually 

the foot of the wave (Boutouyrie et al., 2009, Vermeersch et al., 2009).  Mathematical 

conditioning approaches such first and second time derivatives and automated algorithms 

are useful (Chiu et al., 1991). 
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1.6.1.2 Pulse pressure wave analysis (PWA) 

The pulse pressure wave is the net combination of the forward pressure wave produced 

by ventricular ejection and the phasic combination of harmonics of reflected waves (ie 

wavelets) coming back from a plethora of reflection sites in the arterial tree, mainly 

branching points and regions of altered impedance (diameter, compliance etc.) 

(Hashimoto and Ito, 2009, Mattace-Raso et al., 2010).  Analysis of the resulting wave 

form is referred to as pulse wave analysis (PWA).  Three major parameters involved are 

pulse pressure, systolic pressure and the Augmentation Index (AI), which is the ratio of 

the incremental rise of systolic pressure above the first inflection point as a percentage of 

the pulse pressure (Laurent et al., 2006).  PWA can provide insight into reflection 

phenomena particularly with respect to arterial elasticity gradients, refection sites 

(branching, calcifications), and ventricular ejection (heart rate and contractility) but is not 

in itself a suitable measure of arterial stiffness (Avolio et al., 2009, Mattace-Raso et al., 

2010).  Numerous studies have shown that various methods of pulse wave analysis in 

muscular arteries do not correlate with factors of arterial stiffness associated with central 

PWV (Gurovich et al., 2009, Laurent et al., 2006).  Pulse pressure amplification (PPA)  

occurs as the pulse wave travels distally due to increased phasic alignment of incident 

and reflected pressure and volume waves (incident and reflective flow waves become 

aphasic thus energy conserved) but the wave form is considerably altered (Davies et al., 

2007b, Korpas and Halek, 2006, Mattace-Raso et al., 2010).  Although PWA makes non-

invasive peripheral measurements attractive it is well demonstrated that systemic AI does 

not predict cardiovascular outcomes accurately when determined in peripheral arteries 

(Boutouyrie et al., 2009, Mattace-Raso et al., 2010).  In humans the PWV is about twice 
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as fast in muscular arteries than it is in the proximal aorta (Latham et al., 1985).  

Therefore it seems unlikely that pulse wave analysis in peripheral arteries will yield 

useful information regarding lesions in the proximal pulmonary artery.  However, 

intravascular, local measurement of pulse pressure and volume waves appear to be 

feasible in the horse.  If this transpires, then central pulse wave analysis has the potential 

to yield much useful information and there are many established and emerging techniques 

available to facilitate this process (Avolio et al., 2009, Leguy et al., 2010, De Melis et al., 

2009). 

 

1.6.1.3 Pressure-distension techniques 

An alternative to determining total arterial stiffness from PWV is to make local 

measurements via direct US or doppler techniques to measure strain response to varying 

pressure loads (Kawasaki et al., 2009, Mattace-Raso et al., 2010, Giannattasio et al., 

2008)).  This technique also allows measurement or wall thickness and lends itself to the 

identification of local lesions.  Some form of high frequency high resolution imaging 

system such as ultrasound (percutaneous utilizing M-mode tissue Doppler imaging 

ultrasound or IVUS), radio frequency or magnetic resonance imaging is used to record 

the strain response of an artery as it deforms with pulse pressure (systolic pressure minus 

diastolic pressure).  A concurrent recording of the arterial pressure is made usually via an 

indwelling catheter.  The simplest form of modulus obtained from this data is the 

Peterson modulus Ep which is simply defined as 

 

    
          

       
 Equation 1-4 
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Where PS is systolic pressure, PD is diastolic pressure, DID is inner diastolic diameter and 

DIS is inner systolic diameter.  Ep is a pressure to strain ratio rather than a true modulus.  

However it does provide relative information on arterial stiffness (Hunter et al., 2010). 

 

A simple elastic modulus may be approximated by using a thin walled model of 

circumferential stress: 

 

   
          

  
 Equation 1-5 

 

Where h is wall thickness and the associated incremental change in circumferential strain 

is: 

   
       

   
 Equation 1-6 

 

A pressure-strain elastic modulus EPS is then defined as (Hunter et al., 2010): 

 

     
  

  
 

          
  

       
   

 
     
       

   

 
   

  
      

   

  
  Equation 1-7 

 

A more rigorous approximation of this is based on a two-dimensional plane strain 

approximation for a thick walled elastic tube.  This model accommodates variation in 

stress across the thickness and is applicable when the artery walls are greater than 10% of 

the diameter.  The model’s stress equilibrium equation is simplified to provide an 
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instantaneous relationship between incremental transmural pressure (PI) and 

instantaneous diameter (DI) (Hunter et al., 2010): 

 

           Equation 1-8  

 

Where the parameter m is a function of the elastic modulus and the diastolic inner and 

outer diameters.  The parameter m is also related to the slope (obtained experimentally) 

of the incremental pressure diameter curve.  The slope is equated to the function and the 

equation is solved for the modulus: (Hunter et al., 2010) 

 

      
           

          
 

     
     

  
   Equation 1-9 

 

Where ETWPS is the thick walled plane strain modulus and ν is Poisson’s ratio which is set 

close to 0.5 to approximate incompressibility.  The diastolic diameters are constant for 

each pressure diameter curve and linear regression analysis of the pressure diameter data 

will yield m allowing solution for ETWPS (Hunter et al., 2010). 

Most applicable to the pulmonary arteries of the horse would be intra- vascular 

ultrasound techniques (IVUS).  A number of IVUS methods have been developed in 

humans and animals to study vascular lesions as well as determine the biomechanical 

properties of vessel walls (Hasegawa and Kanai, 2008, Hunter et al., 2010, Kawasaki et 

al., 2009, Liang et al., 2010).  Interestingly, most of these approaches would lend 

themselves to concurrently capturing PWV via detection of the volume aspect of the 

pulse wave. 
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1.6.1.4 Direct mechanical testing 

Direct macroscopic testing of material properties of bulk artery sections can be conducted 

with uniaxial or biaxial test machines. Biaxial testing is generally performed on thin 

planar material specimens.   A version of biaxial testing is equibiaxial which applies 

equal forces to each side of a square material sample allowing direct identification of 

anisotropic behaviour within a tissue plane (Lally et al., 2004).  Inflation and axial 

extension systems allow concurrent application of axial and radial forces and provide the 

same information for cannulated whole artery or individual tunica preparations and 

provide the same information as planar biaxial tests (Holzapfel and Ogden, 2009).  The 

addition of torsional forces to the former provides a triaxial testing arrangement. 

There is some controversy regarding elucidation of three dimensional material properties 

for incompressible anisotropic materials from validation of models with data obtained 

from planar biaxial testing, particularly through validation of two dimensional models.  

The latter cannot capture mural stress distributions, residual stresses or torsional 

deformations (Holzapfel and Ogden, 2009).  In a planar biaxial test system, the strain 

energy function for an isotropic material depends on two deformation variables which 

can be varied independently and two components of stress, which are measured along the 

deformation.  Thus a biaxial system is capable of providing data to fully characterize 

material properties and subsequent mathematical determinations of the strain energy 

function.  However, for an incompressible transversely isotropic material, there are four 

independent constitutive functions but only three independent components of 

deformation and only three components of stress.  Consequently, an additional 

independent three dimensional test is required to determine the three dimensional 
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material properties of an anisotropic structure such as an artery.  Alternatively, the 

assumption can be made that one or more invariants are absent from the strain energy 

density function.  It assumed that there is no shear, but this would require that the 

preferred direction be perfectly aligned with one of the coordinate axis in order to avoid 

the requirement of a shear stress to maintain homogeneous deformation (Holzapfel and 

Ogden, 2009).  Currently, a biaxial testing device that can provide independent 

measurement and control of three stress-strain components has not been reported, 

necessitating more complex approaches to establishing the material properties of arteries.  

Simultaneous extension and inflation testing of cylindrical arterial segments can yield 

equivalent data to planar biaxial testing.  However the experiments must be carefully 

designed to minimize shear generation and to maintain orientation of fibres in the 

preferred direction to be aligned or perpendicular to the direction of applied strain.  To 

fully characterize transversely isotropic materials, the independent control of four 

separate components of strain and simultaneous measurement of the four associated 

forces must be achieved.  Torsion can be combined concurrently with extension and 

inflation testing. The torsion acts locally as a simple shear in the material plane for a thin 

walled tube providing a third component of strain (Holzapfel and Ogden, 2009).  

Ideally, planar biaxial testing would include in plane shear and separate through-

thickness shear tests.  Extension and inflation tests would be combined with torsion and a 

separate through thickness shear test such as axial shear, azimuthal shear or simple shear 

from a cut out patch (Holzapfel and Ogden, 2009). 

There are a number of test modalities for examining microscale behaviour.  The 

compliance of atomic force microscopy loading trains allows them to be suitable for use 
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in elastic tissues (Akhtar et al., 2011).  High frequency ultrasound via the relationship of 

Young’s modulus of a tissue to the speed of sound in that tissue enables concurrent 

examination of elastic and histological properties of thin sections (Jensen et al., 2006).  

Multimodal non linear microscopy (focused optical excitation to yield highest photon 

flux of a particular material) produces concurrent 3-dimensional images of 

microstructures such as collagen, elastin and smooth muscle cells in native tissues.  

Whole vessel segments can be imaged in inflation extension arrangements thus 

mechanical properties and component interactions can be determined in the same 

experimental setup (Arkill et al., 2010).  Finally, stress and strain behavior of individual 

molecules within the arterial wall can be determined via molecular combing (Sherratt et 

al., 2003).  In this technique, a molecule is partially adsorbed and the substrate, along 

with the molecule is spun.  Centrifugal force causes the meniscus to recede which applies 

a tensile force to the molecule via surface tension.  Strain is measured by intermittent 

mode atomic force microscopy. 

 

1.6.2 Computational modelling 

Computational modeling of arterial biomechanics is a well established field (Steinman et 

al., 2003).  Cardiovascular biomechanics are generally approached using the techniques 

of continuum mechanics as a consequence of the scale of the microstructure (extracellular 

proteins) being much smaller than the scale of the problem (vascular wall) (Humphrey, 

2008a, Kalita and Schaefer, 2008).  Key concepts include stress (relating force to area), 

strain (both dimensional and rate of deformation) within the constraints of the laws of 

mass, momentum and energy (Kassab, 2006).  There are four classes of information 
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required in order to address a problem with biomechanics; i) describe the geometry 

(anatomy, morphology, histology and microstructure) of the system; ii) define the 

material properties (stress/strain relationships, fluid, solid and elasticity); iii) governing 

laws (Newtonian motion, conservation and thermodynamics); and iv) the initial and 

boundary values of the system (Kassab, 2006).  The latter two classes are primarily dealt 

with through solid modeling techniques.  It is now generally accepted that soft tissues can 

be best modeled as having a special kind of viscoelasticity referred to as pseudo elasticity 

and characterized by a continuous relaxation spectrum (uniquely different between 

loading and unloading phases) where the loss of energy due to hysteresis is small and has 

little variation over a wide frequency range (Humphrey, 2008a, Kassab, 2006).  One of 

the limitations of the constitutive models is the resolution of boundary value problems 

(BVP).  Three key BVPs are: i) Effect of zero stress state (unloaded arteries contain 

higher levels of circumferential tension in the inner wall vs. the outer wall which results 

in residual circumferential strain or pre-stress); ii) Effect of longitudinal pre-stretch and 

longitudinal tethering (the aorta has be shown to stretch in length with increasing 

pressure and this effect is variable along its length); and iii) Effect of surrounding tissue 

(radial constraint from surrounding tissue reduces transmural pressure) (Humphrey, 

2008a, Kassab, 2006).  It is interesting to note that the pulmonary arteries have little 

support (Kassab, 2006). 

There are a number of aspects of arterial loading that must be considered.  Wall shear 

stress created by flow, radial stress due to blood pressure, longitudinal stress due to the 

longitudinal stretch response to luminal pressure, tethering effects of surrounding tissue 

and pre-stress within the arteries themselves (Hodis and Zamir, 2009a, Humphrey, 2008a, 
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Kassab, 2006, VanEpps and Vorp, 2007).  The resulting strains have to be considered in 

terms of cyclic loading as fatigue of elastin is thought to be an important aspect of 

degradation of the arterial wall (Hodis and Zamir, 2009a, VanEpps and Vorp, 2007). 

Mechanical properties of arteries derive from the combined properties of the 

microstructure i.e. smooth muscle cells, fibrocytes, collagen fibres, elastin fibres and the 

surrounding proteins and other ground material (Humphrey, 2003, Kassab, 2006, 

Wagenseil and Mecham, 2009).  Today, quantification of the geometrical and material 

properties of biological components required for biomechanical modeling is best 

achieved through structural imaging.  Useful technologies range from magnetic 

resonance imaging, computerized tomography (CT), positron emission tomography and 

ultrasonography for organs, micro-CT and optical coherence tomography for tissues, 

confocal and interference microscopy, multi-photon microscopy and electron 

tomography, for cells, two-photon excited fluorescence and second-harmonic generation, 

for major fibres such as collagen and elastin and ultimately X-ray crystallography for 

molecular level structures (Kassab, 2006). 

1.7 Summary 

It is well established that arterial stiffness is a reliable predictor of cardiovascular 

diseases (Laurent et al., 2006, Mattace-Raso et al., 2010).  There is significant interaction 

between the macro and microcirculation (Safar and Struijker-Boudier, 2010).  Increased 

conduit artery stiffness transfers greater energy to the microvasculature in the form of the 

pulse pressure wave.  The microvascular response alters wave reflection causing systolic 

elevation and diastolic reduction of central pressure.  In particular, microvascular damage 

has been demonstrated in cerebral and renal vasculature in association with increased 
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arterial stiffness (Chue et al., 2010, O'Rourke and Safar, 2005).  Exercise Induced 

Pulmonary Hemorrhage (EIPH) is an important microvascular disease of horses 

(Ocallaghan et al., 1987).  Much research has been performed on this subject yet the 

etiology remains elusive (Williams et al., 2008).  Pulmonary arterial hypertension has 

been associated with the occurrence of EIPH (Langsetmo et al., 2000, West and 

Mathieucostello, 1995) and there are a number of studies associating exercise intensity 

with degree of pulmonary arterial hypertension (Manohar et al., 1993b, Manohar and 

Goetz, 1999).  However, the relationship between EIPH and arterial stiffening does not 

appear to have been explored.  Equine pulmonary artery mechanics would appear to be a 

logical area of investigation particularly given emerging evidence of a link between 

stiffening of the pulmonary artery and microvascular remodeling in other species 

(Lammers et al., 2012, Hodis and Zamir, 2011a).  PWV is the most commonly used 

clinical method of measuring arterial stiffness in vivo, with intra luminal measurement 

having the highest accuracy  (Laurent et al., 2006). 
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CHAPTER 2 

EX VIVO PULMONARY ARTERIAL PERFUSION SYSTEM (EVPAPS)  

2.1 Abstract 

Arterial stiffness is associated with cardiovascular disease in humans and may play a role 

in conditions of the pulmonary vasculature which afflict the horse such as EIPH.  

Invasive measurement of PWV is currently used in clinical research for accurately 

determining central arterial stiffness in humans.  Catheter placement techniques 

applicable to humans and small animals are precluded in the horse.  An ex vivo model 

that would provide a platform from which to develop a blind catheter navigation 

technique in the equine pulmonary arterial system was developed through construction of 

a series of prototype ex vivo pulmonary arterial perfusion systems (EVPAPS).  

Additionally, the design criteria for the EVPAPS included consideration for studying a 

broad range of equine pulmonary mechanical and physiological phenomena. 

An ex vivo model that utilized whole equine heart and lung preparations under pulsatile 

perfusion and PPV was successfully used to conduct catheter navigation trials.  

Physiologic pulmonary arterial pressures and temperature were adequately reproduced.  

Flow performance was, however, disappointing with less than 10% of physiologic flow 

achievable without the development of hypertension.  Pulse pressure waveforms were 

reproduced with reasonable accuracy. 

2.2 Introduction 

Emerging evidence supports the hypothesis that conduit artery stiffness is associated with 

mechanotransduction mediation of vascular remodeling in pulmonary hypertension (Li et 
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al., 2009b, Williams et al., 2013).  Considering the preferential distribution of blood to 

the caudal dorsal region of the equine lung (Williams et al., 2013) and the almost 

exclusive occurrence of EIPH in the caudal dorsal regions (Oikawa, 1999, Derksen et al., 

2009), hemodynamic abnormalities resulting from vascular stiffness may play a role in 

the pathogenesis of EIPH.  Many studies investigating pressure within the pulmonary 

artery of the horse have been performed (Brown and Holmes, 1978, Manohar et al., 

2000a), but few have attempted to target a specific anatomic location beyond the 

bifurcation (Hackett et al., 2003).  As EIPH is  the most prevalent pulmonary vascular 

lesion in the equine (Lyle et al., 2011), a method to study the mechanics and 

hemodynamics of the pulmonary artery from the pulmonary trunk through to the caudal 

dorsal extent of the lung would be valuable. This would, however, require development 

of a method to direct instrumentation to the region. 

Fluoroscopy is the main method of endovascular device guidance in humans and small 

animals (Rudin et al., 2008, Weisse et al., 2008).  It is also reported in the horse in limited 

applications (Nannarone et al., 2013, Witherst et al., 2009) even in the thorax and 

abdomen of adult horses (Dik and Kalsbeek, 1985, Dyce et al., 1976).  Despite advances, 

fluoroscopy is limited by its inability to produce a real time 3-dimensional image.  

Techniques and devices that utilize ultrasound, magnetic-resonance or electromagnetic 

signals to produce a real-time 3-dimensional image are emerging and gaining clinical 

application for endovascular device guidance (Cochennec et al., 2013, Kandarpa, 2013).  

However, due to the size of the equine thorax and complexity of the pulmonary 

vasculature, none of the reported methods of visual endovascular guidance appeared to be 

viable or practical for endovascular device guidance in the adult equine pulmonary artery.  
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Poor image quality, difficulty in achieving rapid multiple perspective viewing, complex 

anatomy, radiation exposure and cost were all cause of concern (Dik and Kalsbeek, 1985, 

Dyce et al., 1976, Locca et al., 2008).  It was logical therefore, that the first step towards 

measuring PWV in pulmonary arterial system of the horse would involve examination of 

intra luminal catheter behavior in the pulmonary arterial system with the goal of 

identifying alternative navigation techniques. 

An ex vivo model was conceived to pursue this study.  Preliminary work was performed 

with dissected pulmonary arteries under continuous perfusion in a water bath.  Initial 

observations of catheter behavior clearly identified a strong tendency for an unguided 

measurement catheter to enter a small radial branch within a few centimeters of 

advancement beyond the bifurcation.  This finding led to the concept of utilizing a 

balloon tipped catheter for retention within the main stem of the pulmonary artery.  The 

viability of this concept was established with crude trials and provided the confidence to 

proceed with a more anatomically and physiologically accurate model incorporating 

complete lung preparations.  The ability to maintain reasonably physiologic flow rates 

and pulmonary artery pressures under continuous perfusion through the main trunk of the 

pulmonary artery with fluid recovery from open pulmonary veins was demonstrated.  A 

more sophisticated and higher fidelity model which would, in the short term, allow 

development of a clinical technique for placement of a measurement catheter within the 

distal extent of the main stems of the pulmonary artery of a horse under standing sedation 

and, in the long term, provide a platform from which to study mechanical and 

hemodynamic phenomena of the equine pulmonary artery was then constructed based on 

the criteria outlined below. 
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2.2.1 Design criteria 

To achieve the navigation objective, dimensional accuracy of both the diameter and 

length of the pulmonary artery were considered crucial.  In order to maintain dimensional 

accuracy, physiologic pulmonary arterial pressure and lung inflation volume would need 

to be achieved.  As fluid flow was thought likely to have an influence on catheter 

behavior, particularly a balloon tipped catheter, physiologic flow rates were desirable.  

Physiologic temperature would be required in order to replicate the thermo responsive 

mechanical properties of intravascular devices.  Three factors created a requirement for 

anatomical accuracy.  Length as well as bend location and radii are important factors 

influencing catheter behavior and catheter interactions with introducers and guide wires 

(Pioud et al., 2011).  Maintenance of the in vivo geometric relationships between the right 

ventricle, outflow tract and pulmonary trunk would be critical for effective evaluation of 

specific intravascular devices.  Finally, gravity was likely to influence catheter behavior, 

particularly through balloon buoyancy.  A method of observing and recording catheter 

behavior during insertion and over the wire exchanges as well as insertion distance would 

be required. 

An important consideration for study of the pulmonary arterial system of horses was to 

minimize the use of live animals during application development of measurement 

techniques such as PWV or IVUS.  Extended duration of tissue viability, accommodating 

invasive measurement techniques and maintaining a high level of physiological fidelity 

would be essential in order to achieve this.  The fundamental involvement of the pulse 

pressure wave in the induction of pulmonary artery mechanical stress, flow variation and 

energy transfer as well as possible effects on catheter behavior, dictated pulsatile flow 
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functionality.  Pulmonary arterial resistance is significantly affected by mechanical and 

pressure dynamics associated with movement of air in and out of the lungs (Hughes et al., 

1968, Maloney et al., 1976, Mazzone, 1980).  This coupling created a requirement for 

lung ventilation.  Due to the opposing effects of positive and negative pressure ventilation 

on parenchymal tissue expansion and microvascular resistance (Shekerdemian et al., 

1996, Edner et al., 2005, Soni and Williams, 2008), negative pressure ventilation 

capability appeared to be essential in order to best replicate physiological vascular 

conditions.  In addition to the effects of ventilation on vascular resistance, interstitial 

fluid movement also needed to be considered.  Transvascular fluid movement appears to 

be significant in equine lungs (Vengust et al., 2006).  Cyclic expansion and compression 

of the lungs is an important component of pulmonary lymphatic fluid transport (Hedrick 

et al., 2007, Pearse et al., 2005) and particularly in the case of an ex vivo model, required 

to minimize pulmonary edema (Bhattacharya et al., 1989). 

 

2.2.2 Perfusion 

The range of cardiovascular capacity in the horse is large, with increases from rest to 

exercise of cardiac output by a factor of 8 to 13 and pulmonary arterial pressure by a 

factor of 3 to 4 with required fluid flow rate to cover the entire physiologic range is on 

the order of 30 to 500 L/min (Hinchcliff et al., 2004).  In order to facilitate reperfusion 

protocols and maintenance of pulmonary arterial pressure throughout experiments, 

precise flow regulation from zero maximal rates would be required.  Mean arterial 

pressures in excess of 100mmHg (Manohar et al., 1993a) and peak arterial pressures 

approaching 200mmHg are reported in the pulmonary artery of horses (Langsetmo et al., 
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2000).  Ideally, the system would be capable of generating a maximum arterial pressure 

of 200mmHg at a flow rate of 500L/min.  

 

2.2.3 Pulsatility 

In order to measure PWV, a method of repeatable cyclic flow and pressure variation 

would be required in order to produce a pulse wave form.  Due to emerging evidence of 

pulsatility in the pathophysiology pulmonary vascular disease (Li et al., 2009a, Li et al., 

2009b), high fidelity replication of the physiologic wave form appeared to be valuable.  

Fidelity would depend on precise and independent control of increases and decreases of 

flow rate, flow rate acceleration and flow duration as well as independent control of 

pressure. 

 

2.2.4 Perfusate 

The primary consideration for the perfusate was sufficient transparency in the visible 

light range to allow adequate visualization within the vascular lumen via standard 

endoscopy.  The flow volume of perfusate required would be approximately 1,800 L per 

hour at a flow rate equivalent to physiological cardiac output at rest.  Practical cost and 

storage constraints would require a recirculating system.  As a consequence, the perfusate 

would have to be robust.  Recirculation would have to be performed in a manner which 

would minimize air entrainment in order to preserve transparency.  The fluid would also 

need to have physiologic osmolarity in order to minimize edema formation caused by 

direct fluid movement into the interstitium and endothelial cell damage.  In order to 

replicate rheologic behavior, ideal perfusate would also have the viscosity, density and 
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particulate suspension of whole blood.  Additionally, the  particulates would reproduce 

the echographic signal of blood cellsand the fluid would have nutrient and oxygen 

conduction capacity. 

 

2.2.5 Ventilation 

In order to provide procedural and experimental flexibility, the lung ventilation system 

would need to operate in three modes, static, positive pressure ventilation and negative 

pressure ventilation.  Tidal volume would need to be variable between 0 and 12 L of air 

with minute volumes ranging from zero to 1,500 L/m (Hinchcliff et al., 2004).  To be 

able to replicate the range of physiologic conditions anticipated to simulate intense 

exercise, the ventilation system would need to be capable of generating transpleural 

pressures of +/- 50cmH20 (Hinchcliff et al., 2004). 

Independent control of tidal volume and respiration rate would be fundamental.  Precise 

control of inspiration flow rate and flow volume would be crucial to avoid alveolar 

rupture and the formation of emphysematous bullae during lung inflation, particularly 

with lung volumes below functional residual capacity.  Ideally, variable and independent 

control of flow volume, rate and acceleration during both inspiration and expiration 

would be expected to significantly improve physiologic fidelity particularly with respect 

to replicating transpulmonary pressures and subsequent expansion and contraction 

impacts on lung parenchyma and microvasculature.  Minimizing conductance system 

dead space and ventilation with oxygen would likely reduce hypoxia induced 

vasoconstriction (Teng and Wu, 2013, Egemnazarov et al., 2010). 
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2.2.6 Endoscopy 

Endoscopy would require flexibility with and insertion length of 165cm and a diameter of 

no more than 12mm in order to reach the distal extent of the main stem.  The use of an 

intact heart and lung preparation and the complex shape of the pulmonary arterial system 

would create a requirement for remote steering capability.  The tight loop formed by 

passage through the right ventricle and into the outflow tract restricts axial rotation and 

necessitates steerage in two axis.  The requirement to have concurrent visualization 

during catheter manipulation would require remote image presentation.  Video recording 

capability would significantly enhance data collection and analysis. 

 

2.2.7 Measurement and control 

The minimum measurement requirements would be pulmonary pressure, perfusate flow 

rate and temperature.  In order to record pulse wave form and measure PWV, a dual 

microtransducer pressure sensing catheter with an insertion distance of 165cm would be 

required.  Three criteria were considered for sensor separation: axial misalignment within 

the arterial lumen creating a shortening artifact of the wave travel distance between 

sensors; wave aliasing, which is the concurrent presence of two pulse pressure waves 

between the sensors should the pulse frequency be high relative to the PWV velocity for 

a given sensor separation distance; and ability to resolve changes in PWV within 

different anatomical sections of the pulmonary arterial system. 
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The geometric factors contributing to axial misalignment artifact error are portrayed in 

Figure 2-1. 

 
Figure 2-1.  Pulse wave velocity dual pressure sensor catheter misalignment error 

Depiction of dual pressure sensor catheter axial misalignment within artery lumen.  Ds = 

catheter sensor separation distance, Da = actual distance pulse pressure wave travels 

between sensors, Dm = axial misalignment distance of sensors relative to placement 

parallel to axis of artery. 

 

The worst case scenario is if the catheter is angled across the lumen such that Dm is 

equivalent to the luminal diameter for a given location in the artery.  The luminal 

diameter can then be used to calculate the maximum potential PWV error for different 

catheter sensor separation distances at various locations in the pulmonary artery.  Worst 

case scenario errors for various artery diameters and sensor separation distances are given 

in Table 2-1.  Refer to Appendix 2 for derivation of maximum potential misalignment 

error. 
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Table 2-1  Maximum potential catheter misalignment error (%) in PWV for various 

sensor separation distances and artery diameters. 

  
Sensor Separation Distance (cm) 

  
10.0 7.5 5.0 2.5 

Location 

Artery 

Diameter 

(cm) 

% Error 

Pulmonary Trunk 6.0 25.0 66.7 * * 

 
5.5 19.7 47.1 * * 

 
5.0 15.5 34.2 * * 

 
4.5 12.0 25.0 129.4 * 

 
4.0 9.1 18.2 66.7 * 

Bifurcation 3.0 4.8 9.1 25.0 * 

 
2.5 3.3 6.1 15.5 * 

Proximal Main 

Stem 
2.0 2.1 3.8 9.1 66.7 

Middle Main 

Stem 
1.5 1.1 2.1 4.8 25.0 

Distal Main Stem 1.0 0.5 0.9 2.1 9.1 

* Maximum error approaches infinity for vessel diameters ≥ sensor separation distance 

(refer to Figure2-1) and is not calculated.  

 

Simple analysis of Table 2-1 would suggest that a sensor separation distance of 10cm 

should be the minimum considered in order to prevent alignment error exceeding 10% in 

most circumstances.  However, increasing sensor separation distance decreases regional 

precision (ability to discriminate changes in PWV along length of artery).  Preliminary 

observation of pressure measurement catheter behavior indicated a tendency to run along 

the artery wall rather than traverse the lumen unless the catheter tip encountered a radial 

side branch.  Additionally, the guide wire, over which the pressure measurement catheter 

would be placed, would be anchored in the distal extent of the main stem and as a result, 

would maintain the pressure measurement catheter in approximate alignment with the 

arterial axis when the distal tip is located in the pulmonary trunk or left or right 

pulmonary arteries.  Consequently, a sensor separation distance of 5 cm was judged to 
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provide the best balance between minimizing PWV misalignment error and maximizing 

regional PWV precision. 

Wave aliasing occurs when a pulse pressure wave passes the proximal sensor before the 

preceding wave has passed the distal sensor as indicated in Figure 2-2.  Wave aliasing 

will occur if the PWV is low relative to the time period between pulses. 

 
Figure 2-2.  Wave aliasing in the measurement of PWV. 

Ds = distance between sensors, tpp = time between pulse pressure waves, tlim = minimum 

time between pulses before aliasing occurs, PWV = pulse wave velocity, Sp = proximal 

sensor, Sd = distal sensor.  Wave aliasing occurs when more than one wave is present 

between sensors.  In this circumstance, tpp will be less than tlim (tpp < tlim), whereas when 

tpp > tlim wave aliasing cannot occur.  The distance between sensors at which wave 

aliasing will occur is directly proportional to PWV and inversely proportional to pulse 

frequency (Equation 2-5), and may be calculated for a given PWV and pulse frequency.  

See text for derivation and detailed explanation. 

 

The maximum distance between sensors before wave aliasing occurs may be calculated 

from the PWV and frequency of the pulse waves by equating tpp with tlim as follows: 

tlim can be expressed as a function of PWV and Ds, 
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  Equation 2-1 

 

Pulse frequency is defined as, 

 

      
   

 
  Equation 2-2 

 

Where: Fp = pulse frequency and Npp is the number of pulses or pulse waves.  Equation 2-

2 can be rearranged to express the period between pulses, 

 

     
   

  
  Equation 2-3 

 

To avoid aliasing, the maximum number of pulses over the time tlim is 1.  Substituting 

these values into Equation 2-3 and equating Equation 2-1 to Equation 2-3 yields, 

 

 

  
    

  

   
    Equation 2-4 

 

which can be rearranged to yield an expression for Ds as function of PWV and Fp, 

 

            
       

  
    Equation 2-5 

 

Where Dsmax = the maximum sensor distance, for a given PWV and Fp, possible before 

aliasing will occur.  The worst case scenario for Dsmax occurs at minimal PWV and 



 

 41 

maximal Fp.  Minimum expected PWV in the pulmonary artery was estimated to be > 

0.5m/s and maximum physiologic Fp would not exceed 240 beats per minute in the horse.  

Substituting these values into Equation 2-5 yields a Dsmax of 12.5cm. 

 

                
    

 

 
            

     
      

   
 

      
 

   
         

  

 
          Equation 2-6 

 

The sensor separation distance of 5cm, selected as a balance between minimizing sensor 

misalignment error and region resolution (see above) falls well within maximum sensor 

separation distance calculated in Equation 2-6. 

 

2.2.8 Enclosure 

Overall considerations for the EVPAPS enclosure were visualization as well as ease of 

fabrication and sanitation.  In order to support ventilation functionality, the enclosure 

would need to withstand continuous cyclic pressure differentials of up to +/- 50cm H2O. 

 

2.2.9 Anatomical positioning 

Maintaining the normal anatomical relationships between the heart, pulmonary outflow 

tract and pulmonary artery would be critical to evaluating catheter motion.  Luminal wall 

guidance, bend radius and pathway angles all significantly affect catheter behaviour.  

Buoyancy and gravitational forces would affect catheter movement during advancement.  

Correct spatial relationships between catheter entry site and key anatomical features such 

as the right atrium would be required to effectively evaluate catheter devices in lengths 

that would be utilized in clinical application.  Finally, the positioning of the catheter entry 
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site should place the operator in a position similar to that required in a live horse so as to 

best develop useful catheter manipulation motor skills. 

  

2.2.10 Portability 

The nature of the research environment required removal of the heart and lung 

preparation in a biosecure necropsy facility which was in a separate building from the 

laboratory were the experimental work would be performed.  Although it would be 

possible to transport the tissue from the necropsy facility for placement in the ex-vivo 

apparatus; tissue integrity, alveolar patency and vascular resistance would be optimized 

by perfusion and ventilation of the heart and lung preparation immediately upon 

extraction. 

2.3 Objective 

In addition to the requirement to develop a catheter navigation technique for clinical use, 

the EVPAPS would need to be designed and constructed so that it would support 

investigation of mechanical, hemodynamic and fluid transport properties of the equine 

pulmonary system. 

The primary objective for the EVPAPS was to provide a platform for the development of 

a blind navigation technique to place measurement devices in the caudal dorsal extent of 

the main stem of the pulmonary artery. 
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2.4 Materials and methods 

 

2.4.1 Prototype EVPAPS 

Initial work was performed with pulmonary arteries dissected from the lungs of horses 

presented for necropsy from the Ontario Veterinary College (OVC) to the Animal Health 

Laboratory (AHL) gross post mortem facility located at the University of Guelph.  

Arteries were dissected with blunt and sharp technique from the heart at the level of the 

pulmonic valve to the distal third of both the left and right main stems.  Bronchial and 

lung parenchymal tissues were removed.  Ventral and cranial main stems were severed 2 

– 4 cm from the main stems.  Arteries were then placed in a 100cm x 38cm x 41 cm 

polypropylene water bath and attached to a combined instrument insertion chamber and 

flow straightening device (ICFS) inserted through the wall of the water bath.  The ICFS 

was constructed of a combination of standard and modified 5 to 10cm acrylonitrile 

butadiene styrene (ABS), polyvinyl chloride (PCV) and polypropylene plumbing fittings.  

Attachment of the PA to the ICFS was achieved via placement over a 5cm polypropylene 

hose barb to male national pipe thread (MNPT) adaptor and secured with external 

circumferential nylon cable ties which were underlain with fabric hook and loop strips in 

order to distribute clamping forces.  The IFCS had ports and internal tubing which 

allowed introduction of catheters through standard catheter introducers to locations which 

corresponded to the medial, ventral and lateral aspects of the pulmonary trunk.  There 

was also a port in the IFCS which provided for insertion of a flexible video borescope
1
 

through the instrument chamber and into the pulmonary artery. 



 

 44 

A reservoir and pump system, as described below in sections 2.4.5.12.1 and 2.4.5.12.2, 

were used to pump fluid into the IFCS.  A 2.54cm quarter turn ball valve
2
 was placed at 

the inlet to the instrument and flow straightening chamber.  Flow regulation was achieved 

by a manual control valve positioned in the pump discharge stream.  Polypropylene cam 

locking adaptors were utilized for hose connections in order to facilitate rapid 

disassembly for cleaning.  Pressure was measured by gauge
3
 connected via 6mm 

polypropylene tubing to the hose barb fitting inserted into the pulmonary artery.  Flow 

measurement was accomplished via a 2.54cm variable area piston flow meter
4
 placed at 

the inlet to the ICFS.  Water was used as perfusate and was recovered from the water bath 

via twin 10cm PCV sewer pipe system inserted through the upper extent of a lateral tank 

wall opposite from the instrument chamber insertion.  A series of elbows were utilized to 

conduct the return flow into the reservoir with the outlets directed upwards in order to 

minimize aeration of the perfusion fluid. 

The borescope was used for visualization and recording of events within the pulmonary 

artery.  Stopcocks
5
 were inserted in the severed ends of major artery branches including 

the main stems and secured with circumferential suture ties
6
 The stopcocks were adjusted 

to achieve symmetrical distension of the arteries and in conjunction with the manual 

control valve, attainment of representative pulmonary artery pressure and flow conditions 

ranging from 18.7mmHg  at 20L/min to 37.4mmHg at 80L/min. 

This system established the viability of utilizing endoscopy to observe catheter behavior 

within the pulmonary artery.  The propensity of 5Fr and 7Fr measurement catheters to 

rapidly enter the minor radial side branches upon advancement beyond the bifurcation 

was readily identified.  Crude trials with a variety of balloon tipped catheters suggested 
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the potential of the proposed balloon catheter navigation technique.  Balloons of 10 to 

16mm diameter appeared to preferentially remain within the main stem upon catheter 

advancement. 

Although artery diameter would likely approximate in vivo dimensions when pressurized 

to physiologic pressures in the dissected artery preparation, the anatomic relationships of 

the branches, particularly angles and orientation were clearly unlikely to be accurate.  

Complete lung preparations were utilized.  Approval from the University of Guelph 

Animal Care Committee was obtained for the use of horse in this project.  Horses 

submitted for euthanasia were administered 10,000 IU to 50,000 IU of heparin 

intravenously five minutes before euthanasia with intravenous pentobarbital.  The rib 

cage was removed with a combination of sharp dissection and pruning shears taking care 

to avoid compromising the integrity of the visceral pleura.  The trachea was dissected 

from the neck and thoracic inlet with a combination of sharp and blunt dissection.  The 

heart and lungs were then removed from the thoracic cavity and the heart removed from 

the lungs at the level of the pulmonic valve and insertion of the pulmonary veins into the 

left atrium.  A 5cm polypropylene hose barb to MNPT adaptor was then inserted into the 

pulmonary artery and secured with nylon cable ties underlain with fabric hook and loop 

strips as described above.  The adaptor was then connected via a series of fittings and 

hose to a water supply and flushed for 5 to 10 minutes.  Pulmonary artery pressure was 

not measured during this procedure but care was taken to avoid subjective over distension 

of the pulmonary artery.  The lung preparation was then placed in the water bath within 

30 minutes of extraction and connected to the instrument chamber as described above. 
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Effective manipulation of the flexible borescope within pulmonary arteries embedded in 

lung parenchyma was not possible.  A Fuji video endoscopy system
7
 with a 6mm 

diameter, 100cm length single axis steerable endoscope
8
 was incorporated into the 

prototype EVPAPS. 

 

2.4.2 EVPAPS fabrication 

Based on the criteria defined above, and the experience gained from the prototypes, a 

final design for the EVPAPS was developed.  Figure 2-3 below outlines the major 

components. 

 
Figure 2-3.  EVPAPS schematic. 

Perfusate is drawn from reservoir through a check valve and filter.  Centrifugal pump 

delivers fluid to pulse valve controlled by stepper motor.  Pulsatile flow is then delivered 

to instrument chamber.  From instrument chamber, fluid enters heart via flexible hoses 

connected to cranial caudal vena cava.  Perfusate is recovered from lungs through aorta 

and delivered to discharge pipe.  Rotating elbow at end of discharge pipe provides control 

of left atrial pressure.  Lung is ventilated either statically from bellows or dynamically via 

ventilator. 
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2.4.2.1 Enclosure 

Commercial polymethyl methacrylate (acrylic) sheet
9
 of 11.8mm thickness was utilized 

for the main cabinet.  A heptahedron form was chosen to minimize excess enclosure 

volume around the heart and lung while allowing the use of simple sheet stock fabrication 

techniques.  In order to size the enclosure, a thoracic model of the parietal and 

diaphragmatic surfaces was created.  This was accomplished by utilizing the carcass of a 

475 Kg mature Standardbred mare, euthanized for reasons unrelated to this project, as a 

mold.  The carcass was transversely sectioned at the proximal lumbar vertebrae and the 

lumbar spine, pelvis and pelvic limbs were removed en bloc as well as the abdominal 

contents.  The head and neck were also removed at the level of the thoracic inlet.  The 

thorax was then placed in dorsal recumbency.  A bellows was connected to the trachea 

via a 5cm ball valve and 3.75cm polypropylene hose barb fitting.  In order to 

approximate total lung capacity, approximately 50 L of air were added to the lungs.  

Thermoplastic cloth 
10

 was placed against the visceral surface of the diaphragm and set 

with a hot air heat source.  The diaphragm and thoracic contents were then removed and 

the carcass was placed in sternal recumbency utilizing the thoracic limbs in flexure and 

maintaining a normal thoracic height to width ratio via traction applied to the cranial and 

caudal extent of the thoracic spine.  The parietal surface of the thorax was coated with 

vegetable oil as a mold release agent.  A complete thoracic plug shell approximately 

7.5cm in thickness was then formed from Plaster of Paris reinforced with polyester and 

straw fibres with woven wire utilized as a scaffold.  The plug was cured for 48hrs at 5°C 

after which, it was recovered by sectioning the remaining thoracic carcass away from the 

plug.  A thin shell of the parietal thoracic surface was formed by laying polyester cloth 
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immersed in polyester resin over the thoracic plug. The parietal shell was filled with 

cellulose particles
11

 and the thermoplastic cloth mold was used to form the diaphragm 

visceral surface contour.  Polyester cloth and resin were then laid over the exposed 

cellulose and bonded to the caudal aspects of the parietal shell to create a lightweight 

model representing the thoracic cavity with fully expanded lungs.  This model was then 

used to determine the form and dimension of the enclosure as shown in Figure 2-4. 

 

Figure 2-4.  Enclosure drawing. 

EVPAPS enclosure dimensions.  All dimensions in mm.  Fabricated from 11.8mm acrylic 

sheet.  Lid is removable. 
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2.4.2.2 Heart cradle 

The parietal surface of the ventral and cranial thorax was lined with plastic sheet and a 

plug of thorax extending caudally from the manubrium to the xiphoid process and 

dorsally from the sternum to the level of the thoracic inlet was formed from polyurethane 

foam
12

.  This plug was then enlarged by adding two layers of 2.5cm polystyrene foam
13

 

surfaced with duct tape
14

.  Fibreglass cloth and mat were then used to create a mold from 

the enlarged plug.  This mold was then used to create a robust fibreglass plug, which was 

surfaced with polyester putty.  6 mm acrylic sheet was then thermoformed over final plug 

to create the cradle for the heart and cranioventral lung lobes.  The cradle was bonded to 

the floor of the enclosure with the cranial end elevated at an angle of 14° in order to 

match the angle of the dorsal aspect of the sternum in a standing horse relative to the 

ground plane. 

 

2.4.2.3 Stand 

The stand was fabricated from 6061-T6 aluminum angle, rectangular tube and sheet 

stock.  5cm x 5cm angle stock formed a peripheral frame for the enclosure.  This frame 

was then supported by a 2.5cm x 5cm rectangular tube subframe, which in turn was 

supported by four 20cm pneumatic castor wheels.  Four 92cm long, 2.5cm diameter, 

3.175mm pitch screw jacks were placed at corners of the peripheral frame.  The lower 

ends of the screw jacks were stabilized in a footing frame fabricated from 10cm ABS 

plumbing pipe.  A separate detachable table that housed the centrifugal pump, pulse valve 

and instrument guides was fabricated from 5cm x 5cm angle stock, 3.175mm sheet and 

2.5cm x 5cm rectangular tubing.  The table was cantilevered from the cranial end of the 



 

 50 

main enclosure frame.  This arrangement created a manoeuvrable enclosure which could 

be brought into the necropsy suite to received the heart and lung preparation and then be 

moved to the laboratory where it could be rapidly elevated so that the catheter insertion 

points were at the height of the thoracic inlet of a standing horse, leveled, and connected 

to the perfusion system.  Refer to Figure 2-5. 

 
Figure 2-5.  EVPAPS stand. 

Enclosure frame with detachable table (A).  Rear view of frame in elevated position (B).  

Enclosure on stand in lowered transport position (C).  Stand in elevated position with 

equipment on detachable table (D). 

 

2.4.2.4 Instrument chamber 

An instrument chamber was required to introduce catheter devices, the endoscope and 

perfusate into the cranial and caudal vena cava.  The chamber assembly was sized to 

provide a path length for the catheter devices from entry point to the convergence of the 

cranial vena cava onto the right atrium that was similar to the path length a catheter 

would follow from a venipuncture point of the jugular vein just distal to the thoracic inlet 

to the right atrium, a distance of approximately 65 cm.  Three ½” NPT through holes 
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were machined in a 10cm x 11.8mm thick disk of transparent acrylic.  The holes were 

placed equidistant 22 degrees apart along the upper aspect of an arc line 30 mm in radius 

from the centre point of the disk and angled 15° towards the centre line of the disk with 

the middle hole placed at vertical midline.  Adjustable electrical strain relief fittings
15

 

were threaded into these holes.  The strain relief fittings accommodated a range of gland 

seals with free internal diameters ranging from 3mm to 14mm.  An external nut could be 

used to reduce the gland seal inner diameter by 50%, allowing fine balance of seal 

pressure capacity versus annular constriction and linear motion constriction of the 

instruments.  A 3.75cm hole was bored in the disk on vertical midline 18 mm below disk 

centre. A modified 3.75cm ABS male adaptor hub was inserted in this hole and sleeved 

to accept a 5cm ABS swivel union fitting on the external face.  The perfusate inlet piping 

was connected to the swivel union.  A ¼” NPT hole was tapped through the face of the 

disk at the upper for an air bleed line.  The disk was bonded into a modified 10cm ABS 

female adaptor hub.  A 6.35 cm hole was bored on centre through a 10cm ABS male plug 

allowing it to be clamped to the front face of the enclosure by inserting a custom clamp 

fitting machined from polyoxymethylene (copolymer acetal) round stock, through it and a 

hole bored in the front face.  All flange faces were sealed with butyl rubber o-rings.  The 

female adaptor hub assembly was then threaded onto the male plug and a standard 

3.75cm ABS plumbing tee fitting with male and female adaptor hubs inserted was 

threaded into the interior end of the clamp fitting to complete the instrument chamber. 
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Figure 2-6.  Instrument chamber and pulse valve 

Instrument chamber (A) connects perfusate from pulse valve to the vena cava.  

Endoscope and catheter are introduced through instrument chamber into cranial vena 

cava.  Air bleed removes entrained air.  Pulse valve (B) is controlled by stepper motor.  

Flow meter is located on inlet of pulse valve. 

 

2.4.2.5 Perfusion system 

2.4.2.5.1 Pump 

In order to meet the high flow, low pressure perfusion with precise control requirements, 

a centrifugal pump powered by an AC synchronous motor was utilized
16

.  Maximum 

capacity of this pump is 120 L/min which falls well short of the maximum cardiac output 

but was adequate for resting conditions which would be experienced during in vivo 

catheterization placement. 

 

2.4.2.5.2 Reservoir 

An open 128L 40cm x 40cm x 80cm
17

 free standing reservoir was utilized.  This capacity 

provided an adequate volume reserve to allow 30 to 60 minutes of run time despite 

perfusate losses from leakage.  The pump suction inlet was located 4cm above the 

reservoir bottom through a check valve and rigid 3.8cm OD ABS pipe. This arrangement 
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maximized reservoir volume and deaeration but allow settling of solids.  A washable 104 

micron pore size x 54 cm
2
 surface area screen filter

18
 was placed in the suction line.  

Three swivel unions with 4mm rubber face gaskets were incorporated in the suction line 

three separate planes, which, combined with mounting the pump on roller bearings, 

allowed zero stress assembly of the suction line thus minimizing the potential for suction 

leakage and air entrainment in the perfusate. 

  

2.4.2.5.3 Pulse valve 

A standard quarter turn 2.5cm brass bodied ball valve
2
 with high density polymer seals 

was placed on the discharge side of the pump to regulate perfusate flow.  Break out 

torque of the pulse valve was determined to be 1.47 Nm.  Pulsatility was accomplished 

by actuating the valve with a stepper motor with an integrated programmable controller
19

.  

A 48VDC switching power supply
20

  was used to power the stepper motor.  The stepper 

motor was coupled to the valve via yoke style bracket machined from 2.5cm 6061T-6 

aluminium plate.  Drive was transmitted directly with a two part concentric coupling 

machined from stainless steel.  The stepper motor was capable of generating > 2 Nm of 

torque at 8 revolutions per second (RPS) with a duty cycle of > 80% (Figure 2-7). 

The QT interval of the equine heart at a rate of 220 bpm is approximately 180 ms 

(Pedersen et al., 2013, Physick-Sheard. 2012).  The QT interval approximates the 

duration of ventricular ejection (Schimpf et al., 2008). Assuming that valve rotation of 

90° open and 90° closed for a total rotation of 180° would equate to the duration of 

ventricular ejection, maximum required valve rotational velocity (VRVMax) is calculated 

as follows: 
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          Equation 2-1  

 

The proportion of the heart cycle associated with ventricular ejection can be equated with 

duty cycle required of stepper motor.  As ventricular ejection comprises a larger part of 

the heart cycle at higher heart rates (Occhetta et al., 2010), maximum duty cycle required 

of the stepper motor (MDCMax) for a pulse rate of 220 bpm may be calculated as follows: 

 

MD         
          

      

       
   

       

           

            Equation 2-2 

 
Figure 2-7.  Stepper motor torque characteristics and duty cycle. 

From Applied Motion Products Inc. 920-0044E  Torque curve for supply voltage of 

48VDC (A).  Maximum torque at stall.  Torque loss of approximately 20% from 0 to 10 

RPS (revolutions per second).  Duty cycle for supply voltage of 48VDC (B).  Duty cycle 

declines from 100% at speeds above 4 RPS. 

 

Analysis of Figure 2-7, indicates that the maximum speed, torque and duty cycle required 

fall with the published performance envelop of the motor.  Due to the potential for fluid 

leaks, the stepper motor assembly was housed in a splash proof enclosure equipped with 

forced air ventilation (Figure 2-6B). 
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2.4.2.6 Tissue connections 

The heart and lung preparation required connection to the cranial and caudal vena cava, 

thoracic aorta as well as the proximal trachea.  Experience with the prototype system 

identified a tendency for the pulmonary artery to be cut by the sharp ridges of the hose 

barb fitting without an underlying fabric force distribution strip.  The fabric strip also had 

a tendency to slip out of position resulting in leakage and placement was found to be 

cumbersome and time consuming when attempting hose barb fitting placement in situ.  

Also of concern was the apparent delicate nature of the vena cava compared to the 

pulmonary artery.  These problems were simply solved by machining the trailing edges of 

the hose barb ridges to a radius of approximately 4mm and clamping the vessels to the 

hose barb directly with 2 or 3 6mm wide nylon cable ties.  Standard 31.25mm or 37.5mm 

hose barb to MNPT adaptor fittings were used in the vena cava and aorta.  The proximal 

trachea was typically found to have an effective inner diameter of approximately 5cm 

which fit a standard 5cm hose barb adaptor but decreased in diameter proximally to 

between 4.0 and 4.7cm at the level where it would be connected to the tracheal valve.  

The compliance of the trachea was minimal compared to the blood vessels with respect to 

fitting insertion and retention.  As a consequence neither of the standard hose barb sizes 

of 5cm or 3.75cm were suitable, necessitating custom hose barb fittings with diameters of 

4.0, 4.38 and 4.69cm.  These were machined from acetyl copolymer round stock.  All 

hose barb adaptor fittings were connected to the apparatus via ABS swivel union fittings, 

directly to the bulkhead fitting in the case of the trachea and for vessel connections, 

3.75cm polyvinyl hose
21

 was utilized to conduct perfusate between the enclosure 

bulkhead fittings and the vessels. 
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2.4.2.7 Left atrial pressure regulation 

In order to provide regulation of left atrial pressure, the 3.75cm return line from the aorta 

was connected to a 10cm rigid ABS piping system at the bulkhead fitting which was 

located at a level 12.5 cm below the heart base.  The increased diameter of the external 

discharge pipe served to avoid siphoning effects and exposed the returning perfusate to 

atmospheric pressure.  The external discharge pipe was terminated with a 90° elbow 

which in turn had a 25 cm extension from which the perfusate was discharged into the 

reservoir.  Given the relatively large diameter and short distance of the external discharge 

pipe relative to the expected flow rates,  head loss due to flow resistance could be 

assumed to be minimal and swivelling the discharge elbow would allowed the left atrial 

pressure to be varied between ±12.5cm H2O relative to the heart base. 

 

2.4.2.8 Ventilation 

A ventilation port was constructed in the front face of the chamber 10 cm on centre above 

the instrument chamber with 5cm ABS plumbing fittings.  Within the tank, a swivel 

fitting allowed connection of the valve inserted in the trachea without loss of air from the 

lungs.  Externally, a series of 5cm polypropylene valves and ABS piping provided for 

static ventilation, direct exposure to room air for negative pressure ventilation or 

connection to an anesthetic machine
22

 for positive pressure ventilation.  A connection 

port to a manually operated bellows was isolated between valves to allow either manual 

inflation or reinflation of the anesthetic machine bellows. 
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Figure 2-8.  Perfusion and ventilation 

Perfusate is drawn from reservoir through filter to pump (A).  Pump discharges through 

pulse valve to the vena cava via the instrument chamber (B).  Perfusate from aorta 

collected through discharge elbow and may be disposed (A) or recirculated (C).  Left 

atrial pressure is regulated by rotating discharge elbow (curved arrow) (C). 

 

2.4.3 EVPAPS trials 

Three heart and lung preparations were used to test the EVPAPS, establish operation 

protocols and select navigation catheters for the catheter navigation trials.  A further three 

heart and lung preparations were the used to perform the navigation trials.  After the 

navigation trials, two additional heart and lung preparations were utilized to practice 

insertion of the catheter which was identified as having the best performance followed by 

OTW exchange technique to place a 175cm 7Fr dual pressure sensor measurement 

catheter
23

 in the left and right main stems.  Of particular focus was consistency of 

catheter versus exchange wire advance and retraction distances and forces.  The tissue 

preparations were also utilized to develop familiarity with calibration of and data 

collection with the dual sensor pressure measurement catheter. 
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2.4.4 Horses 

Approximately 12 horses euthanized for reasons unrelated to this project were utilized in 

the prototype phase.  An additional eight horses, were used for EVPAPS and navigation 

technique development, navigation trials as well as catheter exchange technique 

development and ex vivo PWV measurement.  Utilization of horses for EVPAPS use was 

approved by the Animal Care Committee of the University of Guelph.  Six horses were 

donated for euthanasia and two horses were culls from the OVC teaching herd.  Horse 

characteristics and utilization are presented in Table 2-2. 

Table 2-2  Horse characteristics for catheter navigation 

 Weight 

(Kg) 

Age 

(years) 

Breed Gender Use Heparin (IU/Kg) 

Horse 1 483 23 TB F Development 0 

Horse 2 539 2 TB G Development 37 

Horse 3 595 20 WBD F Development 67 

Horse 4 617 6 STB G Navigation Trial 97 

Horse 5 472 8 STB G Navigation Trial 106 

Horse 6 420 3 STB F Navigation Trial 95 

Horse 7 435 6 STB F Catheter Technique 115 

Horse 8 590 4 WBD M Catheter Technique 102 
STB = Standardbred, TB = Thoroughbred, WBD = Warmblood, F = Female, G = Gelding 

 

2.5 Results 

2.5.1 Prototype EVPAPS 

Continuous perfusion trials were performed in the EVPAPS prototypes.  Flow rates of 

between 20 and 80 L/min at pressures of 9.0 and 74.5 mmHg were achieved with this 

preparation.  Lung buoyancy in the water bath made lung positioning difficult.  A series 

of hooks, arranged in a cranial ventral to caudal dorsal orientation, were placed along the 

side walls of the tank.  Once the lung preparation was placed in the tank, a central 

flexible spine constructed from 3.75cm diameter x 5cm length sections of rigid ABS pipe 
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joined with 5cm ABS couplers was placed in the sagittal groove between the lung lobes.  

Elastic cords were then run transversely from the wall hooks over the lung surface, under 

the sagittal spine and adjusted to maintain appropriate positioning of the lung. 

Fulminate pulmonary edema was a limiting problem in initial trials.  Within 15 to 30 

minutes of perfusion, severe edema would develop and a significant proportion of the 

perfusate pumped into the pulmonary artery was returned from the trachea.  Positive 

pressure ventilation utilizing an anesthetic machine
24

 and adding sodium chloride to 

create an isotonic perfusate solution delayed the onset of severe pulmonary edema to 

approximately 60 minutes of perfusion time.  Lung re-inflation was problematic due to 

bullae formation.  Re-inflation required gradual inflation at transpleural pressures of less 

than 15cm H2O and small increments in tidal volume. 

In order to minimize cost, balloon navigation catheters were custom fabricated by 

removing the balloons from surplus angioplasty catheters
25

 and fabricating, from nitrile 

rubber sheet, a variety of balloon configurations ranging in diameter from 4mm to 20mm 

and lengths from 3.0 cm to 8.0 cm.  Pilot trials under continuous perfusion further 

validated the balloon navigation concept, with balloon diameters over 8mm and lengths 

over 4.0cm demonstrating potential for remaining within the main stem during catheter 

advancement. 

The potential of the EVPAPS to replicate pulsatile flow conditions was also explored.  A 

5Fr 100cm single sensor microtransducer pressure catheter
26

 was introduced and 

connected to a preamplification and calibration device
27

 and then to a data acquisition 

system
28

.  Pulsatile flow was generated by manually manipulating the pump discharge 

control valve.  Representative pressure pulse waves were obtained with a typical biphasic 
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appearance indicating wave reflection and relatively smooth diastolic runoff slope.   

There appeared to be varied wave form morphology with anatomic location within the 

pulmonary arterial system although the consistency of repeated manual production forms 

was uncertain. 

 
Figure 2-9.  Manually generated pulmonary artery pulse pressure wave. 

Flow variation 0 to 50 L/min. Whole lung preparation. Catheter inserted approximately 

15cm beyond bifurcation in right main stem.  Note evidence of wave reflection (large 

arrow) and diastolic runoff (small arrow). 

 

2.5.2 EVPAPS performance 

Mechanically, the system performed well and was reliable.  The pulse valve stepper 

motor was able to operate continuously for several hours without overheating and had 

sufficient torque to seat and unseat the valve.  Tissue connections were accomplished 

rapidly and sealed well with minimal leakage.  There was no loss of gross mechanical 

integrity in either the vascular or trachea connection points.  Within 15 minutes of 

perfusion, visibility through the perfusate was good with minimal air entrainment, 

allowing effective use of the endoscope for observation and device positioning.  Due to 

time constraints, negative pressure ventilation was not implemented in this study.  Bullae 

development was not encountered during lung inflation.  There was insufficient elastic 
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recoil in the exposed lungs to adequately re-inflate the ventilator bellows which rendered 

dynamic positive pressure ventilation impractical and static positive pressure ventilation 

was predominantly used.  The instrument gland seals worked well with a variety of 

catheter introducer and endoscope diameters. 

Physiological parameters (mean, std) were recorded for the three navigation trial, (horses 

4,5 and 6) and are summarized in Table 2-3. 

Table 2-3  Physiological parameter performance summary 

Physiological parameters (mean ±[SD]) for EVPAPS during navigation trials, n = 3. 

 All Horses Horse 4 Horse 5 Horse 6 

Temperature (°C) 37.1 [0.90] 36.9 [1.40] 37.6 [0.68] 36.9 [0.35] 

Systolic Pressure Low Flow 

(mmHg) 
46.9 [5.78] 42.9 [4.57] 48.7 [4.87] 49.0 [6.02] 

Diastolic Pressure Low 

Flow  (mmHg) 
29.9 [6.22] 24.7 [2.40] 32.8 [6.54] 32.2 [5.52] 

Systolic Pressure High Flow 

(mmHg) 
44.3 [12.17] - - 55.5 [0.93] 33.1 [3.19] 

Diastolic Pressure High 

Flow (mmHg) 
6.5 [2.23] - - 5.6 [2.64] 7.5 [1.52] 

Flow Intact Main Stem 

(L/min) 
1.19 [0.41] 0.87 [0.19] 1.25 [0.42] 1.45 [0.36] 

Flow Open Main Stem 

(L/min) 
5.08 [1.39] - - 6.04 [1.16] 4.12 [0.85] 

 

 
Figure 2-10. Ex vivo pulmonary artery pulse pressure wave forms 

Red trace is distal sensor, blue trace is proximal sensor. Both sensors placed in 

pulmonary trunk (A).  Note reflected wave (large arrow) and smooth diastolic runoff 

(small arrow).  Distal sensor in main stem (B) and proximal sensor in pulmonary trunk 

(C).  Note smaller reflected wave (large arrow) and discontinuity in runoff slope (small 

arrow) in main stem compared to pulmonary trunk. 
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2.6 Discussion 

Results and observations from the preliminary trials in the EVAPS prototypes suggested 

development of the anatomical and physiologic fidelity of the EVPAPS would provide a 

platform from which to develop a clinically feasible method of catheter placement within 

the main stem of the pulmonary artery.  The EVPAPS could be used to optimize intra 

arterial measurement techniques such as PWV and IVUS before subjecting live animals 

to clinical research procedures.  In addition there appeared to be significant potential to 

create a unique platform which would allow application of novel methods to investigate 

mechanical and hemodynamic properties of the pulmonary artery. 

 

Although, overall, the EVPAPS performed well and was able to produce consistent pulse 

pressure wave forms, physiologic pressure and flow were not achieved.  Regarding 

pressure, the pulmonary arterial pressure performance was marginal with persistent 

hypertension.  Average SAP/DAP was 46.9/29.9 and 44.3/6.5 mmHg for low and high 

flow conditions respectively compared to physiologic values of 24.5-30.7/11.4-19.7 

mmHg (Brown and Holmes, 1978) for horses at rest.  Of particular disappointment was 

the flow rates obtained in the EVPAPS with the en bloc heart and lung preparations (refer 

to section 3.4.3.2 below for details of the en bloc preparation).  Average flow was only 

1.19 L/min for intact lungs and 5.08 L/min for lungs with the caudal tips cut to open the 

main stems.  This is markedly less than reported values of 32.4 – 39.6 L/min for a resting 

horse (Shih, 2013).  The SAP/DAP, although within reported ranges of up to 190/25 

mmHg for exercising horses (Langsetmo et al., 2000), are elevated  relative to the flow 

rates (Evans, 1985). 
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There were two major short comings of the EVPAPS design criteria that likely 

contributed to subphysiological flow conditions and hypertension.  Negative pressure 

ventilation functionality was not implemented. Instead, either static or dynamic positive 

pressure ventilation was used to inflate the lungs.  As a consequence there was no extra 

alveolar vessel expansion which would normally be induced by outward radial forces 

applied to the vessels by the distension of elastic fibres in the lung parenchyma that occur 

during negative pressure  inflation (Shekerdemian et al., 1996, Petak et al., 2009).  

Although the static PPV did delay the onset of pulmonary edema, it did not provide 

oxygen to the alveoli which is known to be an important factor for reducing pulmonary 

hypoxic vasoconstriction.  However the efficacy of alveolar content in extra corporal 

lungs is uncertain, as the mechanisms for hypoxia induced hypertension, although not 

elucidated, are likely to require functional metabolism in arterial endothelial and smooth 

muscle cells (Gao and Raj, 2010).  This was also the case for dynamic PPV due to the 

dead space volume in the ventilation piping.  The other design criteria that was not well 

implemented was heart positioning relative to the lung within the heart cradle.  In vivo, 

the heart is suspended from the hilus.  This arrangement in conjunction with ventral 

support to the lungs from the diaphragm and suspension of the lungs by ligaments and 

adherence to the thoracic wall as a consequence of negative pleural pressure are likely the 

major contributing factors to the angle between caudal aspect of the heart and the ventral 

surface of the lungs.  In the ex vivo model, a crude attempt was made to replicate this 

relationship by a foam support under the ventral lung surface and foam shims between 

the heart and the heart cradle.  The fundamental problem with this approach was lack of 

dorsal suspension of the heart.  As a result, the heart was displaced caudally and dorsally 
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relative to the lungs compared to the in vivo positioning which closed the angle between 

the caudal aspect of the heart and the ventral lung surface compared to the normal 

anatomic relationship.  Dissection of the left atrium of in situ tissue preparations in the 

EVPAPS revealed that the abnormal angle between the heart and the lungs caused 

kinking and partial occlusion of the pulmonary veins where they merged with the left 

atrium.  Impaired drainage from the pulmonary veins is known to cause increased 

pulmonary vascular resistance in ex vivo perfusions models (Cypel et al., 2008).  It was 

noted during the vascular flushing phase of the final two tissue preparations that there 

was a marked increase in flow if the lungs were suspended in a manner so that the angle 

between the caudal aspect of the heart and the ventral lung surface was opened.  

Interestingly, it has been suggested that pulmonary vein occlusion may play a role in 

EIPH (Pancheva et al., 2013).  Other potential factors contributing to the poor flow 

performance and hypertension could be compression of alveolar capillaries due to 

pulmonary edema (Price et al., 2012) or PPV (Soni and Williams, 2008, Price et al., 

2012), consequences of non physiologic lung expansion and contraction such as reduced 

lymphatic return (Pearse et al., 2005, Bhattacharya et al., 1989) or lack of interstitial 

traction expansion of extra alveolar vessels (Hughes et al., 1968, Lopezmun et al., 1968), 

capillary occlusion by microthrombi or other endothelial dysfunction (Sanchez et al., 

2013), acidification of perfusate (Gao et al., 1999) and ineffective capillary recruitment 

during reperfusion (Cypel et al., 2008) including insufficient pulmonary vein pressure 

(Broccard et al., 2002). 

The development of pulmonary edema in perfused ex vivo lungs is not uncommon 

(Sanchez et al., 2012) however many techniques are documented for successful 
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management of edema during prolonged perfusion (Cypel et al., 2008, Egemnazarov et 

al., 2010).  Specific techniques that can applied to the EVPAPS include strict regulation 

of PAP below 25mmHg during reperfusion (Petak et al., 2002), optimization of left atrial 

pressure (Broccard et al., 2002), implementation of negative pressure ventilation 

(Sanchez et al., 2012, Bhattacharya et al., 1989, Soni and Williams, 2008), as well 

optimization of perfusate composition particularly inclusion of colloids (Chang et al., 

1981). 

 

An ex vivo model, providing pulsatile perfusion and ventilation of en bloc equine heart 

and lung preparations and intravascular visualization, was successfully constructed and 

implemented.  The EVPAPS had sufficient functionality to develop a blind method of 

intravascular device placement into the caudal extent of the main stem of the equine 

pulmonary artery (refer to Chapter 3.0, Ex vivo Pulmonary Artery Catheter placement 

below).  Additionally, the system was effective in developing over the wire exchange 

technique for placement of a dual pressure sensor catheter.  The fidelity of the pulse 

pressure wave form produced in the ex vivo model enabled measurement of PWV.  The 

catheter navigation and PWV techniques were applied in a single ex vivo trial (refer to 

Appendix 3). 

Refinements of the EVPAPS, including the implementation of negative pressure 

ventilation, advanced perfusate and accurate anatomical positioning of the heart, will 

enable investigation of hemodynamic and mechanical phenomena associated with the 

pulmonary artery.  Immediate research objectives include validation of the physiological 

and hemodynamic parameters of the model with in vivo data, investigation of regional 
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PWV and calcification associations and development of IVUS techniques in equine 

pulmonary arteries.  Successful attainment of these objectives will facilitate in vivo 

investigations such as relationships between PWV, arterial stiffness and training history, 

arterial mechanical responses to acute exercise.  Additionally, other methods of 

evaluating arterial stiffness such as pressure-distension techniques could be developed.  

Ultimately, the EVPAPS has the potential to support research into transpulmonary fluid 

movement, pulsatility effects in the microvasculature and other phenomena that may 

provide insight into the development of EIPH. 
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CHAPTER 3 

 EX VIVO PULMONARY ARTERY CATHETER PLACEMENT 

3.1 Abstract 

Pulse wave velocity (PWV) is a highly sensitive and specific method of identifying 

arteriosclerosis (stiffness) and prognosticating hypertensive associated cardiovascular 

events (Laurent et al., 2006).  Arterial calcification is the most important cause of 

vascular stiffness in humans (O'Rourke and Safar, 2005) and has been described in the 

pulmonary artery (PA) of racehorses (Arroyo et al., 2008). Interestingly, pulmonary 

vascular events are the most common cause of non-musculoskeletal related deaths in 

racehorses (Arroyo et al., 2008, Lyle et al., 2011).  Investigation of stiffness and PWV in 

the PA requires a technique to place a micro-transducer pressure measurement catheter in 

the main stem of the PA.  Although catheterization of pulmonary vasculature has been 

widely performed in horses (Magid et al., 2000), controlled catheter navigation beyond 

the PA trunk is difficult due to the inability to use imaging guidance such as fluoroscopy.  

An ex vivo pulmonary artery perfusion system (EVPAPS) utilizing an en bloc heart and 

lung preparation (n=3) to investigate catheter behavior in the equine PA was developed. 

EVPAPS was used to supply physiologic temperature and pulmonary pressure as well as 

pulsatile flow and positive pressure lung ventilation.  Three catheter types were tested by 

repetitive catheterization (n=220) of the PA via the cranial vena cava. Intra-arterial 

endoscopy was used to visualize catheter performance. 

A balloon tipped catheter designed for pancreatic duct sphincteroplasty was found to 

navigate the main stem of the PA most reliably.  Protocol refinement of this approach is 

ongoing. 
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3.2 Introduction 

Although many studies have been performed utilizing intra and trans cardiac 

catheterization techniques in horses (Brown and Holmes, 1978, Manohar et al., 2000b), 

few have attempted to control or identify precise anatomic location of catheter devices in 

the pulmonary artery (Hackett et al., 2003). Passing a catheter through the right heart and 

into either the left or right pulmonary artery is a relatively straight forward procedure 

(McGurrin et al., 2008), however, preliminary investigations identified a tendency for 5-

7Fr catheters to enter small radial arteries within a short distance of advancement beyond 

the trifurcation (Figure 3-1).  Based on observations of pulmonary artery macro anatomy 

and catheter behaviour in the EVPAPS, it was postulated that a catheter equipped with a 

balloon of appropriate diameter, length and buoyancy at its tip would tend to remain 

within the main stem when advanced beyond the bifurcation with sufficient frequency as 

to be a useful device for placing measurement instruments in the distal extent of the main 

stem. 

Catheter manoeuvrability is a consequence of the combination of catheter mechanical 

properties and interactions between catheters, introducers, guide wires and vessels.  Two 

key catheter characteristics are the pushability and torque response.  Mechanical factors 

to consider are static and kinetic friction coefficients, bending stiffness, surface 

roughness and surface free energies associated with surface to surface interactions (Bloss 

et al., 2003).  Temperature has an important influence on catheter mechanical properties 

with significant influence on stiffness and torque characteristics (Marshall and Sellar, 

1995). 
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Although there are a plethora of commercially available catheter introducers and 

intravascular catheters, the majority do not have sufficient length to reach the pulmonary 

outflow tract (typically 90 to 100cm from the most proximally practical jugular vein 

insertion site) or size (7Fr inner diameter) in the case of catheter introducers, or the length 

to reach the distal extent of the main stem of the pulmonary artery (typically 150 to 

175cm). 

The choice of catheter devices for application in the equine pulmonary vasculature was, 

therefore, somewhat restricted to larger angioplastic devices.  Catheter manoeuvres are 

compromised when there are multiple bends along the catheter path or bends incurring a 

significant direction change such as looping through the right ventricle and into the 

pulmonary outflow tract (Teefy, 2013). 

 
Figure 3-1.  Catheter entering radial branch of pulmonary artery. 

Retrograde view of 7Fr pressure measurement catheter entering a small radial side branch 

(large arrow) of perfused equine pulmonary artery.  Small arrows identify other small 

radial side branches.  Note perpendicular orientation of the small radial side branches. 
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3.3 Objectives 

The objective of this study was to utilize the EVPAPS to develop a clinically applicable, 

blind technique to place intraluminal measurement devices in the distal extent of the main 

stem of the equine pulmonary artery.   

3.4 Materials and methods 

3.4.1 Catheter navigation 

3.4.1.1 Navigation catheter selection 

The length required to reach the distal extent of the main stem from a venipuncture site in 

the jugular 7 to 15cm cranial to the thoracic inlet was established from post mortem 

examinations to be 175cm for a typical 450kg horse.  In this project, time and cost 

considerations constrained catheter selection to commercially available devices.  

Although there is a plethora of intravascular devices for clinical application in human 

medicine most are intended for cardiac procedures and are generally less than 150cm in 

length.  Three devices were selected for trial: a 142cm long 2.7Fr angioplasty catheter 

with a 4mm diameter x 1.2cm long balloon
29

 (C4mm); 150cm long 5Fr angioplasty 

catheter with a 10mm diameter x 4.0cm long balloon
30

 (C10mm); and a 200cm long 7-

8Fr pancreatic duct sphincteroplasty catheter with a 15-18mm diameter x 2.5cm long 

balloon
31

 (C16mm).  Due to the high elastic modulus of the angioplasty balloons, high 

inflation pressure was required cause the balloons to take shape resulting in a rigid 

structure.  In contrast, the modulus of the sphincteroplasty balloon was low allowing it to 

have a circular cross section over a range of diameters.  The rational for selection was to 

evaluate a wide range of balloon diameters and compare performance of the rigid 

angioplasty balloons to the compliant balloon of the sphincteroplasty catheter. 
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Figure 3-2.  Navigation catheters. 

4mm angioplasty catheter (A), 10mm angioplasty catheter (B), 16mm sphincteroplasty 

catheter (C) (shown over guide wire). 

 

3.4.1.2 Navigation trial design 

Repeated insertion trials were performed with the three catheters in three separate tissue 

preparations in the EVPAPS.  The C4mm and C16mm were advanced from the 

pulmonary trunk under low and high flow conditions and the C10mm and C16mm were 

advanced from the bifurcation into both the left and right pulmonary arteries (Table 3-1). 

Table 3-1  Navigation trial design 

Catheter C4mm C4mm C10mm C10mm C16mm C16mm C16mm C16mm 

Insertion Trunk Trunk LPA RPA Trunk Trunk LPA RPA 

Flow Low High Low Low Low Low High Low 

Trial 1 10 - 10 10 10 10 - 10 

Trial 2 10 10 10 10 10 10 10 10 

Trial 3 10 10 10 10 10 10 10 10 
Trunk = pulmonary trunk, LPA = left pulmonary artery, RPA = right pulmonary artery. 
 

3.4.2 Animals and ante mortem preparation 

Animal use was approved by the Animal Care Committee of the University of Guelph.  

Three light breed horses submitted navigation trials.  Horse characteristics are presented 
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in Chapter 2, Table 2-2 (horses 4, 5 and 6).  Physical examinations were performed to 

screen for pulmonary disease.  xylazine
32

 was administered intravenously (0.2 – 

0.4mg/kg) and a 14gauge 13.3cm catheter
33

 was placed in either the left or right jugular 

vein.  Heparin
34

 was administered through the catheter.  Dose ranged from 4000 IU/kg to 

10,000 IU/kg.  Between 5 and 6 minutes after heparin administration, the horses were 

euthanized with intravenous pentobarbital
35

 (130 – 170mg/kg).  The carcasses were then 

transported to the necropsy facility and placed in left lateral recumbency. 

 

3.4.3 Tissue collection 

3.4.3.1 Function reserve capacity 

In order to minimize bullae development during lung re-inflation, the trachea was 

exposed in the cranial third of the neck and incised completely between the cartilage 

rings.  A 5cm polypropylene hose barb to 5cm MNPT adaptor was inserted into the 

proximal tracheal segment and secured with two or three nylon cable ties.  A quarter turn 

polypropylene valve was then threaded onto the adaptor and connected to a foot operated 

bellows with a capacity of approximately one litre per stroke.  Five to 10 L of air were 

added to the functional reserve capacity remaining in the lungs and the valve was closed. 

 

3.4.3.2 Dissection 

Once the lungs had been inflated, the right thoracic limb was removed. The left 

(dependent) jugular vein transected in order to maximize the blood drained from the 

tissue.  The skin covering the right thorax and abdomen was removed and cut into two 

long sections. The abdominal contents, including liver, were removed taking care not to 
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penetrate the diaphragm. The right rib cage was then removed starting at the 18
th

 

intercostal space and stopping at the first intercostal space.  Ribs were cut with pruning 

shears as close to the spine or sternum a possible and the skin sections were placed over 

the rib stumps in order to avoid inadvertent puncturing of the lungs.  The right jugular 

vein, carotid artery, brachiocephalic trunk and lymphatic vessels were carefully separated 

from the tissue associated with the first rib before removing the rib.  The diaphragm was 

then removed taking care to cleanly transect the caudal vena cava on the thoracic side.  

The aorta was also transected on the thoracic side of the diaphragm and then carefully 

dissected away from the dorsal thorax with particular attention to maintaining the 

integrity of the lymphatic vessels in the associated fascia.  The main thoracic duct and 

azygos vein were identified, isolated with a haemostat and transected near the dorsal 

thorax.   The cranial vena cava was transected a few cm cranial to the emergence of the 

subclavian and the bicarotid trunk from the brachiocephalic trunk. These arteries are 

closely associated to the dorsal aspect of the cranial vena cava in a fat and connective 

tissue bundle.  They were transected at the same level as the cranial vena cava without 

dissection from it and the entire vascular bundle was dissected from its thoracic 

attachments via blunt dissection.  A 3.75 or 3.125cm polypropylene hose barb adaptor 

was inserted into the cranial vena cava and secured with 3 mm wide nylon cable ties 

which also incorporated the associated arteries.  The trachea was then dissected from its 

cervical and thoracic attachments. The pericardium was separated from the thorax at the 

sternopericardial ligament.  The heart and lungs were then removed en bloc in a caudal 

direction through the abdominal cavity in order to avoid damage from the rib stumps. 
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3.4.4 Vascular flushing 

The en bloc heart and lung preparation was placed in normal dorsal-ventral orientation. 

The fitting in the cranial vena cava was connected to a 5L fluid bag containing a 

phosphate buffer solution (Appendix 1).  Initial flushing was via gravity at a pressure of 

approximately 30 to 40mmHg.  At this time, a 3.75 or 3.125cm polypropylene hose barb 

adaptor with a plug assembly was inserted into the cranial vena cava and secured with 

3mm wide nylon cable ties. The aorta was then transected at the level where the first 

intercostal artery emerged and a 3.75 or 3.125cm polypropylene hose barb adaptor with a 

plug assembly was inserted into the cranial vena cava and secured with 3mm wide nylon 

cable ties.  Once the fittings were in place, a total of 15L of PBS solution was flushed 

through under manual pressure, taking care to not cause excessive distension of the 

pulmonary trunk. 

 

3.4.5 Heart –lung installation 

Time from euthanasia to completion of the initial flush of the pulmonary vasculature was 

approximately 120 minutes with another 45 – 60 minutes required until perfusion in the 

EVPAPS was commenced.  The reservoir was filled with 120L of PBS solution which 

was pre heated to 37.7°C during tissue harvesting.  The instrument chamber and inlet 

piping to the cranial and caudal vena cava connections were prefilled with perfusate in 

order to minimize air entrainment.  The en bloc heart and lung preparation was placed in 

the heart cradle and the vena cava and aorta were connection to the perfusion piping.  The 

foam lung support block was placed under the diaphragmatic surface of the lung and all 

contact surfaces were lubricated with vegetable oil.  The trachea was manually occluded 
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near the bifurcation to minimize lung deflation and then trimmed to fit the internal 

ventilation connection.  A custom hose barb fitting was installed and secured with nylon 

cable ties and the tracheal valve connected to the ventilation piping via a union fitting.  

The lungs were then immediately re-inflated with the manual bellows.  Perfusion was 

commenced starting with a flow rate of approximately 250 mL per minute and then 

gradually increased to 1000 mL per minute over the course of 10 – 15 minutes while 

maintaining a pulmonary arterial pressure of less than 20mmHg.  Once flow reached 

1000ml/min, pulsatile perfusion was initiated with the protocol detailed in Table 3-2 

Table 3-2  Pulse valve algorithm 

Algorithm Rate 

(ppm) 

Maximum 

Valve 

Opening 

(%) 

Opening 

Rate 

(rps) 

Open 

Time 

(ms) 

Closing 

Rate 

(rps) 

Closed 

Time 

(ms) 

Simple Bi-

modal 
33 40 0.2 150 5 1000 

ppm = pulses per minute, rps = revolutions per second, ms = millisecond 
 

Maximum PA pressure was regulated with a manual valve situated between the pump 

outlet and the pulse valve.  Left atrial pressure was set via the discharge elbow to 

approximately zero cm H2O relative to the heart base.  Initially, 120L of perfusate was 

not recovered into the reservoir for recirculation in order to improve intra cardiac and 

arterial visualization.  After approximately 100L had been perfused, the reservoir was 

refilled with PBS solution and this perfusate was recirculated throughout the 

experimental trials. 

Once navigation trials under low flow conditions were completed, the left and right 

dorsal caudal lung lobes were transacted in the transverse plane 10cm from distal tip.  

This preparation allowed high pulmonary artery perfusate flow rates but precluded 
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recovery into the reservoir.  As a result, perfusate during high flow trials consisted of 

plain water. 

 

3.4.6 Endoscope and catheter placement 

A 170cm, 12.8mm diameter2-axis steerable endoscope
36

 was placed through the centre 

gland seal and advanced into the right atrium.  The flow direction was observed to 

identify the location of the pulmonary outflow tract.  The endoscope was then advanced 

into the pulmonary outflow tract and location confirmed by visualizing the pulmonic 

valve.  The endoscope was then withdrawn to the atrium.  A 80cm 11Fr catheter 

introducer sheath (CIS)
37

 with a curved tip obturator was placed through the right gland 

seal.  Under endoscopic guidance, the CIS was advanced through the AV valve region 

and through the right ventricle into the pulmonary outflow tract taking care to avoid 

entanglement in the chordae tendinae or moderator band.  The curve at the obturator tip 

was utilized to direct the CIS.  In some preparations the 11Fr obturator proved too stiff to 

negotiate the apex of the ventricle and either a 110cm 7Fr CIS
38

 with obturator or a 6Fr 

138cm extraction catheter
39

 with embedded metal stiffener was used within the 11Fr CIS 

to guide it to the pulmonary outflow tract.  The endoscope insertion distance to the 

pulmonic valve, bifurcation and left and right trifurcations was recorded.  For navigation 

trials were catheter advancement was initiated from either the right or left PA at the level 

of the bifurcation, a guide wire with a curved tip was advanced within the particular 

navigation catheter and directed under endoscopic guidance into the appropriate PA. 
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3.4.7 Catheter advancement 

Navigation trials were commenced with the C4mm.  The CIS was placed just distal to the 

pulmonic valve and the C4mm was advanced beyond the tip of the CIS.  The balloon was 

then inflated to 4atm with air using a balloon inflation device
40

 (BID).  Once the balloon 

was inflated, the catheter was withdrawn until the balloon abutted the tip of the CIS.  To 

increase the stiffness of the C4mm, a 0.014” guide wire was advanced within in the 

lumen of the catheter to just proximal to the tip.  At this point, the endoscope was 

retracted into the pulmonary outflow tract.   The catheter was then advanced in one 

smooth motion until resistance was detected.  The endoscope was then advanced to 

observe the outcome.  Endoscope insertion distance to the bifurcation, trifurcation and 

balloon location were recorded.  The location of the catheter was categorized as 

pulmonary trunk (PT), left pulmonary artery (LPA), left main stem (LSM), left main stem 

ventral branch (LMSVM), left dorsal stem (LDS), left ventral stem (LVS), right 

pulmonary artery (RPA), right main stem (RMS), right main stem lateral branch 

(RMSLB), right main stem ventral branch (RMSVB), right lateral stem (RLS), right 

medial stem (RMedS) and right ventral stem (RVS). Refer to Figure 3-3. 
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Figure 3-3.  Main stem labeling scheme at trifurcation. 

Normograde view from right (A) and left (B) pulmonary arteries of trifurcation region.  

LPA = left pulmonary artery, LMS = left main stem, LDS = left dorsal stem, LVS = left 

ventral stem, RPA = right pulmonary artery, RMS = right main stem, RDS = right dorsal 

stem, RLS = right lateral stem, RMedS = right medial stem, RVS = right ventral stem. 

 

Catheter states were categorized as balloon wedged in stem (WIS), balloon wedged in a 

radial branch (WRB), balloon floating in artery (FA), tip of catheter hooked on artery 

wall or radial branch (TH), catheter shaft retroflexed (CR) and catheter shaft folded 

sinusoidally (CS).  Refer to Figure 3-4. 
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Figure 3-4.  Aberrant catheter states 

Catheter shaft retroflexed in pulmonary trunk (A).  Tip hooked at entrance to radial side 

branch of main stem.(B).  Catheter shaft folded sinusoidally at entrance to right 

pulmonary artery (C).  Catheter balloon wedged in radial branch of main stem (D). 

 

The procedure was then repeated with the C16mm with the balloon inflated with 0.5ml of 

air and 4ml of saline.  A 0.035” guide wire
41

 was placed to the level of the balloon in the 

C16mm.  For trials of the C10mm and C16mm initiated from the bifurcation into either 

the left or right PA, the EC was first passed through the CIS to the level of the 

bifurcation.  Utilizing endoscopic guidance, a curved tip guide wire was then placed 

several cm into either the left or right PA.  The EC was then withdrawn and an over the 

wire exchange was then performed to place the appropriate catheter just distal to the 

bifurcation.  The C10mm balloon was inflated to 2 atm with saline and a 0.035” guide 

wire was placed to the level of the balloon.  The C16mm was configured as described 

above. 
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3.5 Results 

3.5.1 Anatomy 

Anatomical appearance of the trifurcation region was similar between horses (Figure 3-

5). 

 
Figure 3-5.  Endoscopic appearance of trifurcation region of navigation trial horses. 

Normograde view from right and left pulmonary arteries of trifurcation region.  Arteries 

are perfused.  In all cases catheter is located in the main stem.  Horse 1: RPA (A), LPA 

(B).  Horse 2: RPA (C), LPA (D).  Horse 3: RPA (E), LPA (F). 
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Insertion distances to anatomic features were similar and are summarized in Table 3-3. 

Table 3-3  Insertion distances to key vascular anatomic features, n = 3. 

Insertion Distance 

(cm) 

All Horses 

Mean ±[SD] 

Horse 4 

Mean ±[SD] 

Horse 5 

Mean ±[SD] 

Horse 6 

Mean ±[SD] 

AV Valve 57.5 [3.54]   55  60  

Pulmonic Valve 76.3 [5.69] 78  81  70  

Bifurcation 100.1 [3.05] 96.6 [2.23] 102.9 [1.99] 99.9 [1.17] 

LPA Trifurcation 103.8 [2.80] 100.8 [1.85] 105.9 [2.27] 104.2 [1.81] 

RPA Trifurcation 107.7 [2.76] 106.0 [2.60] 110.4 [1.59] 106.4 [1.36] 

RMS 12mm Wedge 150.3 [7.23] 154  155  142  

LMS 12mm Wedge 137.7 [10.21] 142  145  126  

RMedS 12mm Wedge 119.3 [3.06] 120  122  116  

LVS 12mm Wedge  118.3 [2.89] 115  120  120  

RLS 12mm Wedge  128.3 [10.41] 120  125  140  

LDS 12mm Wedge  121.5 [4.09] 117  125  122.5   
LPA = left pulmonary artery, RPA = right pulmonary artery, LMS = left main stem, LMSVB = left main 

stem ventral branch, LDS = left dorsal stem, LVS = left ventral stem, RMS = right main stem, RMSLB = 

right main stem ventral branch, RMSVB = right main stem ventral branch, RLS = right lateral stem, 

RMedS = right medial stem, RVS = right ventral stem. 

 

3.5.2 Navigation 

3.5.2.1 Ex vivo navigation 

Overall, 220 insertion trials were performed in three separate heart and lung preparations.  

One hundred insertions were initiated from the pulmonary trunk and 60 insertions each 

were initiated from the left and right PAs respectively.  A successful insertion was 

defined as any insertion in which the distal end of catheter entered a main stem and 

travelled at least 20cm beyond the bifurcation.  There were differences in the behaviors 

observed for different catheters.  The two most common outcome states for the C4mm 

catheter appeared to be WRB (36% of outcomes) and CR (24%) versus TH and WIS 

(38% and 32% respectively) for the C10mm.  In contrast, the outcome state of the 

C16mm was almost exclusively WIS (99%).  Refer to Figure 3-6.  The location of the 

catheters also appeared to differ with the C4mm and C10mm having a higher variety of 
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locations than the C16mm which tended to advance into a main stem or branch of a main 

stem.  There were differences in the locations observed under low and high flow 

conditions with the C4mm having more variation in location under high flow conditions 

whereas the converse was recorded for the C16mm (Table 3-4). 

 

Table 3-4  Catheter location outcome matrix for insertion sites and flow conditions 

Location occurrence (%) for navigation catheters inserted at different sites and under low 

and high flow conditions.  

Catheter C4mm  C4mm  C10mm  C10mm  C16mm  C16mm  C16mm  C16mm  

Insertion Trunk Trunk LPA RPA LPA RPA Trunk Trunk 

Flow Low High Low Low Low Low High Low 

PT 10.0 15.0 10.0 3.3     

LPA  10.0       

LMS 36.7 30.0 50.0  100.0  50.0 85.0 

LMSVB       30.0  

LDS 6.7        

LVS   40.0      

RPA  10.0  6.7     

RMS 40.0 20.0  16.7  56.7 16.7 15.0 

RMSLB  5.0  20.0  33.3   

RMSVB    3.3  10.0 3.3  

RLS    6.7     

RMedS 6.7   36.7     

RVS  10.0  6.7     
PT = pulmonary trunk, LPA = left pulmonary artery, RPA = right pulmonary artery, LMS = left main stem, 

LMSVB = left main stem ventral branch, LDS = left dorsal stem, LVS = left ventral stem, RMS = right 

main stem, RMSLB = right main stem ventral branch, RMSVB = right main stem ventral branch, RLS = 

right lateral stem, RMedS = right medial stem, RVS = right ventral stem. 
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Figure 3-6.  Outcome state proportion for different catheters. 

Most common state for C16mm was WIS.  TH was the most common state for C10mm 

followed by WIS whereas the two most common states for C4mm were WRB and CR.  
WIS = wedged in stem, WRB = wedged in radial branch, FA = floating in artery, TH = tip hooked on artery 

wall or entrance to radial branch, CR = catheter shaft retroflexed, CS = catheter shaft folded sinusoidally. 
 

 
Figure 3-7.  Comparison of insertion distance versus proportion of successful insertions 

Average insertion distances past bifurcation of navigation catheters comparing insertion 

distance into any stem with successful insertion distance and proportion of successful 

insertions for various insertion sites and flow conditions.  Successful insertion defined as 

any insertion into any branch of a main stem > 20cm past bifurcation.  C16mm has 

superior combination of proportion of successful insertions and successful insertion 

distance.  Trunk = pulmonary trunk, LPA = left pulmonary artery, RPA = right 

pulmonary artery. 
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3.6   Discussion 

In this study, to develop and refine a catheter navigation technique in the equine 

pulmonary artery for measurement of hemodynamic parameters, an ex-vivo model was 

first designed, constructed and then catheter navigation testing under different conditions 

was performed. 

The ability to translate catheter navigation performance from the EVPAPS to in vivo 

application was potentially impaired by the poor flow performance and moderate 

hypertension of the ex vivo system.  Specifically, the relative contribution of mechanical 

factors and buoyancy, imparted by air in the balloons, compared to flow factors in 

determining intra luminal catheter behaviour are of consequence.  Increased importance 

of flow effects compared to buoyancy and/or mechanical factors would decrease the 

validity of the EVPAPS, in the current state, for development of in vivo navigation 

techniques. 

The number of horses utilized in this study was insufficient to demonstrate significant 

differences in catheter performance.  Insertion distances and proportion of successful 

insertions for the C16mm from the pulmonary trunk were similar for low and high flow 

conditions (29.1cm/96.7% and 26.3cm and 95.0% respectfully) but were improved for 

the C4mm during high flow conditions (29.3cm/10.0% and 48.0cm and 20.0% 

respectfully).  However, the improvement in C4mm performance during high flow 

conditions was not enough to suggest that the C4mm would be viable for clinical 

application (Figure 3-7). 

The C16mm appeared to have superior performance (Figure 3-7).  When insertion was 

initiated from the LPA, proportion of successful insertions was 100% with an average 
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main stem insertion distance of 33.1cm.  Initiation from the RPA resulted in a proportion 

of successful insertions of 83.3% and an average main stem insertion distance of 30.7cm 

(Figure 3-7).  The differences in performance based on site of initiation likely reflect a 

combination of the trifurcation anatomy and positioning of the catheter introducer.  The 

higher success rate in the LPA is speculated to be the result of the presence of only three 

stems and the tendency for the opening of the LDS to be nearly perpendicular to the axis 

of the LPA as well as the tendency for the LMS to be markedly larger than the LVS.  The 

catheter introducer sheath is relatively stiff, and when it is looped through the right 

ventricle, it becomes positioned along the dorsal lateral wall of the PT as it is advanced 

towards the bifurcation.  This geometry appears to direct a catheter inserted from the 

LPA at the bifurcation towards the LMS and is likely also why, when advancing the 

relatively stiff C16mm from the pulmonary trunk, there is a strong tendency to enter the 

LPA (80% and 85% in low and high flow conditions respectfully, Table 3-4).  This result 

is consistent with the clinical experience during TVEC procedures that a relatively stiff 

catheter will tend to enter the LPA (Kenney, 2013).  When advanced from the RPA, the 

C16mm entered the main stem 100% of the time (Table 3-4) but only 83.3% of insertions 

travelled at least 20cm beyond the bifurcation and were deemed successful.  This was a 

consequence of entering a branch of the RMS in 43.3% of insertions (Table 3-4) and on 

some occasions becoming wedged in these branches within 20cm of the bifurcation.  The 

unique characteristics of the C16mm responsible for its successful performance in the 

EVPAPS appear to be a balloon diameter which prevented entry into stems other than the 

main stem, the small ratio of catheter tip protrusion relative to balloon diameter which 

prevented it from becoming engaged in radial branches and its relative stiffness which 
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likely contributed towards keeping it oriented along the axis of the main stem as it was 

advanced.  As a consequence of the balloons containing approximately 50% air by 

volume, the buoyancy imparted  likely also biased catheter orientation towards the dorsal 

position of the main stem.  However, this effect was insufficient to allow successful 

navigation with C4mm and C10mm.  In the case of the C4mm, its small size and 

relatively flexible shaft caused it most frequently enter a small radial branch or retroflex 

(Figure 3-4).  For the C10mm, the relatively higher tip protrusion to balloon diameter 

ratio resulted in a high incidence of the catheter tip catching in a small radial branch or on 

the walls of the LPA, RPA or pulmonary trunk (Figure 3-4).  The diameter of the C10mm 

also allowed it to enter stems other than the main stems (Table 3-4).  Based on 

preliminary observations, a further advantage of the C16mm is that, due to its low 

modulus balloon material, after it was initially wedged it could be deflated to 10 – 13mm 

diameter and advanced a further 10 to 15cm. 

Perfusate temperature was adequately controlled to replicate thermal effects on catheter 

handling characteristics as would be experienced in vivo.  However, evaluation of the 

effects of non physiologic temperatures on catheter behaviour was not performed. 

In its initial implementation, the EVPAPS fulfilled the majority of the design criteria.  

There was sufficient functionality and fidelity to successfully evaluate a blind catheter 

navigation technique in the pulmonary artery of the horse and conduct catheter evaluation 

trials. 

In summary, a blind technique using a pancreatic duct sphincteroplasty catheter to 

navigate to the distal main stem of the pulmonary artery was developed utilizing the 
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EVPAPS.  Placement of a pressure measurement catheter, in the same location as the 

navigation catheter, could then be performed with an over-the-wire exchange. 

Refinement of this technique is required before application in a clinical research 

environment.  However, an initial in vivo trial (Appendix 3) suggests strong potential for 

the technique.
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APPENDIX 1 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 2 AXIAL MISALIGNMENT ERROR CALCULATION 

Axial misalignment artifact error can be analyzed as follows: 

 
Figure A2-1.  Pulse wave velocity dual pressure sensor catheter misalignment error 

Depiction of dual pressure sensor catheter axial misalignment within artery lumen.  Ds = 

catheter sensor separation distance, Da = actual distance pulse pressure wave travels 

between sensors, Dm = axial misalignment distance of sensors relative to placement 

parallel to axis of artery. 

 

PWV is simply calculated as the ratio of distance to time, 

 

     
 

 
 Equation A2-1 

  

Where: PWV = Pulse Wave Velocity, D = distance between two points of measurement 

and t = time taken for a given point on the pulse wave to travel from one measurement 

point to the next.  The error in PWV may be calculated as a percentage of the actual pulse 

wave velocity as follows: 

 

         
              

      
      Equation A2-2 
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Where:  PWVCalc = the PWV calculated based on the catheter sensor separation distance 

Ds. 

 

        
  

 
 Equation A2-3  

 

and, rearranging in terms of time, 

 

  
  

       
 Equation A2-4 

  

PWVAct = the PWV based on the actual distance traveled by the pulse pressure wave 

between each sensor as it travels along the axis of the artery and is similarly calculated. 

 

       
  

 
 Equation A2-5 

  

  
  

      
 Equation A2-6 

 

Ignoring luminal wall effects on PWV, the time taken for the wave to travel the distance 

Da will be constant regardless of the position of the catheter in the arterial lumen and is 

equivalent in both equations A2-4 and A2-6, allowing 

  

      
    

  

       
 Equation A2-7 
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Solving for PWVCalc, 

 

           
  

  
          Equation A2-8 

  

and substituting Equation A2-8 into Equation A2-2, 

 

         
  

  
                

      
       Equation A2-9 

 

Yielding, 

 

          
  

  
           Equation A2-10 

 

And, from the Pythagorean theorem, 

 

       
    

  Equation A2-11 

 

Substituting Equation A2-11 into A2-10 

          
  

   
    

 
            Equation A2-12 
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APPENDIX 3  IN VIVO NAVIGATION TRIAL AND PWV MEASUREMENT 

In vivo navigation trial 

A single in vivo blind catheter navigation trial was performed in a 4-year-old 450kg STB 

gelding.  Animal use was approved by the Animal Care Committee of the University of 

Guelph.  Briefly, the gelding was secured in standing stocks and the right cranial ventral 

region of the thorax was clipped and closely shaved to facilitate ultrasonographic 

guidance.  The entire ventral region of the neck was clipped and aseptically prepared.  A 

14ga x 13.3cm catheter
42

 was placed in the cranially in the left jugular vein.  A constant 

rate infusion of normal saline was maintained through this catheter while the horse was in 

the stocks and sedation boluses (xylazine 0.2 – 0.5mg/kg) were administered through this 

catheter.  ECG leads were attached and heart rate and wave form morphology were 

monitored and recorded while the horse was in the stocks.  A 10Fr 13cm catheter 

introducer
43

 was placed in the right jugular vein a few cm cranial to the thoracic inlet and 

a sterile plastic sheet was secured around the neck.  A 9Fr 100cm  CIS
44

 adapted with a 

Tuohy Borst side arm adaptor
45

 was advanced into the left pulmonary artery under 

percutaneous ultrasongraphic guidance.  A constant rate infusion of normal saline was 

maintained through the side arm.  Once the catheter introducer was placed the C16mm 

catheter with a 0.035” guide wire
46

 installed, was advanced until the balloon was 2cm 

beyond the introducer tip.  The balloon was then inflated with 0.5ml of air and 5ml of 

contrast solution
47

.  The catheter was then advanced until it was perceived to be wedged 

at a distance of 32cm beyond the bifurcation.  Three ml of contrast were then withdrawn 

from the balloon and the catheter was advanced a further 7 cm for a total insertion 

distance of 39 cm beyond the bifurcation.  The horse was then removed from the stocks 
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and walked to the radiography suite were standing left lateral radiographs were obtained.  

The horse was then returned to the stocks an OTW exchange was performed to insert the 

pressure measurement catheter after which, the radiography procedure was repeated.  The 

pressure measurement catheter was then incrementally withdrawn while pulse pressure 

wave data was recorded.  The catheter introducer was removed and the horse treated once 

intravenously with flunixin meglumine
48

  (2.2mg/kg) and trimethoprim sulfadoxine
49

 

(27mg/kg).  No clinically significant abnormalities were identified from physical 

examinations during the 36 hours following the procedure. 

Radiography confirmed that the C16mm was successfully placed in a ventral branch of 

the main stem of the left pulmonary artery (Figure A3-1A).  Complications were 

encountered during the OTW exchange procedure.  Withdrawing the deflated balloon 

into the distal tip of the catheter introducer sheath was difficult with multiple attempts 

required involving multiple manipulations of the C16mm and the exchange wire.  

Placement of the pressure measurement catheter over the exchange wire was uneventful, 

however, as evidenced in Figure A3-1B, the pressure measurement catheter was 

advanced into the ventral stem of the LPA. 
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Figure A3-1.  In vivo catheter placement radiographs 

Standing left lateral thoracic radiographs showing catheter location.  C16mm navigation 

catheter can be seen within green circle (A).  Balloon is filled with combination of 

contrast dye and air and catheter is located in a ventral branch of the main stem of the left 

pulmonary artery.  Dual pressure sensor catheter can be seen within yellow circle (B).  

Both pressure sensors are visible (arrows).  Catheter is located in ventral stem of left 

pulmonary artery. 

 

Pulse wave morphology 

Pulse wave morphology was biphasic in both the whole lung and heart and lung en bloc 

preparations.  The rate of rise of the peaks was steeper and the geometric shape of the 

peaks was simpler in the in the ex vivo system compared to in vivo wave forms.  Diastolic 

run off slope was similar in both systems.  Pulse wave morphology also varied with 

location within the pulmonary artery in both the ex vivo model and the live horse (Figure 

A3-2). 
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Figure A3-2.  Ex vivo and in vivo pulmonary artery pulse pressure wave forms 

Pulse pressure wave forms recorded with dual pressure sensor catheter.  Red trace is 

distal sensor, blue trace is proximal sensor.  Both sensors located in pulmonary trunk in 

ex vivo model (A).  Smaller reflected wave can be seen in main stem compared to 

pulmonary trunk in ex vivo model (B).  Reflected wave is larger component of overall 

wave form in pulmonary trunk of live horse (C) compared to distal ventral stem (D). 

 

Cardiac events 

No grossly observable overt adverse reactions were noted in the live horse during the 

cardiac catheterization procedure.  However examination of the ECG identified 

occasional arrhythmias characterized by brief tachycardia and ventricular premature 

contractions that were presumed to be mainly associated with catheter manoeuvres during 

which, insertion forces were mismatched with guide wire tension forces (A3-3). 
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Figure A3-3.  Arrhythmia presumed to be associated with catheter maneuver. 

Premature ventricular contraction (arrow) associated with catheter maneuver. 

Advancement of catheter with insufficient guide wire tension can cause expansion of 

catheter introducer sheath loop in right ventricle causing contact with ventricular wall or 

moderator band. 

 

Pulse wave velocity 

Pulse wave velocity was measured in the equine pulmonary artery for the first time both 

within the EVPAPS and in vivo.  Preliminary PWV measurements were performed 

manually from graphical data displayed with the data acquisition system.  Maximizing 

the time base resolution to one ms, the time for the upward inflection at the foot of the 

pressure wave for each of the proximal and distal sensors was recorded and the difference 

calculated to obtain the time required for the pulse wave to travel the 5cm distance from 

proximal to distal sensor.  PWV was then calculated as shown in Figure A3-4 using 

Equation A2-1. 
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Figure A3-4.  Graphical measurement of PWV. 

PWV = pulse wave velocity, d = distance between proximal and distal sensors, t = time 

for wave to travel between sensors. 

 

In the ex vivo model, the speed of  five consecutive waves was averaged, whereas in the 

live horse, due to the effects of second degree atrioventricular heart block as a 

consequence of alpha-2 sedation, speed was averaged over three consecutive waves. 

Preliminary analysis of data suggest a PWV on the order of 3.0 to 4.1 m/s for mean 

arterial pressures of 36 to 27 mmHg respectively in the ex vivo system and on the order of 

1.9 m/s for mean arterial pressures in the range of 13 to 18 mmHg in a live horse under 

standing sedation. 
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Discussion 

Once the CIS was positioned in the LPA, placement of the C16mm in the main stem was 

relatively straight forward.  The contrast dye was efficacious in identifying the catheter 

location via radiography.  Difficulties were encountered during the OTW exchange 

procedure.  The main problem was encountered when attempting to withdraw the 

deflated C16mm balloon through the distal tip of the CIS.  Although these same devices 

had been used in the EVPAPS without difficulty, repeated use of the CIS resulted in 

burring of the annulus at the tip which, possibly exacerbated by increased friction due to 

clotting activity or other factors associated with blood, caused the balloon to become 

entrapped on the catheter tip rather than folding within it.  Extensive manipulation was 

required before the C16mm could be withdrawn through the CIS.  Lack of feel as a 

consequence of the devices being looped in the heart compounded inexperience in 

accounting for the 200 to 300 catheter withdrawal/guide wire retention and catheter 

insertion/guide wire tensioning manoeuvres required to exchange a 200cm catheter.  

These factors likely resulted in the guide wire being withdrawn to the region of the 

trifurcation during removal of the C16mm followed by advancement of the guide wire 

into the LVS during insertion of the pressure measurement catheter. 

To the author’s knowledge, PWV has not been reported in the horse in either systemic or 

pulmonary arteries.  The PWV values presented here are rather preliminary.  More 

thorough evaluation of the most appropriate wave front identification is required and a 

larger volume of data needs to be analysed.  The higher velocities (3 – 4 m/s) observed in 

the EVPAPS compared to the live horse (1.9 m/s) may be the result of higher MAP in the 

EVPAPS versus the live horse (27-36 and 13-18 mmHg respectively).  Additionally, in 
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the live horse, reduced vasotone secondary to sedation would be expected to reduce 

PWV, whereas in the ex vivo model, hypoxic vasoconstriction, pulmonary edema, 

perfusate fluid properties and other artefacts of the tissue preparation or a combination of 

these factors would likely elevate PWV.  The values obtained are reasonably comparable 

to recently published human PA PWV values of 10.0 (7.5-14.0) m/s for hypertensive 

patients and 3.5 (1.9-4.0) m/s for controls (Kopec et al., 2013). 

The blind navigation technique developed in the EVPAPS was applied with partial 

success in a single ex vivo trial.  Selection of specific catheter introducer sheaths and 

sphincteroplasty catheters as well as the use of new devices for in vivo trials are expected 

to resolve the problems encountered. 
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