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Abstract

ABSTRACT

The present research evaluated Pulmonary Artery Stiffness (PAS) and right ventricular systolic
time intervals (RVSTIs)horses with mild/moderate (MEA) and severe (SEA) equine astincha

in healthy horses

In human medicine, PAS igpalsael-wave (PWDoppler echocardiographic parameter useful in
assessing an increase in pulmonary artery stiffness due to remodeling of the vessel wall caused
by chronic diseasedvioreover, PAS in humans is used as an early indicator of pulmonary
hypertension.R/STIssuch asacceleration time (AT), ejection time (ET) and acceleration time
index (AT/ET)are other PW Dopplemparameters useful for the evaluation ghanges in the
pulmonary vascular bed.

Like human asthma, equine asthma is able to induce remodefitige pulmonary artery wall

even in horses, leading to a decreased pulmonary artery elastictgonsequently pulmonary
hypertension.Therefore, i is conceivable that PAS could be a useful parameter also in horses.
However, there are no studies on PiASeterinary medicine.

The aims of this resarch were: to assess feasibility of PAS in horses, to evaluate possible
influence of age, bodyweight, sex and heart rate RAS and RVSTts investigate possible
differences between healthy, MEA and SEA h®nsgarding tbse parameters, to evaluate
possible correlation betweeRAS and RVSHsd ratio of pulmonary artery diameter to aorta
diameter(PAD/AODand to determinePASand ATcut-off valuesfor diagnosis of SEA.
Echocardiographic examinati@and PWDoppler of the pulmonary flowere performed in 23

MEA affected horsed5 SEA affected horsesd 15 healthy horses

Results demonstrated that PAS can been measured consistently in laodésat, as well as
RVSTIs, it is not influenced d&xye, bodyweight, sex and heart radoreover, a significant higher

PAS and lower RVSWaere detectedin SEA affected horses compared to healthy subjects and
MEA affected ones. In additionpnsidering the whole sample, positive correlation between

PAS and PAD/AOD and a negative correlation between AT or AT/ET and PAD/AOD were found.
These findings, in association with several similarities between equine asthma and human
asthma, suggest thathese parameters could be correlated to pulmonary pressure even in
horses.Finally, this study determined that a PAS value of 8.18 kHz/sec and a AT value of 0.202
sec are the best cudff values, with a very high sensitivity (PAS: 93.33%; AT: 86.67%) and
specificity (PAS: 86.84%; AT: 89.47%), for the diagnosis of SEA.
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Chapter 1: Pulmonary vascular bed

Chapter 1
PULMONARYASCULARED

1.1 Anatomy

The circulation of the lung is unique; in fact, the lusthe only organ thateceive blood from

two sources the pulmonary circulation and the bronchial circulatiofhe main function of
pulmonary circulation is gas exchange; instead, the primary role of bronchial circulation is to
provide nutrition to airways, vessels, parenchymag visceral pleurdrom the anatomical point

of view, these two circulations present different and peculiar characteri@feslin and Vincent,
2007; Suresh and Shimoda, 2016)

1.1.1 Pulmonargirculation

The subdivision oboth the arterial and venousomponentsof the pulmonary circulation
presents slight interspecific differences, depending on the bronchial branches of the species
considered.n veterinary anatomyit is universally acceptette division ofthe equine lung into

five lobes left cranial, right cranial, left caudal, right caudal and right accesgogure 1.1).
Nevertheless, atudy proposed a more precise subdiersiof the lungparenchyma intacranial,
middle,caudal and accessory lobes bilaterally. This different subdivisio&ised on the study of
bronchialand pulmonary artery ramificationsather than on the external aspect of the organ
(Nakakuki, 1993)
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Bronchial Tree, dorsal view Lungs, ventral view

(Right lung) .‘ (Left lung)

18 Cranial lobes — — — — — ——— —— ———

19 Right tracheobronchial lymph nodes
20 Left trachecbronichal lymph nodes

21 Tracheal bifurcation
22 Cardiac notch — — — — — — — — — —

23 Middle tracheobronchial lymph nodes
24 Pulmenary lymph nodes

25 Accessorylobe — — — — 8 — — — — — ! :

26 Caudal lobe§ — — — — — — — — — — - — — —

Fig.1.1¢ Schematic representation of thersal view of bronchial tree artde ventral view ofequinelungs. A: principal bronchus;
B: lobar bronchus; C: segmental bronctusorta; e: caudal vena cava; pulmonary artery; x: pulmonary vejrist:esophagus
(Budraset al., 2009.

The pulmonary circulation arises from the right ventri(fl®/)with the main pulmonary trunk.

The main pulmonary trunk extends dorsally to the left and cranial to the aorta, to which is joined
by the ligamentum arteriosumAs soon as it exits the peardium the main pulmonary trunk
divides into two branchesrteria pulmonalis dextrandarteria pulmonalis sinistrawhich supply

the right and left lung, respectively. The two branches haweua half thecalibe of the main
pulmonary trunk and enterlielung at the level of tha&ilum. Then, they divide to form numerous
thinner vesselsThe transition from pulmonary arteries to arteriolesgesnerally considered to
occurfrom an internal diameter of 100 prThe arterial component of the pulmonary ciratibn

ends with he subdivision oérterioles into a dense network of capillaries, which surrounds the
pulmonary alveoliThe radius of the pulmonary capillaries/ K2 NBS& A & | 6 2 dzi
of dogs and rabbits but with a thicker bloggs barter. From the network otapillaries plood
collects into numerousvenules, whictconverge forming veins of ew@ncreasing caliber, until
they form the pulmonary veins, whiobpen inthe left atrium(LA) In contrast to veins of systemic
circulation, those of pulmonary circulatidmve novalves. The pulmonary veins do not flow
adjacent to the pulmonary arteries but they are located close to the septa, which separate the

different segments of the lun@Jarlin and Vincent, 2007)
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A cadaver study reported am-depth anatomical description of theenous component of equine
lungs(Vandecasteelet al., 2016) Equine lungs are drained from five pulmonary gemamed
right cranialpulmonary vein, right caudal pulmonary vein, left cranial pulmonary vein, left caudal
pulmonary vein and accessory pulmonary vein. Each pulmonary vein, with its ramifications,
drains the respective lung lobe.

The orificethrough whichthe pulmonary veins jpen into the left atrium is theostium The
coalescence opulmonary veinsassociated with eaclostium, just proximal to this common
orifice, determines the formation of a venospace, whicliakes the name a@ntrum. Four main
ostiacan be identified ihe dorsal area of left atrium, between the left auricle and the interatrial
septum.The firstostiumdrainsthe cranial aspeadf the left caudal lung lobe and it is positioned
caudally and closest to the left auricle. The secostumis the larger orite and drais the
caudal segments of both lungs; it is located to the right of the éstium The thirdostiumis
positioned cranial and to the right of the secowndtium and drairs the cranial and middle
segments of the right lung. The fourtistiumdrainsthe left cranial lobe and it is located on the
left side of the left ventricle, close to the left auriclehe venous component of the accessory
lobe is quite variable and can empty directlytive left atrium or through the first or second

ostium(Vandecasteelet al., 2016)
1.1.2 Bronchial circulation

The bronchial circulation is a branch of the systemic circulation. It originates from the broncho
oesophageahrtery, which divides into right, middle and left bronchial arterigése middle
bronchial arterybranchesat the level of the tracheal bifurcation and supplies the caudal Ipbes
instead, the cranial lobes are supplied by the right and left bronchiatiasteBronchial arteries
form a circulatory plexus within connective tissue of the airways, from which depart branches
that penetrate the bronchial walls to form a subepithelial vascular plekins.role of this plexus

is likely to dissipate heat. Anotheystem of branches of the bronchial circulation suggihe
network of alveolar capillariesn contrast to most species, horses d@ot have bronchial veins
that drain blood in the large bronchi walls. The equine bronchial circulation is drained by the
pulmonary veins and the azygos vein. The latter terminates in the superior vené\vtania and
Vincent, 2007)

The pulmonary and bronchial circulat®anastomose at the level of thetminal bronchioles.
These anastom@s locatamnost at the level of veins and capillaries rather than arteaesl they

are frequent inthe equine lung They represent a potential way to shunt blood flow in order to
3
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attenuate the increased capillary presstthat could occur from increases in pulmonary arterial

(i.e. during exercise) or venous (i.e. Isitle heart failure) pressur@iarlin and Vincent, 2007)

1.2 Histology

From a histological point of view, vessels have three different layers called ttuméza intimg
tunica mediaand tunica externa The tunica intimg also calledunica interng represents the
innermost component of the vessels and it is formed by layers of epithelial and connective tissue.
Endothelium, which is a simple squamous epithelium continuous throughout the vascular
system, Ined this tunica.lnstead, the outer layer ofunica intimaconsists of a thin areolar
connective tissue with elastic and collagenous fibitat provide flexibility and additional
strength, respectively. Endothiem and connective tissue are bded togethe by the basal
lamina.Thetunica medias the middle layer and it consists of layers of smooth muscle supported
by connective tissue. The contraction and the relaxation of these smooth muscles permit the
vasoconstriction and the vasodilation. This is posdibleause othe presence of vasculaerves
callednervi vasorunthat are made of sympathetic fiberShetunica adventitia also calledunica
externg is the topmost component of vessels and it is made of a sheath of connectivethasue
presents collagenous fibers andessamount of elastic fibers. The outermost layer tafnica
advenitia has connective tissue as a support to help holding vessels in the right po$iiese

three tunicshave different characteristics according to the type of blood vessel considered
(arteries, veins pcapillaries), as well as according to the anatomical area supMestels wall

has smaller blood vessels inside, calleda vasorunthat provide nourishment tat (Bit et al.,

2020)

Thetunica intimaof the entire pulmonary vascular bed consists ofi@n-fenestratedmonolayer
endothelium, vhose epithelial cells are connected by tighinctions, whichimit the exchange
betweenthe vagular lumen and the interstitium. The number of tight junctiasigreater in the
tunica intimaof the arteries tharof the capillaries or veins. Moreovehe endothelium is also
characterized by the presence of mgadahelial junctions which, thanks to the discontinuity of
the internal elastic lamina, allow contact and communication between the smooth muscle cells
of the tunica mediaand the endotheliun{Townsley2013)

On the base of the presence of elastic lamina and the degree of muscularity tofiba media
pulmonary arteries and arterioles are classified as elastic, transitional and muscular. The

pulmonary trunk and themain pulmonary arteries arpredominantly elasticand give rise to

4
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arteries of lower caliber, in which the muscular component predomindleserthelessit is not
possible to predict thelassification of the pulmonary arterial component solely on the basis of
its location within the regiratory tree or on the vascular diameterhroughout much of the
pulmonary vascular bed, the internal elastic lamina is characterized by frequent gaps, which
enable endothelial projections into theunica media and facilitate myeendothelial
communication Considering thevenous component, on the other hand, the largaliber
pulmonary veins are muscular and nelastic unlike what happens for the arteri€¥ownsley,
2013)

In the lung, thetunica adventitiais shared with the connective tissue of the adjacent airways
and has a variable itknessThetunica adventitiaof larger arteries consisbf a large amount of
tissue, whichallows limiting the mechanical forces that are discharged on the vessels during
pulmonary expansion. On the other harttie smaller extraalveolar vessels, located more deeply
within the respiatory parenchyma, have a thinnica adventitiathat isalmostcompletely fused

with the alveolar septa. Consequently, these vessels are more affected by the forces generated
during breathing and undergo expansion during lung distendidinroblasts sparsely populate
the tunica adventitiaof the pulmonary arteries ahare mainly responsible for the synthesis of
collagers, fibronectin, proteoglycarand elastin. The elastic fibers and collagethe outermost
lamina of small vessels are continuous with those ofdheolar septhwall, forming a dense
network that reaches the pleural surface and constitutes an important source of stability for the
architecture of the orgaiiTownsley, 2013)

In contrast tathe dynamism of the collagemvhichundergaesproduction and remodehg during

life, the elastic fibers present a relatigtability andthey are notsubject to renewal. Nonetheless,

it is knownthat the elasticity of the pulmonary arterieie human lungs decreases with age
(Castilloet al., 1967; Townsley, 2013)

1.3 Physiology

The main function of pulmonary circulation is to move blood to and from blyeslbarrier for
gas exchange. Moreover, it has other two functions: to act as reses¥dilood and to filter
blood (West, 2008)
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1.3.1 Gas exchange

Gas exchange that occurs incessantly between alvedi eapillaries is possible due the
difference in partial pressure of oxygen (pO2) and carbon dioxide (pCO2) existing between these
two compartments Venous blood has a pO2 of about 40 mmHg and a pCO2 of about 46 mmHg,
while in the pulmonary alveoli these two pressures are, respegtioél100 mmHg and 40 mmHg
This pressure gradierdllows thepassivediffusion of oxygen towards capillariesd that of
carbon dioxide towards the alve@Boiti, 2010) In healthy horses at rest, arteriahgial pressure
of oxygen(Pa0O2) is 83100 mmHg and arterial partial pressurecarbon dioxide (PaCO2) is
40¢45 mmHgArt and Bayly, 2014)
Ventilation has the pupose of conveying air rich in oxygen and low in carbon dioatdie
alveohr level, in order to maintain thpressure gradietbetween the alveoli and the bloatthat
allows gas exchangén horses, approximately only the 50% of inspired gas reaches the alveolar
space; the remaimg portion of the tidal volumeemains in the upper airwayspriming the se
called "anatomic deadpace", and its subsequenthgxhaled unchanged with the next breath.
Ventilation of dead space is probably a way to dissipate heat during exe&isdarly,the
portion of inspired gas that inflates ngerfused alveoli does not contribute to gas exaba
YR A0 Aa OFftftSR alf@S2tFNJRSIR aLl OSé¢d ¢KS
aLl OS Aa (y2eéy | a aCena2o@f 23A0Ff RSIFR aLl OS¢
Oxygen can be carrieid the blood either dissolved in the plasma lmosund to haemoglobin
However, the solubility coefficient of-@s low and, thus, plasma carries only small volume2of O
that are not sufficient for the request of the body. Therefoifge presence diaemoglobininside
the erythrocytes is essential forusvival. t increases the ©carrying capacity of blood éfld
(Clutton, 2007)
Haemoglobin is a protein containing four heme groups, each capable of binding an oxygen
molecule. It can be presenh two different forms: oxybemogbbin anddeoxyhamoglobin
When blood flows inside # pulmonary capillaries, the pQs higher within the alveolar
compartment and, thereforgthere is a diffusiorof oxygen from the lung parenchyma to the
blood, with the formation of oxy&iemoglobin. In e tissue capillaries,mothe other hand, the
plasma pQ@is higher than that in the tissues and therefore there is a release of the oxygen
molecules linked to &iemoglobin, which are transferred to the body's céBiti, 2010)
A process similar to that involved in oxygen uptake, allows the elimination of carbon dioxide
generated in body sisues. Carbone dioxide represents the final product of ceietabolism. It

6
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diffuses from active cells into interstitial fluid and then across capillary walls into pldsna.
transport can take place in three different ways: as carbon dioxidgolation, as carbamin
compourds, and as carbonic acid. In lungs, p@(hin alveoli is less than that of capillariasd,
therefore, CQdiffusesfrom blood to alveolar space and then it is eliminated with the expiration

(Clutton, 2007)

1.3.2Lungs aslood reservoir

In rest horses, pulmonary circulation is typically considered api@ssure, higkconductance
systemdueto the characteristics of its vessels, in particular of artery and arterioles, thdaare
less musculaand more elast than those of systemic circulatigRoole and Erickson, 2008)

These charaderistics allow the pulmonary circulation to adapt to even significant ches
blood volume, without leading to aimcrease in pulmonary pressurdowever, during exercise

the situation is in part different; in facthe mechanisms of capilladistension and recruitment
that normally occur when the blood volume present in pulmonary circulation increasesble

to limit a possible increase in pulmonary pressure only in conditions of mild or moderate exercise.
In horses, maximal exercise caadgo such an important increase in cardiac output as to exceed
the adaptability of the alveolar capillaries. Therefore, at particularly high valfibsart rate, it

is possible toobservephysiological increases in pulmonary pressiifeole and Erickson, 2008)
Unlikeother organs|ungs havea rather marked perfusion heterogeneity, than humans and in
horses; this means that some lung regiteisd to receive a greater amount of blood than others
(Art and Bayly, 2014)

In the human lung, the basal portions receive about eight timese blood than the apical ones
due tothe presence of a pressure gradient that limits the blood flow that reaches the.llihg
pressure inside the alveoli gesponds to the atmospheric pressuwaadit is identical throughout

the organ, regardless of the payn considered. On the other hanarterialand venous blood
pressures are lower in the most apical portions than in the basal ones, due to gridwitefore,

in the apical portions, the alveolar pressure excedus venous pressure (and, in pathological
conditions,also the arterial presurg, caising compression of the capillary bed and severely
limiting the perfusion of these regions. Proceeding more distally, on the other hand, both arterial
and venous pressure are higher than the alveolar one, thus determining the presence of a

continuous blod flow in the more basal lung regio(i&/est, 2008)
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Conversely, in horses it has been shown that lung perfusion isaffietted by the gravity.
Mechanisms that are not yet fully known determine a greater distribution of blood in the more
dorsal lung area¢Figure 1.2YHlastalaet al., 1996) The most accredited hypothesisgardsa
different productionof nitric oxide by the capillaries of the dosaudallung regions, a lower
affinity for vasoactive substances by the capillariefs the cranioventral regionsand the
contrasting role of some substances with cholinergic action, suchmethadoline, that
determine vasoconstriction afapillariesof cranioventral portiondut vasodilaion of those in

the dorsocaudal one@elletieret al., 1998)

f“\

Fig. 12 ¢ Pulmonaryblood distribution according to vertical perfusion gradient in resting human (top leftcandoedorsal
gradientin resting horse (top right)n the horse, the cauddorsal gradient is exacerbated by exercise as is evident from the
schematic representation of a peskercise scintigraphic imageottom) (Art and Bayly, 2014)

In humans, exercisand the consequat increase in heart ratéeadsto greater homogeneity of

lung perfusion Conversely, in horses, exercesecerbate thalifferences already present at rest
(Figure 1.2)Moreover, he significantincrease in blood flow thabccurs in the more dorsal
portions isgreater in the transition phase from rest to trot rather than during the subsequent
phases of progresveincreasen speed(Bernardet al,, 1996)

Both in humans and horses, the pulmonary vascular bed must constantly be able to adapt to
variations in cardiac output, accepting all the blood pumped byripbt heart. Although the
pulmonary circulation normally contains a considerably lower amount of blood than the systemic

circulation, thissituation can change due texercise or conditions that lead to peripheral
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vasoconstriction, resulting in an increais blood flow that reaches the lurfg§oole and Erickson,
2008; West, 2008Jf the pulmonary capillarieare unable to adapt to these situations, we would
periodically see dangerous increases in lpngssure, even under mild exercise conditions. The
reason why this does not happen is linked to the presence of two homeostatic compensatory
mechanisms of fundamental importanceecruitment and distension. Elevated pulmonary
arterial pressure forces theepfusion of previously noperfused vessels (recruitment) and
distends those vessels already recruifddstension) (lgure 1.3\Poole and Erickson, 2008; West,
2008)

300

—

200
Increasing arterial Recruitmen‘t/ \istension
pressure
[
100

||
§ —» I —
O —
—
0 T 1

10 2 20 40
Arterial pressure (cmH20)

T

Pulmonary vascular resistance (cmHz0/L/min)

Ml

Fig. 13 ¢ Asthe pressure in the pulmonary circulation increases, there is a reductionnomarly vascular resistandeeft),
through mechanisms of recruitment and distension of pulmonary capillaries)(righis scheme refers to equiieéoole and
Erickson, 2008)

1.3.3Lungs as a filter

Another fundamental function of the pulmonamgrculation is its ability to trap and eliminate
thrombi and emboli present in the systemic venous compartn{&farlin and Vincent, 2007)

The size of the particles that can be filtered in the lungs difebstantially according to the size

of the capillaries considered, which vary according to the angpaties. Regardless of this, the
pulmonary circulation igherefore, able to prevent thrombi or embofrom reachingthe bran

or other organs, causingchenic phenomena, potentially fatallhe particles present in the
circulation can be represented laggregates of leukocytes, erythrocytes, fibrin clots amdour

cells. These substances are stopped at the level of the capillaries which have a smaller diameter
than the substanceshemselvesand are mainly broken down by proteolytic enzymes or by

phagocyosis(Heinemann and Fishman, 1969)
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Chapter 2
PULMONARY PRESSURE

¢KS GSNXY alddzf Y2yl NE LINBaadaNB¢ YSlIya GKS gl fd
system. It is influenced by several factors, such as pressure of right and left heart, proportion of
the vascular bed perfusegulmonaryarterial smooth muscle tonegirculatoryvolume, relative

and absolute lung volume, and changes in intrathoracic pressure that occur with ventilation.
Moreover,alsosome variables relad to the animal can influengaulmonary pressurgsuch as

the size of the subject, age, physical exereisd the presence of diseas@darlin and Vincent,
2007)

Pulmonary pressure in standing adult horsescasmsiderably lower tharsystemic pressure
(aroundl1/5 to 1/6) because of the lower restiance encountered in the pulmaryvasculatree.

In the new-born foal, the pulmonarypressure is higher than in adult horses; thenlécreases
significanly during the first two weeks oflife as pulmonary arteriolar resistance falls
(Schwarzwald, 2018)

Pulmonary pressur inthe resting horse is slightly higher than in humans angll mammals.

The normal systolic pulmonary pressure in horses is arounrd53t,mHg while the diastolic
pulmonary pressurés approximately 225 mmHg. The mean pulmonary pressure in beest

rest rangesbetween 20 and 30 mmHg. During higimtensity exercise, the mean pulmonary
pressure can easily reach 100 mmi¥arlin and Vincent, 2007; Schwarzwald, 2018)

The factors that inflence pulmonary pressurare grouped under the name dpulmonary
vascular resistance" YR) PVRIis the force that opposes the gssage of blod within the
pulmonary circulationPVR is an extremely dynamic value, capable ahgimg not only due to
changes in circulatoryolume or vascular tone, but also simply with the suciogsef respiratory
cycleshat cause changes irthe intrathoracicpressure During inspiration andhe expansion of

lungs the attachment between the parenchyma and the vasculataietermines aradial
expansio of the blood vessels, thereby decreasing PVR; instead, demuigation, the vessal
diameter is reduced due tthe compression by the parenchyma and thereby PVR increases.
Moreover, PVR is influenced by absolute lung volume. At very low lung volumes, the PVR is
maximal because the support of parenchyma may become negligibtibthe caliber of the

vessesdis determined byheir wall stiffnessin addition,at high lungzolumes and upo total lung
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capacity, PVRecomeselevated because of longitudinal stretching of snétlod vessels in the
alveolar septgdMarlin and Vincent, 2007)

PVR in horses is lowith valuesof about 0.14 ad 0.06 mmHg/ml/minkg at rest and during
exercise respectivelyThe majority of PVR at restdsie toprecapillary sphincters while the pest
capillary resistance is very low. Durggercise, the two homeostatic mechanisof dilation and

recruitmentmake the previous noperfused or minimally perfused vessélsctionat probably

thisis themajor contributionto adecrease PVRduring exercis€Art and Bayly2014)

2.1 Pathophysiology: pulmonary hypertension

The term pimonary hypertension (PHiRdicates @ hemodynamic situation in which pulmonary
pressure exceed the upper normal limit by more than 10 mig@étpwarzwald, 2018pHT implies

an ircrease of cardiac output and/or pulmonary vascular resistafBenagura, 2019)
Precapillary plmonary hypetensionis caused bg pulmonary vascular remodelingpstream of

the capillary networkthat leads to an increase in pulmonary vascular resistaimstead, the

term postapillary pulmonary hypertension refers to a condition in which the increase irdbloo
pressure is linked to blood stasis that occurs downstream of the capillary nefiMadije and

Chin, 2019)In human medicine, PHs classified in five groups accordingagtiology The first

group is represented by pulmonary arterial hypertensioriudingidiopathic PHTdrug and toxin
induced PHT and persistent PHTfahe new-born. The second groupncludes pulmonary
hypertension due to lefside heart diseasdue tocongenital and acquired cardiac diseasSgse

third group includes PHT due to lung diseases and/or hyposiech as chronic obstructive
pulmonary diseases, interstitial lung diseases and sldegprdered breathing. Goup four is
represented by chronic thromboembolic pulmonary hypertension and other pulmonary artery
obstructiors. Finally,in the fifth group areincluded PHTdue to unclear and/or mulfactorial
mechanisms such as hematologic, systemic and metabolic disof(@Gake et al, 2016)
According to this classification, some of the potentially relevant causes for horses are showed in
the Table 2.11ln veterinary medicinghere is no consensusbout the classification of PHT;
however, it may be practical to use a pathophysiologic or functional classification, like exercise
induced PHT, postcapillary PHT, PHT due to advanced pulmonary diseases and precapillary

pulmonary arterial hypertensiorP@H (Bonagura, 2019)
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Table 2.1 Potentialaetiologiesof pulmonary hypertension
Exerciserelated PH
Highcardiac outputrelated PH
PAH

/ 2y3SyAadlrt KSFNIL RAA&ASEAaS
Pulmonary veneacclusive disease
Drug or toxin induced
Persistent PH of the newborn
Pulmonary arteriopathy
Idiopathic PAH (?)
PH owing to left heart disease

Leftventricular dysfunction
Valvular heart disease
Congenital disease

PH owing to lung disease or hypoxia

Chronic reactive (obstructive) pulmonary disease (asthi
Interstitial lung disease

Pleuropneumonia (?)

Chronic exposure to high altitude (?)

Chronicthromboembolic PH (?)

This table showed some of the potentially relevant causes of pulmonary hypertémdionses.PAH: pulmonary arterial

hypertension;PH: pulmonary hypertension; (?): uncertain relevancy to h¢Bmsagura, 2019)

2.1.1Exercisenduced pulmonary hypertension

The significant increase in pulmonary pressurattoccurs during maximaixerciseis a typical
characterisic of the equing and the mean pulmonary pressucan easilyeach 100nmHgdue

to the large cardiac output achieved by exercising hokges and Bayly, 20t4Schwarzwald

20138.

Pulmonary hypertension that physiologically develops during exercise is considered one of the
main causes oéxercisedinduced pulmonaryhaemorrhage(EIPH) typical of racehorses. The
rupture ofalveolarcapillaries occurs when the transmural pressure (pressure difference between
the luminal capillary and intraalveolar pressurgincreases excessively, exceeding thasile
strength of the pulmonary capillees wall with consequent release of blood inside the alveoli
(Hinchcliff, 2014)
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In horses, during maximal exercise, heart rate increasestsixightfold, cardiac output
increasesight- to ten-fold, and packd cell voluméancreasesiearly twofold the resting values.
These factors contribute tthe increasein pulmonary pressure during exercigiericksoret al.,

1990)

Maximal exercise causes an increase in blood volume that reaches théyaigput 10fold,
without however an guivalent increase in pulmonary pressuvejichincreases a maximum of
three-fold compared tothat at rest (Marlin and Vincent, 2007)This is possible because the
increasel blood flow in pulmonary circulation induces recruitment and distension of the
pulmonary capillaries, resulting in a reduction in PMBRt reaches minimum valueduring
moderate exercise (0.08mHg/ml/min.kg). Once the minimum PVR value has been reached, the
pulmonary capillaries are no longer able to compensate for a further increase in pulmonary
pressureduring maximal effor{Manohar and Goetz, 1999; Art and Bayly, 2014)

On the other side, during maximal exercise, there is a marked deemealeuraland therefore
intra-alveolar pressure; it decreasé®m -0.7 kPa at rest te8.5 kPa during strenuowexercise.

The combination of increased inteapillary pressure and decreased inttlveolar pressure
contributesto markedly increase the transmural pressure that stresses alveolar wall leading to
rupture (Hinchcliff2014)

2.1.2 Pstcapillarypulmonary hypertension

Postcapillary PHGan becaused by left heart diseasésat lead to left heart failur§Bonagura,
2019) Left heart failure refers to the inability of the left compartment of the heart to effectively
pump blood within the systemic circulation. The casis€heart failure can be differeyin horses
the most @ mmon are mitral or aortizalveinsufficienciesvalve endocariis, congenital cardiac
diseases (ventricular septal defect, patent ductus arteriosugicarditis and ruptte of chorda
tendinea(Marr, 2010) Depending on the primary cause and its sevedtygestive heart failure
can occumore or less quicklythis condition ischaracterized by stagnation of blood inside the
heat chambers.Thiscauses an increase in ventricular and atrial pressureliamts pulmonary
venous drainage, re#iing in congestion of pulmonargirculation, increase in capillary
hydrostatic pressure andonsequentlydevelopment of pulmonarpedema(Marr, 2010) The
pulmonary hypertension is due to processes of vasoconstriction and vascular rematieling

occurin order toovercomethe high hydrostatic pressure preden the pulmonary capillaries, in
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order to guarantee a unidirectional flow of blood from the pulmonary artery towards the left
atrium (Schwarzwald, 2018; Bonagura, 2019)

Another cause of postcapillary PHT is thgionalpulmonary veneocclusion (Bonagura, 2019)

that is very similar to the human pulmonary veacoclusive disease (PVOD). In husy@VOD is

an uncommon cause of PHT, characterized by pulmonary venous sclerosis, interstitial and septal
fibrosis, marked hemosiderin accumulation, and proliferation of the bronchial circulation
(Williamset al., 2008)

2.1.3Pulmonary hypertension due to advanced pulmonary diseases

In the systemic circulation, hypoxia induces vasodilation and consequent increase in blood supply
to the tissue. Conversely, hypoxia in the pulmonary circulatanse vasoconstriction; this
LKSy2YSy2y Aa OFfftSR &Keé LR HhiadapldibnYirgity thNE G|
vascularization of the urentilated or poorly ventilated lung regionsaintaining a correct
ventilation/perfusion ratio (V/Q ratig)which is obtained by spreading thelood flow towards

the lung portions that are able to determine a correct oxygenation of the hldégboxic
pulmonary vasoconstriction can occur in physiological conditions, such as during exercise and at
altitude, or as a corejuence of pulmonary diseasdMarlin and Vincent, 2097 Chronic
pulmonary diseases are associated with a persistent and irfiygloxic vasoconstriction,
followed by phenomena ofascular remodeling. Both hypoxi@soconstriction and vascular
remodeling are the triggering causes of pulmonary hypertengiat develops during severe
chronic lung diseasgStenmark and McMurtry, 2005)

One of the most frequent pulmonary diseases in horses is the severe equine asthma. Its
association with pulmonary hypertsion is known since 1978 with a study that measured
pulmonary pressure by right cardiac catheterization in healthy and asthmatic horses. The study
showed thatboth symptomatic(44.56 + 1384 mmHg)and asymptomati¢28.13+ 4.37 mmHgQ)
asthmatic horses haslignificantly higher pulmonary pressure than healthy ho(&354 + 298

mmHg (Dixon, 1978)

Since oxygen administration only partially reversed the pulmonary hypertension in these
patients, the inelvement of some factors other than hypoxias hypothesize{ixon, 1978)in

human medicine, it has been demonstrated that chronic obstructive pulmonary diseases
induce remodeling of the pulmomg arteries structure which is at the basis of persistent

pulmonary hypertension(Harknesset al., 2014) In these patients, recurrent episodes of
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hypoxemia and hypercapnia, associated with inflammatory mediatorscgitakines released
due to chronic inflammation, cause structural modifications of the pulmonary vascular bed.
These changes consist in muscularization of pulmonary arterioles and excessively deposition of
matrix proteins in the wall of large pulmonary aries. The excess of collagen compromises the
elasticity of pulmonary arteriedhe stiff pulmonary artery causes elevated pulmonary vascular
resistance and contributes to the raised oscillatory load that increases\wggtiticular systolic
pressure. Morever, tis stiffness itself leato further damages to the pulmonary vascular bed
over time ultimately leading to pulmonary hypertensigHarknest al, 2014; Altiparmalet al.,
2016)

The same mechanism has eatly been confirmed also ihorses, in which histomorphometry
performed both in vivqthrough peripheral biopsies of the caudodorsal luagyl post mortem,
hasshown the presence of a particularly important amardlyreversible vascular remodeling of
the pulmonary vesselwall in patients with severe equine asthma. The hypoxic vasoconstriction
and theinflammationrepresent the starting point for the developmeaf vascular modifications
such asthickening of the vessel wall, witkignificant proliferation of the smooth muscle
component and consequent redticn of the vessel lumen (Fig. 2.IThis remodelingnvolves

both the lung apex and the caudodorsal luegjion The resulting narrowing of the artery lumen
could enhance hypoxic pulmonary vasoconstrictidrhis justies the fact that hypoxemia
determines atransientincrease in mean pulmonagyessure in healthy horses, babt a real

condition of pulmonanhypertensionwhich is instead presertdnly in pathological patientwith

pulmonary vascular remodelir(@eriottiet al,, 2020)

Figure 2.1¢ Histological sectiond0X, hematoxylin eosin saffrpof pulmonary artery and annexed bronchus of an asthmatic

horse in eacerbation (A) and of a contrbbrse (B. Noticethe thickening of the muscular pulmonary artery w@), the mucus
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accumulation in the airway lumen (#he epithelial thickening (+) anthe increased airway sooth muscle mass*t* ) in the

asthmatic supect (A) compared to the healthy one (B). BL: bronchus lumen; AL: artery(lDer@itiet al,, 2020)

The same pathophysiological modifications damelop in other bronic pulmonary diseases that
cause hypoxia and consequeptimonary hypertensionn horses, such as granulomatous

pneumonia(Sdwarzwaldet al,, 2006)and pulmonary fibrosiéLe Correet al., 2019)

2.1.4 Precapillary pulmonary arterial hypertension

Chronic thromboembolic pulmonary hypertension is a rhtg severe consequence of acute
pulmonary embolism. It is a form of precapillary PHT that results from an incomplete resolution
of pulmonarythromboembolismand consequent formation of a chronic, fibrotic, organized
thrombus within the pulmonary vascularet that can limit the normal flonand leadto
hypertension(Mahmudet al., 2018)

Pulmonary thromboembolism is largely unreoied in horse¢Bonagura, 2019However, it is
possible that itsreal prevalence is higher than what is effectively diagnosedn equine
medicine, cases of pulmonary thromboembuolifave been reported in patients affected from
different severe systemic diseases of an infectious and neoplastiology or in patients
undergoing abdominal surgery. Although the triggering causes are not fully known, it seems that
the formation of thrombi is connected to the presence of systemic inflammation capable of

leading to hypercoagulabilifNormanet al., 2008; Bryaret al., 2009)

2.1.5 Clinical signs and canlmonale

Regardless of the cause, the symptoaipulmonary hypertension areaonspecificand mainly
related to a decrease athletic performance, which ay be due to the primary cause BHT
(left heart failure, pulmoary diseases) or may becansequence atat (Bonagura, 2019)
Pulmonary hypertasion, if severe and permanentan have devastating effects on the body,
especially on the right heart, which can undergo remodeling. @beelopment of right
ventricular hypertrophy and/odilationthat occurs as aonsequence dPHT due tdung diseasg

in absence of primary cardiac diseases, is defiteat pulmonalé (Schwarzwald, 2018;
Bonagua, 2019) This occurs because PHT increases afterload on the right ver{Ri¢kand
leads to elevated endiastolic and central venous pressure. In case of acute ®ldTright
ventricle doesnot have time to develop adaptive mechanisnsuch as RWypertrophy, and

therefore it undergoes enlargement. On the other hand, in case of chronic PHT, the increased
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afterload isassociated witthypertrophy of the RMvith a consequent increase in the force of
contraction and intraventricular pressur€ardiac emodeling and increased RV pressure can
lead to tricuspid regurgitation. In most severe cases, the interventricular septum botgdabe

left ventricle (LV)interfering withthe ventricularfilling and therefore leading tdiastolicLV
dysfunction and ensequent rght-sided orbiventricular heart failurédSchwarzwald, 2018)

Cor pulmonaléas always been considered uncommon in horses. Conversely of what happens in
humans, chronic obstructive pulmonary diseases can lead to pulmonary hypertemsarause
transient cardiovacular alterations, which however seem to resolve once the event is over
(Johanssoret al., 2007) A more recent study on asthmatic horses has confirmed ttiating
clinical symptomgsalterations of the rightheart function, increased right heart pressure and
increased pulmonary artery diameteray be observedjespiteno significant alterations in RV
diameters. However, even in remissjasthmatic horses have a thicker RV wall, a higher left
ventricular endsystolic eccentricity index, a longer RV -pjection period anda lower RV
contractile function than healthy horse3hese findings suggest the presence of a subclinical
permanent myoardial remodeling possibly due to successive episodes of hypoxemia and
pulmonary hypertension. However, these alterations cannot be observed using merely crude RV
size measurements arttie authors claimed thaa proper evaluation of cardiac function istno
routinely performedin asthmatic horses; thereforat is possible that the true prevalence of
cardiac abnormalities that develop in these patients is actually greattgrestimatedDecloedt

et al, 201A).

Realcases otor pulmonalehave been documented in horses, associated with severe chronic
respiratory dseases such as granulomatous pneumofBahwarzwaldet al., 2006) severe
equine asthmaSageet al, 2006; Hankaet al, 2015)and pulmonary fibrosigLe Correet al.,
2019)

2.2 Evaluation of pulmonary pressure

The pulmonary pressure can be measured directly by right cauchitheterization or indirectly
through different methods, such as magnetic resonance imaging, computed tomography or
ultrasonography; the indirect methods give an estimate of the real value.
The mean pulmonary pressure in resting horses is abo@®@MmHy; if thepulmonary pressure
exceed the upper normal limit by more than 10 mmHwgpre is pulmonary hypertension
(Schwarzwald, 2018)
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2.2.1 Right cardiac catheterization

The right cardiac catheterization is the gold standard for the measurement of pulmonary
pressure both in timan and in veterinary medicin@®oble and Kay, 1974; Dixon, 1978; Johnson,
1999; Galiéet al., 2016) In equinemedicine, this techniqgue wagsedboth in restinghorses
(Dixon, 1978and duringexercisgErickson, Erickson and Coffman, 1990; Manehai., 1998)
The right cardiac catheterization is typically performed in standing harsieg) a percutaneous
technique; the catheter placement itihe recumbent horse is signii@antly more difficult. The
correct positioning of the catheter is guided by pressure measurements and occasibgally
ultrasonography. After surgical preparation and locadesihesia, a 8-Frenchintroducer sheath

is placed in the jugular vein and e#nchballoon tipped (SwaitGanz) catheter of 12020 cm

in length is inserted through the jugular vein and the cranial vena cava into the right gRi&jn
the right ventricle and the pulmonary arteryhe SwarGanz catheter is equipped with a terminal
balloon that is blown during advancemeand therefore, it isable to record intravascular and

intra-cardiac pressureiSchwarzwald, 2018Figure 2.2).

Balloon deflated

Balloon inflated

Pulmonary capillary wedge pressure

H h
Swan-Ganz catheter (6-12 mm Hg)

Right atrial pressure

(0-8 mm Hg) Pulmonary artery pressure

(Systolic: 20-25 mm Hg,
diastolic: 4-8 mm Hg)

Right ventricular pressure
(Systolic: 20-25 mm Hg, diastolic: 6-12 mm Hg)

NV

Figure 2.2¢ Schematic representation ofemodynamic waeforms in right atrium, right ventricle, pulmonary artery and
pulmonary capillary wedgeetected by right cardiac catheterization in hum#@swaniet al., 2013)

Although right cardiac catheterization is considered the gold standfodthe pulmonary
pressuremeasurementit is an invasive procedure with potentigks. In human medicine, it is

known that this technique can lead to complications related to venous access, cardiovascular
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complications and rarely also to fatal eve(itboeperet al., 2006) The former include hematoma

at puncture site, vagal reaction with bradycardia and hypotension, pneumothorax, arteriovenous
fistula and puncture ofthe carotid arery. Among cardiovascular complicationssatescribed
supraventricular tachycardia, vagal reaction with bradycardia and hypotension, ventricular
tachycardia, systemic hypotension, transient ischemic attack, hypeviewsisis, chest pain and
haemoptysisafter balloon inflation and new right bundle branch bloktoreover, it is necessary

to consider thatright cardiac catlterization is a technique that requirespecialized and
adequately trainedperatorsfor its execution (Hoeperet al,, 2006)

In horses, ihas beernreported the onset of cardiac arrhythmias (seceshegree atrioventricular
block, supraventricular and ventricular premature complexestricular tachycardia), transient
weakness, ataxia and syncope during the procedBreenoet al., 1999; De Almeida Silea al.,

2017) Furthermore the probability ofugularthrombophlebitis due to the placement of venous
catheter is ommon in horsegDias and de Lacerda Neto, 2013)

In conclusion, the possible complications, thecessity oftrained operatos, an adequate
restraintof the patient and his hospitalization make cardiac catheterizaidifficult technique

in the equine practiceunlessfor research purposes

2.2.2 Computed Tomography

Computed tomography (CT) is an advahtachnique of radiediagnoss that is frequently used

in human medicine to evaluate the thorax; it is a valid method to diagnose pulmonary
hypertension(Alhamadet al., 2011; Kanet al,, 2013; Shewt al,, 2014)

Through the evaluation of vascular anatomic characteristics detected by thoracic CT, it is possible
to estimate pulmonary pressur@he parameters that are k&n into consideration to dete¢he
presence orthe absence of puhonary hypertension aremainly two: the diameter of the
pulmonary artery (PAD) and thatio of PAD to ascending aorta diamet@AD/AO Patients

with PHThave evident anatomical alterations of the pulmonary artencreased PAIhigher

than in healthypeople), and PAD/AO ratio greater than YAlhamadet al, 2011) However,
these parametershowed a medim sensitivity (PAD: 79%; PADIA@4%) ad specificity (PAD:
83%; PAD/AD: 81%)uggesting a relative high rate of missed diagnosis (R2®; PAD/BD:
26%) and misdiagnosis (PAD(%; PADACOD: 19%). Moreover, ihas beenreported that
pulmorary artery dilation can occur also in absence of PHT in patients with pamenary

diseases, such as pulmonaitiprosis. These considerations, associated with the lack of a
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universally recognized PAD eff value to define the presence &fHT demonstate that CT
cannot be considered a sufficiently reliable diagnostic technique, ibumust be used in
association with other methodSheret al., 2014).

Independently of these limits known in human medicine, it must be consdiirat it is not
possible to perform a thoracic CT in adult horses due to dimessionliterature, there are
studies regarding thoracic CT only in healthy neonatal {halscolat al., 2013; Schliewert al.,

2015; Aencibiaet al., 2020)

2.2.3 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is an advanced diagnostic imaging technique capable of
performing a highly detailed representation of different anatomical sections using magnetic
fields In human medicine, cardiac MEEMRI)provides detailed morphology of the cardiac
chambers and accurate quantification of chamber volumes, myocardial mass and transvalvular
flows; it is considered the gold standard fbie measurement of ventricular vofoe, mass and
structure (Grinig and Peacock, 2015)

An indirect estimate of pulmonamressurecan be obtained with MRI through an assessment of
the cardiovascular structurgdlarroneet al., 2010; Johnsgt al,, 2019)or an evaluation of the
motion of blood in the main pulmonary arte(RReiteret al., 2013)

CMRIis based on the acquisition of a series of cresstional and longitudinal sequences during
the entire cardiac cycle, from the apex to the base of the heart. The resulting images allow an in
depth study of the morphology of the atria anéntricles, as well as of the first outflow tract of
the right heart. Thalterationsdetectable in patients witlfPHTcanbe divided into morphological
signs (RV hypertrophy or dilation, RAdilation, LV morphology alteration, pulmonary artery
dilation) ard functionalfindings(RVhypokinesis, paradoxical movemeuott the interventricular
septum associated withthe leftward deviation of the inteatrial septum RV dysfunction,
pulmonary and tricuspid insufficiency, decreased pulmonary artery flow velocityedsedight
coronary artery blood flowjMarroneet al., 2010) Some of these alterationsan be measured

and can be used within specific formulas that allow a particularly accurate indirect estimate of
the realvalue of pulmonary pressur¢hus allowing to dignguishpatients with and withouPHT
(Johnset al,, 2019)
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Although the high accuracy of CMRI (sbilisy 94%; specificity 79%Johnst al., 2019) it is not
routinely used in the diagnosis oHF due mainly to high cost and poor availability of adequate
machinegWesglset al., 2020)

In addition to these obvious limitationalso inveterinary medicine, the use d¥RI for the
evaluationof patients withPHTdoes not appear to be a feasible diagnostic technique in equine
patients since, as fo€T there arelimits due to the size of adult horses. MRI is a highly useful
diagnostic technique in horses but its use is limited to the head hadlistal portion of limbs,
arriving more proximally only in exceptional cases, with particularly small pat{&hisray,
2011) As for CT, the evaluation of chest by means of MRI in horsessgfe only in neviborn

foals(Arencibiaet al., 2015)

2.2.4 Ultrasonogaphy

Ultrasonography is a diagnostic technique based on the interpretation of images that are
produced by the interaction between ultragnd waves and body tissues. Compatéo more
advanced diagnostic techniques (CT and MRI), ultrasonography does not use ionizing radiation;
moreover, it is a relatively inexpensive and easily applicable procedure in the field. Therefore, it
is frequently useésthe method of choice for the screening or the diagnosis of different diseases
in the equine medicinéPalgrave and Kidd, 2014)
The same advantages allow ralsonography to be considered the method of choice for the
screening of pulmonary hypertension in human medicine. The detection of patients affected by
PHT is possible through the evaluation of different echocardiograph&peters: first of all the
tricuspid regurgitationvelocity(TRV)Jandeet al,, 2011)
The maximum velocity of the tricuspid regurgitant jet can be measured using contHwenes
Doppler and this value can be used to estimate trenstricuspid pressure gradierfh ) by
means of simplified Bernoulli equation

w0 TOYY®
Transtricuspid pressure gradient corresponds to the difference between right ventricular systolic
pressure (RVSP) and right atrial pressure (RAP). Morehwarg systole, the pulmonary valve is
open, and in the absence of valvular obsalvular obstruction, the RV&Ptransmitted diretly
to the pulmonary artery and so can be equated to the systolic pulmonary artery pressure (SPAP).
Therefore, SPAP can lestimate using this formula:

i 000YOYD TOYY®w ‘YOO
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The RAP can be measured by means of different methods, such as the collagsemfvena
cavaduring respirationJandeet al, 2011; Rudski and Afilato, 2016)
The mean pulmonargrtery pressure (mPARJan be approximately calculated using the ech
derived value of sPAP through this form(fRudski and Afilato, 2016)
GOOU M adi 06 0ca a0Q

Finally, diastolic pulmonary artery pressuf@gPAP) can be estimateeimploying the same
principles used for sPABPuring diastole, the pulmuary regurgitant jet representthe pressure
gradient between the pulmonary artery and the right ventrittiat, therefore, can be estimatk
by the simplified Beoulli equation using the endiastolic pulmonary regurgitation velocity
(PRV). Mreover,during diastolethe tricuspid vale is open and so the RV pressure and &P
be equated Therefore, dPAPan be estimate using this formulRudski and Afilato, 2016)

QOO0 TWwQE QQOI & dQ¥O 0
Although the TRWas long been considered the most reliable metliodbtain an estimate of
pulmonary pressure the agreement between the estimated pressures derived by this method
and those measured invasively is pobtinimal errors in the measurement giRVcan result in
underestimating or overestimating the real pressure valuea significantvay because in the
Bernoulli equation, the measured value is squared and multiplied. ItHer limitations of the
method relate to the difficulty in measuring changesha diameter of theinferior vena cavao
the mismatch betweenTRVand right ventricular systolic pressure in patients with severe
tricuspid insufficiency ando the impossibility of excludingHTin patientswithout tricuspid
regurgitation For these reasons, in recent yeagshocardiographys consideredolely as adol
for identifying the presence or absence of pulmonary hypertension, without attempting to
estimate a valu€Augustineet al,, 2018)
For the assessment of the probability of PHT, the measurement of TRV shouldeokein
associatiorwith other echocardiographic parameters, suchR#) acceleration time of th&V
outflow tract, early diastolid®RY pulmonary systolic notch, eccentricity index, RV/LV basal
diameter ratio, right atrial area anshferior vena cavaliameter. Based on echocardiographic
findings, the probability of PHT can be classified as low, intermediate and high (Figure 2.3)
(Augustineet al.,, 2018)
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Figure 2.3; Flow chartto assess the probability of pulmary hypertension using tricp&l regurgitation (TR) velocigssociated
with other echocardiographic parameterBhis flow chart refers to human medici#aigustineet al., 2018)

In dogs, RVassociated with other echocardiograje changes secondary to PHTuged to
classified the probability of PHT as low, intermediate and high using a flow chart sintitar to
human me (Hgure 2.3)Reinercet al., 2020)

In equine medicine, to date, there are no officially recognized echocardiogrpphameters to
obtain an estimate of pulmonary pressuidétricuspid or pulmonary regurgtion are present,
continuouswave Doppler can be used to measure the peak regurgitant velocity and estimate an
elevated pulmonary pressure. As rough guidelinesegting horses, a TRV greater than 3.5 m/s
or a PRV of exceeding 2.5 m/s are quite suggestive of PHT. However, tricuspid and pulmonary
regurgitation are not present in all horses with RB&nagura, 2019Moreover, the impossibility

to obtain aright alignment between the regurgitant flow and the ultrasound beam can
underestimate the peak velocity. Finally, theresence of mild or moderate tricuspid
regurgitation is frequent in old horses and it is not necessarily associated with dig&aesss
1998)

Currently, the most reliablechocardiographiparametesto assess the presence or absence of
PHTin horses seento be the measurement of the pulmonary artery diameter and takative
relationshipbetween the pulmonary artery and aortic root diameté&rpulmonary artery dilation

and a pulmonary artery to aortic root rat(®AD/AODyreater than 1 are probably indicative of

PHT(Reefet al., 1998; Marr, 2010(Figure 2.4)
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Figure 2.4 Rght parasternal loneaxisviewof the left ventricular outflow tract showing dthtion of the pulmonary arterin two
horses

A) Moderate dilation of pulmonary artery which diameter is equivalent to the diameter of the aorta (&e@prreet al,, 2019)
B) Severe dilation of pulmonary artery which diameter is larger than aortic diagsetewarzwalet al., 2006)

RV: right ventricle; RA: right atrium; LV: left ventriél®; aorta; PA: pulmonary artery.

Other echocardiographic sigrsiggestive oPHT aranorphological or functional modifications

of differert structures of the right hearthese alterationsnay be transient and reversibtkiring

acute exacerbatiomf some disease§lohanssort al., 2007;Decloedtet al,, 2017) or may be
permanent as a consequence of serious chronic pathold@elswarzwalet al., 2006; Le Corre

et al, 2019)

During exacerbation of severe equine asthmas ipossible to observe mildypertrophy of RY
flattening and abnormal motion of the interventricular septum, increased PiABreased
PAD/AM, increased ratio of RV area to LV ammalonged preejection period and decreased

RV contractile function. These modifications are reversible and the echogaaghic
parameters return normalg KSy (GKS 2FFSyRAy3 FffSNBSya |
environment This demonstrates that PHT is transient in these patients and that it is important
to avoid or minimize the exposure to the offending allergens tatlimth the inflammatory
process and the hypoxic vasoconstriction, which would lead to a vascular remodeling causing
permanent PHTJohanssort al,, 2007;Decloedtet al,, 201 4).

Cases of permanent PHT are described in horses affected by different severe phiorm@oary
diseases. In these patients, the morphological and functional modifications of the right heart,
detected by echocardiography, result to be permanelmt.addition to the aforementioned
alterations these horses present right ventricular dilatiamdain severe cases, alenlargement

of right atrium (fkgure 2.5).The irreversibility of the phenomenon in these subjecdusto the
establishment of a real modifitan of the cardiac structures definedor pulmonale

(Schwarzwalet al, 2006; Le Corret al,, 2019)
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Figure 2.5 Echocardiographic imageof a horse with corytmonale.

A)Right parasternal £hamberview thatshows right ventricular enlargement with inversion of the septum into the left ventricle.
B) Mmodeof the right parasternal shoraxis view at the level of chorda tendinea that shows enlargement of the right ventricle,
small left ventricleandflattened ventricular septal motion.

RV: right ventricle; LV: left ventricle; RA: right atrilM8:interventricular septuniSchwarzwalet al.,, 2006)

Recently, a study ssesed the feasibility of measuringight pulmonary artery fractional
dimensional changén wt) in healthy horsesThis parameter corresponds to the fractional
dimensional change of the right pulmonary artery (RPA) throughout a single cardiac cycle and it
is calculated using the following formyl@aivancet al., 2019)

) 7“'Y66<§(d')'do’f)6c'x"§2‘s
WYL O v = - WP TT
YOO OwWww

The maximal (RPAmax) and the minifiRPAmin) diameters of the right pulmonary artery were
measured from the Mmode echocardiographic image of th&itd pulmonary vein ostiunand
right pulmonary artery ostium obtained from a modifiedjht parasternal long axis viewhis
study reported a median w tvalue of 22% and a reference interval 0£32%. Moreover, the
authors did noffind any relationship between this index and heart rate or bodyweight (Caivano
et al.,2019).

It is demonstrated thahRPA represents an indekthe right pulmonary artery distensibility and
that it is inversely related to pulmonary arterial pressure in hum@asierskiet al., 1993; Ertan

et al, 2013)anddogs(Vencoet al, 2014; Viseret al., 2016)
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Chapter 3
ECHOCARDIOGRAPHRRKRAMETERS

The pulmonary outflow can be studied by pulsgdve (PW)Doppler echocardiographyulsed
wave Doppler trace across the pulmonary vatee be obtained from the left parasternal short
axis view in humasyKitabatakeet al., 1983 and fromthe right parasternal shoraxis view at the
level of pulmonary arteryn horseqBlissitt and Bonagura, 1995)

The rormal profile of the PWDoppler waveform of the pulmonary flow is symmetrical in shape
because, in normal conditions, lung hadow vascular resistance and, peak velocity occurs in
mid-systole; this pattern is8FA Y SRt A RE8& & ¢ KpEmohayydasBulararésiBtance
and pulmonary pressureausea change in the blood flowelocity, which is reflected in a
modification of the profile of the PWDoppler waveform. Due to the decreased compliance of
pulmonary ascular bedthe peak velocity occurs early in the ejection phase, resulting in a short
pulmonary acceleration time. This could be associated with a ttdrslower acceleration of
blood into the pulmonaryartery, resulting in miesystolic notching of thédoppler trace.In
summary it is known thatin humangCelermajer and Playford, 2017;Paulaet al., 2018)and
dogs(Uehara, 1993; Schober and Baade, 20@) elevatedpulmonary vascular resistance and
pulmonary pressure a sharp peak and a mgystolic notch could be noted on tH&WDoppler
trace of the pumonary flow(FHgure 3.1) A profile of pulmonary flow waveform with a steep
ascending phase and prolonged notched descending phase is reported also in a pony with severe

equine asthma and PHTightowleret al,, 2009)

A Y c
e .

Figure 3.1 Pulsedwave Doppler waveform of the pulmonary flowdogs(Schober and Baade, 2006)
A) Normal pulmonary pressure. Notice the symmetrical shape of the waveform

B) Increased pulmonary pressure. Notice the sharp peak.

C)Severe pulmonary hypertensiorotiéethe sharp peak and the misystolic notch
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Onthe pulmonaryPWDoppler traceijt is possible to calculateifferent paraneters,such as the
right ventricular systolictime intervals(RVSTIs) and thaujmonaryartery stiffness(PAS, which
provide informaton regarding the pulmonary vascular bélditabatakeet al,, 1983; Gorguliet
al., 2003)

3.1 Right ventricular systolic time intervals

The right ventricular systolic time intervals are grdwave Doppler echocardiographic
parametersthat includeacceleration timeright ventricular ejection timend acceleration time
index(Schober and Baade, 2006)

In human medicine RVSTIs providesefulindications regarding pulmonary pressure and their
reliability in the dignosis of PHT appears to high(Charet al,, 1987; Yareeét al., 2011; Habash

et al, 2019) In fact, it is demonstratethat RVSTIs strongly correlatigh TR\ Yarecet al., 201

and invasively measudepulmonary pressurgKitabatakeet al, 1983) These parameter
represent a particularly attractive alternative tb¢ TRV method, because they dot rely on

the presence of valvular regurgitation and, therefore, they are measurable in the vast majority
of individualgYaredet al., 2011) Consequentlytheywere studied as useful parameters for the
screening of PHT adultpatientsaffected from different diseases, such asmaliand aorticvalve
diseasesatrial septal defect, constrictive pericarditis, dilated cardiomyopathy, ischemic heart
diseases and primary pulmonary hypertensi@gitabatakeet al, 1983; Yarecet al, 2011)
Moreover, RVSTIs have been studied in children and adolescents and their reliability has been
demonstrated in predicting th®HTeven inpaediatric subject§Habashet al,, 2019)

In veterinary medicineRVSHare well studiedn dogs with cardiac and pulmonary diseases that
lead to pulnonary hypertension and their reliability in predicting PHT has been demonstrated
(Schober and Baade, 2006; Akabanal.,, 2019)

In 1995 Hissitt and Bonagura evaluated a series BIWDopplerechocardiographic parameters,
including RVS3lin 40 healthyThoroughbredsand reported their normal range@lissitt and
Bonagura, 1995)In literature,two studies reported RVSTIs in hasseith elevated pulmonary
pressure The first is acase report thainvestigatedRVSIs in a pony witlsevere equine asthma
and pulmonary hypertensionin this casePHT was diagnosed based on echocardiographic
features ofcor pulmonaleand an estimabn of pulmonary pressure by TRéthod (Lightowler

et al, 2009) The second study, evaluating the righgntricular structure and function during

acute exacerbation of severe equine asthma, reported also AT and ET;valtieis case the
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transient increase in pulmonary pressure during the clinical episeake confirmed by cardiac

catheterization(Decloedtet al.,, 2017)

3.1.1 Acceleration time

The time-to-peak pulnonary artery flow velocity called briefly as acceleration time (AT), is
defined as the interval between thiegeginningof the ejection of pulmonary flow and the peak
flow velocity. On thé®WDoppler trace(Fgure 3.2) itis measured from the onset of tH2oppler

waveform to peak flow velocitiKitabatakeet al.,, 1983)

Figure 3.2 Measuremat of acceleration tine (AT) and ejection time (ET) frorarenal Doppler flow pattern of pulmonary artery
flow in a healthy dog (Schober and Baade, 2006).

In human medicine, it is well known that AT is inversely correlated to pulmonary pressure
measured nvasively by right cardiac catheterization. Theref@alecreased AT is indicative of
high vascular resistance and pulmonary hypertengiKitabatakeet al, 1983; Gorguliet al,,
2003; Celermajeand Playford, 2017; Grapsa and Tzemos, 201/ &daet al., 2018)
The same relationship has been demonstrated also in §dghara, 1993; Schober and Baade,
2006; Visseet al,, 2016; Serrest al,, 2017; Reineret al,, 2020)
Undernorma conditions,the pulmonaryvascular bed has lsigh compliance rad thus the peak
flow velocityoccursin mid-systole.Conversely, itthe presence of PHT, there is high impedance
to flow due toa decreased distensibility of the pulmonary vascular bed; this high impedance is
more manfestedduring the earliest phase tfie ejectionand, therefore, the acceleration time
decreasegSchober and Baade, 2006)
In humans, the AT can be used to calculated ian pulmonary artery pressure using the
dal KIy TCzkédédHal, 2016)

G000 wm T qd Y
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However, despite a good correlation between mPAP Amdsignificanterrors in norinvasve
estimation of mMPAP using this formuee stillrecognised especially in mild PHGOrgullet al.,
2003)

In humansthe normal value of AT is 137 + 24 msec amddreass significantly withmcreasing
pulmonarypressure,resulting ina mean value 065 + 14 msec in subjects with pulmonary
pressure greater thad0 mmHgKitabatakeet al., 1983) An acceleration time less than 90 msec
is considered indicative of PHThumangCelermajer and Playford, 2017)

The mean AT in healthy dogs ist7B7 msedKirbergeret al., 1992) instead an acceleration time
lower than 5258 msec is indicative o (Reineroet al., 2020)

In healthy horses, the mean value of AT is 2@F nmsec, with minimum and maximum values
of 160 msec and 270 msec, respectivéBlissitt and Boagura, 1995) During an acute
exacerbation of severe equine asthma in 6 horses was reported a me@mgAflparasternal
measurementpf 139+ 29 msedDecloedtet al., 2017). Moreover, h a pony with severe equine
asthma and pulmonary hypertensiovasreported a AT of 60 msdtightowleret al., 2009)

In humans, AT could be influenced by heart rate. A studyfnA OK LJ- G A S(MRya@nged K S I NJ
widely (38180 bpm) showed that the correlation betwe&T and mPAP improved when patients
with extreme values of HR were excluded or when AT was corrected f(Clr#Ret al., 1987)
However, other studies found that this correction was not neces¢a@abestaniet al, 1987,
Yaredet al,, 2011) Moreover, t is known that AT in children correlates positively to age and body
surface area and negatively to HR; however, these correlatimtome weaker with the
increasing ageConversely, Ais not influenced by gendéHabashet al,, 2019) In dogs it is
demonstrated tlat AT is not influenced by breed, age, bodyweight, heart rate and right
ventricular segmental shortening fractigiirbergeret al., 1992; Schober and Baade, 2006)
Similarly,no correlation between AT and age, sex or bodyweigére found in horse¢Blissitt

and Bonagura, 1995)

3.1.2 Right ventricular ejection ten

The right ventricular ejection time (ET) was defined as the interval between the onset of right
ventricle ejectiomandthe point of systolic pulmonary arterial flow cessatidfaredet al, 2011)
It is measured from the onset to the end of the Doppler waveform of the pulmonary(Figwre

3.2)(Schober and Baade, 2006)
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Like the acceleration timekTis inverselycorrelated to pulmonarypressure In humans, the
normal value of ET is 304 38 msec andt decreases significantly witincreasingof the
pulmonarypressure, with a mean value of 256 +rb3ec in subjects with a pulmonary pressure
greater than 40 mmH¢{Kitabatakeet al.,, 1983)

The mean ET in healthy dogs is 1828 msec(Kirbergeret al., 1992) instead a study that
evaluatesRVSTIs in dogs with PHT reported a median ET of 17(Q &wbexber and Baad2006)

In healthy horses, the mean value of ET is 501 ;aS$€c, with nmimum and maximum values of
450 msec and 58@isec, respectivel{Blissitt and Bonagura, 199%)uring an acute exacerbation
of severe equine asthma in 6 horses was repogedeanET(right parasternal measuremenof
437 + 53 msec(Dedoedt et al, 2017&). Moreover, h a pony with severe equine asthma and
pulmonary hypertensiorwasreported a ET of 24fhsec(Lightowleret al., 2009)

Despite the correlation between ET and pulmonary pressure, this parametemssdereda poor
predictor of PHTin dogs,because influenced by different facto(Schober and Baade, 2006)
Moreover,in humansits measurement may be inaccurate because the end of the pulmonary
flow can be difficult to determine, compared with the onset dhd peak flon(Charet al., 1987)

In children, it is demonstrated that ET is positively correlated to agebady surface area while
it is negatively correlated to HR; howey#rese correlatiosbecome weaker with increasing age.
Conversely, ET is not influenced by gendtabashet al., 2019) Moreover, 1 is known that, in
dogs, ET is influenced by age, HR ragitt ventricular segmental®rtening fraction while it is
not correlated to bodyweightSchober and Baade, 2006)nallyno correlation between Eand
age, sex or bodyweight were found in horgBfissitt and Bonagura, 1995)

3.1.3 Acceleration time index

The acceleration time index is the ratio of acceleration time to right ventricle ejection time
(AT/ET)Schober and Baade, 2008)s acceleration time, this parametersrigersely correlated

to pulmonary pressure; in fact, a reduced AT/ET is reported in huifkatabatakeet al,, 1983;
Celermajer and Playford, 201a0d doggSchober and Baade, 2006; Seeeal., 2017)with PHT

In healthy people, AT/ET is 0.45.05 while in subjects with a pulmonary pressure greater than

40 mmHg, it is reported an AT/ET 026 + 0.02 (Kitabatakeet al., 1983) Moreover, a
acceleration time indeless thar).35 is considered indicative of PHT in adult peq@#ong and

Otto, 2002) In children, AT/ET less than 0.29 had a 100% sensitivity and a 95.8% specificity to
predict PH{Habastlet al,, 2019)
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Healthy dogs showed a AT/ET of 04876 YA ND SNHSNE . f I YRn@I yRSY
while an AT/ETlower than0.30 is indicative of PH{Reinercet al., 2020)

In healthy horses, AET calculated using theeanvaluesof AT and ET reported in the literature
(Blissitt and Bonagura, 1993urns out to be 00.41.In a pony with severe equine asthma and
pulmonay hypertension AT/EWas 0.25(Lightowleret al., 2009)

It is know that, in children, AT/ETvieaklycorrelated toage, body surface area and HR but it is
not gender dependen(Habaslet al., 2019) It is demonstrated that AT/ET in dogs is influenced
by age but not by HR, bodyweight anght ventricular segmental shortening fractiphowever,
authors considered this influence negligilffchober and Baade, 2006)

3.2 Pulmonary artery stiffness

The pulmonary dery stiffness (PAS) is an index of pulmonary artery elasticity that permits to
evaluate the structural features and function of the pulmonary vascular bed in huBaysal

and Has, 2019)This parameter could bevaluated nonrinvasively byCT or MRIhowever these
methods have somalisadvantags, such asradiation exposure, potential complication of
contrast agents and high costaltiparmaket al., 2016; Baysal and Has, 2019preover, PAS
can be calculated nemvasivelyusing echoardiographigparameers. By means of this method,
PAS can be assessiedm the PWDoppler waveformof the pulmonary artery flowHgure 3.3)

using the following formul&Gorguliet al., 2003)

v "YD oY
U O TN
oY

where MFS is the maximal frequency shift and AT is the acceleratien Tihe pulsedvave
Doppler trace of the pulmonary artery flowobtained from the parasternal sheexis viewwith

the sample volume placed in the pulmonary artery just 1cm distal to the pulmonary valve
annulus. The maximal frequency shift (MFS) is membkasthe peak systolic frequency shéhd

it is expressed ikilohertz The acceleration time (AT) is expressed in seconds and therefore, PAS

is expressed as kHz/s@@o6rguliet al., 2003)
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