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Silva GTdA, Guest BB, Gomez DE, McGregor M, Viel L,
O’Sullivan ML, Runciman J, Arroyo LG. Development of a tech-
nique for determination of pulmonary artery pulse wave velocity in
horses. J Appl Physiol 122: 1088–1094, 2017. First published Feb-
ruary 9, 2017; doi:10.1152/japplphysiol.00962.2016.—Calcification
of the tunica media of the axial pulmonary arteries (PA) has been
reported in a large proportion of racehorses. In humans, medial
calcification is a significant cause of arterial stiffening and is impli-
cated in the pathogenesis of cardiac, cerebral, and renal microvascular
diseases. Pulse wave velocity (PWV) provides a measure of arterial
stiffness. This study aimed to develop a technique to determine
PA-PWV in horses and, secondarily, to investigate a potential asso-
ciation between PA-PWV and arterial fibro-calcification. A dual-
pressure sensor catheter (PSC) was placed in the main PA of 10
sedated horses. The pressure waves were used to determine PWV
along the PA, using the statistical phase offset method. Histological
analysis of the PA was performed to investigate the presence of
fibro-calcified lesions. The mean (�SD) PWV was 2.3 � 0.7 m/s in
the proximal PA trunk and 1.1 � 0.1 m/s further distal (15 cm) in a
main PA branch. The mean (�SD) of mean arterial pressures in the
proximal PA trunk was 30.1 � 5.2 mmHg, and 22.0 � 6.0 mmHg
further distal (15 cm) within the main PA branch. The mean (�SD)
pulse pressure in the proximal PA trunk was 15.0 � 4.7 mmHg, and
13.5 � 3.3 mmHg further distal (15 cm) within the main PA branch.
Moderate to severe lesions of the tunica media of the PAs were
observed in seven horses, but a correlation with PWV could not be
established yet. Pulmonary artery PWV may be determined in stand-
ing horses. The technique described may allow further investigation of
the effect of calcification of large PAs in the pathogenesis of equine
pulmonary circulatory disorders.

NEW & NOTEWORTHY Pulmonary artery pulse wave velocity
was determined safely in standing sedated horses. The technique
described may allow further investigation of the effect of calcification
of large pulmonary arteries in the pathogenesis of pulmonary circu-
latory disorders in horses.

horse; pulmonary; artery; stiffness; pulse wave velocity

CALCIFICATION AND FIBROSIS of the main pulmonary arteries have
been observed in a large proportion of young racehorses (1, 5).
In humans, vascular calcification is now recognized as a major
contributor to arterial stiffening (7), which is considered a
major risk factor for several cardiovascular events (34). In fact,
increased arterial stiffness has been associated with the devel-

opment of systemic hypertension, microvascular disease in the
brain and kidneys, and the development of pulmonary hyper-
tension (11, 26, 33). Arterial stiffness increases with aging,
hypertension, exposure to inflammation, or diseases like dia-
betes mellitus (13, 27, 30). In horses, arterial calcification has
been described in cases of aortic rupture and aorto-pulmonary
fistulation, resulting in sudden death (28). However, the im-
portance of arterial calcification and stiffness in the progression
of other equine cardiovascular diseases has not been studied.

Elastic arteries like the aorta and the large pulmonary arter-
ies function as conduits, as well as storing energy and blood
during systole. As they distend to accommodate blood during
systole, and then return to their presystolic form, they dampen
the pressure created by the ventricular contraction and allow a
steady blood flow to the peripheral tissues during the cardiac
cycle (16, 34).

A pressure and flow wave (the pulse wave) is created with
each heartbeat and transmitted through the arterial tree to the
capillary bed. As this wave moves peripherally, it faces the
impedance (opposition to fluctuating flow) created by changes
in the properties of the vascular wall or the vascular diameter
(4). When the pulse wave encounters opposition, a fraction of
the wave continues moving forward and the others are reflected
back toward the heart. The multiple reflected waves add to each
other, and the resulting wave reaches the main arteries (aorta or
pulmonary) in late systole or early diastole. The speed at which
this wave travels through the arteries is defined as the pulse wave
velocity. In stiff arteries, however, because of the changes in
mechanical properties of the arterial walls, the pulse wave velocity
increases and the retrograde wave tends to arrive earlier. The early
arrival means that, instead of arriving during the following dias-
tole, the retrograde wave arrives during the following systole,
adding-on to the systolic pressure wave being created. This
change in timing will lead to an increase in systolic pressure, as
well as to a decrease in the diastolic pressure (16), resulting in
increased pulse pressure. On the other hand, the changes in elastic
properties occurring in the large arteries lead to increased propa-
gation of pulsatile blood flow deeper into the microcirculation,
triggering inflammation, and vascular remodeling at the capillary
level (33, 34).

Carotid-to-femoral pulse wave velocity (PWV) (velocity of
a pulse wave traveling between the human carotid and femoral
arteries) is considered the gold standard method to determine
aortic stiffness in humans (18). PWV can be determined using
waveforms derived from blood pressure (15), arterial wall
distension (36), or flow (6) recordings. In general, PWV
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(PWV � distance traveled by the pulse wave/time interval
taken to travel said distance) can be measured in two ways: 1)
by detecting a pulse wave in two locations (determining the
interval of time needed for the wave to travel a distance) and
then estimating the distance between the two locations where
the wave was detected (e.g., carotid artery to femoral artery);
or 2) by detecting two pulse waves consecutively in two
different locations, while running an electrocardiogram to time
the two waves detected (32).

Considering the frequency with which arterial calcification
was observed in racing horses and the common occurrence of
diseases affecting the pulmonary vasculature (e.g., exercise-
induced pulmonary hemorrhage), it is essential to develop a
technique to assess arterial stiffness and its potential clinical
implications.

We hypothesized that using a dual-pressure sensor catheter,
it is possible to collect arterial pressure data and determine
PWV in the main pulmonary arteries of horses. Therefore, the
main objective of this study was to develop a technique to
determine the PWV in the main pulmonary arteries of horses.
As a secondary objective, histological analysis of the pulmo-
nary artery walls was performed to investigate a potential link
between the presence of lesions and changes in PWV.

MATERIALS AND METHODS

Animals. Ten mature horses, deemed clinically healthy on the basis
of physical examination, were used. Horses with no abnormalities
with cardiac, (i.e., increased heart rate, murmurs) or pulmonary
auscultation (i.e., increased respiratory rate, crackles, or wheezes),
fever, or ongoing medical treatments (e.g., systemic antimicrobials,
corticosteroids, or hormonal therapies) were considered. This study
was approved by the Animal Care Committee of the University of
Guelph (Animal Utilization Protocol no. 3278) and conformed to the
standards of the Canadian Council on Animal Care.

Pressure sensor catheter placement. Blood pressure waveforms
were recorded simultaneously in two locations within the pulmonary
artery (PA) to calculate the PWV. A custom-made catheter fitted with
two pressure sensors with 5-cm distance separation, with the distal
sensor placed 5 mm from the tip of the catheter [7 French (Fr) � 170
cm, Transonic Scisense, London, ON, Canada] was used to record the
waveforms. In preparation for each trial, a 14 G � 13 cm catheter was
placed in the left jugular vein for administration of sedatives. Hair was
clipped over the cardiac silhouette on both sides of the thorax to
facilitate ultrasound imaging of the heart and pulmonary artery trunk.
Three small regions were clipped for electrocardiogram electrode
placement (one over the right shoulder, one on the xyphoid region,

and one on the pectoral muscles). The distal one-third of the right
jugular groove was also clipped for placement of the pressure sensor
catheter (PSC).

For each trial, the horse was sedated and placed in stocks. The
drugs used and the level of sedation were adjusted for each horse,
according to its demeanor and behavior, as well as the optimization of
the protocol at the time, as the procedures were simplified and the data
collection became more efficient. Horses 1–5 were sedated with
xylazine (0.5 mg/kg iv) and morphine boluses (0.07 mg/kg iv), and
then maintained on a constant infusion rate of xylazine (1
mg·kg�1·h�1) and morphine (0.05 mg·kg�1·h�1 during PSC manip-
ulation for data collection (Table 1). Horses 6, 9, and 10 were sedated
only with xylazine boluses (0.3–0.4 mg/kg iv). Horses 7 and 8 were
sedated with detomidine (0.01 mg/kg iv), and butorphanol (0.01–0.02
mg/kg iv) boluses for PSC placement, and remained sedated with
xylazine boluses (0.3–0.4 mg/kg iv). In an attempt to minimize the
potential effect of sedation, horses 6–10 were allowed a washout
period of 30 min after the last sedation with xylazine, before data were
collected.

The ECG electrodes were applied in order to measure cardiac
rhythm and monitor rate during the entire procedure. The right jugular
groove was aseptically prepared, and local anesthetic block with
bupicavaine was performed (Hospira, Saint-Laurent, Quebéc, Canada). A
stab incision was made using a no. 15 scalpel blade to facilitate placement
of an introducer needle (14G � 5 cm) in the jugular vein. This needle was
then exchanged over-the-wire (0.038== � 50 cm) for a tear-away intro-
ducer sheath (16 Fr � 13.5 cm, ref. 32365; Qosina, Edgewood, NY).
Subsequently, a 9 Fr � 100-cm-long catheter introducer sheath (LCIS,
Super Arrow-Flex model CL-07900; Teleflex, Markham, ON, Canada)
was passed into the vein, and the tear-away introducer was removed. The
LCIS was advanced into the pulmonary artery trunk via the right heart
under transthoracic ultrasonographic guidance. Once the catheter was
fully inserted into the pulmonary artery trunk, it was secured in place
by suturing it to the skin. A Tuohy-Borst valve was attached to the
LCIS using a custom-made adapter, and the catheter was flushed
continuously with a heparinized saline solution (10,000 IU/l).

The pressure sensor catheter was calibrated before each trial,
according to the manufacturer’s recommendations. Briefly, a two-
point calibration curve was made (0 mmHg and 100 mmHg) using the
pressure control unit (SP200 Pressure System, Transonic Scisense,
London, ON, Canada). Then, the catheter was submerged in 0.9%
saline solution for 20 min at room temperature. Finally, each pressure
sensor was held just below the meniscus of the saline solution (where
the pressure is closest to 0 mmHg), and the offset (above or below 0
mmHg) was corrected by adjusting the output of each sensor to zero,
using the pressure control unit.

Once the LCIS was in place, the PSC was advanced into the
pulmonary artery, until the proximal sensors were between 10 and 20

Table 1. Summary of signalment, sedation used, cardiac arrhythmias, pulmonary artery lesions found on gross postmortem
examination, and histological scoring for all horses

Horse Age, yr Sex Breed BW, kg Sedation Cardiac Arrhythmias Gross Lesions PA Trunk Left PA Right PA

1 20 MC TB 534 X, M AVB II; APC; VPC No Normal Mild Normal
2 7 MC STB 498 X, M VPC; APCs No Normal Mild Normal
3 6 MC STB 503 X, M AVB II; VPC; Vtach Yes Mild Severe Normal
4 4 F TB 463 X, M VPC; AVB II; Vtach No Normal Normal Normal
5 3 F TB 363 X, M VPC; Vtach Yes Mild Severe Severe
6 16 F STB 479 X No ECG No Mild Moderate Moderate
7 5 F TB 450 X, D, B Vtach; VPC; AVB II No Mild Moderate Moderate
8 5 M TB 348 X, D, B AVB II; VPC; Vtach Yes Mild Mild Moderate
9 18 F TB 530 X AVB II; VPC; Vtach Yes Moderate Severe Severe

10 16 F TB 646 X VPC; Vtach No Severe Mild Mild

MC, male castrated; F, female; M, male; TB, Thoroughbred; STB, Standard bred; X, xylazine; M, morphine; D, detomidine; B, butorphanol; AVB II, 2nd
degree atrioventricular block; APC, atrial premature contraction; VPC, ventricular premature contraction; V-tach, ventricular tachycardia.
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cm beyond the tip of the introducer sheath. Thoracic radiographs were
taken to determine the location of the PSC within one of the main
branches of the pulmonary artery. The catheter was manipulated if
required, and radiographs were repeated until the PSC was in the
desired location. Continuous ECG and pressure data were collected at
maximum insertion of the PSC and then at 5-cm steps backward along
the pulmonary artery, as the catheter was withdrawn into the heart. The
pressure waveforms were recorded at a frequency of 2,000 Hz, and data
were recorded for a minimum of 2 min in each location. The signals
produced by the PSC and the ECG tracings were acquired simultaneously
using a commercially available data acquisition system (PowerLab model
no. ML870, and BioAmp model no. 136; ADInstruments, Colorado
Springs, CO), and recorded with the LabChart 7 software (ADInstru-
ments). The PSC and LCIS were removed, and the horses were humanely
euthanized with an overdose of pentobarbital sodium immediately after
or within 24 h of data collection.

Data analysis. Minimum diastolic, peak systolic, and mean arterial
pressures (MAP) were determined using the data pad automatic
functions of LabChart 7. Pulse pressure (PP) was determined for each
cycle by subtracting the diastolic pressure from the systolic pressure.
Pressure data from 10 consecutive cardiac cycles were analyzed, and
the mean of diastolic, systolic, mean arterial, and pulse pressures were
determined for each position.

Ten consecutive full cardiac cycles were used to calculate the
pressure wave transit times, at each individual sampling location, for
each horse using MathLab (The MathWorks, Natick, MA). The transit
times were determined using the statistical phase offset (SPO) method
(31). Briefly, this method uses a series of data points for the calcula-
tion of transit time. First, all raw data are smoothed using a 21-point
moving average. Then, the difference between the two pulse pressure
waveforms across a given interval is determined. The mean of these
differences and the standard deviation are calculated. The distal
waveform is then incremented a single time step, 0.0005 s for this
study, and the difference average and SD calculations are repeated.
These steps are repeated until the minimum SD of the pressure
differences is detected, which occurs when the two waves overlap
the most. The sum of time steps needed to reach the minimum SD will
correspond to the transit time for the pulse wave between the two sensor
locations. The PWV was determined using the formula: PWV � (�d/�t),
where PWV is the pulse wave velocity, �d is the distance between
pressure sensors, and �t is the transit time of the pulse wave. The step at
which the proximal sensor passed the pulmonic valve into the right
ventricle was determined by detecting a significant increase in
pulse pressure and a distinctive pressure waveform. On the basis of
this information, the location of the sensors in the PA at each
measurement was estimated considering the 5-cm steps taken from
distal to proximal PA.

Histological analysis. Complete circumferential ring samples of the
pulmonary artery trunk (within 5 cm from the bifurcation) and main
branches (up to 2 cm distal to the bifurcation) were collected, fixed in
10% buffered formalin and embedded in paraffin. Fixed tissues were
cut (without decalcification) into sections of 5-�m thickness and
stained with HE for routine histologic examination.

Histological examination of all samples was performed by two of
the authors (G. Silva and L. Arroyo) who were blinded to the results
obtained for PWVs. Each slide was classified on a categorical scale:
normal, when there were no obvious calcium deposits; elastin fiber
disruption or accumulation of disorganized connective tissue; mild
lesions, when there were focal calcium deposits and/or accumulation
of connective tissue affecting less than 25% of the medial thickness;
moderate lesions, when there were focal calcium deposits and/or
connective tissue deposition across 25–50% of the medial thickness;
and severe lesions, when there were focal calcium deposits and/or
connective tissue deposition occupying more than 50% of the medial
thickness. When the lesions were multifocal and diffuse along the
tunica media, the lesion was also classified as severe.

Statistical analysis. For each variable (MAP, systolic pressure,
diastolic pressure, PP, PWV), the mean and SDs were calculated at
each position of data collection. The average MAP, PP, and PWV of
all horses were also calculated. The presence of outliers was investi-
gated using the Grubbs test, set at 10% significance level. The data
were log-transformed, and maximum and minimum values at each
point were consecutively tested in two cycles to determine whether
either should be considered an outlying value. After each cycle, values
considered outliers were removed from the data. Statistical analysis
was performed with SAS (Statistical Analysis Software, Singapore).

The PWV, MAP, and PP measurements were analyzed in light of
the histology results, and correlation statistical analysis was consid-
ered to investigate any associations between the PA PWV and the
histological classification. However, considering the significant vari-
ability among the subjects (age, preconditioning, and sedation proto-
col), which was not controlled for in this study, correlation analysis
was not determined.

RESULTS

Six mares, three geldings, and one stallion with a mean age
of 10 yr (ranging from 3 to 20 yr) were included. Seven were
Thoroughbred and three were Standardbred horses. The mean
body weight was 481 kg (ranging from 348 kg to 646 kg)
(Table 1).

Catheterization of the main branches of the pulmonary artery
was achieved and confirmed by thoracic radiographs in all
horses (Fig. 1B). The LCIS reached the left pulmonary artery
branch in 9/10 horses and the right pulmonary artery in one
case, as confirmed by echocardiography. Catheter manipula-
tion for optimal placement in one of the main PA branches was
required in 3/10 cases.

Cardiac arrhythmias were recorded in all horses (except
horse 6) at some point during catheter placement and/or the
data collection period. The following arrhythmias were ob-
served: second degree atrioventricular blocks, atrial premature
contractions, ventricular premature contractions, and ventricu-
lar tachycardia (Table 1). All arrhythmias resolved spontane-

Fig. 1. A: Pulmonary artery trunk (horse 9) and
main branches with calcified lesions on the endo-
thelial surface (arrows). B: lateral thoracic radio-
graph of a horse (horse 2) showing the pressure
sensor catheter (PSC) in the desired location
within the pulmonary artery. The thin arrow
shows the distal tip of the catheter introducer
sheath, and the PSC can be seen as a thin straight
white line (white arrow) fitted with two pressure
sensors (black arrows).
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ously once catheter manipulation was discontinued. ECG was
not recorded in horse 6 due to an equipment malfunction.

MAP, PP, and PWV results. The mean (�SD) PWV was
2.3 � 0.7 m/s in the proximal PA trunk and 1.1 � 0.1 m/s
15–20 cm more distal in a main PA branch (Fig. 2A). The mean
(�SD) of the mean arterial pressures was 30.1 � 5.2 mmHg in
the proximal PA trunk, and 22.0 � 6.0 mmHg at the distal site
(15 cm) in a main PA branch (Fig. 2B). The mean (�SD) pulse
pressure was 15.0 � 4.7 mmHg and 13.5 � 3.3 mmHg, in the
proximal PA trunk and distal main PA branch site (15 cm),
respectively (Fig. 2C). Calculation of lower and upper limits
for detection of outliers was performed. There were several
transit time (TT) results within this interval that were consid-
ered outliers because they appeared to deviate significantly
from the expected results. In horses 1, 2, 6, 7, 9, and 10, there
were 1–4 TTs considered to be outliers and removed from the
calculations. Horse 3 was removed from the final data set due
to unreliable recorded data, including unexplained spikes or
drops in pressure that resulted in the poor quality of the pulse
waves available for PWV calculations. On further analysis of
the data collected in this horse, it was concluded that the faulty
data were the result of a poor connection between the PSC and
the data acquisition system.

Horses 1, 5, 9, and 10, aged 20, 3, 18, and 16 yr old,
respectively, tended to have higher PWV, while horses 2, 3, 4,
6, 7, and 8, aged 7, 6, 4, 16, 5, and 5 yr old, respectively, tended
to have lower PWV at the level of the PA trunk (Fig. 2A).
Horses 4, 5, 9, and 10 had higher MAP, while horses 1, 2, 3,
6, 7, and 8 had lower MAP at most of the locations measured
along the PA (Fig. 2B). The PP was higher than average in
horses 3, 4, 5, 7, 9, and 10, whereas three horses (1, 2, 6) had
PP below average in all locations measured along the PA. The
PP of horse 8 fluctuated above and below average along the PA
(Fig. 2C).

Post mortem examination and histological analysis. On post
mortem examination, macroscopic lesions were noted in the
pulmonary artery trunk and/or proximal main branches of 4/10
horses. The lesions noted were raised plaques, firm on palpa-
tion, which did not diffuse through the endothelium. The size
of the lesions varied from focal lesions of 1-mm diameter to

diffuse 3 cm � 4 cm plaques (Fig. 1A). Upon histological
analysis, three horses were classified with normal PA trunks,
five with mild lesions, one with moderate lesions, and one had
severe lesions. In the left pulmonary arteries, one horse was
classified as normal, four horses had mild lesions, two had
moderate lesions, and three had severe lesions. In the right
pulmonary arteries, four horses were classified as normal, one
had mild lesions, three had moderate lesions, and one had
severe lesions (Table 1).

MAP, PP, PWV and histological analysis. Horses 5, 9, and
10 had moderate to severe histological lesions, as well as
higher PWV, MAP, and PP in distal PA branches. The remain-
ing horses had histological lesions that ranged from normal to
moderate in the PA trunk and main branches.

DISCUSSION

Pulse wave velocity of the main pulmonary arteries was
measured in sedated standing horses. A dual PSC was success-
fully placed deep within the lung vessels in all horses, and
pressure waves were recorded for PWV calculations. Place-
ment of a pressure sensor catheter within the PA via right heart
catheterization (RHC) is a well-described procedure in horses
and is considered to be the gold standard to determine pulmo-
nary artery pressures (20, 22). An alternative to using pressure
and geometric measurements of the artery to determine its
stiffness is calculating the velocity of a pulse wave traveling
through the vessel. This relation is explained by the Moens-
Korteweg equation: PWV � �Eh/	D, where E is the wall
elastic modulus, h is the wall thickness, 	 is the blood density,
and D is the vessel diameter. Considering that Eh is equivalent
to stiffness, from this formula, it can be inferred that PWV
increases proportionally with stiffness (16). Several techniques
are available to determine PWV in superficial peripheral arter-
ies. However, reports on pulmonary artery PWV are scarce
even in humans and include either MRI studies (29) or RHC
for arterial pressure measurements (15). Considering the size
of a mature horse, the current techniques available to assess
arterial stiffness are not suitable for horses, and therefore, right
heart catheterization and arterial pressure measurement were

Fig. 2. A: graphic representation of pulmonary artery pulse wave velocities for each horse and the average of all horses (colored lines) measured from proximal
pulmonary artery (PPA) to distal (20–25 cm) at different depths within the pulmonary artery. Mean arterial pressures (B) and pulse pressures (C) measured for
each horse and averaged for all horses (colored lines) measured with the proximal pressure sensor at the most proximal site in the pulmonary artery.
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the best alternative. Calculation of pulse wave transit times is
essential to determine PWV. The foot-to-foot technique, in
which a point of minimum pressure in the diastolic portion of
the waveform is used (e.g., the point of minimum pressure
immediately preceding systole), is the technique most com-
monly used by clinicians to determine pulse wave transit times
(24). Our research group compared several methods to calcu-
late PA-PWV in horses and determined SPO technique as a
reliable and robust (31), and therefore, it was used to calculate
pulse wave transit times in this study. The transient self-
limiting cardiac arrhythmias noted during catheter placement
and manipulations are not unexpected. These arrhythmias have
been reported in horses with RHC (23) and commonly resolve
spontaneously after catheter removal, and few cases require
treatment (10). Since these arrhythmias were self-limiting and
no complications were encountered with RHC in this study,
this procedure appears to be safe and well tolerated by the
horses. The average pulse wave velocity was higher at the
proximal pulmonary artery trunk (2.3 m/s) and then gradually
decreased (1.1 m/s) toward the distal vascular tree, as expected
in a tubular structure with walls that deform under the pulse
pressure (16). This pulmonary artery PWV in horses compared
with those reported by Kopeć et al. (15) for healthy human
adults (1.9–4.0 m/s). Reference values for PWV in the sys-
temic or pulmonary circulation in healthy horses could not be
found; therefore, our results require further confirmation in a
larger population. The average MAP obtained (30 mmHg) was
comparable to previous reports for PAP in horses at rest (8,
19). Similarly, the average pulse pressures recorded in the main
pulmonary artery trunk (15 mmHg) were also consistent with
those previously reported (21). This was considered an indica-
tion that the methods used to measure the PA pressures and to
locate the PSC in the arterial trunk were accurate.

In general, pulmonary artery stiffening is mediated by three
different mechanisms: 1) modification of the intrinsic material
properties of the arterial wall; 2) active contraction of the
smooth muscle cells and myofibroblasts in the arterial wall;
and 3) alteration of the stiffness of the wall due to the operating
conditions (increases in blood pressure), which result in in-
creased arterial dilation (16). Increased wall stiffness due to
increased dilating pressure occurs because elastin and collagen
support the wall at different stretch levels, and the two have
different elasticities. Therefore, when the wall is at a low
stretch level, it is mainly elastin exerting its effect, while at a
higher stretch level, it is collagen, a stiffer structural protein,
which supports the wall elasticity (16). The MAP is the most
significant physiological variable affecting arterial stiffness
(34). In humans, to prevent interference with arterial blood
pressure, several conditions should be met for a more standard-
ized and accurate measurement of PWV. The measurements
should be performed in a quiet environment, after the patient
has been resting in a supine position for at least 10 min, with
no food or caffeine intake during the 3 h before the measure-
ments, and being aware of “white coat syndrome” effects (35).
The horses used in our study were not preconditioned to the
research facility rooms (stocks, radiology room, stalls) or
instrumentation, and some of the younger horses (horses 4, 5,
7, and 8) had been minimally handled before this study, which
may have also influenced their level of stress. This subject
variability, together with the optimization of the protocol and
quicker data collection, led to the use of different sedation

protocols. To minimize the potential effects of sedation in the
arterial pressure, a shorter-acting sedative was used (xylazine
bolus alone), and a washout period (20–30 min) was allowed
before data collection in some horses. The use of shorter-acting
sedation, followed by a washout period had the desired effect,
and these horses were awake at the time of data collection.
However, this study was not designed to evaluate the effect of
the different sedation protocols in the MAP, and therefore, no
conclusions can be drawn regarding which sedation protocol
might interfere less with PWV measurements.

Although this study was not designed to compare groups
with potentially different arterial stiffness, we observed that
most horses with PWV above the average were older than 10
yr (horses 1, 9, and 10). The aortic PWV of humans subjects of
20 yr of age is ~8 m/s, but increases to 13.5 m/s by the age
of 80 (3). Aging may play a passive role as a mechanism of
arterial stiffness due to the continuous accumulation of re-
peated mechanical stress cycles to which the elastin fibers are
exposed throughout life, causing elastin fiber degradation (2, 9,
25). However, horse 5 (5 yr-old) had a high PWV (3.6 m/s),
whereas horse 6 (16 yr old) had a low PWV (1.7 m/s), which
suggests that other factors aside from age could affect vascular
stiffness and, therefore, PWV in the PA of horses, as occurs in
humans. The changes in intrinsic material properties of the
arterial wall may be caused by abnormal deposition or cross-
linkage of elastin or collagen (14, 16, 17), or eventually medial
calcification (7), which likely occurs in the PA of horses.

Histological analysis revealed that most horses (9/10) in this
study had some degree of histological lesions in the pulmonary
artery walls, with 7/10 animals having lesions classified as
moderate to severe. On the basis of previous observations, this
finding comes as no surprise (1, 12). The changes in intrinsic
material properties of the arterial wall may be caused by
abnormal deposition or cross-linkage of elastin or collagen (14,
16, 17), or eventually medial calcification (7), which may be
observed in the PA of horses. Hypertension, ongoing systemic
inflammation, hyperglycemia and hyper-insulinemia, and
changes in the calcium phosphate homeostasis may contribute
to the arterial wall remodeling observed in the human arterial
walls (7, 13, 34). In our study, although all horses appeared
healthy on general clinical examination, their previous medical
history was unknown, and so the cause(s) of the arterial lesions
observed could not be investigated.

Interestingly, the only three horses with severe histological
lesions (horses 5, 9, and 10; there was no PWV data for horse
3), were also the only horses that had simultaneously higher
than average PWV and MAP in the proximal PA and higher PP
in the distal PA branches. An association between increased
PWV, MAP, and PP and more severe histological lesions is
suspected in these cases, as increased arterial stiffness may
lead to increased MAP and PP, and vice versa (11). However,
considering the small sample and multiple potentially con-
founding factors that were not accounted for, this observation
remains to be tested.

This study described an effective technique for catheteriza-
tion and data collection to determine PWV in the pulmonary
arteries of standing horses. There were multiple limitations and
variable factors encountered, or unaccounted for in the study
design, and, therefore, no conclusions were drawn regarding
our secondary objective. Nonetheless, these confounding fac-
tors were identified and should be addressed in future studies.
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In summary, PWV was measured for the first time in the
pulmonary arteries of standing sedated horses, without major
adverse events secondary to RHC. Because of confounding
factors mentioned above, the suspected association between
the presence of histological arterial lesions and changes in
PWV could not be confirmed at this time. Nevertheless, this
study may be the cornerstone to understanding the potential
role that lesions like arterial medial calcification may play in
the pathogenesis of pulmonary vascular diseases.
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