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Abstract The aim of this study was to re-evaluate wave
reflection in the healthy pulmonary arteries of sheep uti-
lizing the time-domain-based method of wave intensity
analysis. A thorough understanding of patterns of wave
reflection during health and disease may provide future
sensitive markers of early pulmonary vascular disease.
Wave intensity was calculated from the simultaneous
acquisition of proximal pulmonary arterial pressure and
velocity in 12 anesthetized open-chest sheep. Normal
pulmonary arterial wave speed was 2.1 + 0.3 m s~ '. The
incident forward compression wave generated by right
ventricular systole was reflected in an open-end manner as
a backward expansion wave from a site 3 cm downstream,
corresponding to the main pulmonary bifurcation, and in a
closed-end manner as a backward compression wave from
a site 21 cm downstream, corresponding to the pulmonary
microcirculation. The proximal open-end reflection site
was not present throughout the entire cardiac cycle. Wave
reflection was minimal with only 1% of the incident for-
ward compression wave energy reflected as a backward
expansion wave and 2% as a backward compression wave.
The normal pulmonary artery in open-chest sheep is
characterized by variable proximal open-end reflection
from the main pulmonary bifurcation and fixed closed-end
reflection from the microcirculation, generating backward-
travelling waves of minimal intensity.
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Introduction

As the pulmonary circulation is highly compliant with a
substantial ability to recruit blood vessels, S0-60% of the
pulmonary microcirculation is diseased before a pressure
rise is manifest [1]. An elevated mean pulmonary artery
pressure is therefore a late manifestation of pulmonary
vascular disease, and new techniques are required to define
the condition in its earlier and perhaps more treatable
stages. Experiments have indicated that right ventricular
output decreases because of an increased afterload if, at
any given resistance, pulmonary arterial compliance
decreases and/or wave reflection increases [2, 3]. Quanti-
fication of the forward- and backward-travelling (reflected)
wavefronts that drive pulmonary arterial flow may there-
fore serve as useful physiological markers of the status of
the pulmonary circulation. In particular, prominent and/or
early arrival of reflected wavefronts may be an early
marker of pulmonary vascular disease.

Wave intensity analysis (WIA) is a recently developed
time-domain technique utilizing high fidelity pressure
(P) and velocity (U) measurements to determine the
intensity, direction, type and timing of waves that may co-
exist in a vascular system [4]. We have utilized WIA to
identify and quantify the waves driving normal pulmonary
arterial flow, as this technique has significant advantages
over the prevailing impedance (frequency-based) methods,
which include the excellent resolution of simultaneously
existing forward- and backward-travelling waves as well as
the ability to accurately determine multiple reflection
sites [5].
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Wave travel and reflection has been well characterized
in the aorta and coronary arteries utilizing WIA [6-11]. In
comparison, pulmonary arterial WIA has only been studied
to a limited degree in animals, and there have been no
human investigations published to date. The utility of WIA
in resolving backward-travelling waves and providing
insights into pulmonary arterial function was well dem-
onstrated by Smolich et al. [12] in the fetal circulation of
lambs. These authors showed that the mid-systolic fall in
fetal pulmonary trunk blood flow was due, in part, to
cyclical pulmonary vasoconstriction leading to a large
backward compression wave (BCW).

Hollander et al. [13—15] were the first to utilize WIA to
investigate wave travel in the pulmonary arteries of dogs.
This group identified an early systolic backward expansion
wave originating from an open-end reflection source con-
sidered to arise from the large increase in pulmonary vas-
cular cross-sectional area occurring over a short distance.
In these pioneering papers, descriptions and characteriza-
tion of other backward waves evident in the figures were
not reported. In particular, an early systolic backward wave
arriving before the incident wave peak was unexplained.

It is now recognized that even small relative delays in
velocity and pressure signal transmission, and to a lesser
extent errors in calculated wave speed, may substantially
exaggerate backward-travelling wave intensity or even
introduce artificial waves [16]. Time lags between pressure
and velocity signals occur because of hardware-related
processing times, which may be as great as 26 ms for
transit time flow meters depending on the model and filter
frequency used [17]. Relative delays also result from dif-
ficulties in achieving exact co-location of sensors; at wave
speeds of 2.0 m s_l, a 1 cm difference in sensor locations
would lead to a 5 ms signal delay.

Though Hollander et al. [13] determined the electronic
delay of their flowmeter to be 3.5 & 0.5 ms, less than one
sampling interval at 200 Hz, no adjustment for this delay
was made. Furthermore, other contributions to signal delay
such as those introduced by difficulties in co-locating the
pressure and velocity sensors were not accounted for.
Pressure—velocity loops that can be used to precisely
define any delays [17] were not utilized, which may have
contributed to errors in the calculation of wave speed via
the technique employed. Therefore, we reinvestigated
wave travel in the normal pulmonary vascular bed of a
different animal species utilizing WIA to confirm,
describe, and quantify the presence of all of the reflected
waves, if any, once pressure—velocity signal delays had
been accurately accounted for. An understanding of wave
travel in the healthy pulmonary artery is essential for our
understanding of wave reflection in the diseased pulmon-
ary vasculature.
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Materials and methods
Experimental animals

Twelve healthy adult Polworth—-Comeback cross sheep
(7 males; weight 41.1 £ 5.8 kg) were studied. The exper-
imental protocol was approved by the Animal Ethics
Committee of the University of Tasmania (Project Number
A9700) and met the standards of the National Health and
Medical Research Council of Australia (NHMRC) animal
usage guidelines.

Animal preparation and instrumentation

The sheep were anesthetized with sodium pentobarbitone
(30 mg kg~' bolus; maintenance 3-8 mg kg~' h™") and
ventilated with oxygen-enriched air at a tidal volume of
15ml kg™" and rate of 16-20 breaths/min (Engstrom
Erica; Engstrom Medical, Sweden). A left thoracotomy
was performed, the pericardium opened; and an appropri-
ately sized transit-time ultrasonic flow probe (Triton
Technology, San Diego, CA, USA) was mounted around
the proximal main pulmonary artery 2 cm distal to the
pulmonary valve. This signal was filtered on-line at 100 Hz
and converted to velocity using pulmonary arterial cross-
sectional area. A 7F micromanometer-tipped catheter
(Model SPC 7718S; Millar Instruments, Houston, TX, USA)
was inserted antegrade through the wall of the pulmonary
artery and positioned as close as possible to the flow probe.
Left and right ventricular pressures were measured using
7F fluid-filled pigtail catheters (Medtronic, Minneapolis,
MN, USA) introduced via the carotid artery and external
jugular vein, respectively. A single electrocardiographic
(ECG) lead was also recorded via a bio-amplifier (ML132;
ADInstruments, Bella Vista, Australia). At the end of the
experiment, the sheep was euthanized with an overdose of
sodium pentobarbitone.

Data acquisition
Measurements

Hemodynamic parameters were allowed to stabilize for
approximately 30 min after completion of surgery.
Hemodynamic recordings of 15 s duration were made with
the ventilator paused at end-expiration. All analogue sig-
nals were passed through anti-aliasing, low-pass filters with
a cut-off frequency of 100 Hz and were then sampled at a
frequency of 1 kHz using a MacLab 8S analogue-to-digital
data acquisition system (ADInstruments). The data were
subsequently analyzed using customized scripts for Matlab
R2008b (The Mathworks, Natick, MA, USA).
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Post acquisition signal processing

The pressure and velocity signals were filtered using a
second-order 31-point Savitzky—Golay filter, which redu-
ces signal noise with minimal influence on peak magni-
tudes and widths [18]. For each animal, 12 individual
cardiac cycles were analyzed, using the ECG R wave as a
fiducial marker, and the wave intensity data subsequently
pooled.

Signal delays were identified and corrected by utilizing
pressure—velocity (P-U) loops and use of the fundamental
relation pc = dP/dU [17, 19, 20] (Figs. 1 and 2). Wave
speed may be calculated with Ileast-squares linear
regression from the slope of the P-U relationship during
early systole. This is a time when wave reflection is
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Fig. 1 A pressure—velocity (PU) loop for a single resting cardiac
cycle without adjustments of the velocity signal delay. Velocity is
lagging pressure by 20 ms, and in early systole (arrow), the loop is
concave to the pressure axis. It is possible to see that wave speed
calculated from dP/dU x 1/p in early systole would lead to an
artificially high value and subsequently further errors in wave
separation
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Fig. 2 A pressure—velocity (PU) loop for a single resting cardiac
cycle with the velocity signal delay reduced by 20 ms. In early systole
(arrow), there is now a linear relationship between P and U as
predicted by the water hammer equation, and wave speed can now be
accurately determined and compares favourably to the independent
single-point technique

assumed to be absent [21, 22]. The time-lag was deter-
mined from the shift in U relative to P required to gen-
erate a linear relationship in early systole, which achieved
the same wave speed as derived from an independent
single-point technique [23] (see below). This single-point
method is not affected by time-lag as it is calculated over
the entire cardiac cycle and therefore served as a strong
internal check. On average, velocity lagged pressure by
18 £ 3 ms.

Wave types

The technique of WIA utilizes simultaneously acquired
pulmonary pressure and velocity recordings to identify
forward-travelling waves (originating upstream from the
right ventricle) and backward-travelling waves (reflected
waves originating downstream in the pulmonary circula-
tion). These waves serve to either accelerate or decelerate
the flow of blood in the forward direction depending on the
nature and direction of travel of the wave (Table 1). A
compression wave is identified by an increase in pressure
across the wavefront and will accelerate blood velocity
when originating from the right ventricle, but will decel-
erate blood velocity when originating distally. An expan-
sion wave is identified by a drop in pressure across the
wavefront and has a “suction” effect such that these waves
will accelerate blood velocity when originating distally and
will decelerate blood velocity when originating from the
right ventricle.

Calculation of wave speed

Wave speed was determined locally at the point of pressure
and velocity measurements utilizing a single-point tech-
nique across complete cardiac cycles [23]:

1 > dP?

p\ > du?

Table 1 Wave type, origin and nature

Wave type Pressure Velocity Wave origin Wave nature

Compression 1 i Right ventricle Accelerating
(forward)

Compression 1 l Pulmonary artery Decelerating
(backward)

Expansion l l Right ventricle Decelerating
(forward)

Expansion ! 1 Pulmonary artery  Accelerating

(backward)
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Calculation of wave intensity

Wave intensity was separated into forward- (dl,) and
backward-travelling (d/_) intensity components utilizing
the following formulae [4]:

dl, = (dP/dt + pcdU/dt)*/(4pc)
dI_ = —(dP/dr — pcdU/dr)*/(4pc)

where dP and dU are the incremental changes in pulmon-
ary artery pressure and velocity respectively over a sam-
pling interval, p is the density of blood (assumed to be
1,030 kg m ™) and ¢ is the wave speed. A compression
wave is identified when dP > 0 and an expansion wave
when dP < 0.

By utilizing the first time derivatives of pressure and
velocity, our results are independent of the sampling fre-
quency used and allow comparisons between studies [24].

Peak wave intensity (W m~? s7?) and cumulative wave
intensity (W m~2s™ "), calculated by integrating the
respective intensity over its duration, were determined for
each wave. The proportion of cumulative wave intensity
was calculated by expressing the cumulative wave intensity
of an individual wave as a percentage of total cumulative
wave intensity in the cardiac cycle.

Wave reflection

The distance to the site of wave reflection was calculated as
the product of wave speed and one-half the time interval
between the peaks of an incident forward-travelling wave
and a backward-travelling (reflected) wave [16]. The
magnitude of wave reflection was determined from the
reflection coefficient, defined as the ratio of an individual
backward wave’s cumulative intensity to its incident for-
ward wave’s cumulative intensity. A negative reflection
coefficient indicates open-end reflection resulting in a
change of wave type from compression to expansion or
vice versa. With closed-end reflection, there is no change
of wave type. Assuming constant distensibility, the ideal
ratio of daughter-to-parent areas (Ag) such that no reflec-
tion occurs is between 1.1 and 1.2 [22, 25]. When Ay falls
below 1.1, the magnitude of positive closed-end reflection
increases. When Ay increases above 1.2, the magnitude of
negative open-end reflection increases [26].

Statistical analysis

All analyses were performed using Matlab R2008b (The
Mathworks). Continuous variables are reported as
mean = 1SD. Independent one-sample ¢ tests were used
(with a null hypothesis mean = 0) and p < 0.05 was
considered significant.
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Results

Five predominant waves were identified over a cardiac
cycle. All the forward- and backward-travelling waves
dissipate during diastole (Fig. 3). The resting hemody-
namic parameters are shown in Table 2. The normal pul-
monary arterial wave speed was 2.1 £ 0.3 m s~'. Whilst
the peak intensity, timing, and cumulative wave intensity
values of the individual waves varied between animals,
when expressed as a proportion of total cumulative wave
intensity less variation was manifest (Table 3).

Four distinct phases of right ventricular ejection were
distinguished (Fig. 3):

1. An early forward compression wave (eFCW) account-
ing for acceleration of blood in the pulmonary artery.

2. An intervening period of near zero intensity during
mid-ejection, where there is no change in blood
acceleration.

3. A forward expansion wave (FEW), which may develop
slowly (resulting in a broad wave) and which decel-
erates the blood volume ejected into the pulmonary
artery, occurred 208 + 23 ms after the eFCW.
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Fig. 3 Wave intensity in the proximal pulmonary artery with
corresponding pressure and velocity traces over a single cardiac
cycle. Negative wave intensity indicates backward-travelling waves. /
An early forward compression wave; 2 a forward expansion wave; 3 a
late forward compression wave; 4 a backward expansion wave; 5 a
backward compression wave. Black waves that accelerate forward
flow (forward compression and backward expansion waves); white
those waves that decelerate forward flow (forward expansion and
backward compression waves)
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Table 2 Baseline hemodynamic parameters

Parameters Values

Heart rate (min~!) 92 +7
Cardiac output (L min~") 3.6 £ 09
Mean PA pressure (mmHg) 15.6 £ 3.0
RVSP (mmHg) 257 + 16.8
RVEDP (mmHg) 1.6 £ 4.3
LVSP (mmHg) 120.0 &+ 14.0
LVEDP (mmHg) 56 £25
PVR (Wood units) 28 + 1.6
PaO, (mmHg) 100 £ 2

Values are mean + SD; n = 12

LVEDP left ventricular end diastolic pressure, LVSP left ventricular
systolic pressure, PA pulmonary artery, PaO, systemic arterial partial
pressure of oxygen, PVR pulmonary vascular resistance, RVSP right
ventricle systolic pressure, RVEDP right ventricular end diastolic
pressure

Table 3 Pulmonary arterial wave intensity parameters

Parameters Values P

Peak wave intensity (x10* W m~2 s72)

Early forward compression 787 £ 433 <0.0001
Forward expansion 23.1 £ 125 <0.0001
Late Forward compression 33+£29 <0.0001
Backward expansion 13£15 <0.0001
Backward compression 14 £ 1.1 <0.0001
Cumulative wave intensity (X 1°Wm2s™h
Early forward compression 238.0 + 108.0 <0.0001
Forward expansion 117.2 + 56.1 <0.0001
Late forward compression 92+ 6.5 <0.0001
Backward expansion 27+34 <0.0001
Backward compression 4.6 £34 <0.0001
Proportion of cumulative wave intensity (%)
Early forward compression 62.7 £+ 10.0 <0.0001
Forward expansion 31.6 £ 94 <0.0001
Late forward compression 32+£27 <0.0001
Backward expansion 1.0+ 1.2 0.0001
Backward compression 15+ 13 <0.0001
Wave speed (m sh 21+£03 <0.0001
Peak blood velocity (m s7h 0.88 £ 0.01 <0.0001
Distance to reflection site (cm)
Backward expansion 29 +£0.8 <0.0001
Backward compression 212 £ 44 <0.0001
Reflection coefficient
BEW/eFCW —0.01 £ 0.01 0.45
BCW/eFCW 0.02 £ 0.01 0.0005

Values are mean + SD; n = 12

BCW backward compression wave, BEW backward expansion wave,
eFCW early forward compression wave

4. A late forward compression wave appeared
287 £ 31 ms after the eFCW and 76 £ 23 ms after
the FEW.

Two backward-travelling waves were identified (Fig. 3):

1. An expansion wave appeared 28 * 8 ms after the
eFCW. The cumulative wave intensity was
27434 x 10 Wm 252 (p = 0.0001). The early
forward compression wave (dP,) was reflected as an
expansion wave (dP_) indicating open-end wave
reflection. The reflection site was 2.9 & 0.8 cm down-
stream with a reflection coefficient of —0.01 £ 0.01
(Table 3).

2. A compression wave appeared 207 + 43 ms after the
eFCW. The cumulative wave intensity was
46+ 34 x 10*Wm 252 (p <0.0001). The early
forward compression wave (dP_, ) was also reflected as
a compression wave (dP,) indicating closed-end
reflection. The reflection site was 21.2 4.4 cm
downstream with a reflection coefficient of
0.02 + 0.01 (Table 3).

Discussion

Previously reported peak intensity of the early forward
compression wave (eFCW) was 60.0 x 10* and
44.0 x 10* W m 2 s for the FEW in the pulmonary
artery of dogs [13], which compares favorably with the
present results. It is possible to normalize the intensity to
the sampling interval (convert W m™2 to W m~2 s~%) by
multiplying the intensity value by the sampling frequency
in hertz squared. A late forward compression wave (FCW)
was also identified, which is mostly likely due to deceler-
ation of the ejected volume of blood that momentarily
reverses and is reflected from the closed pulmonary valve
in the forward direction.

Like Hollander et al. [14], we identified a backward
expansion wave (BEW) that arrives in the proximal pul-
monary artery in early systole and arises from a similar site
2.9 + 0.8 cm downstream, where it appears that the
proximal pulmonary bifurcation behaves as an open-end
reflector. This wave would have a physiological benefit by
aiding the ejection of blood from the right ventricle at a
lower energy cost, a clear advantage during high pulmon-
ary flow situations such as exercise. The presence of a
BEW implies that the cross-sectional area of the left and
right pulmonary arteries is greater than the main pulmonary
trunk. This is contrary to previous observations where their
combined area was 10% smaller [27]. However, these
calculations were made on pulmonary arterial casts in eight
dogs and may not represent the in vivo geometry. The
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notion that the pulmonary artery behaves as an open-end
reflector is supported, however, by studies in isolated
perfused lungs that demonstrate an Ag of 1.2-1.3 [28, 29],
a ratio that leads to open-end reflection [25].

Only 1% of the incident eFCW energy was reflected as a
BEW, which is significantly less than ~10% reported by
Hollander et al. [14]. Interspecies variation may be an
explanation for the difference, as it has been recognized
that wave reflection in dogs is less than in humans [22], and
therefore it is possible that there is greater spatial disper-
sion and less reflection in sheep. However, our higher
sampling frequency and accurate account of pressure—
velocity signal delay utilizing pressure—velocity loops
likely explains the differences in observed backward-trav-
elling wave energy. Indeed, if WIA is performed on the
current data without accounting for signal delays, a larger
BEW/eFCW reflection coefficient of —0.24 is obtained,
indicating the artificial exaggeration of the BEW energy.
Our data show that even a 5 ms velocity delay can lead to a
20% increase of the BEW intensity and a 30% increase in
the reflection coefficient of the BEW/eFCW [30].

In addition, we have described a BCW arising
21.2 £ 4.4 cm downstream, corresponding to a closed-end
reflection site, arriving in the proximal pulmonary artery
during late systole. The BCW was frequently broad sug-
gesting a more widespread and spatially diverse reflection
site, which is in keeping with reflection from the terminal
arterioles. Indeed, the existence of a distal reflection site
from the peripheral microvasculature is supported by
measurements that demonstrate a total arterial length of
approximately 20 c¢cm in the pulmonary circulation [31, 32].

The reflective coefficients of both backward-travelling
waves were small. This may suggest that there are signif-
icant energy losses as a result of damping during wave
travel, but it is more likely that, in the highly compliant,
low resistance pulmonary circulation, wave reflection is
minimized. Others have also shown that the right ventricle
is well matched to its afterload [33]. Our data indicate only
1% of the incident eFCW was reflected as a BEW and a
further 2% as a BCW. Whilst these backward-travelling
waves carry little energy, they may still bear physiological
significance, with their timing and intensity providing
information about two different reflection sites and the
status of the pulmonary circulation. For example, a high
intensity BCW arising from the microcirculation may
arrive early in systole, opposing flow out of the right
ventricle in pulmonary vascular disease.

We have added to the observations of Hollander et al.
[13, 14] by describing all the waves present, and propose
that the proximal open-end reflector is not fixed throughout
the entire cardiac cycle. If we assume that the open-end
reflector is fixed in time, the eFCW would be reflected as a
BEW, the FEW would be reflected as a BCW, and the late
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FCW would be reflected as a late BEW. However, our
present data indicate that the BCW did not invariably
follow the FEW (it sometimes preceded it), and we never
observed a late BEW following the late FCW. Further-
more, the estimated distances to the proximal reflection site
for the incident forward waves were different. If the eFCW
is reflected as a BEW, the reflector site is 2.9 £+ 0.8 cm
downstream. If the FEW is reflected as a BCW, the
reflector site is estimated to be 6.5 £ 3.9 cm downstream.
The estimated distances should be very similar if reflected
from the same site. Additionally, the reflection coeffi-
cients were different for the two incident waves. It was
—0.01 £ 0.01 for the BEW/eFCW compared to —0.04 +
0.03 for the BCW/FEW. The reflection coefficients should
be similar if reflected from the same site.

These observations provide strong evidence that the
open-end reflection is not fixed throughout the entire car-
diac cycle. Open-end reflection may only be present during
early systole when Ar is greater than 1.2, and then, as
blood is emptied into the reservoir-like proximal pulmon-
ary artery, Ag may fall to the theoretical value of 1.1-1.2
where no wave reflection occurs [25]. Indeed, it is easy to
understand that conformational changes of the pulmonary
vasculature occur throughout the cardiac cycle when the
dynamic activities of the heart and blood vessels are
observed in the open-chest sheep.

Furthermore, with accurate consideration of time delays
in the current work, the problem of the presence of a
physiologically meaningless early BCW arriving in the
proximal pulmonary artery prior to the peak of the incident
eFCW disappears (Fig. 4). It is possible that this otherwise
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Fig. 4 Pulmonary arterial wave intensity analysis over a single
cardiac cycle performed without adjustment of the velocity signal
timing, demonstrating an unexplained early backward compression
wave (asterisk). This physiologically meaningless wave disappears
when pressure—velocity time delays have been accurately accounted
for
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unexplained early BCW could arise from retrograde
transmission of left atrial pressure fluctuations. However,
clamping two of the pulmonary veins did not attenuate this
wave’s intensity, and rapid right ventricular pacing did not
alter the timing or appearance of this wave [30], suggesting
that the early BCW does not arise from left atrial con-
traction. This wave was also unlikely to be an artifact
related to a possible constricting effect of the cuff-like flow
probe on the pulmonary artery, as this wave was detectable
even when pressure was measured distal to the flow probe
[30]. These observations make it likely that the early BCW
wave seen in Hollander et al.’s [13, 14] and our unadjusted
results is indeed an artifact related to delays between the
pressure—velocity signals.

Limitations

Wave reflection may be different in anesthetized animals.
However, patterns of impedance in conscious, unanesthe-
tized dogs was similar to those in the anesthetized open-chest
preparation [34], suggesting our qualitative interpretation
of wave reflection in sheep would not be altered. However,
the use of anesthetic agents that have negative inotropic
effects and induce systemic vasodilatation may lead to
quantitative changes. It is possible that wave speed and
wave intensity are lower than in ambulatory animals.
Furthermore, dissection of the adventitia in the proximal
pulmonary artery may affect autonomic control of pul-
monary vasculature tone and consequently wave speed in
these open-chest animals.

Using a cuff-type flow probe may lead to errors in
velocity determination if the velocity profile is not uniform
across the vessel cross-sectional area. However, it seems
from experimental data in humans and dogs that the pul-
monary arterial velocity profile is symmetrical [35, 36].
The cuff-type flow probe may have constricted or mini-
mized normal pulsatile distension, thus overestimating true
pulmonary blood velocity, arterial pressure, and wave
speed, and therefore overestimating cumulative wave
energies. The assumption was made that the pulmonary
artery was circular and that the cross-sectional area of the
vessel was constant throughout the cardiac cycle, which
leads to minor but constant errors in blood velocity
calculations.

In addition, it is not certain that wave speed is constant
throughout the cardiac cycle and across the pulmonary
vasculature. This may lead to errors in determining the
distances to reflection sites. However, our proposed
reflection locations are anatomically plausible. The single-
point technique for determining wave speed [23] has pre-
viously been criticized as being inaccurate in coronary
arteries [37]. These issues do not appear relevant in the
pulmonary artery, as similar wave speeds were also

determined independently from pressure—velocity loops,
therefore serving as an internal check.

The energy of wave travel is only a small part of the
external work of the heart, which in turn is a fraction of the
total energy expended by the heart. Therefore, whilst WIA
gives an idea of the working state of the heart as well as
downstream vascular reflective conditions, conclusions
cannot be drawn about the optimal working state of the
heart, only optimal patterns of wave travel that minimize
opposition to right ventricular ejection.

Conclusions

The normal pulmonary arterial wave speed in sheep is
2.1 £0.3 ms~'. The healthy pulmonary vasculature is
characterized by minimal wave reflection with only ~3%
of the incident early forward compression wave energy
reflected towards the right ventricle, attesting to the notion
that the right ventricle and pulmonary circulation are well
matched to minimize wave reflection. Two sites of wave
reflection were consistently identified. The main pulmon-
ary bifurcation behaves as an open-end reflector during
early systole, leading to the generation of a backward
expansion wave that would serve to enhance right ven-
tricular emptying. The open-end reflector is not fixed
throughout the entire cardiac cycle. The distal pulmonary
microcirculation behaves as a closed-end reflector, leading
to the generation of a BCW, serving to oppose flow out of
the right ventricle. Although the intensities of these
reflected waves are small, they may serve as important
physiological markers of early pulmonary vascular disease,
which will be explored in future experiments and ulti-
mately in human subjects.
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