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Introduction

Pulmonary thromboembolism is one of
the major causes of hospital morbidity
and mortality. About 50,000 deaths oc-
cur annually as a result of this condition.
The primary event that leads to these
deaths is an acute increase in right ven-
tricular afterload leading to cor pul-
monale (1). In an effort to understand
this process more clearly, we studied the
effects of pulmonary thromboembolism
on afterload by measuring pulmonary ar-
tery input impedance (Zi,). The estima-
tion of impedance provides a more com-
plete description of the right ventricular
afterload than does the estimation of re-
sistance since it takes into account the
opposition to both steady and pulsatile
flow (2). Resistance only describes the op-
position to steady or mean flow. The os-
cillatory components of pressure and
flow are important because approximate-
ly 30 to 48% of the total hydraulic power
is contained in the pulsatile component
of blood flow in the main pulmonary ar-
tery (3).

The pattern of the pressure and flow
waves measured in the main pulmonary
artery represent the result of a collision
between a forward wave from the heart
with a backward wave reflected from the
more peripheral parts of the pulmonary
arterial tree. Characteristic impedance
(Z.) is the input impedance in the ab-
sence of wave reflection and is dependent
primarily on the mechanical properties
of the main pulmonary artery. Direct
measurement of Z. is problematic be-
cause wave reflection is always present
in the intact system, but at high frequen-
cies, Zin approximates Z.. Wave reflec-
tion has a detrimental effect by causing
a phase shift between pressure and flow
waves that reduces the hydraulic power
output of the right ventricle delivered into
the main pulmonary artery.

We compared the changes induced in
input impedance with vascular obstruc-
tion caused by embolism with autologous
clot (EMB) with two other forms of ob-
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SUMMARY We compared the effects of three forms of vascular obstruction: positive end-expiratory
pressure (PEEP), ensnarement of the left main pulmonary artery (SN), and pulmonary thromboem-
bolism (EMB) on right ventricular afterload. We measured right ventricular and pulmonary arterial
pressures and flow in open-chested dogs under anesthesia (n = 8). Pulmonary artery input im-
pedance (Zin) was calculated by Fourier analysis of the pressure and flow waves. Characteristic
impedance (Zc) and pulmonary arterial compliance {Ca) were estimated from Zijn with a lumped pa-
rameter model. Although PEEP, SN, and EMB all increased mean pulmonary arterial pressure, PEEP,
had negligible effect on Zc and Ca, whereas SN increased Z¢ but decreased Ca (+24% and —49%,
respectively), and EMB decreased both Z; and Ca (—33% and —39%, respectively). These changes
of Z. affect wave reflection and alter the energy transmission ratio, which is the ratio of hydraulic
power output in the measured and forward waves (V'levih). Under control conditions, Wm/Ws was
62% and was not affected significantly by SN (59%) or by PEEP (46%), but it fell significantly to
30% after EMB. Simulation of these experiments in a mathematical model suggested that the in-
crease of Z, with SN was due to an active neurchumoral effect; all other responses were consistent
with passive mechanical effects. In additional experiments, we tested the effects of meclofenamate
(n = 6) and ketanserin (n = 6) and of atropine and vagotomy (n = 5) on the response to SN and
EMB. The serotonin antagonist, ketanserin, blunted the increase of Z¢ to SN, but none of the inter-
ventions significantly affected the response of Z; or C; to EMB. We conclude that SN has differ-
ent effects on right ventricular afterload than does EMB. SN appears to involve an active neuro-
humoral mechanism that is attenuated by ketanserin and acts to reduce the adverse effects of wave

reflection.

struction: positive end-expiratory pres-
sure (PEEP), which results in compres-
sion of the alveolar vessels, and ensnare-
ment of the left main pulmonary artery
(SN). PEEP causes obstruction at a
microvascular level and a snare causes
large vessel obstruction. EMB obstructs
pulmonary arteries between these ex-
tremes. We used two approaches to de-
termine whether the observed responses
were due to active neurohumoral mech-
anisms or to passive mechanical factors
as a result of the increase in pulmonary
artery pressure produced by obstruction.
First, the experimental results were com-
pared with the results obtained from a
mathematical model of the canine pul-
monary circulation. The mathematical
model describes changes that would be
anticipated from passive mechanical ef-
fects alone. A discrepancy between results
obtained by the experimental and math-
ematical model would suggest an active
neurohumoral effect may be operating.
Second, we determined if the pulmonary
hemodynamic response was altered by
the cyclooxygenase inhibitor, meclofena-
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mate, by the serotonin antagonist, ketan-
serin, or by the combination of atropine
and vagotomy.

Methods
Animal Preparation

Experiments were performed on 25 mongrel
dogs weighing between 17 and 21 kg. Anesthe-
sia was induced with thiamylal 1.5 mg-kg™
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and maintained with a bolus injection of al-
pha chloralose (120 mg-kg™) followed by a
continuous infusion of 43 mg-kg™'-h™*. The
dogs were intubated and ventilated with a
Harvard model 681 volume cycled ventilator
(Harvard Apparatus Co., South Natick, MA).
Intravenous pancuronium bromide (0.1
mg-kg™') was used for muscular paralysis. A
catheter was placed in the right femoral ar-
tery for monitoring of systemic arterial pres-
sure with a Statham P23 ID pressure trans-
ducer (Statham Instruments, Oxnard, CA).
Airway pressure was monitored with a Vali-
dyne differential pressure transducer (Vali-
dyne Corp., Northridge, CA).

The pulmonary trunk was exposed via a
left thoracotomy in the fifth intercostal space.
PEEP (5 cm H.0) was applied to prevent
atelectasis. This amount of PEEP was con-
sidered as the control level. A Statham elec-
tromagnetic flow probe (internal diameter be-
tween 16 and 18 mm) was placed around the
main pulmonary artery. Two 3F micromanom-
eter-tipped catheters (Millar, Houston, TX)
were inserted into the right ventricle and the
main pulmonary artery through stab wounds
on the right ventricular outflow tract. All pres-
sures were zeroed relative to atmosphere.

Pulmonary Vascular Obstruction

Three methods were used to produce pulmo-
nary vascular obstruction: PEEP, SN, and
EMB. PEEP was administered at 15 cm H,O
for 5 min. The left main pulmonary artery
was totally occluded by tightening a snare
around the vessel approximately 1 to 2 cm
distal to the bifurcation for 3 min. Emboli
were made from 20 to 30 ml of autologous
blood. Thrombi were formed either sponta-
neously in a glass beaker or by the addition
of 100 NIH units of thrombin (Sigma Chem-
ical, St. Louis, MO) to the blood. The clots
were placed into a syringe with a wide-bore
nozzle S mm in internal diameter and inject-
ed through a large venous catheter (at least
5 mm in internal diameter).

Experimental Protocol

In the first series of experiments on eight dogs,
control measurements at 5 cm H,O PEEP
were taken between each perturbation. He-
modynamic measurements were made in the
following order of experimental conditions:
control, PEEP, control, SN, control, EMB.
We made measurements immediately after ad-
ministration of the clots and at 10 and 20 min
later unless there was hemodynamic instabil-
ity during the 45-s period required for data
acquisition.

The second series of experiments was con-
ducted in 17 dogs to test the effects of one
of three interventions: meclofenamate (3
mg-kg™* intravenously) in six dogs, ketanse-
rin (0.15 mg-kg™ intravenously) in six dogs,
or atropine (0.1 mg-kg™* intravenously) and
bilateral cervical vagotomy in five dogs. In
each group of dogs, measurements were made
in the following order of experimental con-
ditions: control, PEEP, control, SN, control

followed by the intervention. We allowed 30
min after meclofenamate administration, 10
min after ketanserin, and 10 min after atro-
pine and vagotomy before data collection.
Measurements were then obtained in the fol-
lowing order of experimental conditions: con-
trol, PEEP, control, SN, control, and EMB.
Hereafter, the term “vagotomy” will be used
to indicate the combination of atropine ad-
ministration and bilateral cervical vagotomy.

Data Collection and Analysis

All analog signals were displayed on an eight-
channel Gould 2800S recorder (Gould Instru-
ments, Cleveland, OH). These analog signals
were converted to digital form (Data Transla-
tion DT2801A) with an AT compatible com-
puter (Wells-American A Star, Columbia,
SC). The pressure and flow waves were sam-
pled at 500 Hz. Single cardiac cycles at end
expiration from 10 successive breaths were
used for Fourier analysis as described previ-
ously (4).

Estimation of Characteristic Impedance
and Pulmonary Arterial Compliance

We used a lumped parameter model in order
to calculate characteristic impedance and pul-
monary arterial compliance (4). An electri-
cal representation of the lumped parameter
model is shown in figure 1. The resistor Rin
represents input resistance (mean pressure
divided by mean flow). The resistor Z.
represents characteristic impedance, which
depends primarily on the inertance and com-
pliance per unit length of the main pulmo-
nary artery. The capacitor C, represents pul-
monary arterial compliance. The value of the
inductance (L) is zero or close to zero, but
it can improve significantly the ability of the
model to fit the experimental data (4). Its
values are not reported here because they are
close to zero and are not known to be of any
physiologic significance. Input impedance is
calculated by Fourier analysis of the pressure
and flow waves. The four elements of the
model can then be simultaneously estimated
by approximating the impedance of lumped
parameter model to the measured pulmonary
arterial input impedance spectra. The input
impedance of the network was calculated and
compared with the experimentally measured

Zc

Ca-l—

Fig. 1. An electrical representation of the lumped pa-
rameter model. Rin, is the input resistance, Ca is the pul-
monary arterial compliance, Z¢ is the characteristic im-
pedance and L is inductance.

Rin

P
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impedance with the maximal likelihood
criterion (4). Parameter values were varied by
an iterative method to obtain the best fit of
model impedance to the measured impedance.

Calculation of Power

Hydraulic power has two components: one
caused by the steady or mean level of pres-
sure and flow, the other caused by their oscil-
latory components. Each component is the
summation of three parts: pressure, gravita-
tional, and kinetic power. The largest quan-
tity is pressure power, which is calculated from
the product of pressure and flow. Gravitation-
al forces are negligible, but the amount of
kinetic energy, although small, is taken into
account. We used the equations described by
Milnor and coworkers (3) to calculate the
components of hydraulic power, but we used
a time domain method to determine the os-
cillatory component of pressure power.

The total or measured pressure and flow
waves are resolved into their forward and
backward or reflected waves with equations
derived by Westerhof and coworkers (5). The
equations for calculating the forward waves
are as follows:

Pi() = 0.5 [Pm() + ZQm()] (D
Qr() = PiG)/Zc @

where P(j) and Q(j) are the instantaneous pres-
sure and flow at data point j. Each data point
is the ensemble average of single cardiac cy-
cles at end expiration from 10 successive
breaths. Subscripts m and f refer to the mea-
sured and forward values, respectively.

_The forward component of hydraulic power
(Wr) was calculated from the forward pres-
sure and flow waves. The ratjo of measured
power to forward power (Wm/Ws) is the
energy transmission ratio (6). [t expresses the
proportion of forward wave power that is mea-
sured in the main pulmonary artery and as-
sesses the effect of wave reflection on reduc-
ing the hydraulic power output.

Mathematical Model

To simulate these experiments, we used a
mathematical model of the canine pulmonary
vasculature similar to that developed by Wien-
er and colleagues (7) and Milnor (8). Details
of this analysis are provided in Appendix 1.
The essential features of the model are as fol-
lows. First, pressure-flow relations follow the
fifth power law as proposed by Zhuang and
coworkers (9). Second, alveolar pressure is as-
sumed to be the extravascular pressure for ves-
sels less than 100 um in diameter. Third, there
are 43 vascular generations from the main pul-
monary artery (Generation 1) to the left
atrium.

The snare was simulated by halving the
number of branches for Generations 2 to 43.
Embolism was simulated by halving the num-
ber of branches for Generations 8 to 43. The
arteries of Generation 8 are less than 5 mm
in internal diameter, which is the approximate
inner diameter of the catheter through which
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the clots were injected. Left atrial pressure
was assumed to be constant at 4 cm H,O. The
input variables are the measured pulmonary
arterial flow (Q) and alveolar pressure, which
is assumed equal to airway pressure at end
expiration. The output variables are pulmo-
nary arterial pressure, Z; and C,.

Statistical Analysis

In the first series of experiments, we used an
analysis of variance for a two-way experimen-
tal design and Scheffe’s method to determine
differences between the means of each physi-
ologic variable (10).

In the second series of experiments, we used
a factorial analysis of variance for each of
the three groups of dogs to determine the ef-
fect of SN, the effect of the intervention per
se, and the effect of the intervention on the
hemodynamic response to SN. We used anal-
ysis of variance for repeated measures to de-
termine the effect of the intervention on the
hemodynamic response to EMB (10). We com-
pared the effect of EMB measured in the first
series of experiments with the effects of EMB
measured after each of the three interventions.
In all cases, significance was accepted at the
5% level.

Results

Control values of systemic arterial blood
pressure, heart rate, mean pulmonary ar-
tery pressure (Ppa), mean Q, Z., and C,
did not change significantly during the
course of the experiment. This finding
indicates that the observed changes were
due to the various forms of administered
obstruction and not to deterioration of
the experimental preparation.

Both the experimental and mathemat-
ical model data for mean Ppa, mean Q,
Z., and C,, respectively, are displayed in
figure 2. The model estimates changes
that result from passive mechanical fac-
tors. The increase in mean Ppa with EMB
was predicted correctly. The model slight-
ly underestimated the effect of PEEP, but
grossly overestimated the increase of
mean Ppa with SN. The values of mean
Q were used as inputs for the mathemat-
ical model. The changes of pulmonary
arterial compliance were predicted cor-
rectly by the model for PEEP, SN, and
EMB. The model also predicted the
changes of Z. caused by PEEP, but un-
derestimated the decrease of Z. with
EMB. The greatest discrepancy between
the experimental and model results was
the change of Z. after SN. There was a
marked increase in Z. with respect to
control, but the model predicted a small
change in the opposite direction.

To determine if this increase of char-
acteristic impedance was a spurious re-
sult of our lumped parameter model, we
calculated characteristic impedance by
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Fig. 2. Effects of pulmonary vascular obstruction on
hemodynamics: theoretical and experimental results.
Experimental data are shown as solid circles + 2 SEM.
Data from the mathematical model calculated from con-
trol measurements are shown as open bars. Mean pui-
monary arterial pressure (PAP, upper left panel), char-
acteristic impedance (Z¢, upper right panel), and pul-
monary arterial compliance (Ca, lower right panel) are
output variables of the model. The measured values of
pulmonary arterial flow (Q, lower left panel) were used
as input values for the model. Data under four condi-
tions are shown: control (C), PEEP (P), ensnarement
(S), and embolism (E). Z¢ and C, were analyzed with
a logarithmic transformation. The asterisks represent
statistically significant (p < 0.05) differences from con-
trol values.

the more unusual approaches of averag-
ing the moduli of pulmonary input im-
pedance (11-15). Similar results were ob-
tained in four of the five methods used
(see Appendix 2).

Pulmonary arterial pulse pressure (PP)
decreased with EMB, but SN caused PP
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to increase (table 1). The increased PP
resulted from an increase in systolic but
no change in diastolic pulmonary arteri-
al pressures for SN. In addition, PEEP
and EMB increased right ventricular end-
diastolic pressure and heart rate, and de-
creased systemic arterial blood pressure.
None of these changes occurred with SN.

The effect of wave reflection on both
the measured pressure and flow waves is
illustrated in figure 3. The forward and
reflected pressure waves summate to pro-
duce the measured pressure wave. How-
ever, the measured flow wave is the differ-
ence between the forward and reflected
waves because the reflected wave travels
in the opposite direction to the forward
wave. There are relatively small differ-
ences between the forward and measured
waves under control conditions and with
SN. This difference increased with PEEP
and was even more pronounced with
EMB, which indicated a substantial ef-
fect of wave reflection. The influence of
wave reflection on pulmonary hemody-
namics was assessed from its effect on
hydraulic power in the main pulmonary
artery.

Hydraulic Power

The changes of right ventricular power
output in response to the three types of
vascular obstruction are displayed in fig-
ure 4. Total measured wave power (Wp,)
was not changed statistically by any of
the three forms of obstruction. There was
no significant relation between heart rate
and Wp. There were, however, signifi-
cant differences in the hydraulic power
contained in the pulsatile components of
the measured pressures and flow waves
(Wmosc): Wnosc increased with SN but
decreased with PEEP and EMB. Al-
though Wposc varies inversely with
heart rate (p < 0.001), there was no sig-
nificant relation between heart rate and
the hydraulic power in the oscillatory

TABLE 1
EFFECT OF PULMONARY VASCULAR OBSTRUCTION ON HEMODYNAMIC VARIABLES*

Variable Control PEEP

PP, cm H,0 0.7) 19.3 (1.9)
PpaS, cm H,0 1.4) 40.7 (1.5)
PpaD, cm H,0 0.6) 21.5" (0.8)
RVEDP, cm H,0 0.7) 10.5* (1.5)
HR, beats/min 9.6) 155.3"* (7.0)
BP, mm Hg 5.5) 113.0" (9.3)

SN EMB p Value
27.9" (2.8) 18.9* (0.7) < 0.005
46.1" (3.1) 46.3* (3.1) < 0.005
18.2 (2.1) 28.6" (1.8) < 0.005

89 (1.2 10.3* (1.4) < 0.005
129.0 (9.5) 140.3* (5.4) < 0.005
130.7 (6.4) 109.9* (11.0) < 0.1

Definition of abbreviations: PEEP = positive end-expiratory pressure; SN = ensnarement of the left main pulmonary artery;
EMP = embolism; PP = pulmonary arterial pulse pressure; Ppa$S and PpaD = systolic and diastolic pulmonary arterial pressures,
respectively, RVEDP = right ventricular end-diastolic pressure; HR = heart rate; BP = mean systemic anterial blood pressure.

* 1 SEM is given in parentheses. The p value is the probability of difference between the four conditions. The asterisk indicates

a significant difference from control value.
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Fig. 3. An example of the effects of wave reflection on the pulmonary artery pressure and flow waves from one
experiment. For each condition, pressure waves are shown in the left panel and flow waves in the right panel.
The solid line represents the forward pressure and flow waves. The dashed lines are the measured pressure
and flow waves. The continuous lines with dots are the reflected pressure and flow waves.

component of the forward wave (figure
5). The most striking finding was the dra-
matic rise in the total forward wave pow-
er (Wy) with EMB, which increased to
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Fig 4. Effect of pulmonary vascular obstruction on the
hydraulic power in the measured wave. The bars repre-
sent the total hydraulic power (expressed in milliwatts
on the ordinate) in the measured wave (W) under four
conditions: control (C), increased positive end-expiratory
pressure (P), with a snare (S), and after embolism (E).
The dotted areas indicate the hydraulic power contained
in the pulsatile terms (Wmosc). The error bars repre-
sent 1 SEM. There was a significant difference between
conditions (p < 0.025) for hydraulic power contained in
the pulsatile terms, but no significant difference among
conditions for total hydraulic power. The asterisks indi-
cate statistically significant differences from control
values. One milliwatt is equivalent to 0443 mm
Hg-L'min™.

277% of control levels. The changes
caused by PEEP and SN were not sig-
nificant. The effect of wave reflection on
the energy transmission ratio (Wm,/Wp)
are shown in figure 6. This ratio was re-
duced by PEEP and EMB, but only the
reduction with EMB attained statistical
significance. There was no significant re-
lation between Wn/Wi and heart rate.

The propomon of total measured hy-
draulic power in the pulsatile components
(Wmose/Wp) is related directly to the
amount of wave reflection (as judged by
the ratio Wi/ Wy) regardless of the form
of pulmonary vascular obstruction (fig-
ure 7). Therefore, wave reflection appears
to be responsible for the reduction of hy-
draulic power in the pulsatile components
of pressure and flow.

Effects of Meclofenamate,
Ketanserin, and Vagotomy

The effects of meclofenamate, vagoto-
my, and ketanserin on the mean Ppa,
mean Q, Z., and C, in response to en-
snarement are shown in table 2. The results
of the statistical analysis are shown in ta-
ble 3. Asin the first series of experiments,
SN caused an increase in mean Ppa and
Z., no change in mean Q, and a decrease
in C,. Meclofenamate, vagotomy, and
ketanserin had no significant effect on
mean Ppa, Q, Zc, or C, except for a
small but significant increase in mean
Ppa and mean Q after vagotomy. The
only intervention that significantly af-
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Fig. 5. Effectof pulmonary vascular obstruction on the
hydraulic power in the forward wave. The bars repre-
sent the total hydraulic power (expressed in milliwatts
on the ordinate) in the forward wave (Wj) under four con-
ditions: control (C), increased positive end-expiratory
pressure (P), with a snare (S), and after embolism (E).
The dotted areas indicate the hydraulic power contained
in the pulsatile terms (Wrosc). The error bars represent
1 SEM. There was a significant difference among con-
ditions (p < 0.025) for total W, but no significant differ-
ence for Wicontained in the pulsatile terms. The aster-
isk indicates a significant difference from control value.

fected the hemodynamic response to en-
snarement was ketanserin, which signif-
icantly reduced the increase of Z. with
ensnarement.

The pulmonary vascular responses to
embolism in four groups of dogs are com-
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Fig. 6. Effects of pulmonary vascular obstruction on the
energy transmission ratio. This bar chart shows the ra-
tio of the measured hydraulic power to the forward hy-
draulic power (Wm/Wj) expressed as a percentage (or-
dinate) under four conditions: control (C), increased posi-
tive end-expiratory pressure (P), with a snare (S), and
after embolism (E). The error bars represent 1 SEM.
There was a significant difference between conditions
(p < 0.005). The asterisk indicates a significant differ-
ence from control.
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TABLE 4

EFFECT OF PRETREATMENT WITH MECLOFENAMATE AND KETANSERIN AND OF VAGOTOMY
ON THE PULMONARY VASCULAR RESPONSE TO PULMONARY THROMBOEMBOLISM*

Ppa Q Ze Ca

Pretreatment EMB {cm H,0) (L-min) (10° dyne-cm* s) (1072 cm*sdyne™")

+ 0.03 + 0.44

None,n = 8 B 249 + 1.3 18 + 0.2 0.16 _ 0.02 118 _ 032

+ 0.02 + 0.15

A 376 + 34 1.7 £ 0.2 0.11 0.02 073 013

+ 0.08 + 0.86

Meclofenamate, n = 6 B 25.0 £ 2.1 1.9 + 04 0.16 _ 0.04 1.03 — 046

+ 0.04 + 0.06

419 + 56 1.7 £ 0.7 0.08 _ 0.03 0.61 _ 0.06

+ 0.03 + 0.33

Vagotomy, n = 5 B8 326 £ 1.7 19 + 0.2 0.18 _ 0.02 092 _ 024

+ 0.03 + 022

A 55.1 = 2.4 18 £ 0.2 0.10 002 0.69 - 017

. + 0.01 + 2.15

Ketanserin, n = 6 B 258 £ 2.6 2.0 = 0.2 0.15 _ 0.01 243 _ 114

+ 0.02 + 0.34

A 432 + 6.0 14 + 0.1 011 _ 0.01 0.65 _ 022

Effect of Results of Repeated Measures Analysis of Variance (p values)

Embolism < 0.0001 0.035 0.0006 0.01
Pretreatment < 0.05 NS NS NS

Interaction NS

For definition of abbreviations, see table 3.

NS NS NS

* Data are expressed as mean = 1 SEM. Logarithmic transformations of Z; and C, were used for statistical analysis. Measure-
ments obtained before (B) and after (A) thromboembolism. Interaction term indicates the effect of pretreatment on the response

to embolism.

for any unit change in transmural pres-
sure (dS/dP), the equation can be modi-
fied with substitution to yield:

Z; = [p/(nr*-dS/dP)]** )

The discrepancy between the model and
the experimental results implies that
some active mechanism increased Z. by
a reduction in the compliance per unit
length of the main pulmonary artery
(dS/dP) and/or a decrease of vessel radi-
us (r), probably because of an increase
of smooth muscle tone in the main pul-
monary artery.

The decrease in Z. that occurred with
embolism aiso occurred in the mathemat-
ical model. Therefore, this change can
be attributed mainly to passive disten-
tion of the proximal pulmonary artery,
although the extent of the decrease was
larger than predicted. Although this pas-
sive mechanism explains most of the
change of Z. with thromboembolism, it
does not exclude the possibility that ac-
tive neurohumoral mechanisms are con-
tributing to the observed response. The
mathematical model predicted correctly
the reduction of C, with SN and EMB.
This change is consistent with a reduction
inthe number of perfused vascular units
induced by these modes of obstruction.

We used three interventions to deter-

mine the role of neurohumoral mecha-
nisms: the administration of the seroto-
nin antagonist ketanserin, meclofena-
mate, and vagotomy. Serotonin (16, 17)
and cyclooxygenase products (18) have
been implicated as contributing to the in-
creased pulmonary vascular resistance in
acute pulmonary embolism. Although
the role of neural reflexes in acute pul-
monary embolism has not been defined,
we tested the effects of vagotomy because
pulmonary baroreceptors in the dog are
known to be stimulated by increases in
Ppa (19). Our conclusion that the pul-
monary hemodynamic response to SN is
an active mechanism was confirmed by
the fact that ketanserin blocked the in-
crease in Z.. Presumably, this effect is
due to blocking 5-hydroxytryptamine,
receptors although an alpha-1 adrener-
gic blocking effect of ketanserin cannot
be excluded (20). The mechanism where-
by ensnarement of the left main pulmo-
nary artery releases serotonin is unclear.
Serotonin may be released from platelets
when the snare is applied, but it is diffi-
cult to conceive of how this humoral
agent could exert its effect on the main
pulmonary artery, which is upstream of
the site at which the left main pulmo-
nary artery was snared. There are several
possible explanations. First, thelocal ef-
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fects of serotonin may be propagated up-
stream through the smooth muscle, but
this mechanism has been reported previ-
ously only in the peripheral systemic cir-
culation (21). Second, this response may
be conducted through the neural plexus
and stimulating sympathetic nerves to re-
lease serotonin as an alternative neu-
rotransmitter (22). This mechanism has
been established previously only in the
systemic circulation. Third, the humoral
effects of SN may have reached the vaso
vasorum of the main pulmonary artery
through the bronchial circulation. How-
ever, it is likely that the serotonin would
be cleared by the pulmonary circulation
before reaching the systemic circulation.
The present experiments do not distin-
guish between any of these possibilities.

Comparison of Our Results with
Those of Others

In order to express the changes of input
impedance in a more concise form, we
used a lumped parameter model to esti-
mate simultaneously input resistance, to-
tal pulmonary arterial compliance, and
characteristic impedance. Our results for
Z. were comparable to values obtained
in previous studies done in dogs of com-
parable size (15). Also, our measurements
of C, were similar to the results of Van
den Bos and colleagues (23). To our
knowledge, there have been no previous
measurements of C, in response to
PEEP, SN, or EMB. However, there have
been several measurements of Z. in re-
sponse to PEEP and SN.

Both Bergel and Milnor (24) and Cal-
vin and coworkers (25) found no change
in Z; with PEEP; our results concur.
Calvin and coworkers found that con-
striction of the main pulmonary artery
increased Z.. This result would be antic-
ipated from equation 4 because of the
reduction of the caliber of the main pul-
monary artery. Our snare was placed
around the left main pulmonary artery
with care taken to avoid any distortion
of the main pulmonary artery. This ex-
periment has been conducted previously
by Pouleur and colleagues (26), who
found a similar increase of Z. but inter-
preted this result differently. These inves-
tigators presumed that the reduction in
cross-sectional area of the proximal pul-
monary arterial tree would increase char-
acteristic impedance; our mathematical
model predicts otherwise, which leads us
to conclude that this response is due to
an active neurohumoral mechanism. The
fact that we were able subsequently to
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block this response supports this argu-
ment. This conclusion is in general agree-
ment with that of Aramendia and co-
workers (27). These investigators found
that balloon occlusion of the left main
pulmonary artery resulted in an increase
in Ppa that could be blocked by local in-
filtration with lidocaine at the site of oc-
clusion but not by atropine or vagotomy.

Hemodynamic Consequences

We assessed the hemodynamic conse-
quences of changes in right ventricular
afterload with various forms of vascular
obstruction in terms of hydraulic power.
Measured power was not affected signif-
icantly by PEEP, SN, or EMB (figure 4).
The fact that we did not find a relation
between heart rate and W, which has
been reported by Milnor and coworkers
(3) is probably a reflection of the moder-
ate changes in heart rate in our prepara-
tion. Despite the lack of statistical differ-
ences in Wy, with pulmonary vascular
obstruction, right ventricular end-dias-
tolic pressure increased significantly with
PEEP and EMB, but not with SN. It is
difficult to determine from these experi-
ments whether this increase in pressure
results from differences in the right ven-
tricular afterload or is due to differences
of right ventricular function because sys-
temic arterial blood pressure fell with
PEEP and EMB but not with SN, which
may have compromised coronary arteri-
al perfusion.

The PEEP and SN, as shown in figure
5, had no significant effect on the total
hydraulic power in the forward wave. But
there was a dramatic 300% increase in
the forward wave power after EMB. As
a result, the energy transmission ratio
(Wmn/Ws) nearly halved with EMB (fall-
ing from 58 to 30%), whereas there were
no significant effects of PEEP and SN
(figure 6).

A decrease in the measured hydraulic
power after EMB was avoided by a com-
pensatory increase in the hydraulic pow-
er of the forward wave. These results il-
lustrate the adverse effects of wave reflec-
tion on hydraulic power. The reduction
in hydraulic power occurs because of the
differing effects of the wave reflection on
pressure and flow. For pressure, the
reflected and the forward waves summate
to form the measured pressure wave. For
flow, the reflected wave subtracts from
the forward wave to form the measured
flow wave. Therefore, wave reflection
causes the pressure and flow waves to be-
come out of phase with each other. As
a result, there is a decrease in hydraulic

power because it is heavily dependent on
the instantaneous product of pressure
and flow. As wave reflection increases, as
judged by a decrease of Wn/Wrs, there
is a decrease in the proportion of hydrau-
lic power contained in the oscillatory
components of the pulmonary circula-
tion (figure 7).

These experiments demonstrate that
wave reflection plays an important role
in the hemodynamic effects of pulmo-
nary embolism. The hemodynamic con-
sequences of pulmonary hypertension
depend on the cause of the pulmonary
vascular obstruction. These experiments
show that ensnarement of the main pul-
monary trunk is not an adequate simu-
lation of the right ventricular afterload
that occurs after pulmonary thromboem-
bolism (28). It seems unfortunate that the
increase in Z. with SN, which reduces
wave reflection, does not occur with
EMB. From a clinical standpoint, the pri-
mary goal should be to remove the cause
of the increased wave reflection. The in-
creased wave reflection with EMB is
probably generated by waves impinging
on fragments of the clots lying in the pul-
monary arterial tree. This problem may
be alleviated by fragmentation of the em-
boli into more peripheral parts of the pul-
monary arterial tree, or by lysis of the
thrombi. However, it takes time for these
processes to take effect. Administration
of vasoactive drugs immediately after
pulmonary thromboembolism may have
a beneficial effect by selectively stiffen-
ing the proximal pulmonary arteries. This
action would have minimal effects on re-
sistance but would increase characteris-
tic impedance and reduce wave reflection.

In conclusion, we have shown that
PEEP, SN, and EMB increase mean Ppa
but have differing effects on Z. and C,.
The changes of Z. and C, caused by
PEEP and EMB result largely from pas-
sive mechanical effects. The increase of
Z. caused by SN, however, seemed to re-
sult from an active mechanism; this idea
was confirmed by the finding that ke-
tanserin attenuated this response. The
effect of these changes on wave reflec-
tion was evaluated in terms of hydraulic
power in the main pulmonary artery.
We conclude that the changes of Z with
SN minimizes wave reflection, but the
changes of Z. with EMB magnify the
deleterious effects of wave reflection on
hydraulic power. Clinical intervention
with drugs that stiffen the main pulmo-
nary artery may alleviate this problem.
This approach may be of importance
immediately after massive pulmonary
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thromboembolism when the patient is at
risk of succumbing from acute right ven-
tricular failure.

Appendix 1

Mathematical Model of Canine
Pulmonary Circulation

The model of the pulmonary vasculature that
we developed was similar to a model devel-
oped by others (12, 13). The properties of the
main pulmonary artery were based on our
own estimates of vessel length-(2.4 cm) and
diameter (1.38 ¢m) at zero transmural pres-
sure, which corresponds to a diameter of 1.6
cm at a normal transmural pressure of 25 cm
H,O. Compliance per unit length (Cp) was
estimated from these dimensions and values
of wave speed. We chose a value for the invis-
cid fluid wave speed (Co) of 2.6 m-s™*, which
is similar to values of apparent wave speed
at high frequencies in the dog of 2.55 m-s™*
(29) and 2.75 m-s™* (30).

The determination of compliance from vas-
cular dimensions and wave speed is based
on the telegraph line equations in which
the propagation coefficient (y) is expressed
in terms of the longitudinal (ZL) and trans-
verse (Z1) impedance (see reference 9 for
derivation).

¥ = [RL + joLp)jeCL)? (A))

where o is the angular frequency, Ry is re-
sistance per unit length, L1 is inertance per
unit length, and CL is compliance per unit
length. At high frequencies, Rr is small rela-
tive to L. and C, because ® is high. There-
fore, the vessel wall behaves as if it were in-
viscid, and equation Al can be expressed as

(A2

where v, is the inviscid propagation coeffi-
cient. At high frequencies yo is equal to
jw/Co (12). Inertance per unit length is esti-
mated by 4 p/(nD?) where D is the diameter
of the vessel and p is the density of blood
(1.06 g-cm™?). By substituting for yo and L,
and rearranging, equation A2 becomes

CL = (rD?)/(4pCo% (43)

After establishing the anatomy and com-
pliance of the main pulmonary artery, the re-
mainder of the pulmonary vasculature was
obtained from generating coefficients. These
coefficients are similar to those of Milnor,
but were adjusted so that the mathematical
model produced a mean Ppa and pulmonary
arterial compliance similar to that measured
under control conditions. The coefficients
were used to generate the properties of each
order of the pulmonary vasculature through
to the pulmonary vein. Generation 23 is pul-
monary capillaries (n = 983,040,000), Do =
7.7 um, and length (x) = 1.8 um. The di-
ameters were assumed to be the diameter at
zero transmural pressure (Do). Because of
the dependence of diameter on pressure, the
wave speed is a function of pressure. After

Yo = jo[LLCL]'?
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estimating the dimensions and compliance per
unit length for each generation, the pressure-
diameter relation (dD/dP) was calculated
from the following expression:

dD/dP = 2CL/(rD) (A4)

By assuming a left atrial pressure of 4 cm
H,O and specifying a value for total pulmo-
nary blood flow (Q), we estimated the in-
travascular pressure at each generation using
the fifth power law using the expression (14):

(Do + (dD/dP)Pentry]® — [Do + dD/dP Pexit]®
= 640 p(dD/dP)xQ/n (A5)

where p is apparent blood viscosity and Pep.
try and Pexie are the entry and exit transmural
pressures. The transmural pressure is the
difference between the intravascular and ex-
travascular pressure. The extravascular pres-
sure is pleural pressure (0 cm H,0) except for
vessels with diameters less than 100 um where
alveolar pressure is the extravascular pressure;
X is the length of each generation.

Characteristic impedance of the main pul-
monary artery was calculated from the tele-
graph equations (4).

Zc = [ZL/Z7)"* = [(RL + joLp)jeoCL)"”?

(46)

At high frequencies, R becomes negligi-
ble relative to joLL and joCy; therefore, Z
becomes equal to [L1/CL}!/2 (equation 4). By
rearranging equation 4 in terms of diameter
instead of radius and cross-sectional area, we
obtained the following expression:

Z: = [8p(n?D;® (dD/dP);)]**
(A7)
where (dD/dPY); is the slope of the pressure-

diameter relation for a particular generation
number i, and D; is the corresponding di-

ameter at the intravascular pressure for that
generation. Total arterial compliance (C,) is
estimated from the expression:

i=22
Ca = X nixj (dD/dP)i-n-D;/2
i=1 (A8)

where i is the generation number, n;, x;, and
Dj are the number of branches, the length,
and mean diameter of a particular order of
the pulmonary vasculature, denoted by sub-
script i.

Because the experiments were conducted
with open-chested dogs, pleural pressure is
always zero. The input parameters for the
model are alveolar pressure and Q. To simu-
late the snare, the number of branches down-
stream from Generation 1 was reduced by
50%. To simulate pulmonary embolism, the
number of branches above Generation 7 was
reduced by 50%.

Appendix 2

Comparison of Methods for
Calculating Characteristic Impedance

In this report we used a lumped parameter
model to calculate Z¢ (9). Other investigators
average the moduli of the impedance spec-
trum at high frequencies. We compared these
methods by analyzing a subset of our result.
We selected two impedance spectrum before
and during ensnarement of the left main pul-
monary artery in each of the eight experiments
of the first series. Characteristic impedance
was calculated by five other methods (11-15).
Kendall’s concordance coefficient (31) was sig-
nificant (p < 0.001), but it was of low value:
0.56. Comparison of Spearman’s rank corre-
lation coefficients (table Al) indicates that
the correlation with Z is significant in all
cases except the last two methods. Only the
last method resulted in a probability that there

TABLE A1
COMPARISON OF METHODS TO CALCULATE CHARACTERISTIC IMPEDANCE*

Method

(reference) Correlation with Ze  p Value Before SN During SN p Value
+ 0.028 +0.038

Present report - - 0.147 - 0.024 0.190 - 0.031 0.041
+ 0.027 + 0.052

210 12 Hz (11) 0.78 0.003 0.139 - 0.023 0.211 - 0.041 0.071
+ 0.027 + 0.054

3.5t0 10 Hz (12) 0.76 0.003 0.151 - 0.023 0.220 — 0.044 0.054
+ 0.018 + 0.043

1 to 9 harmonics (13) 0.69 0.008 0.156 - 0.016 0.217 - 0.036 0.007
+ 0.025 +0.048

15 to 25 Hz (14) 0.05 0.846 0.163 — 0.022 0.213 - 0.038 0.052
+ 0.033 + 0.059

6 to 8 harmonics (15) 0.16 0.531 0.148 - 0.027 0.180 - 0.044 0.232

Definition of abbreviations: SN = ensnarement of the left main pulmonary artery; Z; = characteristic impedance.

* Method indicates the range of moduli that were averaged 1o estimate characteristic impedance (Z;). Spearman rank correla-
tion coefficients (31) were used to compare Z. measured by the lumped parameter model with Z; measured by five other methods
that are based on averaging the moduli of the impedance spectrum at selected frequencies. Characteristic impedance values be-
fore and during ensnarement were compared with log normal transformation of the data, mean values + 1 SEM are given as

10* dyn-cm™'s.
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was no clear significant difference between
characteristic impedance with ensnarement.
These results indicate that the increase of char-
acteristic impedance is not due to our meth-
od of calculating Z; with the lumped param-
eter model.
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