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The Longitudinal Distribution of Pulmonary Vascular Resistance

during Unilateral Hypoxia

Lawrence C. Siegel, M.D.,* Ronald G. Pearl, M.D., Ph.D.,* Steven L. Shafer, M.D.,*
Allen K. Ream, M.D.,t Richard C. Prielipp, M.D.}

Pulmonary capillary hydrostatic pressure and the longitudinal
distribution of pulmonary vascular resistance (arterial and venous
components) can be determined by analysis of pressure decay curves
following pulmonary artery occlusion. To validate this technique
in intact animals, pulmonary artery occlusion pressure decay curves
were obtained from both lungs in six anesthetized sheep during con-
trol conditions (100% O,) and during unilateral hypoxic ventilation
(100% O, versus 100% N). Analysis of pulmonary artery occlusion
pressure curves indicated the following: 1) in the hypoxic lung, uni-
lateral hypoxia increased the precapillary portion of pulmonary
vascular resistance from 72% of the total resistance to 89% of the
total resistance in that lung; 2) in the nonhypoxic lung, unilateral
hypoxia did not significantly affect the distribution of pulmonary
vascular resistance; and 3) unilateral hypoxia produced no significant
change in pulmonary capillary pressure in the hypoxic lung com-
pared with control; however, pulmonary capillary pressure was sig-
nificantly greater in the nonhypoxic lung. These results are consis-
tent with other evidence that hypoxic pulmonary vasoconstriction
acts locally and primarily affects resistance at the arteriolar level,
Pulmonary artery occlusion pressure decay curve analysis appears
to be a valid technique for the measurement of pulmonary capillary
pressure and the longitudinal distribution of pulmonary vascular
resistance in intact anesthetized animals. These measurements per-
tain only to the vasculature distal to the site of pulmonary artery
occlusion with the catheter, and, thus, caution must be used when
applying this technique in a setting of nonhomogenous lung injury.
(Key words: Lung, blood flow: capillary pressure; hypoxic pulmonary
vasoconstriction. Lung, vascular resistance: longitudinal distribu-
tion. Monitoring, pulmonary artery occlusion pressure.)

PULMONARY CAPILLARY hydrostatic pressure is the ma-
jor force responsible for the formation of pulmonary
edema. Pulmonary artery occlusion pressure has been
used to estimate both left atrial pressure and pulmonary
capillary hydrostatic pressure.'”® Pulmonary capillary
pressure is equivalent to left atrial pressure only in the
absence of pulmonary venous resistance; however, under
normal conditions, venous resistance accounts for ap-
proximately 40% of pulmonary vascular resistance.* The
relative division of pulmonary vascular resistance into
pulmonary arterial resistance and pulmonary venous re-
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sistance components may vary with pharmacologic inter-
ventions and pathophysiologic abnormalities.’

Pulmonary capillary pressure cannot be measured di-
rectly in intact animals. Gravimetric and micropuncture
techniques have been used to measure capillary pressure
in the perfused lung;®” however, these methods cannot
be used in intact animals. In studies using the isolated
perfused lung, the pulmonary circulation has been math-
ematically modelled with an electrical circuit analog and
the pressure curves following arterial occlusion have been
analyzed to derive pulmonary capillary pressure and the
longitudinal distribution of pulmonary vascular resis-
tance.>!! Investigators have extended the technique of
pulmonary artery occlusion pressure curve analysis to in-
tact animals and human subjects; however, this technique
has had little validation in such settings.’

There are major differences between the isolated per-

fused lung and the lung of the intact animal. Potential
problems which must be considered include the effects of
pulsatile flow versus constant flow, the effects of instan-
taneous occlusion via external vascular clamping versus
intravascular balloon inflation, and the effects of the iso-
lated lung preparation versus the intact closed chested an-
imal. Thus, it is important to validate the occlusion tech-
nique for measurement of pulmonary capillary pressure
in intact animals.

To validate pulmonary artery occlusion pressure curve
analysis as a method of determining the longitudinal dis-
tribution of pulmonary vascular resistance, experimental
conditions with altered distributions must be studied.
Hypoxia alters the distribution of pulmonary vascular re-
sistance by reversibly causing pulmonary arterial vaso-
constriction.!? We therefore studied unilateral hypoxia
anticipating that pulmonary artery occlusion pressure
curve analysis would demonstrate a selective increase in
the precapillary (arterial) resistance during hypoxia in the
hypoxic lung and no increase in the contralateral non-
hypoxic lung.

Materials and Methods

ANIMAL PREPARATION

Seven male sheep (16-28 kg) were studied with the
approval of the Stanford University Panel on Laboratory
Animal Care. Anesthesia was induced with thiopental, 20
mg/kg iv and maintained by an infusion of 5-20
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Fic. 1. Circuit model of the pulmonary circulation. Arterial and
venous resistance are represented by R, and R,. Blood flow into the
segment is denoted 1. Pulmonary artery pressure (P,) and pulmonary
capillary pressure (Py) are represented as circuit nodes. Arterial ca-
pacitance is denoted G,, capillary capacitance is denoted C, and P,
represents the left atrial pressure. Inflation of an occlusive balloon is
represented by the opening of the switch that results in the decay of
Py, toward Py,.

mg-kg™' +h~". Following oral tracheal intubation, fem-
oral venous and arterial catheters were inserted. Using
fluoroscopy, two pulmonary artery catheters (American
Edwards®, 93A-131H-7F) were advanced via external
jugular veins into the left and the right main pulmonary
arteries. These fluid-filled catheters were connected to
53-600F Trantec disposable pressure transducers (Amer-
ican Edwards, Santa Ana, CA). A 39-Fr left double lumen
endobronchial tube (Mallinckrodt, Bronchocath®) was in-
serted through a tracheostomy until the distal tip entered
the left main stem bronchus. Bilateral 1-cm window tho-
racotomies and frequent fluoroscopy allowed observation
of the lungs throughout the experiment to insure proper
tube positioning. One of the seven sheep was eliminated
from the study because airway anatomy precluded sepa-
rate ventilation of each lung. Asynchronous mechanical
ventilation was instituted at a tidal volume of 12 ml/kg,
a rate of 6 breaths per minute, and 2.5 cm HO positive
end-expiratory pressure. Ventilator rates were adjusted
in parallel to maintain arterial CO, tension at 35-45
mmHg,

EXPERIMENTAL PROTOCOL

Unilateral hypoxia was produced by ventilating one
lung with 100% N while the other lung was ventilated
with 100% Oz. The study design allowed each lung to
receive hypoxic gas ventilation. Control periods preceed-
ing and following each period of unilateral hypoxia were
achieved by ventilation of both lungs with 100% O;. The
sequence of experimental conditions was as follows:

1. Control: Flo, = 1.0 bilaterally.

2. Unilateral hypoxia was achieved by ventilating one
lung with 100% N while the contralateral lung was ven-
tilated with 100% O,. Measurements were obtained after
10-15 min.

3. Control: Forty-five minutes was allowed for recovery
with Flo, = 1.0 bilaterally. Control measurements were
then obtained.
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4. Unilateral hypoxia was achieved by delivering 100%
N to the lung which had received Oy during step 2. Mea-
surements were obtained after 10-15 min.

5. Control: Forty-five minutes was allowed for recovery
with Flo, = 1.0 bilaterally. Final control measurements
were then obtained.

Animals were randomized with regard to the choice
of the left or the right lung for the initial hypoxic chal-
lenge.

DATA ACQUISITION

Thermodilution cardiac output was measured in trip-
licate by injection of 10 ml of room temperature normal
saline at end-expiration during each experimental con-
dition. Arterial po,, arterial pco,, and mixed venous
Po, were measured during each condition, Pulmonary ar-
tery occlusion pressure curves were obtained from each
lung during each experimental condition. Each curve was
obtained during 15 s of apnea, and between three and
six curves were obtained with each experimental condi-
tion. For each pulmonary artery occlusion pressure curve,
pressure was measured using an 892018 Trantec Su-
percable® and a Hewlett-Packard® 8826 A interconnection
tray. Data were filtered witha 100 Hz, 24 dB/octave low-
pass filter (Krohn-Hite, model 3750, Cambridge, MA) and
sampled at 200 Hz with a 12-bit A/D converter (Data
Translations, DT-2801, Marlboro, MA) in an IBM PC/
AT computer. Mean pulmonary artery pressure was
computed as the mean of the three complete beats pre-
ceding the decay. Each decay curve was digitally filtered
at 55 Hz with the five-point least squares quadratic.'?

DATA ANALYSIS

Pulmonary artery occlusion curves contain two distinct
exponential decays.*!* Analysis of the circuit model shown
in figure 1 results in a biexponential decay of pulmonary
artery pressure, Py, which is consistent with experimen-
tally observed decay curves.'® The magnitude and time
constants of these decay components can be related to
the circuit model:

Pu(t) = ge™ + he™ + Py, (1)
Pre=g+h+ P, — BTHY
A L3

gh + hy
R, _ g8 + hy 3
R, &+ h)ﬁ'Y)
h - B/ 4
&+ +y - EEBE

Ppa is expressed as the sum of two exponential decays and
a constant that is the terminal value. In this model, the
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terminal value is the occlusion pressure (Pg,,) that is pro-
duced by the left atrial pressure (Py,) (equation 1). Pul-
monary capillary pressure (Pp) can be expressed in terms
of the parameters of this biexponential decay (equation
2). In the absence of a measurement of flow into the seg-
ment of lung being studied, the absolute value of arterial
or venous resistance cannot be obtained; however, the
ratio of the arterial resistance to the total resistance, R,/
R,, can be derived (equation 3). This ratio allows sepa-
ration of pulmonary vascular resistance into precapillary
(arterial) and postcapillary (venous) components.
Typically, v is approximately 1.0 s™* corresponding to
a half-time of 0.7 s. Thus, 5 s of data starting with the
decay from mean pulmonary artery pressure were ana-
lyzed. Data from at least three curves obtained during
the same experimental condition were simultaneously an-
alyzed by superimposing the curves on the same time axis.
A least squares fit to the biexponential decay (equation
1) was obtained with the computer program MKMO-
DEL.! Thus, the parameters g, 8, h, v, and P, were
experimentally determined by curve fitting. Py and R,/
R, were calculated according to equations 2 and 3. The
pressure gradient across the arterial resistance was cal-
culated as the difference between mean pulmonary artery
pressure and capillary pressure or Py, — Pp. Similarly,
the pressure gradient across the venous resistance was
calculated as the difference between capillary pressure
and the terminal occlusion pressure or Pp. — Ppyo. Pul-
monary vascular resistance (PVR) was calculated accord-
ing to the formula PVR = (Pp, — Pp,0)/CO.

STATISTICS

Data were analyzed by repeated measures analysis of
variance followed by the Scheffe F-test. P < 0.05 was con-
sidered significant.

Results

The three control conditions did not differ significantly
with respect to cardiac output (CO), pulmonary artery
pressure (Py.), pulmonary artery occlusion pressure (Ppo),
pulmonary vascular resistance (PVR), pulmonary capillary
pressure (Pp.), or the ratio of the arterial resistance to the
total resistance (R,/R,). Values from the three control
conditions were combined. As compared with control,
unilateral hypoxia increased mean pulmonary artery
pressure by 3-4 mmHg, did not significantly increase
pulmonary vascular resistance, and did not affect pul-
monary artery occlusion pressure (table 1). Arterial
paco, was maintained in the normal range throughout
the study. Unilateral hypoxia produced a significant de-
crease of arterial pag, and of mixed venous pvo, (ta-
ble 1).
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TABLE 1. Hemodynamic and Blood Gas Data

Left Lung Right Lung
Control Hypoxia Hypoxia
Cardiac output (I/min) | 1.8+02| 24+0.3*| 1703
P, (mmHg) 147+1.2 ]| 189 15% | 17.8£20
Ppa0 (mmHg) 56+1.0| 60£29 | 6214
PVR (mmHg —~min/l) | 656+08 | 63x15 | 7.2+09
Pag, (mmHg) 319 + 27 47 & 9% 49 & B*
Pvo, (nmHg) 44+2 32 + g* 30 = 2%
Paco, (mmHg) 37+ 1 40 = 4 38+ 2

Values are mean * SEM in six sheep.
* P < 0.05 compared with control.

The division of resistance into precapillary (arterial)
and postcapillary (venous) components is described by the
ratio R,/R,, which is the fraction of the total resistance
that is precapillary. During control conditions, R,/R, was
similar in the left lung and the right lung with the pre-
capillary resistance accounting for approximately 70% of
the total resistance (fig. 2). During left lung hypoxia, R,/
R, increased in the hypoxic left lung but was unchanged
from control in the nonhypoxic right lung. During right
lung hypoxia, R./R, increased in the hypoxic right lung
but not in the nonhypoxic left lung. Thus, during con-
ditions of either right lung or left lung unilateral hypoxia,
R,/R, increased in the hypoxic lung compared with the
contralateral nonhypoxic lung and compared with control
values in the same lung. Unilateral hypoxia did not affect
R./R. in the nonhypoxic lung.

During control conditions, pulmonary capillary pres-
sure (P,) was approximately 8 mmHg in both the left
and the right lung (table 2). During left lung hypoxia,
capillary pressure in the left lung was not significantly
different from the control measurement; however, during
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FIG. 2. R,/R, is the ratio of the arterial (precapillary) component
of resistance to the total resistance. R,/R, was measured in the left
lung (solid bars) and in the right lung (striped bars). Measurements
are shown for control condition, left lung hypoxia, and right lung
hypoxia. Values are mean * SEM in six sheep. *P < 0.01 versus left
catheter. FP < 0.05 versus control,
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TABLE 2, Pressures Determined from Analysis of Pulmonary Artery Occlusion Pressure Decay Curves

Control Left Lung Hypoxia Right Lung Hypoxia
Left Catheter Right Catheter Left Catheter Right Catheter Left Catheter Right Catheter
Ppc (mmHg) 8.7 £ 1.4 78+ 1.1 7.8+ 1.1 11.0 + 1.24f 10.6 + 2.1 7.5 + 145
Ppa — Ppc (mmHg) 6.7 £ 0.6 6.7 £ 0.9 11.6 £ 1.9F 7.9 +0.8% 7.2+0.6 10.3 & 1.2*%
Ppc — Ppao (mmHg) 2.9+ 0.8 22+04 1.1 £0.5 5.3 & 1.4% 42+1.0 1.4 +0.2*

Values are mean + SEM in six sheep.
* P < 0.01 versus left catheter,

left lung hypoxia, capillary pressure in the right lung (the
nonhypoxic lung) was significantly increased compared
with control and compared with the pressure in the left
lung. During right lung hypoxia, capillary pressure in the
left lung (the nonhypoxic lung) was significantly greater
than capillary pressure in the right lung. During right
lung hypoxia, capillary pressure in the hypoxic right lung
was unchanged from control. When the right hypoxia
and left hypoxia conditions were pooled, capillary pressure
in the hypoxic lung (7.4 + 0.9 mmHg) was not significantly
different compared with control (8.3 = 0.9 mmHg). Dur-
ing unilateral hypoxia, capillary pressure was significantly
greater in the nonhypoxic lung (10.8 + 1.2 mmHg) com-
pared with control (P < 0.05) and also compared with the
contralateral hypoxic lung (P < 0.05).

The difference between mean pulmonary artery pres-
sure and capillary pressure (P, — Pp) is the pressure drop
across the pulmonary arterial (precapillary) circulation.
Under control conditions Py, ~ Py in the left lung was
similar to Py, — Py in the right lung (fig. 3). Left lung
hypoxia increased Py, — Py in the hypoxic left lung but
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FIG. 8. The difference between mean pulmonary artery pressure
and capillary pressure (P, — Py) is the pressure drop across the pul-
monary arterial (precapillary) circulation. Similarly, the difference be-
tween capillary pressure and occlusion pressure (P — Pp,o) is the pres-
sure drop across the pulmonary venous (postcapillary) circulation.
Unilateral hypoxia increased the pressure drop across the precapillary
arterial circulation in the hypoxic lung but not in the nonhypoxic lung.

*+ P < 0.05 versus control.
+ P < 0.05 versus left catheter.

did not change Py, — P, in the nonhypoxic right lung.
Right lung hypoxia increased Pp, — Pp in the hypoxic
right lung but did not change Py, — P, in the nonhypoxic
left lung. In summary, unilateral hypoxia increased the
pressure drop across the precapillary arterial circulation
in the hypoxic lung but not in the nonhypoxic lung.

Discussion

The ability to measure pulmonary capillary pressure
and the longitudinal distribution of pulmonary vascular
resistance may permit advances in the understanding of
the pathophysiology of pulmonary hypertension, pul-
monary edema, and lung injury. It is not presently possible
to measure pulmonary capillary pressure directly in intact
animals or patients. Pulmonary capillary pressure can be
measured in the isolated perfused lung lobe using the
isogravimetric technique.® Studies of the isolated perfused
lung lobe have shown correlation of vascular occlusion
methods for measuring pulmonary capillary pressure with
the isogravimetric technique.'® Thus, there has been in-
terest in applying the vascular occlusion method to the
estimation of capillary pressure in intact animals.

Although pulmonary artery occlusion pressure decay
curve analysis has been proposed as a method for deter-
mining the longitudinal distribution of pulmonary vas-
cular resistance, this method has been only partially val-
idated for use in intact animals.®!* Such validation is im-
portant because substantial differences exist between the
perfused lung model and the intact animal model. Mea-
surement in the intact animal is complicated by the use
of an intravascular balloon rather than an external clamp
occluder, the presence of pulsatile rather than constant
blood flow, and the use of closed chest ventilation, Un-
fortunately, the inability to measure capillary pressure
directly in the intact animal makes validation of the oc-
clusion technique difficult. To further validate the tech-
nique in intact animals, it is necessary to demonstrate that
the longitudinal distribution of pulmonary vascular resis-
tance as measured by the technique changes in a predict-
able manner with appropriate experimental conditions.

220z ¥snbny 0} uo 3senb Aq jpd-GZ000-000£0686 L -Z¥S0000/€ L ¥E€9/22S/€/0./3pd-a1o1e/ABojoisayisaue/Bio byese sqnd;/:diy wouy papeojumoq



Anesthesiology
V 70, No 8, Mar 1989

Hypoxic pulmonary vasoconstriction occurs primarily
at the level of the precapillary arterioles and thus pre-
dictably alters the longitudinal distribution of pulmonary
vascular resistance.”!” This response to hypoxia occurs
during barbiturate anesthesia and was expected in the
experimental preparation used in this study.'*'° The uni-
lateral hypoxia model allows simultaneous study of two
lungs with different alveolar gas compositions, but with
the same pulmonary artery perfusion pressure and left
atrial pressure. Hypoxia produces an increase in the pre-
capillary resistance that would be expected to be associated
with an increase in the pressure drop across the arterial
portion of the pulmonary circulation.

In the present study, simuitaneously obtained pulmo-
nary artery occlusion pressure curves were different in
the hypoxic and nonhypoxic lung during unilateral hyp-
oxia. Analysis of the shape of the pulmonary artery oc-
clusion pressure curves indicates increased pulmonary ar-
terial resistance only in the hypoxic lung. In this study,
hypoxia selectively increased Py, — Py in the hypoxic lung
but not in the nonhypoxic lung. These results suggest
that analysis of pulmonary artery occlusion pressure decay
curves properly predicts the changes in the longitudinal
distribution of pulmonary vascular resistance produced
by hypoxia.

Capillary pressure is important as the hydrostatic force
driving pulmonary edema formation. While unilateral
hypoxia did not significantly affect Pyc or Ppc — Ppao in
the hypoxic lung, it significantly increased both Ppc and
P, — Py, in the nonhypoxic lung when compared with
the hypoxic lung. This increase in Pyc and Ppc — Ppao with
unchanged R,/R, likely reflects redistribution of blood
flow away from the hypoxic lung to the nonhypoxic lung.
Unilateral hypoxia is known to cause such a redistribution
of blood flow.2° Calculation of shunt cannot be used to
estimate the flow through each lung because the capillary
oxygen content is unknown. In this model, the lung that
is ventilated with 100% Nj extracts oxygen from the blood
and transports it to the alveoli. The extent of this oxygen

loss depends on the ventilation perfusion relationship of
the lung. Thus, the capillary oxygen content of the two
lungs are different and cannot readily be estimated. Dif-
ferences between the conditions of left lung hypoxia and
right lung may be attributed to differences in the sizes of
the vascular beds of the two lungs. P, did not decrease
in the hypoxic lung because the rise in mean pulmonary
artery pressure offset the effect of an increase in R,/R,.
If only a small segment of lung were hypoxic, the redis-
tribution of flow would be expected to cause little if any
change in pulmonary artery pressure.?’ Thus, hypoxic
pulmonary vasoconstriction active in a focal area of lung
injury may theoretically lower capillary pressure by al-
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tering the local longitudinal distribution of pulmonary
vascular resistance. This effect may reduce the likelihood
of pulmonary edema formation in the injured area. When
a large segment of lung is hypoxic, the alteration in the
longitudinal distribution of pulmonary vascular resistance
that occurs in the hypoxic area may increase capillary
pressure in the nonhypoxic area and thereby increase the
risk of edema formation in the nonhypoxic area.

In summary, we have measured the longitudinal dis-
tribution of pulmonary vascular resistance using pulmo-
nary artery occlusion pressure curve analysis during uni-
lateral hypoxia. The results of this study demonstrate the
expected changes in the distribution in the hypoxic and
nonhypoxic lungs, thereby providing evidence for the va-
lidity of this technique. Alterations of the pulmonary cir-
culation may occur in a variety of clinical and experimental
situations. Estimation of capillary pressure in vivo may
prove valuable in understanding the mechanisms of pul-
monary edema formation, lung injury, and pulmonary
hypertension. Using this measurement technique, new
insights into one-lung anesthesia, atelectasis, pulmonary
hypertension, vasodilator therapy, lung injury, and val-
vular and congenital heart disease may be gained that will
ultimately guide treatment. However, this study shows
that estimates of R,/R, and Py derived from analysis of
pulmonary artery occlusion pressure curves pertain only
to the vasculature distal to the site of pulmonary artery
occlusion with the catheter, and thus caution must be used
when applying this technique in a setting of nonhomo-
genous lung injury.

The authors wish to thank Gail Benson for excellent technical as-
sistance.
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