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I. SUMMARY

Water content in the 1lung is determined by rates of fluid
filtration and removal. Under normal conditions both rates are
small and cancel each other out so that there 4is ho net
accumulation of fluid in the Jung. An increase in lung water, at
a given microvascular pressure, 1implies an 1increase 1in
filtration, a decrease in clearance, or both, Rate of fluid

filtration (Jv) is governed by the Starling equatijon:
Jv = K'F,c'{(Pc'“Pti,f)—O'(T[c“Tfti )]

where, Pc is intravascular hydrostatic pressure, Pti,f is
interstitial tissue fluid pressure, o is the reflection
coefficient for plasma proteins, and mwe and wti,r are plasma and
tissue colloid osmotic pressures, respectively. Fluid removaf
(J1) is effected primarily by the lymphatics.

Physiologic and pathophysiologic factors affecting one or
more elements 1in the Starling equation can have substantial
influence on the potential for and rate of fluid accumulation in
the Tungs. Increasing pulmonary blood flow in the absence of
elevated tleft atrial pressure {(such as occurs in exercise),
hypoxia (such as occurs upon ascent to altitude), and breathing
pattern (because of mechanical 1interdependence between vascular

walls and lung parenchyma) are only a few of these factors.



The goal of this series of studies is to examine some of the
physiologic and pathophysiologic factors that affect one or more
parameters in the Starling equation, and therefore, enhance or
attenuate fluid accumulation in the lung under edema forming
conditions. Emphasis will be placed on attempting to identify
mechanisms for increased fluid filtration rather than on ultimate
outcome. More specifically to determine the effects of
increasing pulmonary blood flow, changes in breathing pattern and
level of ventilation, and hypoxia on rate of edema formation.

In addition, an in depth look at the behavior of distensible
vessels (pulmonary arteries and veins) with and without smooth
muscle tone, using computer modeling, is presented.
Subsequently, a multibranched computer model of the pulmonary
circulation 1is developed and a detailed discussion of the
mechanisms (recruitment and distensibility) responsible for the
characteristic behavior of the pulmonary circulation under
physiologic and pathophysiclogic conditions is entertained.

We first developed an in situ left upper lobe preparation,
in dogs, that enabled us to monitor lung weight continuously
while pulmonary vascular pressures and flow could be accurately
controlled and manipulated. A major advantage to our preparation
is that changes in pulmonary blood flow and vascular pressures,
or lung volume in the experimental lobe had virtually no effect
on other variables such as systemic blood pressure and arterial

blood gas tensions outside the 1lobe. Accordingly, many of the



variables that confound interpretation of results 1in 1intact
preparations were eliminated. As an adjunct to this basic
preparation we have established that the hydrostatic pressure at
the filtration site, effective filtration pressure (EFP), can be
accurately estimated over the entire relevant range of pulmonary
blocd flow (up to 5 times normal) by the arterial occclusion
technique (CHAPTER 4). This permitted the very simple and
frequent determination of EFP as experimental variables were
changed. .

Longitudinal distribution of pulmonary vascular resistance.
The longitudinal distribution of pulmonary vascular resistance
(PVR) has long been a subject of investigation. The proportion
of resistance contributed by vascular segments upstream to and
downstream from specific anatomic and functional sites has been
assessed 1in a large number of studies using a variety of
technigues. The partitioning of PVR relative to the fluid
filtration site is of particular importance; for a given set of
inflow and outflow pressures the distribution of resistance
determines the intravascular pressure at the filtration site, and
hence the potential for, and rate of, edema formation. Several
previous studies addressed this question at normal, or near
normal, flow rates. Despite marked differences 1in experimental
design, the results were quite similar indicating that the
pressure at the fluid filtration site is approximately midway

between pulmonary arterial and left atrial pressures.



By contrast, there is 1ittle information about the
distribution of pulmonary vascular resistance, relative to fluid
filtration site, under conditions of very high pulmonary blood
flow. There 1is reason to believe that it may be different.
Because arteries are situated upstream along the vascular
pathway, they are subject to a greater 1increase 1in pressure as
flow 1increases. The relation between pressure and
cross-sectional area also varies considerably in different
segments along the pulmonary vascuiar tree. .

Our results indicate that during high pulmonary blood flow
EFP is closer to PA pressure than it is to left atrial (LA)
pressure, and that this becomes progressiQe]y more so as a
function of flow. As a result the lung accumulates edema at Tlow
rates in excess of four times normal, despite a normal left
atrial pressure.

Effect of tidal volume and PEEP, As opposed to the
extensive literature on the effects of sustained changes 1in lung
volume (e.g. by PEEP and CPAP), on edema formation and
resolution, there is little information on the effect of cyclic
changes in lung volume on lung fluid dynamics. In order to
maintain adequate ventilation, it is necessary to cycle 1lung
volume. There 1is a variety of tidal volume/frequency
combinations by which a given alveolar ventilation can be
achieved. Because of the profound effect of 1lung volume on

almost all factors (Starling factors) that govern lung fluid



filtration and removal, it 1is qguite reasonable to suspect that
breathing pattern influences rate of edema formation (AW/AL)
under edematogenic conditions. It is conventional to ventilate
patients 1in pulmonary edema with fairly large tidal volumes
despite high distending pressures, although the spontaneous
breathing pattern of patients in pulmonary edema 1is rapid and
shallow. It has not been established, however, whether this
imposed pattern is superior to the natural response pattern with
respect to edema formation. .

Using the same preparation, we were able to show that, for a
given filtration pressure, ventilating the lung with larger tidal
volumes was associated with greater AW/At as compared toc base
Jine. Interestingly, when operating (i.e. mean) lung volume was
increased from base line, using PEEP, to match that of the large
tidal volume, AW/At changed in the opposite direction. This
confirmed that the pattern of ventilation influences AW/AL
through mechanisms that are independent of changes 1in operating
Tung voiume.

Effect of alveolar hypoxia. The effect of alveolar hypoxia
on the pulmonary circulation has also been extensively
investigated. While there is agreement that the predominant
vasoconstrictor effect of hypoxia is at the arterial level, there

is no agreement on whether hypoxia causes venoconstriction or has

a direct effect on capillary permeability.



In reviewing existing evidence on the effect of alveolar
hypoxia on permeability one cannot exclude that the observed
increase in fluid flux could not have been attributed to changes
in EFP. Because of the complex and somewhat uncertain effects of
alveolar hypoxia on the parallel and longitudinal distributions
of pulmonary vascular resistance, it is not possible to obtain an
accurate estimate of microvascular filtration pressure during
hypoxia 1in the presence of even modest levels of blood flow.
Accordingly, using a modification of our basic, preparation we
have studied the effect of alveolar hypoxia on fluid flux in dog
lungs under conditions of very low flow rates, where hydrostatic
filtration pressure can be controlled and estimated with
certainty.

Cur results indicate that alveolar hypoxia does not alter
the threshold for edema formation or the rate of edema formation
at a given microvascular pressure.

Arterial occlusion versus isofiltration pulmonary capillary
pressures. When the arterial supply to a lobe is suddenly
occluded, inflow pressure declines in two distinct stages, an
initial rapid decline followed by a gradual decline. The point
of inflection (between the fast and slow components) describes
the pressure at the site of major compliance 1in the pulmonary
circulation (Pu). We wished to determine how P, as determined
by arterial occlusion, relates to EFP 1in our preparation.

Similarity between Py and EFP would have two significant



implications: First, it would establish that the sites of fluid
filtration and major compliance are the same. Second, it would.
greatly facilitate the measurement of EFP since arterial
occlusion is very simple, and rapid (ca. 2-3 seconds) to achieve,
whereas gravimetric techniques are very cumbersome.

Our results indicate that the arterial occlusion technique
yields a pressure that is equivalent to EFP even during very high
pulmonary blood flow, where the longitudinal distribution of
resistance is quite different from that obtained during normai
flow.

Distensibility and pressure-flow relationship of the
pulmonary circulation. Single vessel model. To ascertain the
relative contributions of vascular aistensibility and
non-homogeneous behavior within the pulmonary circulation to thg
distinctive non-linear relation between inflow pressure (Pin) and
flow (F, P-F relation) and between Pin and outflow pressure
(Pout) at constant F (Pin-Pout relation), we developed a
multibranched model in which the elastic behavior of, and forces
acting on, individual branches can be independently varied. We
first describe the methods used and the responses of single
components of the larger model. Perivascular pressure is modeled
as a function of intravascular and transpulmonary pressures (Py
and Pru, respectively), and vessel length as a function of lung
volume. These, and the relation between vascular area (A) and

Pru were modeled primarily from dog data of Smith and Mitzner (J.



Appl. Physiol., 48:450-467, 1980). Vasomotor tone is modeled as a
radial collapsing pressure (Pt) in the same plane as Pru. In
view of lack of information about the relation between Pt and A
for a given active state, different patterns were assumed which
span a wide range of possible relations. The P-F and Pin-Pout
relations of single vessels were very similar to those reported
for the entire intact circutlation. Of note, the slope of the
Pin-Pout relation in the low Pout range (0-5 mmHg) was very low
(<0.25) and 1increased gradually with Pout , toward unity.
Vasomotor tone caused an apparent parallel shift in the P-F
relation in the physiologic flow range of the dog (2-8 1/min)
regardless of pattern used to model the Pr vs. A relation;
different patterns affected the P-F relation only over the low
flow range before the parallel shift was established.
Distensibility and pressure-flow relationship of the
pulmonary circulation. Multibranched model. The contribution of
distensibility and recruitment to the distinctive behavior of the
pulmonary circulation is not known. To examine this question we
developed a multibranched model in which an arterial wvascular
bed bifurcates sequentialiy up to 8 parallel channels that
converge and reunite at the venous side to end in the left atrium
(LA). Separating the arterial and venous beds are 8 resistors
representing the capillary bed. The elastic behavior of
capillaries and extraalveolar vessels were modeled after Fung and

Sobin (Circ. Res. 30:451-490, 1972) and Smith and Mitzner (J.



Appl. Physiol. 48(3):450~-467, 1980), respecti?e]y. Forces acting
on each component are modified and calculated individually thus
enabling the user to explore the effects of parallel and
longitudinal heterogeneities in applied forces (e.g. gravity,
vasomotor tonel}. Model predictions 1indicate that the
contribution of distensibility to non-linearities 1in the
pressure~-flow (P-F) and left atrial-pulmonary artery pressure
(PLa-Prpa) relations is substantial, whereas gravity-related
recruitment contributes very little to these relations. In
addition, PLa-Pepa relations, obtained at a constant flow, have no
discriminating ability in identifying the presence or absence of
a waterfall along the circulation. The P-F relation is routinely
shifted in a parallel fashion, within the physiologic flow range,
whenever extra forces (e.g. lung volume,- tone) are applied
uniformly at one or more branching levels, regardless of whethgr
a waterfall is created. For a given applied force, the magnhitude
of parallel shift varies with proportion of the circulation

subjected to the added force and with LA pressure.



II. CHAPTER 1

LONGITUDINAL DISTRIBUTION OF PULMONARY VASCULAR

RESISTANCE WITH VERY HIGH PULMONARY BLOOD FLOW
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A. BACKGROUND

The longitudinal distribution of pulmonary vascu1ar
resistance reiative to the fluid filtration site in the lung is
of considerable 1importance. For a given set of inflow and
outflow pressures this distribution determines intravascular
pressure at the filtration site (effective filtration pressure,
EFP) and hence, the potential for and rate of edema formation.
Several studies have previously addressed this question at normal

or near normal flow rates (1, 21, 22, 49), Despite marked

technical differences, the results of these studies were guite
similar, indicating that EFP is approximately midway between
pulmonary arterial and left atrial pressures.

In contrast, there 1is 1ittle information about the
distribution of pulmonary vascular resistance, relative to the
fluid filtration site, under conditions of very high puimonary
blocd flow. There are reasons to believe that it may be
different. First, because arteries are situated upstream along
the vascular pathway, they are subjected to a greater increase in
distending pressure as flow increases. Second, the relationship
between the distending pressure and cross-sectional area (and
hence, the change in resistance for a given change in pressure)
also varies considerably between different segments along the

pulmonary vascular tree (for review see ref. 13).
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B. HYPOTHESIS

It has been previously shown that pulmonary arteries
continue to distend with increasing transmural pressure (Ptm),
whereas the distensibility of veins decreases markedly at
relatively Tow Pru. As a result, when pulmonary blood flow
increases, arterial resistance continues to decrease while venous
resistance remains constant. Vascular pressure at the filtration
site becomes closer to pulmonary artery pressure than left atrial
pressure., This enhances the potential for and rate of edema

formation with increasing pulmonary blood flow.

C. METHODS

1. General

A schematic representation of the preparation used is shown
in Figure 1. An isolated in situ perfused left upper lobe (LUL)
preparation was used. Mongrel dogs weighing roughly 25 kg were
anesthetized with intravenous sodium pentobarbital (30 mg/kg body
wt), intubated, and ventilated with a dual Harvard pump (initial
Vr 10-15 ml/kg, respiratory rate 10 breaths/min, and 50% 0:2).
An arterial line was inserted into the right carotid artery to
monitor systemic blood pressure (BP) and to obtain blood gas
samples. A Swan-Ganz catheter was introduced into the right

external Jjugular vein and advanced into the main pulmonary

t2



artery (PA). The animal was then placed in the right laterail
decubitus position and a wide thoracotomy was done in the Jleft
fifth intercostal space. Once the thoracic cavity was open the
animal was placed on 2.5 cmHz20 of positive-end-expiratory
pressure (PEEP) to prevent lung atelectasis.

The main branch of the left lower lobe (LLL) PA was isolated
and ligated at 1its entrance into the 1lobe. A ringed "Y" shaped
cannula (7 mm I.D., 8 mm O.D.) was introduced immediately
proximal to the ligature. One opening of this cannula was used
to perfuse the LUL while the other opening contained a special
catheter that served two purposes: 1) to obtain lateral inflow
pressure to the LUL and 2) to separate the left and right
pulmonary circulations (see below). A heparin sodium drip was
then started through this special catheter (the tip of which, at
this stage, was still at the stem of the Y cannula) to prevent
clotting in the cannula. Left atrial (LA) pressure was monitored
through a catheter that was inserted into the LLL pulmonary vein
and advanced into the LA.

A second cannula was introduced 1into the LLL bronchus.
Through this cannula, an 8F Fogarty catheter was introduced and
inflated with saline at the junction of the left main bronchus
and trachea. Vr to the left lung was adjusted to match the
volume of the LUL. The LLL was then excised. The LUL was
ventilated with a gas mixture of 5% CO2 in oxygen while the right

lung continued to be ventilated with 50% Oz. This combination

13



was chosen to maintain a constant arterial PCOz (PaCO2) in case
Vr to the LUL had to be modified. High concentrations of oxygen
were used to prevent arterial POz (PaOz) from dropping
substantially as edema formed. Continuous recording of LUL
airway pressure (Paw) throughout the respiratory cycle was
obtained through a side opening on the bronchial cannula.
Ventilation to the LUL was adjusted to pause for 10% of the
respiratory cycle at end-inspiration enabling us to obtain
static end-inspiratory airway pressure (EIP).

A No. 9 endotracheal tube was introduced into the LA through
the LA appendage and secured. At this point the animal was fully
heparinized (300 IU per kg body wt). The LA cannula was then
connected to the Y arm with 9 mm Tygon tubing primed with saline,

and the tubing was placed in a Cobe-Stéckert roller pump.

2. Separation of the right and

left pulmonary circulations
The left main PA, after it exits from the pericardium,
travels subpleurally for about 1 cm before the takeoff of the LUL
branch. A-small idincision in the overlying pleura near the
pericardial exit, avoiding nerves and lymphatics in this region,
was made. By blunt dissection a silk thread (No. 2) was passed

around the left main PA.
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The tip of the special catheter in the Y tube consisted of a
small sphere, 5 mm in diameter conhnected to a cone with a neck
measuring 2 mm with a base and height of 5 mm each. The tip of a
finger from a surgical glove was tied to the apex of the cone.
The width of this rubber material was adjusted so that, when
folded over the cone, it did not extend beyond the cone’s base.
An aperture 1in the catheter near the cone’s base permitted
measurement of left PA pressure. The catheter was advanced until
the narrow neck of this device was at the level of the silk
thread around the left main PA. The thread was then tightened
until a pressure gradient was established between the right and
left PA without completely occluding the vessel. The roller pump
was then immediately started. Flow rate was adjusted so that
left PA pressure just exceeded right PA pressure. Under these
conditions the remaining space between the left PA and the thread
was occluded by expansion of the rubber membrane, thus
estabiishing complete separation between the right and left
circuiations. At post-mortem, we confirmed that the neck of the
catheter moved freely 1inside the 1ligature so that there was no

undue tension or strangulation of the artery wall.

3. Suspension of the LUL
The LUL was then prepared for suspension in the following
manner: Four thin rubber patches (1 mm thick, 12 mm wide, and

40 mm long) were glued with "Krazy" glue to the surface of the

16



lobe, one on the medial surface and one on the lateral surface of
each of the LUL proper and the lingula. Attention was paid to
place the patches near the posterior surface of the lobe so that
the base was supported. Silk threads were attached around the
free end of each strip. The free anterior tips of the LUL and
lingula were each tied with additional threads and finally, the
anterior borders of the LUL and lingula were joined with a
thread. Each of the seven threads was attached to a hook and atl
hooks were suspended from a force transducer. The height of the
transducer was adjusted until the lobe was clear of posterior
structures and the threads are taut. In this fashion 1lobar
weight was evenly distributed. To calibrate the force
transducer, knownh weights were placed on several locations on the
lobe and the deflections were recorded. Because of Earge
variations in weight with ventilation, data were obtained at
end-expiration.

A1l pressure 1lines (systemic BP, left and right PA
pressures, LA pressure, and Paw) were connected to appropriate
pressure transducers and zeroced at the 1level of the LUL
pulmonary veins as they entered the LA. Coﬁtinuous recording of
these pressures was maintained throughout the study on a
6-channel! Gould chart recorder. Care was taken to readjust Vr
to the right lung only, to maintain PaCOz between 30 and 40 mmHg .
Sodium bicarbonate was infused as necessary to maintain arterial

pH between 7.30 and 7.40, although this was rarely necessary.
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Body temperature was maintained between 36 °C and 38 °C with
heating pads. Blood gases and hematocrit were drawn at random
order throughout the experiment to make sure that no major drop
in hematocrit or pH occurred.

At the end of the experiment the animals were rapidly
exsanguinated by pumping blood from the LA into a reservoir.

The LUL was excised, drained from blood and weighed immediately.

D. PROTOGCOL

With the lobe in its normal position before suspension, flow
was increased in steps (each lasting approximately 30 sec) up to
a flow rate of 4 1/min or PA pressure of 60 mmHg, whichever came
first. Subsequently, flow was returned in steps to base !ine.
This process was repeated following the lobe suspension to ensure
that suspension, per se, caused no kinking or stretching of the

pulmonary vessels.

1. Dynamic measurements

Flow was increased in steps from base line to various levels
(up to 10 times normal flow) and was maintained for about 4
minutes. Following each step, flow was returned to base line and

maintained until lobar weight stabilized. The above seguence was
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repeated until 5 to 7 different flow rates were examined (at
least twice each)!'. The order in which the various flow levels
were applied was randomized.
2. Static measurements

At the end of the dynamic measurements, snares were placed
around the two LUL veins as they enter the pericardium. Pump
flow was stopped and the snares were tightened. A reservoir,
primed with the dog’s blood and connected to the PA inflow
tubing, was used to induce edema statically. Edema was produced
by raising the reservoir level from a base line of 7-10 mmHg to
varying degrees of pulmonary vascular pressure for about
4 minutes. The reservoir level was returned to base Jine between
observations. The highest pressure used was one that was
associated with a rate of weight gain comparable to the highest
rate observed during the dynamic measurements. Again, the order

at which the various pressure levels was applied was randomized.

3. Determination of rate of edema formation kAM/At)

AW/At was determined gravimetrically. Following a step
increase in vascular pressure (by increasing flow or raising the
reservoir level) there was an initial fast phase of weight gain.
When vascular pressure at the filtration site exceeds a critical
value, this fast phase was followed by a phase of slow weight

gain. The rate of weight gain during this period was constant as
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long as vascular pressure remained constant. AW/At was derived
from the slope of this slow weight gain segment over a period of
3 minutes.

4. Estimation of effective filtration pressure (EFP)

AW/At beyond the first minute of step increase in flow was
measured and the average value of all determinations (in the same
animal and for the same flow) was calculated. Next, all static
data for which there was a measurable AW/At and the highest
pressure point during which there was no progressive weight gain
(i.e. AW/At = 0) was plotted (AW/At vs. pressure) and a best
linear Tfit was obtained. EFP in the presence of flow was
estimated from the relevant regression equation at a point that
resulted in a weight gain identical to that observed in the
dynamic state.

Following the determination of EFP, it was possible to
calculate the pressure drop upstream from the filtration site
(difference between left PA pressure and EFP, APus), downstream
pressure drop (difference between EFP and LA pressure, APps), and
the upstream and downstream resistances (APns/é and APps /&, Rus

and Rps, respectively).

E. RESULTS
An example of the response observed during step increases in
Tobar flow 1is shown in Figure 2. Base 1line flow to LUL was

0.324+0.04 (meantSD; range 0.3-0.4) I/min, corresponding to the
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hormal blood flow of this lobe [12.2% of cardiac output (7)]. At
this flow (mean*SD) systemic blood pressure, right PA, and left
PA and LA pressures were 128+7.3, 11.1+21.7, 11.8+1.8, and'
2.6+1.6 mmHg, respectively. There was no systematic tendency for
any of these base line pressures to change over the duration of
the dynamic measurements (72 h). The change 1nh base Iine.
(meantSE) systemic blood pressure from beginning to end of the
dynamic measurements was 1.8%£3.4 mmHg. The corresponding changes
in (meantSE) right PA, left PA, and LA pressures were -0.42+0.44,
-0.33+0.44, and -1.1%1.3 mmHg, respectively. -

The highest flow used to perfuse the LUL (meantSD) was
2.9720.45 (range 2.50-3.50) I/min. This corresponds to a cardiac
output of 24 1/min or 1,000 ml/kg body wt. Changing Tlow from
base line to the highest value had no effect on right PA pressure
in any of the animals (e.g., Figure 2), confirming the complete
separation between right and left lung circulations. Left atrial
pressure either did not change or changed slightly and
ihconsistently in response to a step increase in flow. With the
largest step increase, the range of LA pressure change was -1.0
to 1.5 (e.g., Figure 2) mmHg (meantSD = 0.4%0.85; NS). Within
each animal, however, the change in LA pressure was always in the
same direction and its magnitude was related to the magnitude of
flow. The tTack of an appreciable effect of pump flow on LA
pressure was predictable, since blood aspirated from the LA 1is

returned at the same rate via the LUL veins. The inconsistency
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of the change in different animals 1is probably due to differenées
in position or orientation of the tip of the LA pressure catheter
relative to the currents created by the LA cannula. The change
in LA pressure with a step increase 1in flow (if any) occurred at

the point of flow transition. There was no subsequent change.
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FIGURE 2. Representative examples of response to step increase in flow in
one animal. A: flow increased from 0.4 to 1.5 I/min. B: flow increased to
3.5 I/min. BP, arterial blood pressure; LAP, left atrial pressure; LPAP, left
pulmonary artery (PA) pressure; RPAP, right PA pressure. All pressures are in
mmHg. Thin Iines in pressure tracings represent mean pressures. Arrows
indicate times at which flow was increased (Jleft) and then returned to base
line. Note lack of change 1in RPAP, slight increase in LAP, and 'slight
decrease in BP. Brackets on either side of weight tracing are at the same
horizontal level. A downward deflection in weight tracing signifies weight
gain. Note that end-expiratory lobe weight (horizontal segment within each
respiratory cycle) is stable in A and progressively increases in B.
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FIGURE 3. Changes in left pulmonary artery pressure with time after a step
increase in flow. A: average results of response at highest flow in all
animals (solid Iine}. Dashed line, response during step increases in flow to
1.0 1/min. B: data of A, but change in pressure is expressed as % of initial
step increase in left pulmonary artery pressure. Bars, 3SE.
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Systemic blood pressure decreased in all animals in response
to step increase in lobar flow. The change in blood pressure,
while small, was consistent and related to the maghitude of flow.
At the highest flow blood pressure decreased, on average
6.2x1.6 (SD) mmHg (range -4 to -7.5 mmHg). The reason for this
decrease is not clear.

Left PA pressure increased as a function of lobar flow.

With each step increase in flow left PA pressure rose rapidly to

a maximal value. It subsequently declined slightly over the 3-4
min. of observation (e.g., Figure 2). This gradual decline was
observed with all flow rates. Figure 3A shows the average

temporal change 1in left PA pressure with the highest step
increase in flow in the seven animals. Pressure decreased, on
average, 2.8 mmHg from peak to 3 min, with most of the change
occurring in the 1st min (1.8 mmHg). The same phenomenon was
observed at Tower flow rates. The lower line in Figure 3A shows
the response following a step increase in flow from base line to,
on average, 1.0 I1/min. Pressure decreased 1.0 mmHg over the
corresponding time interval. When the time-dependent change 1in
pressure 1is expressed as percent of the step change 1in pressure
(i.e., peak pressure minus base line preséure), the pressure
responses at the two flow rates were similar (Figure 3B). Since
flow and LA pressure were constant in each case, changes in left

PA pressure reflect changes 1in 1lobar puimonary vascular
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resistance (PVR). Figure 3B 1indicates that PVR decreased
5.0¥1.1% by 1 min. with an additional decrease of 3% between 1
and 3 min.

The relation between flow and left PA pressure was
determined before and immediately after lobe suspension (n=7).
Three flow rates were compared: 0.5, 1.5, and 2.5 1/min. The
change 1in left PA pressure as a result of suspension was 0.0+0.3,
-0.9%1.4, and -2.2+1.1 (SE) mmHg at the three flow rates,
respectively. None of these differences was significant,
indicating that suspension per se did not alter the conductance
of lobar vessels.

Following a step change in flow, weight changed acutely,
presumably reflecting changes in biocd volume. When flow was
above a critical level, weight continued to increase at a steady
rate beyond the initial weight gain (Figure 2, bottom). At lower
flow rates end-expiratory lobe weight remained stable beyond the
1st min (Figurelz, top). MWeight accrued during the phase of slow
weight gain ;as not lost after returning flow to base Iine
(Figure 2, bottom).

Figure 4 1Jllustrates examples of the response to step
changes in static vascular pressures in the same animal as in

Figure 2. Increasing vascular pressure in LUL had no effect on

systemic blood pressure, LA pressure, or right pulmonary arterial
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pressure. When static pressure exceeded a critical value (Prx)

the acute increase in lobe weight was followed by a steady gain

at a constant rate?,

RPAP
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FIGURE 4. Representative tracings of response to step increases in static
pressure, Same animal as in Figure 2. Legend of abbreviations as in
Figure 2. Note stability of weight at static pressure of 18 mmHg (A) and

progressive welight gain at pressure 44 mmHg (B).
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Figure 5 shows the pressure and weight data for all animals.
The left panels illustrate the relation between flow and left PA
pressure (solid 7lines) in the seven animals. Each data point
(solid symbols) represents the pressure measured 2 min after the
specified step increase in flow. Because these relations did not
conform to specific functions, 1lines of best fit were drawn by
eve. As 1indicated in METHODS, the order of applying different
flow rates was random, and more than one series of measurements
was obtained in each animal.

The middle panels of Figure 5 show the relation between flow
and rate of slow weight gain measured beyond the first minute.
In six of seven animals the relation appeared linear. For these
animals, the relation was obtained with linear regression
analysis using all data points displaying slow weight gain.
Excellent correlation coefficients were obtained in each case
(r = 0.79~O.98;'F19ure 5). In the seventh animal (Figure 5,
bottom) the relation was convex to the flow axis and the average
relation was obtained by interpolating between the mean of the
two points at each flow. The flow intercept for this animal was
determined by extrapolating the first segment.

The minimal flow associated with slow weight gain (flow

intercept, @Qtw) ranged from 1.35 to 1.75 1/min
‘(mean*SE = 1.47+0.056 I/min). The slope of the six linear
relations varied from 0.41 to 3.17 gemin-1':1-1.min

(mean*SE = 1.1720.42).
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pressure (see text). Middle: relation between lobar flow and rate of weight
gain. Right: relation between static pressure and rate of weight gain.
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The relation between static pressure and AW/At is shown in
Figure 5, right. As with the dynamic data the relations for the
first six animals were linear (r = 0.75-0.98), whereas in the
last animal it was convex to the pressure axis. Pru ranged from
14.0 to 24.5 mmHg (meant*SE = 19.7*1.5 mmHg) and the slope for the
first six animals varied from 0.032 to 0.15 g:min-1'.mmHg-1
(mean*SE = 0.06%0.017). " Given an estimated normal wet weight for
LUL of 1.35 g/kg body wt. (7), the normalized sliope values were
0.188+0.052 g:min-1'+mmHg-1+100 g-!' (SE). There was an excellent
correlation (r = 0.95) between the slopes of the dynamic and

static measurements. The relation was given by the equation

Sst = 0.038 Spyn + 0.024 e e . . (2)

where Sst and Sovyn denote static and dynamic slopes,
raspectively.

We Tooked for evidence of systematic changes in the relation
between flow and rate of weight gain over the duration of the
dynamic measurements and in the relation between static pressure
and weight gain during the static measurements. First, we
compared the rate of weight gain during a step increase in flow
at the end of the dynamic measurements with the weight gain
obtained when the same flow was tested early in the experiments.
Six animals provided this opportunity. There was no significant

difference by paired t test (P>0.50), in AW/At between early and
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tate observations. AW/At for the early observations averaged
1.0220.37 (SE) g/min compared with 0.96%0.30 g/min for the late
observations. PA pressure also was not different (47.8+5.2 vs.
48.8%4.7) in these paired flow observations. A similar analysis
(n=5) also failed to show a significant difference (P>0.50) 1in
AW/At at a given pressure tested early and late in the course of
static measurements. Average AW/At (mean Pst = 35 mmHg) was
1.1420.26 (SE) and 1.26%20.30 g/min for early and late
observations, respectively.

In the event that the above negative results were
fortuitously related to too few comparisons relative to the
inherent variability of the measurement (type II error) we
carried out a modified analysis of residuals to identify
time-dependent trends. We thus considered that the regression
Tines (or lines of best fit for animal 7) for the dynamic and
static measurements (AW/At vs. & and AW/At vs. Pst) represent the
average response over the entire period of dynamic and static
data collection, respectively. If there were a systemic tendency
for weight gain to be relatively higher later in the course of
data collection, then data points collected late in the
experiment should be preferentially located above the regression
line, and vice versa. The time of occurrence of each data point
(associated with Weight gain) relative to total time of dynamic

or static data collection was identified. The horizontal

deviation of the data point from the corresponding regression
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line was measured. The results for all data points are shown in
Figure 6, top. A positive value denotes that the point was to
the left of the regreésion 1ine, and vice versa. There was no

correlation (r = 0.,10) between time and magnitude of deviation in

the static measurements (Figure 6, right). A marginally
significant correlation (r = 0.32, P<0.05) was found between
magnhitude of deviation in the dynamic measurements. However,

inspection of the plot of Figure 6, top left, suggested that the
relation may not be a simple Tlinear function. To reduce the
effect of random (i.e., time 1independent) variability that
accounts for 90% of the variance, we obtained the average
deviation in 10% time bins (middle). This plot shows that in the
first 30% of the time of dynamic measurements the data points
appear to systematically deviate from average by ~0.21 1/min but
that, within this time range, there is no time dependence.
Following a transitional zone (30-50% of dynamic time) there is a
shift to positive deviation, which again shows nho clear time
dependence (avefage deviation 1in the second 50% of
time = 0.14 I/min). This time 1independence continues 1into the
static measurements, which were done immediate1y following the
dynamic measurements. In fact, there was no significant
correlation between deviation and time when the data for the
first and last 50% of dynamic time were considered separately

(r = 0.06 and -0.09, respectively). It follows that there is a

step change in rate of weight gain that occurs between 30 and 50%

31



of dynamic measurements time. This 1is particularly interesting
in view of the observations by Drake et al. (12) that the rate of
lobar weight gain changes from one value to a higher but alsoc a
constant value when Tlobe weight 1increases more than 50% of its
original wet weight. The middie of the time of dynamic
measurements would be about the time our lobes gained 15 g or 50%

of their estimated normal wet weight (7).
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The data for each half of the dynamic measurements were
further divided into two groups of equal number according to
flow. 1In the first 50% of time the average deviation for points
with high flow [2.79%20.50 (SE} I/min}l was =-0.091%0.17 1/min
compared with -0.091x0.22 1/min for the low flow data points
(1.89+0.32 1/min). Similarly, there was no significant
difference between high and low flow points in the second half of
the measurements (0.138%0.23 vs. 0.163%0.50, P>0.50). Our lobes
thus behave as if, after accumulating about 50% of their initial
weight, a change occurs in one of the factors in the Starling
equation, which causes rate of weight gain to increase by a
constant amount that is independent of flow (and hence
intravascular hydrostatic pressure). The change in rate of
weight gain 1is comparable with that which would have been
produced by a flow increment of 0.26 1/min (sum of negative and
positive deviations in first and second halves of dynamic
measurements: 0.12+0.14 = 0.26). Judging from the retation
between Spyn énd Ss7, this is equivalent to a pressure change of
5.0 mmHg (0.26 Spvyu/Ss1).

The data points obtained in the first half of dynamic
measurements in each experiment were shifted 0.26 1/min to the
left and the regression equations were recalculated. The
correlation coefficient improved in each case. Average of r
values increased to 0.93x0.03 (SE) from 0.91%0.03. The flow

intercept (4tn) decreased 1in each case. Average Qrn became
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1.27£0.05 (SE) compared with 1.47%20.06 1/min before correction.
There were minor and inconsistent changes in slope (1.0540.30 vs.
1.1720.42, NS).

Recalculation of average deviation from the recalculated
regression lines now showed no time-dependent trends (Figure 6,
bottom) .

The elimination of time- (or lobe weight) dependent trends
makes 1t possible to relate static and dynamic measurements to
each other. It must be reiterated that only a few minutes
separated the end of dynamic measurements and beginning of static
measurements and that there was no fluid accumulation in the
interim,

The remaining analysis will be based oh corrected data, but

the effect of the correction, if any, on the results will be

indicated.

Partitioning of Pulmonary Vascular Resistance. For a given flow,
the hydrostatic pressure at the filtration site (effective
filtration pressure, EFP) was estimated from the static pressure
that resulted in a similar rate of weight gain in the same
animal. For this purpose, the dynamic and static regression
lines (Figure 5, right) were used instead of actual data points
to eliminate the effect of random measurement noise. For each

animal we determined EFP at five flow Jlevels. These were §th,

the highest flow for which static measurements with comparable
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AW/At were available (&u1) and three equally spaced intermediate
levels (G2, Gz, and &a). The data are shown 1in Figure 5, left
(open circles). From these plots it was possible to calculate
the pressure drop upstream to the filtration site (horizontal
distance between PA and EFP lines, APus), downstream pressure
drop (difference between EFP and LA pressure, APps), upstream and
downstream resistances (APus/§4 and APps/&, Rus, and Ros,
respectively) and the contribution of Ros to total pulmonary
vascular resistaﬁce (Rops /PVR}. The results are summarized in
Table 1. In addition, the relation between flow and APus and
APps 1in individual animals is shown 1in Figure 7.

Rus decreased. The decrease was sufficiently pronounced so
that APus did not change or decreased as flow increased in six of
seven animals (Figure 7, Jeft). On average Rus decreased from
8.3 tc 2.9 mmHg-1-1'+min (Table 1). In contrast, APos increased
progressively with flow in all animals and the relations were
linear (Figure 7, right). The regression had a small pressure
intercept in three animals (3, 4 and 8 mmHg) while intercepting
the flow axis in the other four (0.2, 0.3, 0.5, and 0.7 1/min).
On the average, there was no significant change in Rps as a
result of 1increasing flow over the range of measurements

(Table 1). Ros /PVR increased progressively from 0.681 at &tw to

0.83 at Guz.
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TABLE 1. Average hemodynamic data in seven dogs at five flow rates

PAP,

EFP,

LAP,

APus,

APds,

Rus,

Rds,

1/min mmHg mmHg mmHg mmHg mmHg mmHg-1"'.min mmHg. 1™ min Rds/PYR
ch 1.27 (0.05) 30.4 (1.7} 19.7 {1.5) 2.6 {0.3) 10.7 (1.7) 17.0 (1.7) 8.3(1.3) 13.7 (1.7) 0.61 (0.05)
Q. 1.70 (0.07) 36.8 (1.8) 25.7(L.7) 2.7 (0.3) 111 (0.9) 22.9 (1.9) 6.6 (0.5) 13.7 (1.4) 0.67 (0.03}
Q 2.12 (0.10) 42.6 (2.3) 31.8 (2.1) 2.8 (0.2) 10.5 (0.6) 29.0 (2.2) 5.0 {0.2) 13.8 {1.2) 0.73 {(0.01)
Q 2.56 (0.13) 47.8 (3.0) 38.4 (2.9) 2.9 {0.2) 9.7 (1.5) 35.5 (2.9) 3.8 (0.6) 14.1 (1.3} 0.78 (0.03)
Qhi - 297(0.17) 53.0 (3.7) 44.4 (3.5) 2.9 (0.2) 8.7{(2.1) 41.4 (3.6) 2.9 (0.7) 14.1 (1.3) 0.83 (0.03)

Values are means*SE. &, flow; PAP, pulmonary artery pressure; EFP,
effective filtration pressure; LAP, left atrial pressure; A4Pps, pressure
difference between EFP and LAP; APus, pressure difference between PAP and EFP;
Ros, downstream resistance; Rus, upstream resistance; Ros/PVR, contribution of
downstream resistance to pulmonary vascular resistance; d&ru, Towest flow at
which Tobe weight progressively increased; dur, highest flow tested. &, @3,
Qs intermediate flow rates.
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Whereas these results were based on corrected data, results
with uncorrected data were only marginally different. As
indicated earlier §vu was higher with the uncorrected data. Rus
- was slightly higher and Ros was slightly lower with the
‘uncorrected data, but the trends with increasing flow were the
same. Ros /PVR was 0.55 at &rw (compared with 0.61 in the
corrected data) and increased to 0.79 du:r (compared with 0.83).
The main effect of the correction, therefore, was to cause a
slight systematic 1ncfease in the contribution of Rps to PVR.

Figure 8 shows the average change in various vascular
pressures and résistances as a function of lobar flow.
Equivalent cardiac output values are shown in the upper abscissa
[8 times Tobar flow (7)]. Solid lines show data obtained from
the present study (as in Table 1). In addition, we attempt to

infer the behavior of these pressures and resistances over the

flow range below §rn. This extrapolation is justified by virtue
of the Tinear relation (r = 1.00) between & and APps with an
intercept very near zero (-1.46 mmHg; Figure 8B). We reasohed

that the actual relation between & and APos 1in the range for
which data do not exist (i.e, 0 to &tu) cannot deviate
substantially from a line joining zero and the &tu point
(Figure 8B, dark dashed line). Extrapolated APps was then added
to LA pressure to arrive at EFP over this range (Figure 8A,
dots). The changes in APus, Ros, Rus, and Ros/PVR were then

derived. This analysis shows that Ros and Rus should be equa?l
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(Ros /PVR = 0.5) at a lobar flow of 0.62 1/min (Figure 8D), about
twice normal blood flow, and that at normal flow rates Ros should
account for 45% of the pressure gradient between PA and LA. In
this analysis we assume that the critical opening pressure is not
much higher than LA pressure. This treatment is justified in
this preparation, since 1in several animals we measured PA
pressure when the pump was briefly stopped (§ = Q). In each case
(Figure 5, Jeft) PA pressure was hot different by >1 mmHg from LA
pressure.

The wet weight at the end of the experiment in four animals
averaged 77.4210.7 (SE) g. Given an estimated normal wet weight
of 31.0 [i.e. 1.35 x body wt (7)], this represents an average
increase of 46.4 g. The average cumulative increase in force
transducer signal was 49.5%+7.5 (SE) g, and there was a
significant correlation between excess weight determined by the
two methods. The values of r (0.88) and slope (1.14) were
similar to those reported by Gabel and Drake (19) in another in
situ preparation (r = 0.82 and S = 1.05).

PaCOz changed 1ittie (31 to 32 mmHg) as a result of
increasing flow from base line to the highest level. Likewise,
arterial pH did not change (7.37 to 7.35). PaQz increased from
an average of 90 mmHg to 167 mmHg. since both values are above

the physiologically relevant range, it can be concluded that
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increasing flow caused no functionally significant changes 1in

arterial or lobar inflow blood gas tensions (both are derived

from LA).
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FIGURE 8. Average changes in various pressures (A), pressure gradients
(B), resistances (C) and fraction of downstream resistance (Rps) to total
resistance (PVR) (D), as a function of lobar flow (lower abscissa) or
equivalent cardiac output (top abscissa). Right ordinate of panel C is
equivalent resistance value for total circulation (i.e. lobar resistance/8).
PA, pulmonary arterial pressure; EFP, effective filtration pressure; LA, left
atrial pressure; DS, downstream; US, upstream; PVYR, pulmonary vascular
resistance; Rus, upstream resistance. Solid Tines, data obtained from present
study. See text for explanation of dotted and dashed lines.
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F. DISCUSSION

1. Critique of Methods

The preparation we used combines the advantages of 1in vivo
and in vitro gravimetric preparations while minimizing the
disadvantages of both. It permits the precise control of flow
over the entire physfo?ogica]?y relevant range while lobar weight
is being continuously monitored. The choice of upper 1lobe
perfusion offers several advantages over the more commenly used
Th situ lower lobe perfusion. For gravimetric measurements of
either lobe, it is necessary to remove the other lobe. The lower
lobe, being distal relative to the hilum, can be removed without
any risk of compromising nerve supply, lymphatic drainage, or
bronchial circulation to the upper lobe. Because pump perfusion
is necessary to achieve flow rates such as those studied here,
the choice of upper lobe perfusion permits access via the more
distal left lower 1lobe artery, again minimizing the risk of
damage to vascular, lymphatic, and nerve supply of the lobe to be
studied. This mode of access also permits instant transition
from natural flow to pump flow without an intervening period of
no perfusion (see METHODS). The upper lobe is also much smalter,
making it easier to suspend from a force transducer with its

surfaces free of contact from the chest wall despite a normal

end-expiratory transpulmonary pressure (2-3 cmHzO).v Admittedly,
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the proximity of LUL to the mediastinum renders lobar weight more
vulnerable to mediastinal movement and changes in cardiac size.
Indeed, in the process of developing this technique (experiments
not reported here), lobar weight was frequently erratic,
displaying wide fluctuations that appeared to correlate with
spontaneous changes in systemic blood pressure which are common
in the anesthetized animal and are associated with alterations in
cardiac size. These problems were subsequently averted by
attention to details outlined in METHODS, notably animal
positidon, method of suspension, and ensuring complete separation
between the medial surface of the lobe and the mediastinum.
Withdrawal of blood from the left atrium permits an almost
unlimited increase in lobar flow, independent of ventricular
function, with no effect on perfusion to the right tung and only
minimal changes in such variables as blood pressure, left atrial
pressure, or systemic blood gas tensions that may alter the
distribution of pulmonary vascular resistance (10, 15, 21). As a
result, any‘readjustment of pulmonary vascular resistance
consequent to changing flow must have its origin (passive,
pharmacological, or reflex) within the perfused lobe and is not
secondary to extraneous changes produced by the method used to
increase flow. This degree of isolation was only possible in the

past with perfusion systems that are totally independent and

separate from the animal’s circulation. These systems require
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cannulation of the lobar veins (i.e. more surgical intervention)
and do not permit the removal of blocod degradation products that
may otherwise accumulate and may cause vascular injury (36).

In agreement with the behavior of intact lobes and contrary
to the behavior of in vitro lobes (30), our 1l1obes did not
accumulate fluid until a critical vascular pressure was reached
(Figure 5, right). This threshold (19.7t1.50 mmHg) 1is comparable
with that reported by Drake et al. (19.7+1.8 mmHg; ref. 12) using
an isolated i1n situ left lower 1lobe preparation. Also, in
keeping with responses of intact lobes (12, 30}, the rate of
weight gain at vascular pressures above threshold was constant.
After correction for differences in lobe size, the filtration

coefficient in our preparation (0.188*0.052

g-min-!+mmHg-1:100 g-') was somewhat higher than the values
reported by Drake et al. [meantS8SE = 0.11xz0.02
gsmin-1'.mmHg-*'+-100 g-', (12)] and by Morriss et al.

{meaniSE = 0.0920.01, (30)]. 1In comparing these results we found
no significant difference from the results of Drake et al.
(P>0.20) and a marginally significant difference from the results
of Morriss et al. (P<0.05). It is not clear whether this
represents a true difference in the filtration coefficients of
upper and lower 1lobes or 1is the result of differences 1in
experimental preparation and protocol. It must be emphasized
that the present experiments were not designed to obtain the

filtration coefficient of the lobe. This would have required
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rigorous attention to specific details with respect to pattern of
increase in pressure (12). Such precautions, while providing a
hore accurate filtration coefficient, would have precluded the
acquisition of the information we set out to obtain.

The approach we used to estimate EFP in the presence of flow
is similar 1in pr#ncip]e to that used by Gabel and Drake
(isofiltration technique; ref. 19); EFP at a given high flow 1is
similar to the pressure that produces an equal rate of slow
weight gain during very low flow. At zero f]bw, EFP can be
determined with certainty, since the pressure throughout the
vascular tree is the same. Two major assumptions underlie the
validity of this approach: 1) slow weight changes are due to
fluid filtration and not the result of progressive changes 1in
intravascular volume; and 2) the relation between hydrostatic
intravascular pressure and rate of weight gain is the same in the
two sets of measurements (i.e. dynamic and static). Gabel and
Drake (19) concluded that these factors did not influence their
results. Howevér, since our experimentai approach was
substantially différent, these points should be re-addressed.

Changes 1in vascular volume. The progressive increase in
lobe weight over the 3-4 min of observation may in part or in
total be the result of progressive vascular dilatation in
response to a step increase in pressure. Indeed, we documented a
decrease in pulmonary vascular resistance over the period of

observation (Figure 3). To the extent that a decrease 1in
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resistance indicates vascular dilatation, progressive increase in
vascular blood volume must have contributed to the slow weight
gain. We believe, however, that this contribution was negligible
for the following reasons. 1) The change in resistance beyond
the 1st min (during which weight change was ignored) was minimal
and amounted to "3%. 2) The change in resistance was observed
with low and high step increases in flow, whereas slow weight
gain was observed only when flow exceeded a critical level.
3) In several instances we deliberately maintained high flow
beyond the point at which pressure stabilized (usually 4 min).
There was no measurable change in the rate of weight gain.
4) When flow was returned to base Jine, after a period of high
flow, base line PA pressure was lower (at the same base !ine

flow), reflecting the dilatation that occurred in the course of

increased flow. In each case, base line pressure returned to
control before a new high flow was 1instituted, thereby
establishing the restoration of base Jine resistance. Lobar

weight at this point was invariably higher than at base line
before the observation that resulted in a slow weight gain, and
the magnitude of increase in base 1ine weight agreed very well
with the amount of slow weight gain beyond the first minute.
5) The wet weight of the blood-drained lobe at fhe end of the
experiment was substantially increased, and there was good
agreement between the increase in wet weight and the cumulative

increase in force transducer signal. We conclude that any
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contribution vascular dilatation may have made to slow weight
gain was very small in relation to total weight gain. A similar
conclusion was reached by other investigators who used
gravimetric techniques (19, 31). Evidently, the vascular
dilatation occurring between 1 and 4 min after a step flow change
is not only sma]i but must also involve vessels that do not
contribute significantly to intravascular blood volume.

Relation between intravascular pressure and rate of weight
gain. As discussed by Drake and associates (12, 30) the rate of
weight gain represents the balance between the rate of fluid
filtration and rate of fluid removal by lymphatics and possibly
by airways (in case of alveolar edema) and pleural surface. The
rate of fluid filtration is in turn a function not onlty of
intravascular pressure but also of several other factors included
in the Star1ihg equation, namely filtration coefficient
(including membrane permeability), tissue hydrostatic pressure,
membrane reflection coefficient to proteins, and plasma and
tissue oncotic pressures. Accordingly, a similar rate of weight
gain measured at two different times implies the same
intravascular pressure only if it can be shown that all other
factors that affect filtration and removal of fluid are the same,
or, in the event of any differences, the net effect of changes in

these factors is nii.
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Over the Tong period of data collection (74 h),'and
pakticu?ar1y with progressive edema accumulation as a result of
repeated challenge with high flow or static pressures, it would
be reasonable to expect that one or more of the above factors
will change. It is clearly not practical to monitor all these
variables throughout the experiment. To address this
complication, we had initially planned to alternate dynamic and
static measurements throughout the experiment on the premise that
any systematic changes in the filtration or clearance factors
would apply equally to both measurements. After attempting
several potential approaches for reversible occlusion of the
rpu1monary veins in preliminary experiments, we concluded that
this design was not feasible.3

As a compromise, static measurements were carried out after
the completion of the dynamic measurements but safeguards were
incorporated in the protocol. These inciuded randomization of
order of various step changes in flow or static pressures, to
eliminate the possibility of systematic drifts affecting EFP
estimation more with some flow values thanh with others, and by
additional experimental steps and analyses (see METHODS and
RESULTS) designed to permit detection, and correction for, any
systematic trends in the relation between flow and static

pressure on one hand and rate of weight gain on the other.
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As indicated in RESULTS (also Figure 6), there was only a
suggestion of a step increase in rate of weight gain (at a given
flow) early in the course of dynamic measurements, and correcting
for this small change had no material effect on the results.

Otherwise, the relation between flow or pressure and rate of

weight gain was stable (Figure 6). The reason for this stability
is not clear. It is possible that all the relevant filtration
and clearance factors remained constant. Indeed several studies

{see ref. 35 for review) have shown that tissue pressure changes
little once a critical amount of edema has accumulated. This
critical amount (35) appears to be quite sma11_in relation to the
total weight accumulated by our lobes throughout the experiment.
It is thus likely that this saturation point was reached very
early in the experiment. It has also been shown that rate of
lymph flow reaches a maximum early in the course of edema
formation (11, 12). The perfusion system we used should minimize
permeability changes (see above), and there was no reason for
piasma oncotic pressure to change. There was little blood loss
and fluid administration was minimal and 1likely no more than

insensible losses., The experiments were terminated before any

audible bubbling occurred so that losses via the airway were

unlikely. Alternatively, multiple changes may have occurred
which canceled each other out. Finally, it is possible that our
protocol, consisting of brief periods of edema formation

alternating with periods of no edema formation, may have
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permitted restoration of base 7ine values before initiation of a
new step change in flow or pressure. Regardless of the reason,
the results indicate that inferring EFP during flow from static
measurements done later is valid under the conditions of our
experiments.

While our lobes were technically in zone II perfusion (i.e.
Ppa > Pa > PLa), they were functionally in zone III. EFP,
presumably reflecting pressure at or near alveolar vessels,
ranged from 19.7 to 44.4 mmHg during the flow rates used
(Table 1). It is difficult to envision this pressure decreasing
to less than alveolar pressure (2.5 cmH20) as blood traverses
alveolar vessels with no further change down to left atrium. It
follows that pressure downstream from alveolar vessels was higher
than alveolar pressure, effectively placing the lobe in perfusion
zone III. This conclusion is further supported by the findings
of Hyman (24) that, with comparable flow rates, pressure 1in
medium~-sized veins (2-3 mm) is substantially higher than LA
pressure.

Fluid filters out of the pulmonary vessels not at a unique
point but rather over a region (segment) that includes the
capillaries and a variable amount of adjoining larger vessels (2,
25). To the extent that this filtration segment possesses a
finite resistance, there is no unique hydrostatic intravascular
pressure at the filtration site in the presence of flow. Rather,

there 1is a gradient. Also, it would be unreasonable to expect
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the distribution of resistance upstream and downstream from the
filtration site to be the same in all parallel units, so that for
a given set of inflow and outflow pressures mean vascular
pressure at the filtration site will be different 1in different
units. This 1is independent of the effect of gravity, which
applies equally to static and dynamic measurements. Furthermore,
the presence of a longitudinal pressure gradient along the
filtration site in the dynamic but not the static state dictates
that for a comparable overall filtration rate in the two states
relatively more fluid filters out at the proximal end of the
filtration site and less at the distal end, in the dynhamic state.
Distribution of tissue pressure in the two states may thus not be
similar. Furthermore, factors that govern the relation between
vascular pressure and edema formation (see above) may not be
uniform along the entire filtration site. It follows that
estimates of filtration pressure in the dynamic state, from
static measurements, are necessarily functional. They simply
state that, ag a given flow, the pulmonary circulation behaves as
if the pressure at the filtration region were uniform and of the

specified magnitude. Hence our use of the term effective

filtration pressure (EFP).
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2. Longitudinal Distribution of Resistance
During Very High Pulmonary Blood Flow

With the qualification indicated immediately above, the
major finding of the present study is that as flow increases
resistance upstream from the predominant filtration site
decreases, whereas resistance of the downstream segment stays the
same. As a result, EFP during high f]bw is closer to PA pressure
than it is to LA pressure and becomes progressively more so as a
function of flow. The lung routinely accumulates edema when
lobar flow exceeds 53 ml/kg, corresponding to a cardiac output of
“430 ml/kg, even when LA pressure is normal.

The decrease in upstream resistance (Rus) may be apparent
(i.e. no actual dilatation) or real. An apparent decrease in Rus
may result from 1) specific effect of flow on permeability,
2) dissipation of the kinhetic energy contained in inflowing
blood, or 3) upstream migration of the filtration midpoint. A
real decrease 1in Rus may follow 1) recruitment of paralilel
units, 2) active dilatation, or 3) passive dilatation.

Increased permeability. An increase 1in permeability should
cause a faster rate of weight gain at the same vascular pressure.
If permeability increased progressively with flow, EFP would be
overestimated and AP across the upstream segment would thus be
underestimated. For increased permeability to account for the

measured decrease in Rus, the change in permeability must be
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specific to flow (e.g. shearing) and not a conseguence of
vascular distention (under the influence of high pressures),
since any effect of vascular distention on permeability applies
equally to the static and dynamic measurements. Furthermore,
Erdmann et al (14) found no change in filtration coefficient as a
result of increasing capillary pressure. We believe that this
mechanism does not contribute significantly to the observed
decrease in Rus for at Jleast two reasons. First, damage to
vascular endothelium as a result of high flow should be
progressive. As a result, rate of weight gain should have
progressively 1increased as a step increase in flow was
maintained. This was not observed. Second, if permeability
progressiveiy 1increased as a function of flow the relation
between flow and AW/At should be convex to the flow axis or, at
least , its shape should be different from-the relation between
static pressure and AW/At. A relation that is convex to the
flow axis was observed in only one animal (animal 7, Figure 5,
middle), but the static relation was similar (Figure 5, right).
In the other six animals, the relation was described well with a
lTinear function and there was ho significant difference in r
values between static and dynamic measurements [r = 0.93+0.07

(SD) for dynamic measurements versus 0.90+0.08 for static

measurements].
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Kinetic energy. The pressure measured across a conducting
system (APt) is the sum of pressure drop secondary to frictional
resistance (APrr), which is a function of vascular dimensions and
fluid properties, and the pressure gain or loss secondary to
deceleration or acceleration of the fluid, respectively (4Pca ).
The blood enters tﬁe LUL artery at high speed, and its kinetic
energy 1is not included in the lateral pressure measured at the
inflow port. Since blood slows substantially at the filtration
site, this energy 1is converted 1into lateral pressure.
Accordingly, measured APr underestimates APrr, and the magnitude
of underestimation increases as a function of the square of blood
velocity at the entrance to the LUL. We estimate this effect
(APca) to be no more than 1.0 mmHg at the highest flow in our
preparation?, Table 1 shows that, as flow 1increased from
1.27 1/min (at &rn) to 2.97 1I/min (at &ui), AP across the
upstream segment decreased 2.0 mmHg instead of the expected
increase of 14.3 mmHg had resistance remained the same. The
pressure deficit is, accordingly, 16.3 mmHg. It is evident that
blood deceleration can account for only a small fraction of the
measured decrease in Rus.

The conclusion that deceleration had little to do with the
measured reduction in Rus applies only to this preparation. The
low estimate of APca results from the fact that lateral PA
pressure was measured at a location (left main PA) that is much

larger than the artery supplying LUL. A flow of 3.0 1/min, while
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very ltarge in relation to LUL, 1is relatively small in relation to
left main PA, which is designhed to handle three to four times the
flow tc the LUL. If the entire left lung were perfused at the
same relative flow (i.e. ~10 I/min), APca would have been much
higher (710-15 mmHg), and measured Rus would have decreased even
more as a function of flow. Since APus at the highest flow was
only 8.7 mmHg (Table 1), it is quite possible that at these high
flow rates (in the natural state) EFP could be the same or even
higher than lateral PA pressure (i.e. negative Rus).

Upstream migration of filtration midpoint. As indicated
earlier, there is evidence that extra-alveolar vessels (arteries
and veins) participate in fluid filtration (2, 25). Because as
flow increases arterial pressure rises more than venous pressure
(as dictated by the presence of an inflow to outflow pressure
gradient), it is possible that precapillary vessels contribute
relatively more to filtration at the higher flow rates. The
filtration midpoint would thus move upstream as flow increased,

.
and calculated upstream resistance would decrease simply because
that segment covered by the midpoint migration is no longer part
of the calculated upstream resistance. We do not believe this
mechanism could account for any more than a small fraction of the
observed decrease in Rus. First, to the extent that venous
pressures also increase substantially as a function of flow (24),

the contribution of postcapillary vessels to filtration must also

increase thereby offsetting (at least partly) the increased
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contribution of precapillary vessels and restraining upstream
migration of the midpoint. Second, as shown 1in Table 1, Rus at
the highest flow decreased to approximately one-third of its
value at &rH. If that were primarily the result of migration of
the filtration midpoint, the latter must have migrated upstream
of the major arterial resistance sites during the highest flow.
This would place the predominant site of fluid filtration in
thick-walled arteries, a most improbable development.

Recruitment of parallel units. For recruitment of new units
to explain the decrease in Rus between &rw and du: (Table i),
some units must have been closed at ¢rw and opened subsequenttly.
PA pressure at Qru was 30.4 mmHg (Table 1)}, and the vertical
distance between PA catheter and the most independent lobe region
was “12 cm (8.8 mmHg). Since airway pressure was 2.5 cmHz0, if
units were closed at Grn, then closure was maintained by active
smooth muscle tone that can withstand a distending pressure of at
least 25 mmHg. This proposition is untenable, particularly in an
animal preparation that displays little evidence of active tone
(see ref. 15 and 21). Furthermore, recruitment of parallel units
should decrease downstream as well as upstream resistance. This
was not the case.

Active dilatation. For active dilatation to effect a
substantial decrease in resistance, there must be a substantial
pre-existing tone. This is not the case (15, 21). Active

dilatation may have contributed to the gradual decrease in
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resistance in the course of sustained flow. However, as
indicated in RESULTS (also Figure 4), the total decrease 1in
resistance was very small and can readily be accounted for on the
basis of stress relaxation (17).

Passive dilatation. The major contributors to Rus are
undoubtedly the arteries, and arteries distend under pressure.
Arterial distensibility varies from 1 to 4% of circumference per
millimeter of mercury depending on size (17, 27, 33). As flow
increased from &rw to Quri, the pressure at both ends of the
upstream segment {(i.e. Pepa and EFP) increased épproximate1y to
the same extent (720 mmHg). It follows that arteries of all
sizes were subjected to nearly the same increase in pressure. A
decrease in resistance from 8.3 to 2.9 mmHg-1-'+.min (i.e. a 65%
decrease, Table 1) would result from a 30% increase in radius (or
circumference), or 1.5% per mmHg. As indicated above, this is
well within the documented distensibility of pulmonary arteries.
This mechanism (passive dilatation) would also explain failure of
downstream resistance to decrease despite the pronounced decrease
in Rus. The upstream segment 1is necessarily subjected to a
larger increase 1in distending pressure. Furthermore, unlike
arteries, the distensibility of veins decreases markedly once
their distending pressure reaches a modest value of 7-8 mmHg

(27). This pressure was most likely reached well below AtH.
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We conclude that the progressive decrease in Rus, and hence
the closer proximity of EFP to PA pressure, with progressive
increases in flow is largely the result of passive dilatation of

arteries.

3. Relation to Previous Work

Several previous investigators measured the fraction of
total resistance offered by vessels downstream from the
filtration site (Ros/PVR) at normal or near normal blood flow (1,
18, 19, 32). Two of these studies employed gravimetric
" techniques (18, 19). Gaar et al. (18) used an isogravimetric
technique in an in vitro Jlobe preparation and found the
downstream contribution to be 44%. Gabel and Drake (19) used an
isofiltration technique in an intact left lower lobe preparation
in which flow was increased by constricting the right pulmonary
artery. While flow was not measured, we estimate it was about
twice the normal blood flow to the LLL.5 At this flow Rps was
“50% of total. Our results, extrapolated to the corresponding
flow rates, indicate that Rps should contribute 45 and 50%,
respectively (Figure 8, bottom). There 1is, accordingly,
excellent agreement among all studies that utilized gravimetric
techniques and these results indicate a progressive increase in
Ros /PVR with flow, up to a fraction of 83% at the highest
physiologically relevant rate. Agostoni and Piiper (1) estimated

filtration pressure in subpleural capillaries using an osmometer
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and found a slightly higher downstream fraction (60%) at a fairly
Tow flow. It is not clear whether subp]eﬁraﬂ vessels are
representative of parenchymal vessels. Furthermore, the total
PVR of their preparation was abnormally high (arteriovenous
pressure difference was 11.6 mmHg at a flow rate of 0.14 1I/min).
Parker et al. (82) estimated capillary pressure from the change
in alveolar pressure of fluid-filled lung segments. They found
that downstream resistance accounted for 40% of total resistance.

The longitudinal distribution of PVR was examined 1in
numerous other studies. With the exception of one (24), these
will not be discussed since flow rates used were low and
partitioning was not in relation to fluid filtration site (for
review see ref. 10 and 15). Hyman (24) pump perfused left lung
segments of various sizes in intact (close-chested) dogs in whom
the left PA was cannulated with a tube introduced via the atrial
septum. Measurements were made over a very wide flow range
extending to 540% of normal blood flow. The relation between

)

flow and PA pressure observed in our lobe is similar to that
found by Hyman (24) and others (16) after allowing for
differences in size of perfused segments. Hyman also measured
the pressure in 2 to 3 mm veins by use of a 0.9 mm catheter
introduced retrogradely via LA. He found that the resistance
downstream from this site accounted for ~43% of total resistance.
Furthermore, this value was independent of flow at flow rates in

excess of normal (Table 1, ref. 24). We found that Rps (relative
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to the filtration site) accounts for 61%:of PVYR at four times
normal blood flow (&tk) and this contribution increased to 83% at
the highest flow (Table 1). Hyman’s data would suggest that the
major part of our Ros at dru (43/61 = 0.7) is contained in farge
veins and that the increase in Rps/PVR with flow is primarily the
result of idincreasing contribution from vessels between the

filtration site and 2 to 3 mm veins.

4. Relevance to Natural High Flow States

The cardiac output in exercising dogs has been documented to
increase up to 800 mi/kg (4). Since the highest exercise in the
latter study was not exhausting (4), it is possible that cardiac
output increases to even higher levels. The flow range of our
observations (corresponding to an output range of
400-1,000 ml/kg, Figure 8) is, accordingly, easily reached during
exercise in dogs. The pressure-flow relation in our preparation
is also similar to that found in exercising dogs; at a cardiac
cutput of “306 ml1/kg, PA pressure was 251 mmHg (26) or 28 (range
20.4-34.6) (13) during exercise, and LA pressuré was 2.0 and

3.8 mmHg, respectively. At a comparable flow rate, the PA and LA

pressures in our lobes were 24 and 2.5 mmHg, respectively
{(Figure 8). Pulmonary vascular pressures at higher levels of
exercise in dogs are not available. Nonetheless, in view of the

similarity in the pressure-flow relation between our preparation

and the exercising dog at a flow rate of 300 m1/kg'and the
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probability that the relation in both cases reflects the response
of a passive pulmonary vasculature, it is very likely that the
pressure-flow relation at higher levels of exercise will be
similar to that found in our preparation.

Our results therefore 1indicate that, unless other factors
operate to reduce the resistance downstream from the filtration
site, filtration pressure will exceed threshold for edema
formation during heavy exercise. To the extent that vascular
smooth muscle tone is normally minimal (15, 21),,1it is difficult
to see how a reduction in Rps can be effected by neurally or
humorally mediated active dilatation during exercise. Left
atrial pressure increases during exercise (22), and this may
reduce venous resistance (34). While this may decrease the
pressure difference between filtration site and LA, it is not
reasonable to expect this decrease to completely offset the
increase in LA pressure (so that EFP actually falls) in a Tully
recruited circulation. Ventilation is markedly increased during
heavy exercise and changes in lung volume have complex effects on
vascular resistance (for review see ref. 5, 10, and 15). The
effect of increases in ventilation on EFP during high flow needs
to be investigated.

It is also likely that our conclusions apply to exercise in
humans as well. As in the dog, the maximum cardiac output in
heaTthy young men is five to eight times the resting value (3),

and the overall pressure-flow relation is also similar; at 3.5
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times the resting cardiac output (results for maximal exercise
also not available), PA pressure is, on average, 29*8 (SD) mmHg
{(9). At the equivalent flow, PA pressure 1in our preparation was
27 mmHg (Figure 8, top).

Several investigators have documented an increase in
extravascular water [by indicator-dilution techniques (20, 29)]
or 1in lung lymph flow (6) during even modest exercise. These
findings do not establish water accumulation in the lung, since
the techniques used are susceptible to vascular recruitment. On
the other hand, Marshall et al. (28) failed to document an
increase in lung wet-to-dry weight ratio at the end of exercise
ih dogs. This negative evidence, however, 1is not conclusive
since no hempdynamic measurements were made (i.e. cardiac output
is not known), dogs exercised at a pre set level that was
probably far from the dog’s maximum ability fas Jjudged from the
dog’s performance in other studies), and the number of dogs
studied (four) was too small in relation to the variability of
the wet weight-to-dry weight ratio.

Younes et al. (37, 38) have recently reported that some
normal subjects develop relative tachypnea, occasionally severe
[e.g. (38})], after maximal exercise. By a process of
elimination, they suggested that this may be due to development
of mild interstitial edema at very heavy work rates. The present

results are consistent with, and lend some support to, this view.
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Patients with high permeability pu]honary edema (adult
respiratory disease syndrome), particularly those with associated
sepsis, often display an elevated cardiac output, sometimes in
excess of three times normal (23). It is generally believed that
this 1is beneficial in that it promotes a higher 02 delivery.
Indeed it has been shown that further increases in cardiac
output, by short term fluid challenge, do increase 02 consumption
in some patients (23). We have documented the presence of a
large pressure gradient between EFP and LA pressure in the
presence of high flow. Accordingly, any advantage an elevated
cardiac output (spontaneous or induced) may have on Oz delivery
is obtained at the cost of promoting more edema, and possibly

worse Oz delivery, in the long run.
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G. FOOTNOTES

Footnote 1.
No more than half of the total weight gain limit (i.e. 30 g)
could be allowed during the dynamic measurements to permit a

comparable number of static observations to be made later.

Footnhote 2. \

In a truly static blood column, progressive loss of Jow
protein filtrate should result in progressive increase in
intravascular oncotic pressure, thereby counteracting further
fluid movement. We had initially intended to establish a small
venous leak to ensure renewal of blood at the filtration site.
In preliminary experiments, however, we noted no change 1in rate

of weight gain as a step 1increase 1in static pressure was

maintained. Two factors account for this stability in our
preparation. First, 1lung expansion compresses alveolar vessels
and distends extra-alveolar vessels (5, 10, 15). The periodic

respiratory movements therefore cause mixing of blood 1in
capillaries with that in neighboring vessels. Second, we found
that when the LLL cannula was clamped (in the course of a static
measurement) so that the reservoir is disconnected, there was a
progressive increase 1in vascular pressure and lobar weight,

signifying an increase 1in lobar blood volume. This blood could
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only come from connections with the bronchial circulation, since
left PA pressure was higher than both LA and right PA pressures.
Since bronchial vessels communicate with pulmonary vessels at the
level of pulmonary veins or capillaries (8), this retrograde flow
ensures continuous renewal of blood at the filtration site. With
the reservoir connected, however, this retrograde flow does not
cause an appreciable change 1in pressure on account of the

reservoir’s large area,

Footnote 3.

We attempted several approaches to effect reversible
occlusion of 1lobar veins. These 1included passage of
balloon-tipped catheters via the LA [these have to be sutured to
vein wall to prevent their extrusion (19)]1, or directly through
vein wall, as well as placement of the pulmonary vein snares
before initiation of dynamic data collection. We found that
manipulation of vein wall very fregquently results in a largely
irreversible change in the pressure-flow relation, signifying an
increase in pulmonary venous resistance. This would, of course,

defeat the purpose of the experiment.

Foothote 4.

The pressure change (APca) that results from a change 1in

velocity (V) can be calculated from (5)
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AP = 0.5 (V1-V2)/133.3

where ' is density (kg/m¥) and 133.3 is the constant to convert
newton per square meter (i.e., pascal) to mmHg. At a flow rate
of 3.0 I/min and a cross -sectional area (where the left PA
catheter is located) of 1 cm?, (based on an estimated diameter of

11 mm}, velocity at the site of the catheter (1left main PA at

exit of LUL artery) is 0.5 m/s. If blood slows down to a
standstill (i.e., V2 = 0), lateral pressure will increase by ™1
mmHg.

Footnote 5.

LLL normally receives one-third of cardiac output (7).
Gable and Drake (19) increased LLL flow by partially constricting
right main PA. With complete occlusion LLL flow should increase
no more than threefold. Since only partial constriction was
used, and cardiac output decreases as PVR increases, LLL flow
must have been less than three times normal. The PA-LA pressure
difference in their preparation was, on average, 14.4 mmHg, which

corresponds to a flow of “200 mt-kg-!'-min-? (see Fig. 8).
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III. CHAPTER 2

EFFECT OF TIDAL VOLUME AND PEEP ON RATE OF

EDEMA FORMATION IN IN SITU PERFUSED CANINE LOBES

71



A. BACKGROUND

The effect of Tung volume on fluid dynamics has been a
subject of considerable interest over the past few decades (e.g.,
ref. 4, 5, 9, 12, 13, 15, 19, 30). It has become clear that lung
volume effects are complex and involve almost all factors that
govern fluid filtration and removal. It is well known that
changes 1in mean (i.e. operating) lung volume alter both
extravascular and intravascular pressures (and, hence, the net
hydrostatic filtration gradient) because of mechanical
interdependence between vascular walls and lung parenchyma (16,
27; for review see ref. 8, 24, 26, 28). Furthermore, it has been
recently shown that permeability of both alveolar epithelium (11)
and microvascular endothelium (22) increase with Tung inflation.

The main function of the lung is to exchange gases between

blood and atmosphere brought about by oscillatory changes in lung

volume. Studies, so far, have been primarily concerned with the
effects of sustained elevation in lung volume produced either by
positive end-expiratory pressure (PEEP) or by continuous Tlung
inflation. As opposed to the extensive literature on the effects
of sustained changes in lung volume on pulmonary fluid dynamics,

there is Tittle information about the effects of changing Vr.
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B. HYPOTHESIS

Changes in Vr can influence filtration because of the
associated changes 1in operating lung voliume. However, there are
reasons to believe that changes in V1 may have effects on
filtration that are independent of those related to changes 1in
operating lung volume. Although oscillating around a similar
mean alveolar pressure (Paj), a major difference between large Vr
and PEEP 1is that large Vr is associated with a higher Pai1 during
one part of the respiratory cycle (inspiration) and a Jower Pa1
during another (expiration). The relation between Tlung volume
and each of the filtration and clearance factors has not been
established. If it were 1linear, then any extra ef%ect accrued
when Pai1 is higher would be offset by opposite effects when Pax
is lower, and there should be no net difference in rate of edema

formation between large V1 and PEEP.

C. METHODS

Preparation similar to that described in CHAPTER 1.

D. PROTOCOL

Twelve dogs were used in this study. The LUL was
ventilated, on a randomized basis, with two different tidal
volumes (Vs and Vz), generating static end-inspiratory airway

pressures (EIP) of 7.5 and 17.5 cmHz20, respectively, with a base
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lTine end-expiratory pressure (EEP) of 2.5 cmH20. At each level
of Vr, edema was induced dynamically as described in CHAPTER 1.
A minimum of 2 observations at each of two different flow rates
was made at each level of Vr.

In 68 dogs, at the end of the dynamic measurements, edema was
induced statically (as described in CHAPTER 1). Static
measurements were obtained at levels of Vr eqguivalent to those
used 1in the dynamic measurements (i.e. EIP of 7.5 and
17.5 cmH20) . Four to eight different pulmonary vascular
pressures were selected at each level of ventilation.

In the other 6 dogs, rate of edema formation was measured in
a third condition (Va) in which Vr was similar to Vi but PEEP
level was increased so that mean ajirway pressure was
approximately the same as in V2 conditions. Chart speed was
increased to 25 mm/sec towards the end of each 4 min period of
high flow, and the inflow tubing to the LUL was occluded for 1-2
seconds. During this period pump flow was temporarily diverted
to a reservoir. Occlusions were carried out near end-inspiration
and near end-expiration, In this group of dogs, only dynamic
measurements (i.e. in the presence of high blood flow) were
obtained as the total weight gain during the 3 sets of dynamic
measurements precluded reliable static measurements. In this
series Vi was tested first but the order of testing V2 and Vs was

randomized.
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In the first group of 6 dogs effective filtration pressure
(EFP), at the various levels of ventilation and flow rates was

estimated using the gravimetric technique described in CHAPTER 1.

Estimation of middle compartment pressure (Pu). In the second
group of 6 dogs, filtration pressure in the dynamic state was
estimated using the arterial occlusion technique as static
measurements were hot availabie. Following occlusion, PA
pressure drops rapidly, followed by a slow decline in pressure
that plateaus. The plateau level approximates either LA pressure
or alveolar pressure (whichever 1is higher). The best fit
exponential curve for the slow phase, sampled at 50 Hz, was

obtained according to the following equation:
Y = A-e-8X 4+ C

where Y and X are PA pressure and time, respectively; "A" is a
constant; "B" is the reciprocal of the time constant; and "C is
the asymptote pressure value. "C" was obtained directly by using
the lowest flat portion of the curve. Py, pressure 1in the
compliant middle compartment, at the time of occlusion (t=0) was
taken as the sum of "A" and "C". A more elaborate description of
this technique and justification for 1its use under very high flow

conditions is provided in CHAPTER 4.
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E. RESULTS

Measured and calculated data, obtained in 12 dogs, comparing
rate of edema formation with smaller tidal volumes (Vi) versus
larger tidal volumes (V2) are summarized in Table 1. Blood flow
to the LUL (mean*SD) was 2.32%0.99 1/min. Inflow pressure to the
LUL was slightly affected by ventilation. Oscillations in inflow
pressure ranged between 2 and 6 mmHg from end-inspiration to
end-expiration. Mean inflow pressure to the LUL (LPAP) with
smaller tidal volumes was not different from that with larger
tidal volumes (42.3 in both cases). Pressure at the filtration
site (EFP) estimated by the isofiltration technigue 1in the first
6 dogs and by the occlusion technique in degs 7 to 12 was also
not different (31.4%x7.6 vs. 31.3%7.1, respectively). Despite
equivalent filtration pressures, rate of edema formation (AW/AE)
with larger tidal volumes was significantly (P<0.001) higher than
that obtained with smaller tidal volumes (0.73+0.29 g/min versus

0.58120.830 g/min, respectively).
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TABLE 1. Vascular pressures and rate of weight gain with small and large tidal volumes

v Y

wt, Flow, : :
Dog No. ke I/min LPAP, EFP, LAP, AW/ AL, LPAP, EFP, LAP, AW/,
mmHg mmHg mmHg g/min mmHg mmHg mmHg g/min
1 19.0 2.10 45.0 27.5 0.0 0.13 46.0 33.8 0.0 0.24
2.40 50.0 27.5 0.0 0.13 51.5 33.8 0.0 0.24
2 37.0 3.50 35.5 28.5 7.0 0.60 38.5 28.5 7.0 0.77
4.00 39.5 313 7.0 0.73 42.5 314 7.0 0.97
3 25.0 3.00 42.0 33.3 1.5 0.40 42.5 333 15 0.50
3.50 47.0 41.8 15 0.63 47.5 40.3 1.5 0.75
4 32.0 3.50 32.0 25.5 3.3 0.48 32.5 25.5 3.3 0.56
£.00 34.0 29.3 3.3 0.58 35.0 30.0 3.5 0.75
5 23.0 3.00 50.5 36.0 0.0 0.42 53.3 34.3 0.0 0.62
3.50 60.5 52.0 0.0 0.72 61.0 48.3 0.0 1.02
6 20.0 2.50 46.0 42.1 3.0 0.76 45.0 39.5 2.3 0.83
3.00 49.0 . 480 3.0 0.96 50.0 49.0 18 1.17
7 23.0 1.25 40.0 31.7 3.9 0.75 40.5 29.5 8.0 0.75
1.50 45.5 311 35 0.88 43.0 32.7 6.5 0.88
8 19.0 1.00 46.0 28.2 6.0 1.00 40.0 25.3 7.0 1.13
1.25 52.0 29.5 5.9 1.30 50.0 28.6 6.7 1.38
9 21.0 1.50 325 25.9 1.0 0.25 35.5 28.1 1.2 0.54
L75 36.5 28.5 L1 0.75 40.0 30.1 0.8 1.00
10 26.0 1.00 30.0 22.5 0.6 0.13 34.0 21.5 0.0 0.38
1.50 39.0 26.9 0.5 0.38 43.0 26.8 0.0 0.75
11 19.5 1.50 8.5 21.6 3.3 0.50 38.0 243 0.5 0.50
2.00 415 28.1 23 0.75 46.5 26.6 0.6 0.75
12 22.5 1.50 36.0 26.8 3.6 0.25 27.0 22.5 18 0.38
2.00 40.0 28.9 4.1 0.50 33.0 26.3 2.1 0.63
Mean 23.9 2.32 42.3 314 2.7 0.58 42.3 31.3 2,6 0.73*
+ SD *5.5 +0.99 7.4 *+7.6 2.2 +0.30 £7.7 +7.1 +2.8 +0.29
Vi, small tidal volumes {end-expiratory pressure (EEP) = 2.5 cmHz20;
end-inspiratory pressure (EIP) = 7.5 cmHz0}; V2, large tidal volumes

(EEP = 2.5 cmH20; EIP = 17.5 cmH20); LPAP, inflow pressure to the left upper

lobe; EFP, effective filtration pressure; LAP, left atrial pressure;

AW/ At,

rate of edema formation. ¥ Significantly different from vy (P < 0.001) by
two-way analysis of variance for repeated measures. No significant difference

in other parameters.
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TABLE 2. Pressure intercepts and slopes of the relation between static vascular pressure
and rate of edema formation with small and large tidal volumes :

Vi Ve
Dog NO. ‘r‘ S, I, S. r
mmHg g-min™'-mmHg™-100 g~ r mmHg g'min~'-mmHg™.100 g*
i 20.5 0.072 0.99 20.6 0.078 1.00
2 15.1 0.091 0.95 17.5 0.141 0.99
3 18.0 0.078 0.98 19.2 0.106 0.99
4 8.4 0.064 0.98 10.2 0.087 0.99
5 13.4 0.061 0.99 12.6 0.092 0.98
6 18.7 0.120 0.98 16.6 0.133 0.99
Mean +SE 15.7+1.8 0.081+0.009 16.1%+1.6 0.106£0.010*

Pressure intercepts (I = Pcrit) and slopes (8) [normalized to 100 g wet
Wt of a normal left upper lobe estimated from the dog’s body weight (7)] of
linear regressions of the relation between static and vascular pressure and
rate of edema formation. Vi, small tidal volumes; V2, large tidal volumes; r,
correlation coefficient. x Significantly different from Vi (P ¢ 0.01) by
pared t test. Intercepts not significantly different.
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TABLE 3. Airway pressures, vascular pressures, and rate of edema formation with small tidal volumes,
large tidal volumes, and small tidal volumes plus PEEP

v, V, . Vs

DogNo. “Baw,  LDAP,  EFD. LAP. AW/d - Paw,  LPAP, EFP, Lap, awyar Paw, LPAP, EFP, Lap, AW/ae,

cemH,0 mmHg  mmHg mmHg  g/min emH,0 mmHg mmHg  mmHg  g/min cmH,0  mmHg mmHg  mmHg  g/min

7 4.6 40.0 31.7 3.9 0.75 7.5 40.5 29.5 8.0 0.75 6.9 39.0 29.7 5.3 0.25
4.8 45.5 31.1 3.5 0.88 1.7 43.0 32.7 8.5 0.88 7.1 45.0 32.2 5.0 0.50

4.0 46.0 28.2 6.0 1.00 7.1 40.0 25,3 7.0 1.13 6.6 45.0 29.1 7.3 0.75

4.2 52.0 29.5 3.9 1.30 7.3 50.0 28.6 6.7 1.38 6.8 583.0 30.8 7.5 1.50

5.3 32.5 259 1.0 0.25 7.6 35.5 28.1 1.2 0.54 6.3 36.0 — 0.8 0.25

5.5 36.5 28.5 1.1 0.75 78 40.0 30.1 0.8 1.00 6.5 39.0 — 1.0 0.50

10 4.0 30.0 228 0.6 0.13 7.0 34.0 21.5 0.0 0.38 7.1 32.5 21.7 0.0 0.13
4.2 39.0 26.9 0.5 0.38 7.2 43.0 26.8 0.0 0.75 73 41.0 27.0 0.0 0.38

4.5 38.5 21.6 3.3 0.50 7.5 38.0 24.3 0.5 0.50 6.5 40.5 26.2 0.0 0.50

4.7 47.5 28.1 2.8 0.75 1.7 46.5 26.6 0.6 0.75 6.7 48.5 31.0 0.0 0.75

12 5.0 36.0 26.8 3.6 0.25 1.5 27.0 225 1.8 0.38 79 30.0 23.9 0.3 0.13
5.2 40.0 28.9 4.1 0.50 1.7 33.0 26.3 2.1 0.63 79 40.0 30.3 0.5 0.38

Mean 4.7 40.3 27.5 3.0 0.62 7.5% 39.2 26.9 29 0.76* 7.0t 40.8 28.2 2.3 0.50
+0.5 *6.4 3.0 *19 +035 +03 *+6.3 *3.2 31  +0.30 +0.5 *+6.5 34  £30 +0.38

Vi, small tida) voilume plus positive end—expiratory pressure
(EEP = 5.0 cmH20; EIP, 11.0 CmH20); Paw, mean airway pressure; EFP, effective
filtration pressure. For definitions of other abbreviations, see Table 1
legend. = Significantly higher than AW/At with vs (P < 0.005) by two-way
analysis of variance (ANOVA) for repeated measures, Significantly higher
than Paw in v, (P < 0.001) by two-way ANOVA for repeated measures, No
significant difference between Vz and vs.
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Table 2 shows results of the static measurements which were
Used to estimate the filtration pPressure 1in the dynamic state in

dogs 1 to 6. An excellent linear correlation (r > 0.85) was

under the two V1 conditions, With smaller tidal volumes (Vi),
the pressure intercept (Perit) averaged (meantSEg) 15.7+1.8 mmHg
and the slope (5) 0.081+0.009 g-min“-mmHg**-TOOg“. This latter

value is comparable to previously reported values in intact lobes

(e.g. 20). The slope was higher in a13 dogs during ventilation
with Tlarger tidal volumes (Vz), the average being 131x
(0.10610.010) of the smalier tidal volumes (P<0.01). The

intercepts were not different.

As mentioned in METHODS, 1in dogs 7 to 12, AW/At was measured
in a third situation (Vz) in which Mean airway pressure (Paw) was
increased by introducing additional EEP to the base 71ine Egep of

2.5 cmH20. A summary of the measured and calculated resuilts

Despite slightly lower (not significant statistica]]y) filtration
pressures (EFP) under V2 conditions as compared to Vi, AW/At

under V2 was significant]y higher (P<0.005). Although the
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difference between Vi and Vs failed to exceed the significance
level (P=0.20) a trend towards a lower AW/At using higher EEP was

evident.

F. DISCUSSION.

In CHAPTER 1 we Hhave shown that the fraction of total
pulmonary vascutlar resistance (PVR) contributed by vessels
downstream (DS) from the filtration site (i.e. Ros /PVR) 1increases
progressively with increasing pulmonary blood flow. At 4 and 8
times normal blood flow the fractions are 60% and 80%,
respectively. As a result, the Tung routinely accumu}ates water
at flow rates in excess of four times normal despite low
(2-5 mmHg) outflow pressures. Some factor must surely operate to
prevent the lung from developing pulmonary edema since flow rates
of this order are easily reached during exercise (e.g. 2, 3) and
significant pulmenary edema is not khown to develop even after
very heavy exercise (e.g. 18). Since tidal vo]ume (V1) 1increases
substantially during exercise, and Tung volume affects almost al]
factors that govern fluid filtration and removal, we reasoned
that an increase ih Vr may reduce edema formation under
conditions of high pulmonary blood fiow. To our surprise we
observed the opposite; AW/At increased significantly with larger

Vi, at equivalent blood flows (Table 1).
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The 1increase 1inh AW/At was not the result of higher
hydrostatic pressures at the filtration site (EFP); estimated
filtration pressures were comparable at both tidal volumes
(Table 1). Furthermore, the increase in AW/At was also observed
under static conditions in which case EFP is Known with certainty
(Table 2).

AW/At represents the balance between rate of fluid
filtration and removal (by lymphatics and tung surface).
Therefore, an 1increase in AW/At, at a given microvascular
pressure, 1implies an increase in fi]tration,'a decrease 1in
clearance, or both. A decrease in fluid removal with large Vv
can be discounted; lymph flow is known to increase with larger
tidal volumes (1) and there is no reason to expect a reduction in
fluid clearance at the pleural surface under these conditions.
It follows that the observed increase in AW/At s primarily the
result of an increase in fluid filtration. In fact, due to
increased lymphatic drainage (1), the observed increase in AW/AE
likely underestimates the increase 1in rate of fluid filtration.

The rate of fluid filtration from the pulmonary
microvasculature (dv,c) is governed by the Starling equation

(28):

Qv,c = Lp+A[(Pc-Pts,f)-o(Mc-mti )] . . . . (2)
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where Lp is the filtration constant per unit area (i.e. index of
permeability), A is the membrane area available for filtration,
Pc is the hydrostatic pressure within the lumen, Pti,f 1is the
hydrostatic pressure in the tissue fluid surrounding the vessef,
o 1is the reflection coefficient for proteins, and me and mti are
the plasma and tissue fluid oncotic pressures, respectively.

Rearranging equation 2:
Gv,c = Lp+A+Pe=Lp+A-[Pti,f+0-(Me-mti)] . . . (3)

If one assumes that Pti,f, O, Tc, Wti, are independent of ?c
(but see below), a plot of év,c vs. Pc should be linear with a
slope = lp+A and a pressure intercept = Pti,f+0(TMe-mts ). This
type of analysis 1is routinely applied to identify possible
mechanisms of a change in rate of fluid filtration (e.g. 22, 28).
According to this interpretation, our data, shown in Table 2
[increased slope (S) without a change in intercept (Perit)],
would imply that larger Vr acted by increasing permeability (Lp),
area (A), or both without a change in Pti, s, g, Tc and mti (since
Perit was unaffected). An increase in surface area is consistent
with anatomic and physiologic data which show that both length
and circumference (and hence surface area) of extra-alveolar
vessels increase with lung volume (16, 27). It is also
consistent with the expected increase in surface area of alveolar

vessels under the conditions of our experiment!,
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Changes in surface area undoubtedly contribute to the
observed response. However, we believe that this conventional
interpretation (of changes in slope and intercept) cannot be
defended when a change in lung volume is the variable under study
for the following reasons:

1) This interpretation leads to the conclusion that Pti,f
does not change with increasing lung volume. This is totally
inconsistent with the well established effects of changes in lung
volume on extravascular pressures. It is well known that
alveolar vessels are compressed as lung volume increases (8, 14,
24, 25, 28). This suggests an increase in extravascular pressure
{(17). It is also well known that, at a given intravascular
pressure, extra-alveolar vessels distend as lung volume increases
(8, 14, 16, 24, 25, 27, 28), indicating an increase in the net
radial forces applied to the exterior of the vessels (Px, ref.
16, 27). ' Admittedly, the extent to which fluid pressure
participates 1in this overall change in extravascular forces is
not known. However, it would be unreasonable to assume that
P+i,¢f does not change under conditions which undoubtediy promote
expansion of the extravascular space.

2) The opposite effects of lung volume on Pti,f surrounding
alveolar and extra-alveolar vessels dictates that, at a given Pc,
alveolar vessels should contribute less whereas extra-alveolar
vessels should contribute more to fluid filtration as lung volume

increases. It follows that as lung volume increases the overall
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behavior of the 1lobe (relation between AW/At and Pc) should
become progressively more dominated by the fluid filtration and
clearance characteristics of extra-alveolar vessels (i.e. Pti,f,
lp, A, O, mti, and ease of fluid clearance by lymphatics and Tung
surface). Considering the differences in structure and location
of alveolar and extra-alveolar vessels, it would be unreasonable
to assume uniformity in these characteristics among the two types
of vessels. Thus, 1t would be surprising if a shift in the
predominant site of filtration to extra-alveolar vessels were not
associated with a change in the effective values of one or more
of these parameters.

3) Implicit in the use of the slope as an index of the
filtration coefficient 1is the assumption that Pti,f 1is
independent of intravascular pressure. While this may be
Justified at small Tung volumes, it is not tenable at large
volumes. At least two studies have shown that extravascular
pressure increases as intravascular pressure is raised. The
change being fairly small at low transpulmonary pressure (Prp)
and increases as Prp is increased (16, 27).

4) The fact that the 1lymphatic drainage (J1) was not

interrupted in our preparation (at least not deliberately so)

further complicates the interpretation. An increase in J1, as a
result of large V1, should increase Perit. If the increase in Ji
is proporticonal to Pc, a decrease in slope is also expected. It
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follows that rather than reflecting no change in the product
Pei,r+0(nc-1tt i ), the lack of change in Pcrit may be the result of
a reduction 1in this product that was offset by an increase in Ji.
It is evident that the complex effects of Tung volume precludes a
conventional interpretation of our results, and that the data in
Table 2 are consistent with a wide range of possibilities. To
further narrow these possibilities we compared, in the last 6
dogs, the effects of increasing Vr with that of increasing PEEP.
The rationale for this comparison is as follows: A large V7
(i.e. Vz) differs from control (i.e. Vi) in two respects. First,
operating (i.e. mean) lung volume 1is higher. Second, the
pressure oscillations are Tlarger. It was conceivable that the
size of oscillations, per se, may have independent effects due to
dynamic phenomena or non-linearities in the relation between lung
volume and any of the various filtration and clearance variables
that are affected by lung volume. The results in Table 3 clearly
show that the two types of volume manipulation had different
effects on AW/At; compared to base line (Vi), AW/At increased
significantly with large Vr and tended (NS) to decrease with PEEP
despite the fact that EFP was, on average, slightly lower with
large Vv and slightly higher with PEEP. The difference in AW/At
between large Vr and PEEP was highly significant (P<0.005).
Since operating lung volume [as reflected by mean airway pressure

(Paw) and hence alveolar pressure (Pai1)]2 increased from base
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Tine in both cases, and the changes in AW/At were opposite 1in
direction, the difference in AW/At between the two cases cannot
be attributed to differences in microvascular surface area.

Although oscillating around a similar mean Pai1, a major
difference between large Vv and PEEP is the fact that large Vr is
associated with a higher Pa1 during one part of the cycle and a
lower Pa1 during another. End-inspiratory plateau pressure (EIP)
was 6.5 cmH20 higher while end-expiratory pressure (EEP) was
2.5 cmHz0 lTower (Table 3).3 If the relation between lung volume
and each of the filtration and clearance factors were linear,
then any extra effect accrued when Pa1 is higher would be offset
by opposite effects when Pai is lower, and there should have been
no net difference in AW/AEL. Our results, therefore, clearly
suggest the presence of substantial non-linearities, and these
can operate in various ways.

Lung volume and permeability. If the membrane permeability
(Lp) were unaffected by Tung volume up to a critical inflation
pressure, but increased with further inflation, and if that
critical inflation pressure happens to fall between EIP of V2 and
Va (i.e. between 11.0 and 17.5 cmH20, Table 3), then an increase
in Lp could have occurred with large Vv and not with PEEP.
Permeability of both capillary endothelium and alveolar
epithelium have been shown to increase when a critical inflation

pressure 1is exceeded (10, 11, 22). However, this criticail
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pressure is much higher (>30 cmHz0) (10, 11, 22) than the peak
inflation pressures of our study (<20 cmH20). Therefore, this
possibility is very unlikely.

Lung volume and Pei, r. There is no evidence of
hon-linearity between Prep and Px over the range of Prp used 1in
this study (16, 27). However, as indicated earlier, whether the
response of Pti,f 1is similarly linear has not been established,
and it is Pti,f that is relevant to filtration. Our observations
could be explained if the relation between Pre and Pti,f over the
Prep range 11.0-17.5 cmH20 1is steeper (i.e. more Pti,f change per
unit c¢hange in Pre) than in the range 2.5-5.0 cmHz20.
Alternatively, the change in Pti,f with lung inflation may be
time dependent; Pti,f decreasing acutely and returning to base
Tine when inflation is sustained. Sustained increases in 1lung
volume (i.e with PEEP) may, therefore, have either a lesser or no
effect on Pti,f as compared to increases in the amplitude of
volume oscillations. Although direct measurements of 1liquid
pressure outside alveolar vessels have been made at different
lung volumes (17) the published data is insufficient to make a
firm conclusion about the linearity of the relation between Pre
and Pti,+ under the conditions of our experiments.

Lung volume and Pcrit at alveolar and extra-alveolar
vessels. Because of the opposite effects of lung volume on Pti,+f
{relative to pleural pressure) of alveolar and extra-alveolar

vessels, increasing lung volume should promote lesser fluid
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filtration from alveoclar vessels and greater filtration from
extra-alveolar vessels. The net effect on filtration is the sum
of both actions. Increasing Pti,f should decrease filtration
from alveolar vessels up to the point where (Pc-Pti,sf) equals
G{TMec=Ttq ). Since at this point net filtratio% should become
trivial or cease, ‘additional reduction in the hydrostatic
pressure gradient of alveolar vessels (by increasing lung volume
and Pti,f) should have no further reducing effect on filtration
from alveolar vessels. On the other hand, as Pti,f of
extra-alveolar vessels continues to decrease with lung inflation,
filtration from these vessels would continue to increase. It is
evident that in the Prep range 2.5-11.0 cmH20 of our experiments
the opposing effects on filtration from alveolar and
extra-alveolar vessels nearly canceled each other out (since
AW/At did not change or decreased slightly as alveolar pressure
was varied(in this range; Vi vs. Vs, Table 3). It is possible
that the critical Pti,f of alveclar vessels (i.e. the tissue
fluid pressure at which filtration ceases) was reached 1in our
experiments at Prp slightly above 11.0 cmHz20. In this case, when
Prp of large Vr (Vz2) exceeds that of PEEP (Vi) that part of the
respiratory cycle will be associated with a higher net
filtration. This difference cannot be offset during the period
when Prp with Vz is lower than that with Vs since at the Tlower
Prp range differences in Prp have little net effect on filtration

{see above).

89



Lung volume and interstitial fluid movement. It 1is
generally accepted that fluid filters from the microvasculature
into the immediate extravascular interstitium and subsequently
flows into more proximal sites in the interstitium (28, 29). The
resistance to flow between the immediate and £he more proximal
compartments necessarily influences the back pressure (i.e. Pei,r
in the vicinity of the filtratiom site). Thus, with a higher
resistance, Pti,f at the filtration site should be higher, other
factors being equal (28, 29). A lower mean resistance with
larger Vi, on account of non-linearities in the relation between
lung volume and resistance to tissue flow, could result in a
Tower mean Pti,r ahd therefore, greater filtration rate.

Very recently, Albelda et al. (1) have shown, in
unanesthetized spontaneously breathing sheep, that increasing Vr
{produced by increasing dead space), 1is associated with an
increase in pulmonary lymph flow. Under steady state conditions,
this increase in Tymph flow must reflect a concomitant increase
in transvascular fluid filtration. It was not possible to
ascertain whether the increase in filtration is a conseguence of
a primary (pumping) action of ventilation on lymphatic drainage,
or the opposite (i.e. higher tidal volumes independently increase
filtration and the associated increase 1in lymph flow 1is a
secondary phenomenon). Since the rate of pulmonary lymph flow
(J1) is normally very small, and the increase “in J; produced by

higher tidal volumes was also relatively small (27%), the
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associated increase 1in fluid filtration, assuming a primary
effect on lymphatic pumping, would be trivial and the lung would
not be expected to gain weight (in fact some loss of weight is to
be expected). On the other hand, 1if the primary effect is on
filtration, the increase in J; may represent on]y:the "tip of the
iceberg," and Jlung water is expected to increase. The
distinction is, therefore, important as it establishes whether
increases in Vr (or ventilation) would have a net beneficial or
deleterious effect on Tung water. Our results indicate that the
1ﬁcrease in J7 with increasing ventilation is a secondary
phenomencn.

Qur results nggest that patients with pulmonary edema are
better off ventilated with small tidal volumes. Several
considerations, however, mitigate against such a recommendation
at present. First, a smaller Vr may have negative effects on the
Tung (e.g. éte]ectasis) or on gas exchange. Second, the effects
of large Vr observed here were based on 4-5 min periods of
observations. Whether the effects of a large Vi on edema
formation are sustained over longer periods of time is not known.
Third, 1if Vr 1is decreased, frequency must be increased to
maintain ventilation. The independent effects of respiratory
freqguency on fluid dynamics have not been thoroughily
-investigated. In isolated sheep lung, Patterson et al. (23) have

recently shown a direct relation between lymph flow and

respiratory frequenéy over the range 0-30 min-'. However, it was
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not possible to determine whether this effect was due to changes
in filtration rate, redistribution of interstitial fluid, or to
augmentation in lymphatic transport. Finally, the majority of
patients with pulmonary edema on ventilators suffer from high
permeability edema, as opposed to the hydrostatic edema studied
here. Because the pathogenesis of the two types of edema 1is
entirely different, it cannot be assumed that the Vi effects will
be similar.

In summary, we have shown that under edematogenic conditions
produced by high pulmonary intravascular pressures, larger tidai
volumes promote greater water accumulation, and that increasing
operating 1lung volume by increasing Vv or by 1increasing
end-expiratory pressure have qualitatively opposite effects on
rate of edema formation. It is of interest to note that when
faced with spontaneous pulmonary edema, the intact orgahism
breathes in a shallow manner and that the reflex effects of
receptors.which are naturally responsive to pulmonary congestion
and edema [pulmonary J receptors (6, 21)] are shaliow breathing
and an elevation of end-expiratory volume (6, 21). The natural

response seems to be correct on both counts.
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G. FOOTNOTES
Footnote 1.

Although pulmonary capillaries are compressed with 1lung
expansion, reducing capillary blood volume (8, {4, 24, 25, 28},
their area should increase in concert with alveolar surface area
uniess, of course, derecruitment occurs. Derecruitment was not a
factor 1in our experiments sinhce capillary pressure was much
higher than peak alveolar pressure (compare EFP and EIP, Tables 1

and 3).

Footnote 2.

Airway pressure (Paw) during inspiration overestimates
alveolar pressure (Pai1) on account of the pressure expended
against flow resistance of the airways, as given by:

Paw=Pai1 = VI -+R:
where Vx;is inspiratory flow and R: is airway resistance during
inspiration. During expiration the opposite occurs, Paw
underestimates Pai by the product Ve:Re where Ve and Re are flow
and resistance during expiration, respectively.

During inspiration the total area under the Paw

Ti
waveform (Jo Paw+dt) overestimates the area under the inspiratory
T T
Pa1 waveform (Jo Pa1+dt) by the product Jo Vi+«Ri-dt. During

Te
expiration the area under the Paw waveform (Jo Paw-+dt)
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Te
underestiTates the alveolar counterpart (Jo Pai1+:dt) by the
o
product jo Ve *Re - dt.
JTi JTe

If Jo Vi-Rr-.dt equaled Jo Ve-Re-dt, the total area under Paw
would equal the total area under Pai1 and mean Pay would then
equal mean Pa1.

In our prepfration fhe ltobe does not participate in gas

i e
exchange so that Jo Vz~dt=Jo VeE+dt. It follows that if R: and Re
were equal, mean Paw would equal mean Pa1.

We calculated R: and Re in several lobes from the difference
between Paw and Pa1 at different points during inspiration and
expiration and by relating that difference to instantaneous flow.
The time course of Pa1 was estimated from end-inspiratory plateau
pressure (i.e. end-inspiratory Pai) and the time course of
volume (i.e. intégrated flow). We found that Re is, on average,
6?% higher than R: (20.0 vs. 12.5T;mHzO/1/sec). It follows that

e i
JOVE‘RE'dt is 60% higher than Jo Vi+Rr-dt and mean Paw must,
therefore, underestimate mean Pai. -

However, we also found that Jo Vi*Rr-dt is less than 10%
of the total area under inspiratory Paw waveform. The difference
between Rr and Re would thus cause mean Paw to underestimate mean
Pa1 by less than 6% or, 1in absolute terms, less than 0.5 cmHz20.

We believe this is an acceptable error in view of the ease of

obtaining mean Paw (low pass filter).
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Footnhote 3.

The differences in peak and nhadir pressures are not similar
because of the non-symmetrical alveolar bressure waveform.
Because of the relatively slow frequency, EEP {s reached early in
expiration and is thus maintained for a larger fraction of the

respiratory cycle than peak pressure.
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IV. CHAPTER 3

EFFECT OF ALVEOLAR HYPOXIA ON PULMONARY

FLUID FILTRATION IN IN SITU DOG LUNGS
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A. BACKGROUND

Alveolar hypoxia is widely believed to promote pulmonary
edema formation. The mechanism by which this phenomenon occurs
is not settled, yet it is crucial to our undergtanding of high
altitude pulmonary edema and may relate to mahy pathological
conditions that result in regional a]veoTar hypoxia. Suggested
mechanisms by which alveolar hypoxia could contribute to
increased fluid flux include: 1) An increase in intravascular
pressure at the fi]tration site (EFP), 2) an increase 1in
pulmonary microvascular permeability, or 3) a combination of
" both. Since hypoxia is known to result in pulmonary vascular
constriction, 1t is not unreasonable to expect it to have an
effect on EFP and therefore on pulmonary fluid flux. Whether
fluid flux would increase or decrease depends on the degree and
location of the constriction in relation to the major site of
fluid transudation.

There is both animal (7, 22) and human (27, 28) evidence of
constriction of the pulmonary vascular bed during hypoxia. There
are aiso animal experimental data (10) and clinical reports (11,
14) to support the contention that excessive perfusion of a
restricted vascular bed can result in pulmonary edema. In
contrast, studies of the possible effect of alveolar hypoxia on
micrcvascu1ar permeability have produced conflicting results with

some (notably lymph flow and gravimetric studies in dogs)
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suggesting an increase in permeability (4, 17, 20, 26) while
others (l1ymph flow studies in sheep) failing to show such an
effect (3, 16). These studies have so far used Tymph flow and
gravimetric techniques, but for these techniques to provide
reliabie information about permeability, it wés necessary to
control hydrostatic pressure at the filtration site. This
pressure is an important determinant not only of the pressure
gradient for fluid movement but also of the filtration surface
area. Because of the complex and somewhat uncertain effects of
alveolar hypoxia on the parallel and longitudinal distributions
of pulmonary vascular resistance (for review see ref. 6), it is
not possible to obtain an accurate estimate of microvascular
filtration pressure during hypoxia in the presence of even modest
levels of blood flow. Accordingly, we intend to study the effect
of alveolar hypoxia on fluid flux in dog 1ungs.under conditions
of very low flow rates, where hydrostatic filtration pressure can

be controlled and estimated with certainty.

B. METHOBS

An isolated 7in situ perfused left upper lobe (LUL)
preparation was used (Figure 1). Thirteen mongrel dogs were
anesthetized with sodium pentobarbital and intubated. The
animals were ventilated with a dual Harvard pump at a rate of

1Q/min and a tidal volume of 10-15 ml/kg.
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After 1inserting a catheter 1in the right carotid artery to
monitor systemic blood pressure (BP) and a Swan-Ganz catheter to
monitor right pulmonary artery (RPA) pressure, a thoracotomy was
performed in the left fifth intercostal space and opened widely.
A cannula was inserted through the left lower lobe (LLL) vein
into the left atrium (LA). The LLL artery was ligated and a
ringed cannula (7 mm I.D., &8 mm 0.D.) was inserted immediately
proximal to the ligature and secured. The LLL bronchus was
cannulated with a Y-tube. One arm of the Y-tube was connected to
the second barrel of the dual Harvard pump while the other arm
was used to introduce a Fogarty balloon catheter to the level of
the ieft main stem bronchus. When the balloon was inflated it
was possible to ventilate the LUL separately from the right lung.
The LUL was ventilated with a tidal volume (TV) of 150-200 m1.

A cannula was inserted into the left femoral artery (FA).
At this point the animal was fully heparinized. The stem of a
Y—cannu1§ was attached to the cannula in the LLL'artery. One arm
of the Y-cannula was connected to the FA cannula using Tygon
tubing primed with saline and mounted on a Cobe-Stockert roller
pump. This system was used to draw femoral arterial blood to
perfuse the LUL. The other arm of the Y-cannula contained a
catheter equipped with an intravascular occlusive device (0OD)
(for details see CHAPTER 1). This catheter was advanced to the
1eve1 of the left main pulmonary artery (LPA), upstream from the

LUL artery and the LPA was occluded. At this point perfusion to
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the LUL was initiated at a very low flow of 20 mi/min. Inflow
pressure was monitored through an orifice in the LPA catheter

located proximal to the 0D.
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FIGURE 1. Preparation. F, Fogarty catheter; FA, femoral artery; FT, force
transducer; LA, left atrium; LING V, lingular vein; LLL A, left lower Tlobe
artery; LLL B, left lower 1lobe bronchus; LLL V, left Tower lobe vein; LUL,
left upper lobe; LUL A, left upper lobe artery; LUL V, left upper lobe vein;
0D, occlusive device; PA, main pulmonary artery; RES, reservoir; RV, right
ventricle.
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The LUL veins were then cannulated. A J-shaped cannula was
inserted through the left atrial appendage. The short end was
inserted 1 cm into the LUL vein via the LA and secured to the
vein with silk thread. The cannula was then attached via Tygon
tubing to the bottom of a reservoir. The'reservoir was
-constructed with an overflow which was drained to the LA via the
cannula 1in the LLL vein (Figure 1). The lingular vein was
ligated at the LA and cannulated with small flexible tubing.
This was connected to the reservoir after anastomosis with the
tubing from the other pulmonary vein.

The LUL was suspended from a force transducer for continuous
monitoring of lobar weight (for details of suspension see
CHAPTER 1). Lobar weight was always measured at end expiration.

All pressure lines (systemic BP, LPA, RPA) were connected to
appropriate pressure transducers and zeroed at the level of the
LUL pu]mona%y veins as they enter the LA.

Raté of edema formation (AW/At) was determined
gravimetrically. Following a step increase in vascular pressure
(raising the reservoir) there was an initial fast phase of weight
gain (Figure 2). When vascular pressure exceeded a critical
value this fast phase was followed by a phase of slow weight
gain. The rate of weight gain during this period was constant as

long as vascular pressure remained constant (9, see also
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CHAPTER 1). Rate of edema formation was derived from the slope
of this slow weight gain segment over a period of 3 minutes

(Figufe 2).

40
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FIGURE 2. \Upward deflection of mean left pulmonary arterial pressure (PAP)
tracing reflects time at which reservoir was raised (left) and then returned
to base line (right). Downward deflection in weight tracing signifies weight
gain. Note that end-expiratory lobe weight (thick segment) is progressively
increasing. Toward the end of the slow phase of weight gain, 5 g of weight
‘were placed on the lobe to check consistency of weight calibration (downward
deflection).
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C. PROTOCOL

In the first 6 dogs (Group I) the LUL was ventilated under 2
conditions: 1) 95% 02 and 5% COz. 2) 0% 0z, 5% COz2, balance
Nz. Under each condition the reservoir was elevated from a base
line of 10 mmHg to various heights corresponéing to vascular
inflow pressures of up to 54 mmHg in order to produce edema. The

reservoir remained elevated for 4 minutes at each point and then

returned to base 1ine. Two to three points of edema formation
were acquired at one Fi102. F10z2 was then changed to the other
level and measurements repeated. This sequence of alternating

F102 was repeated until an average of 7 points with edema
formation were acquired for each condition. For each dog and
each condition, AW/At, was plotted against inflow pressure and a
best fit 1linear regression was obtained. The slope of the
regression line was expressed per 100 g of lung tissue wet
weight. The latter was obtained by multiplying the dog’s weight
(in kg) by 1.36 (5). The pressure threshold for edema formation
(Perit) was determined as the x-intercept of the regression line.

In the final 7 dogs (Group II) the LUL wa$ ventilated under
4 conditions: 1) 95% 02, 2) 21% 02, 3) 5% 02, 4) 0% O0z. Each
gas mixture also contained 5% COz, balance N2. In this set of
dogs all points were acquired at one level of microvascular
pressure. The reservoir was raised to a point that corresbonded
to 40 mmHg inflow pressure. The reservoir level was marked and

returned to the same level for each measurement in order to fix
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outfiow pressure. F10z2 conditions were alternated in random
order and cone point of edema formation was acquired at each F10:z.
The sequence was then repeated until an average of 3 points were
accumulated with each F102. The points were averaged to give 1
measurement of edema formation per condition perldog.

The final 3 dogs of Group 1I were prepared differently in
order to potentiate hypoxic vasoconstriction. Two maneuvers were
used. First, mixed venous blood was drawn from the right atrium
(instead of femoral artery) via the right external jugular vein
to perfuse the LUL with hypoxic blood and, second, indomethacin
2 mg/kg I.V. was administered prior to experimentation.

In each experiment we periodically stopped pump flow for a
few seconds. Pressure in the LPA decreased to a plateau which in
the absence of flow reflected reservoir pressure. The difference
between LPA pressure with and without flow reflected the total
pressure gradient between LPA and reservoir in the presence of
flow. Tﬁis testing was done under all conditions of F10:. In
no case was this gradient greater than 2 mmHg. We also measured
the pressure drop along the outflow tubing at the experimental
flow of 20 m1/min and this was 1 mmHg. It follows that the total
pressure gradient across the lobe (i.e. total gradient minus

tubing pressure gradient) was always less than 1 mmHg.
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The slope and Pcrit values from Group I (n=6) were compared
between the two conditions using paired t-test. Rates of edema
formation at the 4 F102 levels in Group II (n=7) were compared

using ANOVA for repeated measures.

D. RESULTS

An example of the relation between AW/At and inflow
pressure, for both hypoxic and hyperoxic conditions (Group I), 1is
shown in Figure 3. Individual as well as mean values for slope,
Perit and r are shown in Table 1. Mean (#SE) for slope during
hyperoxia and hypoxia were 0.067 + 0.008 and 0.073 + 0.017
g-min-'-mmHg-!-100g-1' wet weight, respectively. No significant
difference was found between the two conditions (P=0.47).

Mean (%SE) Pcrit for hyperoxia and hypoxia were 18.3 + 1.8
and 17.1 * 1.2 mmHg, respectively. The difference between the
two conditions was again not significant (P=0.70).

Figﬁre 4 shows both individual as well as mean values of
AW/At under each of the 4 F102 conditions (Group II). Mean AW/AE
was 0.61 g/min for severe hypoxia, moderate hypoxia and normoxia,
and 0.60 g/min for hyperoxia. No signhificant differences were
"hoted between conditions.

The final 3 dogs, in which indomethacin was added and in
which the LUL was perfused with venous blood, are separately
identified in Figure 4. When examined separately these dogs

showed no significant difference in AW/At between conditions.



The results (meantSE) were as follows: 1) severe hypoxia 0.70 %
0.13, 2) moderate hypoxia 0.71 * 0.19, 3) normoxia 0.67 * 0.12,
4) hyperoxia 0.72 +* 0.19 g/min. In these dogs we also tested for
the presence of pulmonary vasoconstrictor response to hypoxia.
A vigorous response was found in each case. An.examp}e is shown

in Figure 5.
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FIGURE 3. Relation between inflow pressure and rate of edema formation
during both hypoxia and hyperoxia in dog 4 (group I).

TABLE 1. Relation between AW/At and EFP (group 1)

Hyperoxia Hypoxia
Dog No. Slope, g-min™. Perit, Slope, g-min~". Perit,
mmHg™.100 g™* mmHg r mmHg™. 100 g™! mmHg r
I 0.071 25.9 0.97 0.048 15.4 0.97
2 0.050 15.6 0.94 0.058 15.9 0.92
3 0.099 124 0.95 0.157 18.1 0.95
4 0.074 17.8 1.00 0.058 14.9 0.94
5 0.061 18.6 .93 0.066 15.5 0.94
6 0.047 194 0.94 0.051 22,5 0.97
Mean + SE 0.067+0.008 18.3+1.8 0.96 0.073+0.017 17.1+1.2 0.95

AW/ At, rate of edema formation; EFP, effective filtration pressure;
Perit, critical capillary pressure, obtained from pressure intercept of above
relation; r, correlation coefficient of best linear fit.
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E. DISCUSSION

High altitude pulmonary edema is commonly attributed to
alveolar hypoxia. Suggested mechanisms by which alveolar hypoxia
could contribute to increased fluid flux include: 1) An
increase 1in intravascular pressure at the filtration site
(effective filtration pressure, EFP), 2) an increase in
pulmonary microvascular permeability, or 3) a combination of
both. Since hypoxia is known to result in pulmonary vascular
constriction, it 1is not unreasonable to expect it to have an
effect on EFP and therefore on pulmonary fluid flux. Whether
fluid flux would increase or decrease would in turn depend on the
degree and location, among other factors, of the constriction in
relation to the major site of fluid transudation. This fact,
that alveolar hypoxia is 1ikely to change EFP, complicates
experimental attempts to address the separate question of whether
hypoxia increases microvascular permeability, since accurate
control and determination of EFP is a minimum requirement for
attributing fluid flux changes to permeability changes.

Previous studies have attempted to examine the effect of

alveolar hypoxia on the filtration characteristics of the Tung 1in

several animal species. In dogs exposed to 10% F10z, Warren et
al. (25) observed an increase in lung lymph flow with no
significant change in 1lymph/plasma protein ratio. Simitlar

results were obtained by Bezndk and Liljestrand (2) in one dog
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and four cats. Despite these observations, one cannot conclude
that hypoxia causes an increase in microvascular permeability
because adequate measurements of pulmonary hemodynamics were not
made in either of these studies. Boonyaprakob et al. (4) and
Martin et al. (17) also found 1increased Tymph flow 1in dogé
exposed to hypoxia. However, the concomitant 1increase in
pulmonary artery pressure and cardiac output in their studies may
have increased both EFP and surface area for fluid filtration and
could have accounted for their results.

In anesthetized sheep, Bland et al. (3) observed no increase
in Tung Tymph flow during hypoxia in spite of increased pulmonary
artery pressure, On the other hand, when alveolar hypoxia was
produced in sheep with significant lung resections and elevated
cardiac output Landolt et al. (16) obtained an increase in lung
Tymph flow with a decrease in lymph/plasma protein ratio in 3 out
of 6 animals. This result is consistent with a change 1in EFP.

The effect of hypoxia on fluid filtration in the adult
animal has also been studied in isolated iung lobe preparations.
Mitzner and Sylvester (18), using a gravimetric technique,
studied pig Tungs (ex vivo) exposed to P10z of 50 mmHg. Hypoxia
increased filtration rate at all examined flow rates. However,
EFP was not known. In a recent study Kinazewitz et al. (15)
documented an increase in fluid filtered from pleural surface of
jso?ated dog lungs in response to severe hypoxia (F102=0.0).

Although EFP was not known with certainty, it was very likely
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comparable in the two states since the authors used Verapamil to
block hypoxic vasoconstriction and inflow and outflow pressures
were comparable. Whether filtration through the pleural surface
is representative of deeper structures is not clear, however,
Furthermore, the preparation used by these authors was recently
found to display pleural inflammation (29). The response
observed may thus represent a greater sensitivity of the inflamed
pleura to hypoxia.

We are aware of only one study on the effect of hypoxia on
fluid filtration in which EFP was directly estimated (20). In
this study, utilizing the isogravimetric technique in 1isolated
dog lungs, Parker et al. (20) showed a two fold increase in Kf,c
during severe alveolar hypoxia (F102=0.0) as compared to
hyperoxia (F102=0.95). Changes in surface area were unlikely as
microvascular pressures were comparable under both conditions,
thus suggesting a true change in permeability.

Our in situ lung lobe preparation incorporates many of the
advantageous features of 1isolated 1lobe preparations without
sacrificing the major advantages of intact animal studies. Blood
flow could be precisely controlled and the transition from
natural to pump flow is instantaneous eliminating any period of
non-perfusion. In addition, as outlined in CHAPTER 1, use of the
LUL Tends many advantages including preservation of important in
situ systems (such as lymphatics, nerves, bronchial circulation},

ease of vascular access via LLL artery and ease of suspension.



Also as indicated earlier the fluid filtration characteristics in
this preparation are similar to those of intact lungs. Edema
formation does not occur until a critical microvascular pressure
(Pcrit) 1is reached. Perit (*SE) 1in our experiments (17.7 + 1.1
mmHg, for all dogs under both hypoxic and hyperoxic conditions)
is gquite comparable to those reported by Drake et al. (9) (19.7 #
1.8 mmHg) and Morris et al. (19) (20.1 * 1.5 mmHg) in intact
animals. Furthermore, our slope values (0.070 % 0.009), though
somewhat lower, are also comparable to those reported by Drake et
al. (9) (0.11 * 0.02) and Morris et al.(19) (0.09 * Q.01 g-min-1-
mmHg-1-100g-1),

Another major advantage of this preparation 1is the precision
in estimating true filtration pressure. The maximum pressure
drop across the system (pulmonary artery to reservoir) was always
less than 2 mmHg. The tubing from the pulmonary veins to the
reservoir accounted for 1.0 mmHg of the total pressure drop at
the utilized flow (20 ml/min). Thus the pressure drop across the
LUL was less than 1.0 mmHg. Differences in longitudinal or
parallel distribution of resistance as a result of hypoxia would,
accordingly, have no appreciable effect on EFP.

In Group I, F102 was alternated between 0.95 and 0.0. These
conditions have been used previously and were chosen for the
experiment in an attempt to maximize any differential effect PO:
may have on permeability. However, this approach does have

drawbacks. First, the process leading to increased permeability
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may be an active one (i.e. requiring energy). A maximal effect
may occur with a given degree of moderate hypoxia which may be
lost with severe hypoxia. Such an effect has been shown to occur
with hypoxic pulmonary vasoconstriction (21, 24)., Alternatively,
hyperoxia, a known physical toxin, may cause equal endothelial
permeability changes resulting in an apparent lack of effect of
hypoxia. To overcome these problems, Group II experiments were
undertaken comparing 4 levels of F10:. These included normoxia
and moderate hypoxia (Fr02=0.05) as well as the two extremes. By
this method any deviation from normal could be detected as might
any trends for a gradient or peak effect associated with
progressive hypoxia. Our results still showed no significant
difference between the 4 conditions,

The dog may have a blunt pulmonary vasoconstrictive response
to hypoxia relative to other species (21). People susceptible to
high altitude pulmonary edema have been shown to have an
exaggerated hypoxic pulmonary vasoconstrictor response (14, 23,
26). Should the mechanism for changes 1in permeability be related
to vasoconstriction, then maximizing hypoxic vasoconstriction
might enhance hypoxic induced changes in permeability. After the
first 4 dogs in Group II it became apparent that changes in
permeability could not be demonstrated. In an attempt to promote
permeability changes in the final 3 dogs, we used two methods to
enhance pulmonary vasoconstriction. First, since 0z content of

mixed venous blood is known to affect (albeit much less than



alveoltar 0O2) pulmonary vasomotion, venous blood was used to
perfuse the lobe. Second, indomethacin was injected into the
dogs prior to the experiment to counter circulating vasodilator
prostaglandins (12). This resuited 1in enhanced hypoxic
vasoconstriction (Figure 5). However, no change in edema
formation could be demonstrated between the 4 conditions even
when the last 3 dogs were examined alone.

The lack of effect of alveolar POz (Pa02) on rate of edema
formation (AW/At), at a given EFP, may be most simply attributed
to the absence of an independent effect of Pa0z on microvascular
permeability. AW/At, however, 1is not related exclusively to EFP
and permeability. Since AW/At represents the balance between
rates of fluid filtration and removal, it is possible that an
increase in fluid filtration rate with hypoxia (secondary to
increased permeability) is offset by a concomitant increase in
lymphatic clearance (J7). We are unaware of any studies, in the
lTiterature, that examined the effect of hypoxia on tymph flow at
fixed microvascular pressures and lung volume history.
Accordingly, this possibility cannot be discounted (but see
below). We also cannot exclude the possibility that an increase
in permeability is offset by opposing changes 1in other factors
that affect fluid filtration rate (such as tissue hydrostatic
pressure (ﬁti), protein reflection coefficient (o), or tissue
anotic pressure (mti)). We feel, however, that these

possibilities are quite remote. First, for the results of Group
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ITI (Figure 4) to be explained on the opposing effect of some

other variable (e.g. J1, Pti, o, and/or uwti), the two effects
must bear the same relation, both qualitatively and
quantitatively, to PaO:z. Otherwise, the effects would not have

canceled out at all 4 levels. Second, for hypoxic effects on any
of these variables to explain an unchanged sltope and intercept,
of the relation between AW/At and EFP (Table 1, Group I), the
effect of hypoxia on these variables must also vary with EFP.

It may also be argued that an unchanged slope may have
resulted from an increase 1in permeability that was offset by a
concomitant decrease 1in effective surface area brought about by
derecruitment; the latter being the result of hypoxic induced
vasoconstriction. It is to be noted, however, that vascular
pressures were increased to 40 mmHg (Group II) or more (Group I).
For derecruitment to occur with hypoxia, vasomotor tone must
increase to an extent that would keep vessels closed despite
these very high distending pressures. This is highly unlikely
given the rather weak hypoxic vasoconstriction in anesthetized
dogs (21). Furthermore, because hydrostatic pressure, in our
preparation, 1is increased to the same extent both upstream and
downstream from the filtration site, for derecruitment to occur
vasoconstriction of this extent must involve both arteries and

veins.



Conseqguently, with the exception of the study of Parker et
al. (20), our results suggest that the reported increases in lung
lymph flow or AW/At with hypoxia were likely the result of
changes 1in microvascular pressure. There are several potential
explanations for the difference between our results (no apparent
change in permeability) and those of Parker et al. (20), obtained
in isolated (ex vivo) lobes. First, 1in using near static
conditions our preparation lends itself to a more precise
estimate of true filtration pressure regardless of hypoxic
induced shifts in vascular tone. Second, Drake et al. (9) have
demonstrated major differences in the filtration characteristics
between in s7tu and isolated lobes. Isolated lobes begin to
>accumu1ate edema at much lower vascular pressures than in situ
lobes. As well the pattern of edema formation in isolated lobes,
at a given pressure, is exponential rather than constant as in in
situ lobes. It is thus possible that isolated lobes are more
susceptible to hypoxia. Third, 1in our preparation the lobe was
perfused with blood that was withdrawn from the animal
continuously and pulmonary venous blood was returned to the
animal. In the study of Parker et al. (20) the blood used for
perfusion recirculated. It is possible, therefore, that
accumulating metabolites render the 1lobe more sensitive to
hypoxia. Finally, our lobes had an intact bronchial circulation,
perfused with well oxygenated blood, whereas isolated lobes are

devoid of bronchial flow. It is possible that
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bronchial-pulmonary collateral flow precluded the attainment of
sufficiently Tow PO2 at the microcirculation level in our
preparation. This possibility can be discounted for several
reasons. First, it is well established (and confirmed in our
preparation) that bronchial-pulmonary collateral flow is
abolished or reversed at the pulmonary vascular pressures used in
the present study (1, 8). Second, the extremely high
ventilation/perfusion ratio used in our preparation (=100:1)
dictates that Pa0Oz and microvascular blood POz must be almost
equal to 1inspired PO:2. The addition of a small amount of
bronchial flow (%5 ml/min at the most) upstream from the
microcirculation would not materially alter the
ventilation/perfusion ratio or POz at the microcirculation level.
This has been confirmed directly in several dogs by measuring a
POz of 2-3 mmHg in pulmonary vein bilood when the Jobe was
ventilated with F10z of zero. On the other hand, 1if the
increased permeability in the study of Parker et al. (20)
occurred at the airway epithelium level (as opposed to
microcirculation) then the persistence of 0 supply to airway
walls, in our preparation, might have prevented this from
happening. Further studies are needed to identify the reasons

for the different responses of 7n situ and isolated dog Tungs.
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We conclude that alveolar hypoxia has no effect on either
the threshold pressure for edema formation or on the relationship
between rate of edema formation and microvascular pressure in

canine lung lobes studied in situ.
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V. CHAPTER 4

ARTERIAL OCCLUSION VERSUS ISOFILTRATION

PULMONARY CAPILLARY PRESSURES DURING VERY HIGH FLOW
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A. BACKGROUND

Vascular occlusion techniques have recently emerged as
powerful tools 1in studying the mechanical properties of the
pulmonary circulation (2, 8-15, 18, 198). Results of wvascular
occlusion have indicated that the pulmonary circulation (at least
beyond the origin of lobar arteries) behaves as if it is composed
of a middle segment, with relatively high compliance and low
resistance, interposed between two low compliance high resistance
segments (9). The pressure in the middle compartment can be
determined by observing the pressure transients following
occlusion of the artery, vein, or both (8, 9. Responses to
various pharmacologic and physical manipulations, with khown
action sites, have indicated that the compltiant middle segment is
anatomically located somewhere between muscular arteries and
muscular veins (9-11, 13). The precise localization of the
compliant middle compartment within this broad region is not
Known.

The anatomical extent of the fluid filtration site has also
not been established with certainty. However, it is evident that
the fluid filtration site must also be located within the region
between muscular arteries and muscular veins.

The anatomic relation between the filtration site and the
site of major compliance within this intermediate region is of

considerable practical and theoretical interest. There is no
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compelling reason, in theory, why sites of major compliance and
filtration should be the same. The physical properties that
endow a segment with a large share of total compliance (relative
volume and wall distensibility) are quite different from those
that allow a vascular segment to function as a major site of
filtration (surface area and membrane permeability). Yet,
studies 1in which pressures within the middle compliant segment
(measured by occlusion) and within the filtration site (measure
by gravimetric techniques) were compared have shown good
agreement (12, 18, 19).

While agreement between occlusion and gravimetric
measurements 1is consistent with the notion that sites of major
compliance and major filtration are the same, other explanations
are possible. The filtration site may be anatomically separated
from the highly compliant site by a relatively small resistance.
At low flow rates, the pressures within the two would, thus, be
very similar. It must be pointed out that in all studies in
which occlusion and gravimetric techniques were directly compared
under the same experimental conditions flow was either normal or
below normal (18, 19). Given a normal arterial-venous (A-V)
pressure difference of 6 to 10 mmHg, if muscular arteries,
muscular veins, and intervening region (containing both high
compliance and high filtration sites) contribute equally to total
resistance, the pressure drop across the latter segment should be

no more than 2 or 3 mmHg. Thus, the finding that occlusion and
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gravimetric techniques are different by no more than 1 to 2 mmHg
could still be consistent with the sites being located at
entirely different points within this region. Furthermore, the
small maximal anticipated pressure difference between the two
techniques during normal flow (in the event the two sites are
anatomically different) would be hard to detect, given the

resolution of the two techniques.

B. HYPOTHESIS

We reasoned that if the filtration and the compliance sites
are anatomically separate, a finite resistance, and hence a
pressure gradient, must exist between them. Under conditions of
extremely high flow this pressure gradient should expand
sufficiently to be detectable as a difference between the results
obtained by techniques that measure effective filtration pressure
(EFP) and those that measure pressure in the compliant middle
compartment (Pu). The present experiments were accordingly
designed to compare Pu, measured by the arterial occlusion
technique, and EFP, measured by a gravimetric (isofiltration)
technique in an intact lobe preparation under conditions of very

high flow (7 to 10 times normal).
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C. METHODS

The experimental preparation used is similar to that
described in CHAPTER 1. Only a brief description is given here.

Six mongrei dogs (mean weight 27 kg, range 19 to 37 kg) were
anesthetized with intravenous sodium pentobarbital and ventilated
with a dual Harvard pump (tidal volume 10-15 ml/kg, respiratory
rate 10 breaths/min). An arterial line was inserted into the
right carotid artery to monitor systemic blood pressure (BP). A
7F Swan-Ganz catheter was introduced into the right external
Jjugular vein and advanced into the main pulmonary artery (PA).

A wide thoracotomy was performed in the left fifth
intercostal space. Once the thoracic cavity was entered, 2.5
cmH20 of positive end-expiratory pressure (PEEP) was added. The
left lower lobe (LLL) PA was ligated at its entrance into the
lobe and cannulated immediately proximal to the ligature. A
catheter was passed through one of the tributaries of the LLL
veins into the left atrium (LA) to monitor LA pressure. The LLL
was then excised. LLL bronchus was cannulated with a Y tube.
One arm of the Y was connected to the second barrel of the dual
Harvard pump while the other arm was used to introduce a Fogarty
balloon catheter to the level of the left main stem bronchus.
When the balloon was inflated, it was possible to ventilate the
rjght lung and the left upper lobe (LUL) separately. In all 6

dogs the LUL was ventilated with tidal volumes generating static
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end-inspiratory airway pressures of 7.5 cmH20 with base line
end-expiratory pressures of 2.5 cmH20. Mean (*SD) airway
pressure for all 6 dogs was 4.5 * 0.5 cmH20. The right lung was

ventilated with air while the LUL was ventilated with 5% CO2 1in

Oz2. In this fashion LUL alveolar gas tensions are independent of
the level of ventilation or blood flow. PEEP was 2.5 cmHz0 for
both sides.

A number 9 endotracheal tube was introduced into the LA
through the LA appendage. At this time, the animal was fully
heparinized.

The stem of a Y cannula (7 mm I.D.) was attached to the
cannula in the LLL artery. One arm of the Y tube was connected
to the LA cannula using a tygon tube primed with saline and
mounted on a Cobe-Stéckert roller pump. This system was used to
perfuse the LUL from the LA. The other arm of the Y cannula
contained a catheter equipped with an intravascular occlusive
device (for details see CHAPTER 1). This catheter was advanced
to the level of the left main PA, upstream from the LUL artery,
and the left main PA was occluded. At this point, perfusion to
the LUL was 1initiated at a rate calculated to be equivalent to
normal LUL flow (12 mi/min/kg (3)). Inflow PA pressure was
monitored through an orifice in the left PA catheter, located

proximal to the occlusive device.
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The LUL was suspended from a force transducer for continuous
monitoring of lobar weight (for details of suspension technique
see CHAPTER 1). Lobar weight was always measured at
end-expiration.

A1l pressure lines (systemic BP, left PA pressure, right PA
pressure, and LA pressure) were connected to appropriate pressure
transducers and zeroced at the level of the LUL pulmonary veins as
they enter the LA. Continuous recording to these pressures along
with lobar weight, was maintained throughout the study on a

6-channel Gould chart recorder.

D. PROTOCOL

After all variables stabilized, flow was increased, 1in a
step fashion, to a value corresponding to 7-10 times normal blood
flow to LUL (2.1 - 4.0 1/min). The increased flow was maintained
for 4 minutes. Flow was then returned to base TIine. As shown
earlier (CHAPTER 1), when flow is increased to these lTevels,
lobar weight undergoes an immediate step increase, presumably
reflecting an increase in blood volume, followed by a progressive
weight gain at a constant rate. In four of the animals the
response to two flow rates, within the above range was tested.
In two more animals a single flow rate was obtained., A minimum

of two observations at each flow rate were made.
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Following the determination of weight changes, flow was
increased to the same levels used earlier and, once vascular
pressure stabilized (usually 1in less than 1 minute), the inflow
tubing was suddenly clamped for 1~-2 seconds. During this period
pump flow was diverted to a reservoir and paper speed was 25
mm/sec. Several occlusions were carried out at each flow rate.

At the end of the dynamic measurements, snares were placed
around the two LUL veins as they entered the pericardium. Pump
flow was stopped and the snares were tightened. A reservoir,
primed with the dog's blood and connected to the left PA inflow
tube, was used to produce edema statically. Edema was produced
by raising the reservoir level from a base Iline of 7 to 10 mmHg
to varying degrees of pulmonary vascular pressure for a period of
about 4 minutes. Between observations the reservoir level was
returned to base 7line. A minimum of 8 observations were made.

Blood gases and hematocrit were drawn at random throughout
the experiment to make sure that no major drop 1in hematocrit or
pH occurred. We have shown earlier that the relation between
vascular pressure and AW/At does not change over the period of
static measurements. The possible reasons for this constant
behavior in our preparation (despite the anticipated
hemoconcentration) have been discussed (see Footnote 2,

CHAPTER 1).
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Estimation of EFP. The approach used to estimate the
hydrostatic pressure at the filtration site, EFP, is a modified
approach of that developed by Gabel et al. (7). The rate of
weight increase beyond the first minute of step increase in flow
(AW/At) was calculated and the average value of atlil
determinations (in the same animal) at the same flow was
computed. Next, AW/At for the various pressures during the
static measurements were measured and the data were fitted by
linear regression analysis (AW/At vs. static pressure). EFP, 1in
the presence of flow, was estimated from the static pressure that
resulted in the same AW/At as observed during the dynamic state.
An example of this method for one dog is shown in Figure 1.
Having obtained EFP, it was possible to calculate the pressure
drop upstream of the filtration site (difference between left PA
pressure and EFP, APus), downstream pressure drop (difference
between EFP and LA pressure, APdas ), and the upstream and
downstream resistances (48Pus/& and APas/Q, Rus and Ras ,
respectively).

Estimation of Pu. As reported previously (9), when the
inflow tubing was occluded, PA pressure initially decreased
rapidly, followed by a slow decline towards LA pressure. An
example of this method is shown in Figure 2. PA pressure was
measured at 40 msec intervals beyond the phase of rapid drop.
The best fit exponential function (at p<0.001) was obtained

according to the following equation:
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Y = Ae-8%X 4+ C
where Y and X are PA pressure and time, respectively; A is a
constant; B 1is the reciprocal of the time ceonstant; and C is the
asymptote pressure valiue. Pu at time of occlusion (t=0) was
taken as the sum of A and C. Pu obtained by this technique
represents the pressure at the upstream end of the middie
compartment.
A1l Pu values obtained at a given flow in each experiment
were averaged. These values were compared to the EFP values

obtained under the same conditions by the paired t-test.

1.0 -+
® Static Data

0.9 + X Dynamic Data

— Regression Line
0.8 -
0.7 4
0.6 4

0.5 -
MLAP

Rate of Edema Formation {gr/min)

0-0 g T & ? Y T 1 ]
0 10 20 30 40 50

Mean Pulmonary Vascular Pressure (mmHg)

FIGURE 1: Method of EFP estimation. EFP was considered as the point of
intersection between the regression line obtained from the static data and a
horizontal line drawn between mean pulmonary artery pressure (MPAP) and mean
left atrial pressure (MLAP) for a specific flow (at the level of the observed

rate of edema formation).
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FIGURE 2: An example of changes in left pulmonary artery pressure {LPAP)
following arterial occclusion (arrow).

“TABLE 1. Hemodynamic data obtained in six dogs

Dog Flow, EFP, Pu, APus, mmHg APds, mmHg Rus, % Rds, %
No. I/min mmHg mmHg I AO I AO I AO I AO
1 2.1 27.5 26.9 17.5 18.1 275 26.9 38.9 40.2 61.1 59.8
2.4 21.5 226 22.5 25.4 275 22.6 45.0 52.9 55,0 47.1
2 3.5 28.5 314 7.5 8.6 21.6 26.9 259 24.2 74.1 75.8
4.0 31.3 34.5 1.7 6.5 24.3 30.0 24.1 17.8 76.9 82,2
3 3.0 333 30.0 8.7 9.0 31.8 30.0 21.6 231 8.4 76.9
3.5 41.8 33.5 5.2 8.5 40.3 32.1 1.5 20.9 88.5 79.1
4 3.5 25.5 27.1 6.5 4.9 22.2 25.1 226 16.3 T4 83.7
4.0 29.3 28.0 5.7 7.0 26.0 26.0 18.0 16.3 82.0 78.8
5 3.0 36.0 34.5 14.0 13.5 36.0 34.5 28.0 28.1 72.0 71.8
6 2.5 42.1 40.1 3.9 5.9 39.1 37.1 3.1 13.7 90.9 86.3

Mean = SE  3.15+£0.21 323%19 309+1.6 9.9+1.9 10.7#21 29.6+2.2 29.1+].4 24.64£3.5  25.4%39 755+3.5 742438

EFP, effective filtration pressure; Pu, pressure cbtained by arterial
occlusion; APus, upstream pressure drop; APgs, downstream pressure drop; Rus,
upstream resistance; Rds, downstream resistance; I, determined by the
isofilttration techinique; AC, determined by the arterial occlusion technigue,



E. RESULTS

Table 1 shows the hemodynamic measurements and derived data
for all 10 observations (2 flow rates in 4 dogs and one flow rate
in two dogs).

The average lobar flow during the comparisons was (mean *
SE) 3.15 % 0.21 1/min, representing about 10 times normal flow to
this lobe. The corresponding PA and LA pressures were 41.9 + 1.3
and 2.5 * 0.5 mmHg, respectively. There was no significant
difference (P = 0.24) between EFP (32.3 £ 1.9 mmHg) and Pu (30.9
* 1.6 mmHg) determined by arterial occlusion. As a resutt, there
was also no significant difference between the two methods in
estimates of APus, APds, or the fractions of total resistance
contributed by upstream (Rus) and downstream (Ras ) segments
(Table 1).

The phase of rapid decline in PA pressure after occlusion
was complete in 1less than 40 msec in all cases. The time
constant of the slow phase of decline averaged (% SE) 0.326 =

0.067 sec.
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F. DISCUSSION

Agreement between pulmonary microvascular pressure measured
by occlusion techniques (Pw) and effective filtration pressure
(EFP), measured by gravimetric techniques, has been demonstrated
in several previous studies (4, 18, 19). The present study
differs from previous comparisons in three respects:

i, It is the first study in which results of arterial
occlusion were compared to gravimetric measurements done 1in the
same preparation. Of the three occlusion technigues (arterial,
venous or double) only arterial occlusion is suitable for use in
closed chest preparations, and hence in clinical settings.
Previous studies showed agreement with venous or double occlusion
techniques (4, 18, 19). In the only study which attempted to
evaluate the agreement between filtration pressure and arterial
occlusion (12), filtration pressure was not measured, Rather, it
was estimated based on an assumed distribution of pulmonary
vascular resistance (Rus/Rds=60/40) established by Gaar et al.
(6) in different experiments. Although the range of pressures
was comparable in the two studies, Holloway et al. (12) utilized
an intact preparation whereas the equation of Gaar et ail. (6) was
obtained in isolated (in vitro) lobes.

2. We comparéd the results of the two techniques in the
presence of extremely high flow rates. In all preQious studies of

this nature blood flow was near normal. As dindicated 1in
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"Introduction”, comparison under very high flow conditions is a
more severe test of the possibility that the filtration and
compliance sites may be anatomically separate.

3. This 1is also the first study 1in which direct
comparisons were made in intact Jobes. With the exception of the
study of Holloway et al. (12), all previous comparisons were
carried out in isolated, in vitro, 1lobes. The two types of
preparations differ considerably, at least in their filtration
characteristics (16), and it is not clear whether filtration site
is the same under both conditions.

The demonstration that the two techniques continue to
provide the same results under these very different conditions
provides further support to the notion that the sites of
filtration and major relative compliance are intimately related
(4, 17-19) and that, as advocated by Townsley et al. (19) and by
Cope et al. (2), the occlusion technique can be used for rapid,
convenient and accurate estimation of effective filtration
pressure under clinical and experimental circumstances.

EFP measured by the isofiltration technique reflects the
pressure at the midpoint of the filtration site. 1In the presence
of a significant longitudinal pressure gradient along the
filtration site, more than half the filtration must occur
upstream from the point where pressure is reflected by EFP. on
the other hand, Pu determined by arterial occlusion provides the

pressure at the upstream end of the middle compliance segment.
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The agreement between EFP and Py therefore must have implications
with respect to the anatomical relation between filtration site
and the middle compliant segment. If there is a significant
longitudinal pressure gradient along either the filtration site
or the site of major compliance, then the filtration site must be
astride the upstream end of the middle compliant compartment. On
the other hand, if there are no pressure dgradients along either
site, our data would suggest that filtration takes place entirely
within the site of major compliance. Interpretation,
accordingly, depends on whether significant longitudinal pressure
gradients exist along these segments.

Estimates of the pressure drop along the microvasculature
vary greatly depending on the method used and the experimental
conditions (for review see 5). Values range from as little as
10% or less (9-11, 13, 15) to as high as 46% (i1). The results of
Hakim et al. (9-11, 13, 15) are of specific relevance to the
present study. These authors measured the pressure drop along
the middle compliiant segment (APu) by comparing results of venous
and arterial occlusions. At normal flow rates and alveolar
pressure, APy was 1-2 mmHg, representing about 10% of the total
pressure drop (9-11, 13, 15). However, and as might be expected
from highly compliant vessels, APy changed 1little (actually
decreased slightly) as flow rate was doubled implying that the
decrease 1in resistance, as a result of dilatation, offsets the

increase in flow (9, 15). IT this behavior continues into the
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very high flow range used in the present study, APy must have
been very smaill. In this'event it would be unlikely that the
filtration site is astride the upstream end of the compliant
middle segment since, in this case, part of the filtration site
would be characterized by high compliance and low resistance
while the other part (that upstream from thé middle compartment)
would be poorly Comp11ant. It is difficult to envision such
disparate mechanical properties existing within a vascular
segment that subserves a common function, namely filtration. Our
data, therefore, suggests that the filtration site lies entirely
within the middle compliant compartment.

We have shown 1in CHAPTER 1 that the fraction of total
resistance contributed by the vascular segment downstream from
the filtration site (i.e. Rds/Rtot) increases progressively as a
function of flow. At flow rates comparable to those used in the
present study Rds contributed in excess of 75% of total
resistance. The present results (Table 1) obtained in a totally
different group of animals, are in keeping with those shown
earlier. Furthermore, the confirmation of this resistance
distribution using an entirely different technique {(occlusion)
adds more support to the conclusion that at very high flow rates,
pressure 1in the microvasculature is much closer to PA pressure
than it is to left atrial pressure. The possible mechanisms
underlying this chénge in resistance distribution with high flow

have been already discussed (CHAPTER 1).
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VI. CHAPTER 5

DISTENSIBILITY AND PRESSURE-FLOW RELATIONSHIP

OF THE PULMONARY CIRCULATION. I. SINGLE VESSEL MODEL.
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A. BACKGROUND

The response of the pulmonary circulation to changes 1in
hydrostatic pressure at either end is quite distinctive. At a
fixed Teft atrial pressure (PLa), 1increases 1in pulmonary artery
pressure (Ppa) result in a non-linear increase in flow (F) with
the relation (F against Ppa) being convex to the Ppa axis.
Beyond a certain Ppa, the pressure-flow (P-F) relationship
becomes linear. The extrapolated pressure intercept of this
linear segment (termed opening pressure, Pop) is often higher
than Pua (1, 6, 8, 12, 22, 27). Also, at a fixed F, raising PLa
from a Jow level initially elicits smaller changes in Ppa.
Thereafter, the ratio of change 1in Ppa (APepa) over the step
change in Pua (APLa), i.e. APpa/APLA (Z), increases progressively
with increasing Pva approaching unity at higher PLa levels (5, 7,
17, 19, 24, 30).

Two mechanisms have been entertained to account for this
characteristic behavior (see ref. 21 for discussion). Firstly, a
critical opening pressure (Pcrit} exists at some point along the
length of parallel pathways. The site of this critical closure
is generally believed to be either alveolar vessels (17, 24, 29)
or vessels with high vasomotor tone (12, 20, 22). When PLa 1is
less than Pcrit, Pcrit becomes effective downstream pressure
'[zone 2 of West (31)] and Pra is independent of PLa. The initial

non-linearity of the P-F relationship can thus be explained by
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progressive opening of parallel channels causing a reduction 1in
total resistance (Rt). That different channels require varying
opening pressures (thereby explaining the progressive decrease 1in
Rt over a finite pressure range as opposed to a single pressure
point) may be attributed to gravity or non-homogeneous
distribution of vascular tone or perivascular forces. The linear
segment of the P-F relationship is thus the range over which all
channels are open and Rt is fixed. By use of this explanation
Pop 1s average Pecrit of the parallel channels, each weighted in
proportion to the conductance (% of total conductance) upstream
from the sight of Pcrit. The inverse slope of the linear segment
is the fixed resistance of the fully recruited system. According
to this analysis, failure of Ppa to rise to the same extent as
PLa can be attributed to some regions being in zone 2 (where Ppa
is totally independent of PLa) while others being in zone 3
[(PLa > Perit (2, 3, 25), where Ppa rises in a one to one
relationship with PLal. 1In fact, according to this schema, Z may
be used to ascertain the fraction of paratlel channels in the two
zones (e.g., ref. 3).

Secondly, the same behavior can be explained on the basis of
vascular distensibility (21, 33). The 1linear and non-linear
segments of the P-F relationship can result from an orderly
decrease 1in vascular resistance (Rv) secondary to a progressive
increase in distending pressure. That Z at a constant F, is less

than unity can be explained by a drop in Ry (and hence, PLa~Pea)
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as PLa (and hence, distending pressure) increases. That 2Z
increases as PLa increases may be due to a non-linear
relationship between distending pressure and Rv. For vascular
distensibility, independent of Pcrit, to account for the behavior
of the pulmonary circulation, the mechanical behavior of the
vessels must quantitatively and qualitatively fit certain
criteria.

Since Pecrit and vascular distensibility are both well
documented (e.g. 9, 10, 156, 16, 18, 28), both mechanisms must
contribute to the distinctive non-linear behavior of the
pulmonary circulation. The extent to which each contributes to
this behavior, under normal and pathologic conditions, is not
known. This information is crucial to the understanding and
interpretation of the response of the pulmonary circulation to
various physiologic and pathophysiologic interventions. As it is
difficult to isolate the two mechanisms in biologic experiments,
it 1s necessary to rely on theoretical analysis. Fortunately,
sufficient information about the mechanical properties of
pulmonary vessels has accumulated to permit such analysis. This
is the purpose of the next two chapters.

In CHAPTER 5, we give details on the derivation of the
mathematical algorithms used to describe the dimensional changes
of pulmonary arteries and veins, of the dog, 1in response to
phanges in transmural pressure (Ptu) and lung volume (VL). This

is based on information that is Ccurrently available 1in the

150



Titerature (15, 16, 18, 28). By adopting Poiseuille’s law for
flow of a Newtonian fluid in rigid tubes, and without other
assumptions, we derive a model for steady blood flow in a single
elastic vessel having average mechanical properties of pulmonary
vessels, We then present and discuss the response of the model
to changes in inflow and outflow pressures (Pin and Pout,
respectively) with and without added tone. Since the derived
algorithms were based on data obtained in the dog, the current
model is representative of the pulmonary circulation in the dog.
In CHAPTER 6, we develop a multibranched model with arterial
and venous channels, and intervening capilliary sheets [modeled
~according to Fung and Sobin (9, 10, 11)7]. Using the
multibranched model, we address issues that could not be
addressed with the single vessel mode]. In the multibranched
model, forces acting on individual parallel units of the same
generation can be varied independentiy. Hence, the model has the
potential of assessing the effects of gravity and non-homogeneous
distribution of vasomotor tone on P-F and PLa-Ppa relationships

of the total system.
B. METHODS

According to Poiseuille’s law, resistance (R) of a rigid
tube could be described by the following relation:

R = (8 u-l)/mr Ce e .. (a)
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or,

R = (8'meus1)/42 « o+ - . (1b)

where M is viscosity, 1 and r are tube length and radius,
respectively, and A is tube cross—-sectional area. Justified by
the data of Haynes and Burton (13), 1in the present analysis
viscosity was treated as constant (i.e. independent of vesse]
radius and flow). Therefore, R of any vessel or segment of a
vessel was treated as directly proportional to 1 and inversely

proportional to A2,

R = K-(1/42) e e 0. {2)

where K is a constant.

When considering an intralobar vessel, 1 was treated as an
exclusive function of 1lung volume (Vo) which 1in turn 1is a
function of transpulmonary pressure (Prp) and lung compliance.
"A" was modeled as a function of transmural pressure (Pru) and

the latter was calculated as:

Pru = Pv-Pyx e e .. (3)
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where, Pv 1is intravascular bressure and Px is perivascular
pressure which in turn is a function of Pv and Prp (see below).
In the absence of smooth muscie tone, Pru is equal to the passive
pressure recoil of the vessel wall (Ppas ).

In distensible and Tongitudinally stretchable vessels there
is no unique value that can describe the resistance of the vessel
under all conditions. Even if the vessel had perfectly uniform
mechanical properties, the resistance of successive segments will
vary on account of the longitudinal pressure gradient along the
Tumen. Furthermore, for a given luminal pressure, resistance
will vary with the degree to which the vessel is longitudinally
stretched. To circumvent this problem in the present analysis
each vessel, or segment thereof, was assigned a reference
resistance value which is offered by the vessel at a given 1 and
Ppas. Resistance under all other conditions 1is expressed as a
fraction of this reference resistance. Reference conditions were
chosen to be a Ppas of 35 cmHz20 and 1 at a Prp of zero.
Reference resistance, which in our mode] is an independent input,
is henceforth referred to as Ro,3s5. The choice of these
particular Prep and Ppas values as reference conditions was

arbitrary and has no effect on the results. Thus,

R/Ro,35 = (1/10,35) (A0,35/A)2 N D)
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where lo,35 and Ao,3s are the vessel's length and cross-sectional

area, respectively, at reference conditions. Re,3s5 1s an
expression of the basic structural properties of the vessel. A
vessel that 1is small by virtue of its hierarchical position or

high passive elasticity of its wall (as opposed to being small by
virtue of a small Ppas or because of vasomotor tone) would have a

large Ro,35 and vice versa.

1. Calculation of 1/1¢,3s

As indicated above, 1 was exclusively a function of VL and,
hence, Prep and lung compliance. This relation was derived from
the data of Smith and Mitzner (28). According to these authors,
normalized vessel length [i.e. 1/Imax = vessel length at any V.
as a fraction of vessel length at maximal (Prp = 30 cmH20) Tung
volume (Vimax)] was linearly related to the cube root of
normalized Tung volume [i.e. (VL/Vimax )'/723] over the lobe volume
interval 0.40+Vimax to Vimax , for both arteries and veins (Ref.
28, Figures 6A and 6B, respectively). The relationship did not
differ from unity and in the present analysis was assumed equal

to unity. Thus,

1/ Imax = (VL/Vimax )1/3 « » o+ . . {(ba)
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Below 0.40:Vimax, I/Imax did not vary considerably and was
assumed constant. As a result, normalized vesse] length at a Pre

of zero (i.e. 10,35/Inax) is equal to:

1lo,35/Imax = [(0.40'VLmax)/VLmax]”3 .« . . (5b)

or 0.7368,
The relation between (Vi/Vimax ) and Prer can be adequately

described by the following relation,

-{CL «Pr1p)
‘e

VL/Vimax = 1-B (6)

where "B" 1is the volume decrement below Vimax at Prp = 0 [1.e. 1
minus minimal volume (Vu) as a fraction of Vimax] and CL is a
constant describing the fractional volume change, of the
pressure-volume curve, per unit pressure change (14). Large
values for CL are associated with sharply arched deflation curves
(more compliant Tungs) and small values for C. with moderately
arched deflation curves (stiffer lungs). Initial values for Vu
and C. of 0.10 and 0.25, respectively, typifying normal lungs
were used in this study.

In order to normalize vessel] length to 10,35, equation 5a
was divided by 0.7368. By substituting equation 6, and replacing

"B" with (1-Vu) the following relation was derived:
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—-(CL P 1/3
[1_(1_\/“).9 (CL TP)]
1/10,35 = 0. 7368 e e 0o U
For I/1lo,3s < 1 [i.e. at (VL/Vimax) < 0.4], the ratio was taken

as 1.

2. Calculation of A/Ac, 3s

Since A is a function of Ppas and the latter is importantly
determined by Px, it is hecessary to estimate Px under the
various experimental conditions in order to obtain A/Ao,ss.

Px 1is influenced by Pv and by Prp (15, 28). The relation
between Px and Pv at various transpulmonary pressures was also
derived from data provided by Smith and Mitzner (Ref. 28, Figures
11A and 11B). Px-Pp1, Pp1 being pleural pressure, was re-plotted
as a function of Pv-Pp1 for the various Prp values, for both
arteries and veins. The results are shown in Figures 1A and 1B,
respectively. The curves appeared to asymptote at higher

vascular pressures and therefore, asymptotic regression lines of

the form,
c+(Pv-P
Px-Pp1 = atb.eC (PY=Pp1) (8)
were sought. Parameters "a", "b", and "c", on the other hand,
varied linearly with Prp. Linear regressions relating these
parameters to Prp were therefore obtained (a = +15.0-0.2P1p,
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b = -16.0-0.2:Prp, ¢ = -0.013-0.0003:P71p for arteries, and
a = +12.0-0.1+Prp, b = -12.0-0.2-Prp, c = -0.020-0.0003-Prp for
veins). Using this approach, for any Pre, parameters "a", "b",
and "c” could be calculated and subsequently Px at any Pv could

be derived. The agreement between these equations and the actual

data is shown by the dotted lines in Figures 1A and 1B.
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FIGURE 1. Perivascutar pressure (Px) as a function of intravascular
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(panel A) and veins (panel B). Ppi, 1is pleural pressure. Dotted Tlines
represent the results of the regression analysis, according to equation 8,
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relative to a reference resistance (Ro,35) at Ppas equals 35 cmHz20 (right
y-axis).

B Smith and Mitzner (28).
* Maloney et al. (18)
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The relation between A and Ppas was also derived from the
study of Smith and Mitzner (28). These authors provided plots of
the relation between Pv and normalized vessel cross~sectional
area (i.e. A/Anax, Amax being A at Pv = 30 cmHz20), for different
Prp values (Figures 7A and 7B, ref. 28). Px, for each Py and
Prp, shown in these figures, was calculated using the approach
described above and subtracted from Pv to obtain Ppas. Their
data was then re-plotted, A/Anax as a function of Ppas, for both
arteries and veins and the new plots are shown in Figures 2A and
2B, respectively, As evident from both figures, when expressed
as a function of Ppas, A/Amax 1is independent of Prp.

At higher Ppas, A/Amax for veins tended to asymptote
(Figure 2B). For Ppas 2 0, the data points could be adequately

described by a logistic relation of the form,

Al Anax = 1/[1+Bv.e_(c"'P°""3)] S L (9a)

Accordingly, regression lines of this form were obtained for
veins. Under specific reference conditions of Ppas (i.e
Ppas = 35 cmHz20), Ao,35/Anax 1S equal to:

—(Cv‘35)] (9b)

Ao ,35/Anax = 1/[1+Bv-e

To normalize A to Ao,3s, equation 9a was divided by equation 9b

énd the following relation was derived:
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Al Ao, 35 = [1+Bv-e_(c"'35)]/[1+Bv-e"(c"'P"“’)] . . (10)

From Figure 2A, it could be clearly seen that arteries,
uniike veins, continued to expand over the pressure range 0 to
30 cmH20 and did not appear to reach a maximum value. To
accommodate for larger Ppas values than those provided by Smith
and Mitzner (28), additional data points obtained by Maloney et
al. (18) at higher vascular pressures were superimposed (after
correcting the data for cross-sectional area and expressing it as
a function of Ppas) over the data obtained by Smith and Mitzner
(28). For arteries, the relation between A/Amax and Ppas
appeared l1inear over the range 0-40 cmiH2 0. Accordingly, a best

linear fit for arteries of the form,
AfAnax = Aa+Ba*Ppasg o e .. {11a)

was obtained. At reference conditions (i.e. P1p = 0, and

Ppas = 35 CmHZO),
Ao,35/Anax = Aa+Ba-+35 .. . . . {11b)

Thus, for arteries,
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Aa+BaPpas
A/Ao,35 = A A -3
Aa+Ba * 35

By substituting the detailed solutions for 1/10,35 and
AfAo,35 for veins in equation 4 and rearranging, the following

relation was derived:

~(CL+P 1/3 —(Cy P ”
RveO.35‘[T‘(1—VM)-e (C TP)] 14By « o (Cv+Ppas )

Rve = : (13)
. - + 35
0.7368 14+By o (Cv+35)

where Rve is venous resistance, and Rveo,3s is venous resistance
at reference conditions of Pip = 0 and Ppas = 35 cmH20. Vvalues
for the constants By (equal 2.4307) and Cv (equal 0.2355) were
obtained by regression analysis from average data of Smith and
Mitzner (Figure 2B). Given Rveo,3s, any change in Rve that is
due to either a change 1in Prp or Ppas could be calculated using
equation 13,

Analysis similar to the one outlined above using the
relevant equations for 1/10,35 and A/A4o,s5 was used to derive the

relation between arterial resistance (Rar) and both Prp and Ppas.
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~(CL P 1/3 2
Raro,35+[ 1-(1-vu)-e (Ct"PTP) Aa +Ba + 35

Rar = v (14)
0.7368 Az +Ba *Ppas

Aa and Ba (equal to 0.2419 and 0.0275, respectively) were also
obtained by regression analysis from average data of Smith and

Mitzner (Figure 2A).

3. Modeling of smooth muscle tone

Accurate modeling of the mechanical effects of smooth muscle
contraction on the pulmonary circulation is currently not
possible because of lack of critical morphologic and functional
information about pulmonary vascular smooth muscle. Information
obtained from systemic vessels is not readily transferable to
pulmonary vessels, at 1least not in the gquantitative sense.
Firstly, there 1is.considerable heterogeneity in smooth muscle
properties within ﬁhe systemic circulation (for review see ref.
23). Secondly, smooth muscle morphology and function generally
reflect adaptation to the mechanical stresses and functional
requirements at their specific locale (23). The pulmonary
circulation is a low pressure system with different objectives
and control from the systemic circulation. Nonetheless, it is
feasible to define the range of mechanical effects within the
extremes of theoretically possible smooth muscle characteristics

in the pulmonary circulation.
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FIGURE 3. Schematic representation of the isometric active tension curve
in a maximally stimulated muscle (solid Tine) and passive tension curve in a
relaxed muscle (dotted 1ine) as a function of muscle length.
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A1l smooth muscle strips, regardless of their source
(vascular, airway, intestinal, etc...) display common gualitative
properties (Figure 3). Under passive conditions the muscle
tissue exerts no tension up to a certain length beyond which
tension rises non-linearly as a function of length, Active
tension is maximal at a specific length (1o} and declines above
and below this point. -There is no reason to believe that
pulmonary vascular smooth muscle behaves differently 1in the
gualitative sense. Several features, however, need to be Known
before this gqualitative length-tension relationship can be
converted into lumen radius (or area) versus radial active
pressure (Pt) relation. The latter is required to predict the
effect of active tension on the total P-F relationship.

First, how steep is the tension decline above and below 107
A steep decline below 1o, for example, could decrease the
muscle’s ability to generate radial (i.e. collapsing) pressure as
lumen area decreases, even after allowing for improved mechanical
advantage according to Laplace’s relation (see below).

Second, what is the relation between lumen area and smooth
muscle length? This relation is critically affected by smooth
muscle orientation relative to the vessel's longitudinal axis and
by the amount of non-muscular tissue contained within the muscle
layer. At one extreme (i.e acute angular orientation or a thick
hon-muscular tissue internal to the muscle layer), smooth muscle

length, and hence circumferential tension, may change little over
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the entire range of lumen areas. The treatment used by Burton
(4) and Permutt (26) 1in modeling the effect of active tension on
P-F relations implicitly assumes this extreme behavior (i.e.
active tension independent of vessel radius}. At the other
extreme (i.e. circular orientation and a thin non-muscular
layer), muscle length may decrease to the point where no active
tension is possible long before the lumen is completely closed.
In this case, vessels cannot close completely under the influence
of active tension.

Third, what is the relation between lumen radius (ri1) and
the radius of the smooth muscle layer (rm)? This is a fuhction
of the amount of non-muscular tissue contained within the muscle
laver. Although vascular resistance 1is related to ri, it is ram
that critically governs the relation between circumferential
active tension (T) and radial collapsing pressure (Pr1), according
to Laplace’s relation (Pr = T/ra). At one extreme (a thick
non-muscutar tayer), rm changes little with r1. Pr, 1in this
case, is simply a function of T (which also changes very 1little).
In other words, Pr would be dependent on the level of smooth
muscle activation and independent of lumen area. At the other
extreme, rm changes substantially with ri. In this case, as the
vessel distends above its ro (vessel radius associated with 1o),
Pr decreases partly because of larger rm and partly because of

less T. As the vessel lumen decreases below ro, Pr may increase,
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decrease, or remain the same depending on the relative effects on
T (as dictated by the first two relations) and r» (dictated by

the third relation).

30 'T—
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FIGURE 4. Schematic representation of the various P71 treatments above
(curves a, b, and ¢) and below (curves 1 to 5) Ao. Ppas is shown by the
dotted line. Ao is area at which maximum active tension is produced. Po is
the pressure produced by active tension at Ao. (See text for explanation)
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According to this analysis, for a given level of tone, the
relation between lumen area and Pt can follow five different
pathways below Ao (lumen area at which muscle is at lo) and two
pathways above 4o (Figure 4}, Below Ao as lumen area decreases
Pr may increase, remain the same, decrease towards an intercept
on the pressure axis, decrease towards zero or decrease towards
an intercept on the area axis. The last two possibilities do not
permit complete closure of vessels under the influence of active
tension. Above Ao, pressure decreases either as a function of
radius alone (i.e. constant tension, line a, Figure 4) or at a
steeper rate (decrease in tension as well, line b, Figure 4). By
assigning a pressure value at Ao (i.e. Po) which is a reflection
of the level of activity, it is possible to study the effect of
these various patterns on the pP-F relation. Figure 4 shows a
third pattern (line ¢) in which Pr is independent of lumen area
above A4o. This pattern is physiologically untenable. In the
single vessel model we include pattern c in the comparisons with
other patterns to assess the effect of assuming a constant Pt on
the results. The use of Pr 1independent of 1lumen area, 1if
inconsequential to the results, would considerably expedite the
computations with the multibranched model,

The following equations were used to model the various
possible pressure patterns below (equation 15) and above

(equation 16) Ao:
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2

A/ Ao, 35
jund - — L] ————— et e, +
pT Po (Kp 1) [AO/A0,35 1} 1 (15)
and,
172
Ao/Ao, 35
Pr = (Po)s |—m—nr0| - Lp[(A/A0,35) - (Ao/Ao,35)] . . (186)
AlAo, 35

where Kp (equation 15) is the pressure intercept (i.e. at zero
lumen cross-sectional area) as a fraction of Po, and Lp
(equation 16) is a factor by which Pr can be forced to drop at a
rate greater than that allowed by Laplace’s law. For pattern c,
Pr = Po.

The location of A., relative to the physiologic area range,
is not known for pulmonary vessels. However, it is known that
for all smooth muscle 1o occurs at a length where passive tension
is substantial (23); For pulmonary vascular smooth muscle Ao is,
therefore, likely well above the resting point of the vessels
(area at which relaxation pressure 1is zero in Figure 2). We
carried out calculations assuming two values for Ao ,
Ao = 0.50+A40,35 and Ao = 0.70+A0,235. These correspond to
relaxation pressures of 9.64 and 16.08 mmHg for arteries, and

2.77 and 5.41 mmHg for veins.
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FIGURE 5. Transmural pressure (Pru) (sum of Ppas and Pr) as a function of
lumen A/Ac,3s5 for an average pulmonary artery (panels A and B) and vein
(panels € and D) at two different Ao [Ac = 0.5-40,35 (left panels) and
Ao = 0.7+Ao,35 (right panels)] and for the various Pt treatments shown in
Figure 4, .
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In the presence of smooth muscile tone, the total recoil
pressure (Pru) for a vessel is the sum of passive and active

pressures: Thus,

Pr4 = Ppas + Pr e e . L 1T

Equations 13 and 14 were rearranged to obtain Ppas as a function
of R [Ppas = g(R)] for veins and arteries, respectively.
Equations 15 and 16 were rewritten so that Pr is also a function

of R [Pt = h(R)]. Thus,

I

Pru g(R) + h(R)

f(R) e .. (18)

This Tlatter function was used for the iterations to be described
below.

Lumen area-Ptuw relations for arteries and veins are shown in
Figure 5. In the left panels, Ao was 0.50-40,35 and in the right
panels it was 0.70+A4o0,35. The plots depict the five relations
below, and the three relations above Ao, at a Po of 10 mmHg.

With treatments 1 and 2 there is a minimum pressure (Pmin)
below which vessel compliance becomes negative (treatment 1) or
zero (treatment 2). For example, from Figure 5A, Pmin for

treatment 1 1is about 11 mmHg and for treatment 2 is 10 mmHg. In

170



both cases the vessel closes completely once Pru decreases below
Pmin. The main difference between the two treatments is that
with treatment 2 the vessel reopens once Pv is returned to Pmin
while in treatment 1 a greater pressure (15 mmHg, Figure 5A) is
required to reopen the vessel once it closed. This would produce
a hysteresis in the P-F relation. In treatments 3 to 5 the
compliance below Ao is positive. Hence, graded reductions in
vessel cross-sectional area below the point of minimum resting
tension are possible.

Above Ao, the slope of the area-pressure relation (i.e.
vessel wall elastance, dP/dA) is the sum of the negative Pr
relation (decreasing PT‘With increasing area in treatments a and
b) and the positive Ppas relation (Figure 3). Vessel wall
‘elastance with active tension in this region is, therefore, less
than that of the resting vessel. As the slope of the area-active
pressure relation above Ao is a function of Pe (equation 16,
above), values of Po greater than a certain limit would result in
a zone with negative elastance. The vessel cannot operate 1in
this region since, according to the wave-speed Timiting
equation', flow cannot exist where elastance is zero or negative.
The critical Po above which a negatively sloping segment occurred
above Ao with treatment a, when 4 was 0.50-A40,35, was 30 mmHg
for arteries and 10 mmHg for veins. This represents about 300%
and 350% of the resting pressure at this point for arteries and

veins, respectively. For 4. equal to 0.70+«40,35, the critical Po
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values were 50 and 20 mmHg, also representing about 300% and
350% of resting pressure for arteries and veins, respectively.
We limited the maximum Po values to 300% of resting pressure for
arteries and 350% for veins to avoid this complication. This is
probably well justified since preliminary observations on
pulmonary vascular smooth muscle indicate that active tension
produced during maximal stimulation at lo is not much higher than
the passive tension exerted at the same length (N.L. Stephens et
al., and R.A. Rhoades et al,, perscnhal communication). Oour
treatment, therefore, may overestimate the pressure generating

ability of pulmonary vascular smooth muscle.

4. Calculation of resistances

In the present algorithm F and Pout for the vessel were
independent inputs. To the extent that Py along the length of
vessels decreases and vessels are distensible, resistance along
each vessel is not uniform. Because of the non-linear relation
between Ppas and resistance calculation of effective resistance
provided by each vessel based on Pv at some point along the
vessel (Pin, Pout, or some average of the two), especially in the
presence of variable Pr, is not precise. Accordingly, to
calculate effective resistance, each vessel was considered as
composed of a Targe number (n=100) of short segments connected in
series, with eaqh segment having a reference resistance of

Ro,35/n (Ro,3s being reference resistance of the whole vessel).
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The actual resistance of each segment, beginning with the most
downstream segment, was obtained by iteration. Each iteration
consisted of two steps. In step one, the resistance obtained at
the end of the previous iteration (Ro,35 for the first iteration)

was used to calculate Pru that applies for that resistance

according to equation 18. Since for the singie vessel Px was
zero, Pry = Pv. 1In the second step a new R was calculated from,
R = (Pv-pout)/F v e e 4. (19)

where Pout is Pv of the segment just downstream from the current
(or the inputted Pout for the most downstream segment). If the
second R differed from the R used in the first step, an
intermediate value was used in the next iteration. Iteration
continued until R values calculated in step one and step two were
similar, indicating that the radial and longitudinal pressure
dradients are 1in equilibrium, and Pv ceased to change. Pv was
then used as Pout for the next Upstream segment and the process
was repeated for the whole vessel length. Effective resistance
for the whole vessel under these conditions is the sum of all
calculated segmental resistances.

The derivation of the pressure profile according to the
above scheme 1ignores the possibility of wave-speed {WS)
]jmitation at some point along the vessel. In our standard

treatment (equations 13 and 14) absolute area (4) and vesse]
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elastance (dP/dA) at the prevailting Pru are not considered, and
these determine a maximum flow value (Fmax) which can be
transmitted by the segment according to the theory of WS
Timitation (Footnote 1). It would be of interest to see how the
presence of WS limitation would influence the P-F and Pout-Pin
relations. For this purpose an algorithm was developed which
calculates Fmax, at the segment, from the WS equation
(Footnote 1) given the steady-state solution for Py (as above),
the area, and dP/dA of the segment at this Pv. Different assumed
Ao ,35 were used to force various degrees of flow limitation. 1In
the iterations used to calculate Pv at a given segment, if Fpax
was less than F (which 1is an independent input), Pv was
incremented in steps of 0.01 mmHg. Following each step, Pr, Pru,
and R were recalculated and a Nnew Fmax was computed. Step
increases 1in Py continued until the condition Fmax > F was met.
This treatment essentially forces a waterfall at the flow
Timiting segment, the pPressure drop along the segment being

greater than that predicted by Poiseuillian flow.
C. RESULTS AND DISCUSSION
1. Pressure-flow relations in a single vessel
P-F relationships of a single artery and a single vein are
shown in Figure 6, In Figures 6A and 6B, the pressure-area

reiationships of all segments were assumed simi?ar and equal to
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that of an average pulmonary artery (as in Figure 2A). The
vessel shown in Figures 6C and 6D consisted of segments with
pressure-area characteristics similar to those of an average
pulmonary vein (as in Figure 2B). Ro,3s5 was the same for all
segments of a given vessel and was adjusted so that at a F of
2 1/min, and Pout of 5 mmHg, Pin was roughly 15 mmHg, thereby
simulating relationships in a “typical” 20 kg dog under
anesthesia. Extravascular pressure was zero under all
conditions. Figures 6A and 6C were generated with a Pout of
5 mmHg and Figures 6B and 6D with a Pout of 15 mmHg.

Solid lines 1in Figure 6 represent the condition without
smooth muscle tone (i.e. Pr = 0). Since Pout is positive and
extravascular pressure is zero, Pry is positive and well above
the collapsing pressure (i.e. Perit) in all segments. For both
'vesse1s, at a low Pout (Figures 6A and 6C), the P-F relationship
is initially convex to the pressure axis. Above a certain F,
which is vessel type dependent, this relationship becomes nearly
Tinear. Extrapolation of this linear segment results in a
pressure intercept (Pop) that is well above both Pout (5 mmHg)
and Pcrit (zero). Calculated R from this segment (1/slope) 1is
well below the vessel’s R when maximally distended. The latter
is given by the inverse slope of a line Joining Pout and the P-F
point at a very high flow. The particular P-F of the pulmonary
,cjrcu1ation with an initial convex and a final apparently linear

segment is, therefore, obligate and independent of the presence
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of Pecrit along the vessels, or of recruitment. Furthermore, the
mechanical properties of the pulmonary vessels are such that the
hearly linear segment occurs within the physiologic range
(2-8 1/min for a 20 kg dog}. It is thus evident that using Pop
and the inverse slope of the linear segment as indices of Perit
and the fixed resistance of a fully distended system, 1in the
presence of distensible vessels, is incorrect.

At higher Pout (Figures 6B and 6D), the P-F relationship of
an artery (Figure 6B) 1is stili curvilinear, yet to a smaller
extent, whereas that of a vein is linear (Figure 6D). The reason
for this behavior in both vessels could be explained by examining
the pressure-resistance relationships of Figures 2A and 2B,
respectively. In the Ppas 2 15 mmHg range, both vessels are
operating in the range where resistance drops little (dots,
Figure 2B) with a step increase in transmural pressure (i.e. the
flat portion of the pressure-resistance relationship). Whereas
resistance of arteries continues to drop, that of veins remains

fairly constant making them behave 1ike rigid tubes.
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FIGURE 6. P-F relationships of a single artery (panels A and B) and a
single vein (panels € and D) at two outflow pressures (Pout), Pout = 5 mmHg
(left panels) and Pout = 15 mmHg (right panels). Solid lines represent the
condition without smooth muscle tone. Dashed and dotted 1ines represent the
condition with Pr of 10 mmHg at Ao (4o = 0.7+-40,35), for treatments 1 to 5
shown in Figure 4 when added uniformly along each vessel.
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Effect of added tone. The additional interrupted lines in
Figure 6 show the effect of adding tone, equivalent to 10 mmHg at
Ao, uniformly along each vessel. The different lines pertain to
different assumed patterns of Pr response to lumen area below Ao
(Figure 4). In all simulations pattern "a” was used to simulate
the A-Pr relation above As. The pattern of tone used does not
affect the basic response of the P-F relation. 1In all cases, the
relations, with and without tone, diverge until a certain
pressure difference 1is reached above which the lines become
essentially parallel. The main differences between the different
tone patterns are in the low flow range, particularly Pz, when
Pout 1is Tow (Figures 6A and 6C). The magnitude of the paralle]
shift is little affected by the tone pattern.

It must be pointed out that the paraliel shift occurs
regardless of the relation between Pout and the amount of added
tone (in other words, whether or not a waterfall is established
with the additiqn of tone). Figure 6B, for example, shows the
P-F relationship for the same artery shown in Figure 6A but with
a Pout of 15 mmHg. The inflow pkessure at which flow just starts
(Pz), under these conditions, does not change with the addition
of tone since Pout 1is greater than Perit. However, the P-F
relationships stil] diverge from each other until a certain AP is

reached. Thereafter, the two lines become nearly paraliel. Pop ,
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extrapolated from the 1inear segment,

increases by an amount that

is Pout and vessel type dependent, and the absolute value of Pop

still does not represent true opening pressure (i.e.

Pcrit).
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The reason for the relative insensitivity of the magnitude
of parallel shift to tone pattern is shown in Figure 7. Figure 7
shows the Jlongitudinal profile of Py, segmental area (A;i),
segmental resistance (Ri), and Pr along an artery at a flow of
8 1/min and Pout of 5 mmHg (see Figure 6A) under three
conditions; ho tone and tone of 10 mmHg (at 4o ) with patterns 2
(dotted 717ne) and 5 (dashed line). The difference between the
two patterns of tone is most obvious at the most downstream
segments, where area is smallest; Pr with pattern 2 is much
larger than with pattern 5 (Figure 7D). In fact, with pattern 2
there is a waterfall at segment 1 since Pt (equals 10 mmHg) 1is
greater than Pout (Figure 7A, dotted Tine, segment 1). Because
resistance increases more with pattern 2 at the most dowhstream
segments, Pv rises at a faster rate (as a function of segment
number). This counteracts the effect of the larger Pr. 1In fact,
by segment 5 in this example A; is larger (Figure 7B) and Ri is
lower (Figure 7C) with pattern 2 even though Pr is still] higher
(Figure 7D), These changes cause the difference in Py, highest
at the most downstream segments, to progressively narrow as a
function of vessel Tength (Figure 7A, dotted and dashed lines).
The rate at which the two Tongitudinal pressure profiles converge
is necessarily a function of fTlow. In this example (8 1/min)
inflow pressure (segment 100) is nearly the same. At Tow flow

rates, although the pressure profiles also converge toward the
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inflow point, the rate at which the difference narrows is less
resulting in some difference in Pin (Figure B6A, 1in the low flow
range).

With high Pout, the vessel area is hear or above Ao even at
the most downstream segments. There 1is 1ittle difference in Pt
between the different patterns near Ao (Figures 4 and 5). The
initial divergence in Pv at the most downstream segments 1is
therefore much less and easily neutralized by the more upstream
segments, This explains the lack of any substantive difference
between tone patterns in Figures 6B and 6D). With veins (figures
not shown), the pressure differential (between the two patterns)
developed at the downstream segments results in a more effective
compensation in the upstream segments on account of the steeper
pressure-area relation. The longitudinal pressure profiles,
therefore, converge more readily. Hence, the small dispersion of
Tines in Figure 6C.

In Figure 6 we used only one pattern of A-Pr relation above
Ao (pattern a). To assess the effect of other possible behaviors
(patterns b and ¢, Figure 4), we developed P-F relations with the
three patterns using pattern 2 for the relation below 4. The
resuits for a Po of 10 mmHg are shown in Figure 8. With pattern
b, where Pr, for a given Po, decreases both because of Laplace’s
relation and because of decrease in tension above Ao, the pP-F

relation with tone shows a slight tendency to converge toward the
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no-tone line at high flow rates. The differences between pattern
a (decrease in Pr on account of Laplace’'s relation only) and

pattern c (Py independent of area) are very minor.

ARTERY A | ARTERY B
= 5 mmHg Post = 15 mmHg

P

out

0 mmHg

€ 2]

E

~

)

b

90 1. Lt N el
= c | vew D
z Fout = 15 mmHg

O

w

8 L =
= 10, pettern 2 o
= 10, pattern 2 b /%
= 10, pottern 2 ¢ /&
6 | _.'I
41
2 -
0 1

0 10 20 30 40 ©0 10 20 30 40 . 50
Inflow Pressure {mmHgq)

FIGURE 8. P-F relations with three patterns (a, b, and c¢) above A using
pattern 2 for the relation below 4o. Upper panels relations obtained in an
average pulmonary artery; Lower panels relations in an average pulmonary vein;
Left panels, Pout = 5 mmHg, and right panels, Pout = 15 mmHg. The results are
for a Po of 10 mmHg.
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The considerable insensitivity of the P-F relation 1in the
physiologic flow range (2-8 1/min) to the pattern chosen to mode 1
the A-Pt relation above and below Ao makes it possible to get
around the uncertainty about the real relation in the pulmonary
circulation without risking serious errors. In the absence of
any experimental data to favor a particular pattern, we shall use
pattern 2 ¢ (Pr independent of A) in subsequent modeling, if only
because it is expeditious.

The reason for the initially divergent and then parallel
shift of the pP-F relationships with added tone is shown 1in
Figure 9. Panels A, B, and C show the longitudinal profile of
Pv, segmental cross-sectional area (Ai), and segmental resistance
(Ri ), respectively, at 3 different flow rates with and without an
added tone of 10 mmHg. The units in this figure are relative
and, therefore, have been omitted,. An artery with a Pout oOf
10 mmHg, to eliminate a Starling resistor effect, is represented.
Changes produced by tone at the first (i.e. most downstream)
segment are simi]ar_under all flow rates. .Since Pv for segment
#1 (Pout here) is the same, the addition of tone reduces Pru by
the same amount and hence, cross-sectional area of segment #1
(A1, panel B) decreases and its resistance (R1, panel C)
increases to the same extent under all flow conditions. Pv for
segment #2 with tone increases by (ARt - F) compared to no tone,
where ARi is the difference in resistances of segment #1 between

both conditions (i.e. with and without tone). As a result, Az
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decreases and Rz 1increases to a lesser extent than their
respective values in segment #1. The increase in Py as a result
of a higher downstream resistance (Rps) with tone causes areas
and resistances to progressively approach respective values
without tone. Because the increase in Py for a given segment is
a function of F, Ai and R; with tone approach respective values
without tone at a faster rate (as a function of segment number)
with higher flows as compared to lower flows (panels B and C,
Figure 9). The segment where ARpos:F equals Pr will have
equivaient cross-sectional areas and resistances. The pressure
drop along this segment will be the same with and without tone
and the increase 1in Py (as a function of segment number)
thereafter will remain unchanged. At low flow rates, ARps -+ F does
not reach Pt at any point along the vessel because of low F. The
vessel will, thus, be constricted throughout its length, albeit
more so downstream (panel B). As F 1increases, R;i with tone
approaches that without tone faster, but at the expense of
greater Pv. Pin with tone compared to without tone increases
with increasing F until APin equals Pr. At this point Rico (i.e.
resistance of the most upstream segment) becomes the same with
and without tone. 1Increasing F further causes the point at which
segmental resistances with and without tone are equal to move
farther downstream with no further change 1in APin. The F above
which the slope of the Pin vs. F relation become similar with and

without tone (Ferit) depends on the magnitude of Pt (higher Feorit
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with greater Pr) and the elastic behavior of the vessel wall (and

hence, how Ri; changes as a function of Pv). For example, in a
vein (figures not shown), Pv need not rise to compietely match
PT . Rather, once Pv rises to a value that places the vessel on

the flat part of its Ppas—-A relation (Figure 2B), the effect of
tone is dissipated. This change in Pv (APy) then becomes the
maximal deviation in the P-F relation and the flow at which this
APy is developed becomes Ffcrit. Hence the smaller parallel shift
in Figure 6D.

Figure 9, panel B, also depicts what one might see if vessel
dimensions were observed (e.g. by angiography) with and without
uniformly added tone. At low F the vessel would appear to
constrict rather uniformly (dotted 1ine panel B). At the highest
F constriction would appear limited to the most downstream
segments, thereby giving the false impression that the increase
in tone is regional.

Effect of wave-speed Timitation. We wished to determine the
extent to which the presence of a waterfall due to wave-speed
(W8) Timitation would alter the P-F relation derived on the basis
of distensibility alone. By experimenting with different levels
of absolute 40,35 we selected a value that results in a step up
in pressure of 8 mmHg along a vessel with arterial
characteristics at a flow of 8 I/min and a Pout of 5 mmHg. Ao,ss

that had this effect was 1.1 cm?. We then generated the P-F
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retation for that vessel and compared it with the retation when

WS limitation was ignored (see "METHODS"). The results are shown

in Figure 10. 10
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FIGURE 10. P~-F relationships with (dashed line) and without (solid 1ine)
wave-speed (WS} limitation for an average pulmonary artery with a Pout of
5 mmHg.
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FIGURE 11. Longitudinal profile of Pv (panel A) and segmental R (panel B)
at a flow rate of 8 and Pout of 5. Solid 1ines, represent the case without
wave~-speed (WS) limitation; dashed Tines, with WS limitation.
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The two curves deviated from each other only above a flow of
3 1/min, the lowest level at which a step change in pressure due
to WS limitation was present. The general behavior is similar in
the two cases showing a gradual change in slope leading to an
apparently linear segment. Of interest is the fact that although
the waterfall effect within the vessel was 8 mmHg at £ = 8 I/min
(see below), the deviation in Pin at the same flow was only
2 mmHg (Figure 10). The reason for this attenuation is shown in
Figure 11. Since the vessel properties are uniform, choking will
occur at the most downstream segment, when pressure and, hence, A
and dP/dA are Towest (Figure 2). By comparison to the case where
WS limitation was ignored (solid line), there is a step up in
pressure at segment #1. This causes all segments upstream to
operate at a lower resistance. The pressure difference,

therefore, narrows progressively upstream (Figure 11A).

2. Outflow-inflow pressure relationships

Figure 12 shows changes in Pin as Pout increases at 2 1/min
(upper panels) and 8 1/min ( Jower panels). Left panels show
curves obtained in an average pulmonary artery (as in Figures 6A
and 6B). Right panels show curves obtained in an average
pulmonary vein (as in Figures 6C and 6D). 1In the passive vessel

(solid 1ine), as Pout rises, Rv drops resulting in a decrease 1in
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(Pin=Pout ). Pin does not increase to the same extent as Pout
except for the vein (solid 1line, Figures 12B and 12D) at

Pout > 12 mmHg.
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FIGURE 12. Pout-Pin relations for the same artery (left panels) and vein
(right panels) shown in Figure 6 at two different flows, F = 2 1/min (upper
panels) and F = 8 i/min (lower panels). Solid lines are without smooth muscle
tone; dashed lines are with a Pr = 10 mmHyg, treatment 5; dotted lines are with
a Pt = 10 mmHg, treatment 2; and chain-dotted lines when wave-speed (WS)
Timitation was imposed on the artery at 8 i/min (highest point in Figure 10).
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Although this behavior was qualitatively expected, its
magnitude was striking. At normal flow (2 I/min), Z (i.e.
APin/APout ) in the Pout range 0-5 mmHg was less than 0.23 for
both artery and vein. Between 5 and 10 mmHg Z was less than 0.45
for the artery and about 0.72 for the vein. Eor the artery Z was
still below 0.75 even in the Pout range 15 to 20 mmHg. Over the
same Pout range Z becomes even smaller as F increases. This 1is
due to a greater reduction in (Pin-Pout) for a step increase 1in
Pout, since the decrease in (Pin-Pout) 1is a function of the
change in R (AR) and F. Under all conditions the change in Z as
Pout increases is gradual, reflecting the progressive decrease in
sensitivity of resistance to vascular pressure (Figure 2, dots).

Dashed and dotted lines describe the response with added
tone of pattern 5 and pattern 2, respectively. With pattern 5
there is no waterfall since Pr decreases to zero before the
vessel is closed. With pattern 2 there is a waterfall up to a
Pout of 10 mmHg and this is evident by a segment with a slope of
zero in the Pout range 0-10 mmHg. The chain-dotted 1line 1in
panels C pertain to the case with WS limitation (as illustrated
in Figure 11) which, as may be expected, also shows a perfectly
flat segment. Although with distensibility alone (no waterfall)
Z in the low Pout range technically is not zero, the difference
from the case with waterfall would be difficult to detect

experimentally, especially at high flow.
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In summary, the elastic properties of pulmonary vessels of
the dog are such that the presence of a linear segment in the
Pin~F retation within the physiologic flow range, and a
APin/APout ratio of near zero in the low Pout range, are to be
expected in the absence of critical closure or WS lTimitation.
These relations, therefore, have little value in detecting a
waterfall along the circulation. Addition of tone, homogeneously
to a vessel, causes a parallel shift in the Pin~F relation in the
physiologic flow range whether or not a waterfall is established.
The magnitude of the parallel shift is Pout and vessel type
dependent. A parallel shift, therefore, does not necessarily
signify the development of a waterfall and its magnitude is not a
quantitative reflection of the radial pressure exerted by smooth

muscles,
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D. FOOTNOTES
Footnote 1.

According to the wave-speed theory of flow limitation the
maximum flow that can be conducted by a vessel (Fmax) is given by

the following relation:

g 1/2
A dP
Fmax =A'[ . ]

S dA
where A is cross-sectional area, dP/dA is vascular elastance, and
& is the fluid density flowing in the given tube. (For a
comprehensive review of the wave-speed flow-1imiting mechanism
see ref. 32).

For a given reference area (A4o,3s5) A and dP/dA, at a given
Pru, could be calculated from equation 10 for veins and

equation 12 for arteries.

192



E. GLOSSARY

M
0,35:

Ai:

Amax :

Ao :

Cu:

Ferit:

Frnax:

Fr:

LA:
fmax:

lo:

viscosity of blood.

when applied as subscript to a statement refers toc the
value of the statement at reference conditions of
Pre = 0 and Ppas = 35 cmHz20.

vessel cross-sectional area (lumen).

cross—-sectional area of segment 7.

highest lumen cross-sectional area reported by Smith -
and Mitzner (28) [i.e. at Ppas of 30 cmHz2 0] .

lumen area at optimal muscle length (lo).

a constant describing the fractional lung volume change
per unit pressure change.

flow.

critical flow at which the cross-sectional area of the
most upstream segment of a vessel is the same with and
without added tone.

maximal flow, as allowed by the wave-speed limitation
theory, in a given segment and for a given Pv.

total flow.

vessel length

left atrium.

vessel length at maximal (Prep = 30 cmH20)} tung volume.
optimal muscle Tength, length at which muscle produces

maximal tension.
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P-F:
PA:

Part :

Pcrit:

Pg :
Pin:
PLa:

Pmin:

Po :

Pop:

Pout:
Ppa:

Ppas:

Pp1:
Pr:
Pru:
Prot:

Pre:

pressure-flow,

pulmonary artery.

intravascular pressure at the arterial end of a
capillary sheet.

critical opening pressure, the minimal pressure
required to open an individual vessel.

pressure produced by gravitational forces.

inflow pressure.

left atrial pressure.

minimal Pv below which vessel compliance becomes zero
or negative with treatments 1 and 2 of Pt (Figure 5).
pressure produced by active tension when smooth muscle
layer is at 1o.

opening‘pressure, obtained from the extrapolated
pressure intercept of the linear segment of a P-F
relationship.

outflow pressure.

pulmonary arterial pressure.

passive pressure (i.e. 1in the absence of vasomotor
tone).

pleural pressure.

pressure due to vasomotor tone.

transmural pressure.

total pressure, the sum of Py and Ppas.

transpulmonary pressure.

194



Pv :
Px :

Pz :

Rar:

Rpsg :
Ri:
ri:
m:
o !
Rr:
Ry :

Rye:

Tmax :

Vi

Vimax :

Vu:

intravascular pressure.

perivascular pressure.

the pressure at which flow commences in a vessel.
radius.

resistance. When followed by a "’" pertains to venous
resistance and when combined with a numerical followed
by a lower case Tetter refer to Figure 1, part II of
this communication for exact location of the vessel in
the multibranched model.

resistance of an arterial extraalveolar pulmonary
vessel.

downstream resistance.

resistance of segment i.

lumen radius.

radius of smooth muscle layer.

lumen radius when smooth muscle layer is at lo.

total resistance.

vascular resistance.

resistance of a venous extraalveolar pulmonary wvessel.
tension.

maximal active tension obtained at lIo.

Tung voiume.

maximal (i.e. at Prp = 30 cmH20) lung volume.
minimal (i.e. at Prp = 0) lung volume as a fraction of
VLmax.
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WS:

wave-speed.
the change in Pra (APpa) as a fraction of a step change
in Pea (APLa); APpa/APLA in the multibranched model and

APin/APout in the single vessel model.
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VII. CHAPTER 6

DISTENSIBILITY AND PRESSURE~FLOW RELATIONSHIP

OF THE PULMONARY CIRCULATION. II. MULTIBRANCHED MODEL.
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A. BACKGROUND

In the preceding chapter we developed equations, based on
available 7in situ data, which describe the effects of
intravascular pressure and lung volume on length and
cross-sectional area, and hence resistance, of pulmonary arteries
and veins. We then described a method for integrating this
information to obtain changes in inflow pressure (Pin), for
single vessels, as outflow pressure (Pout) or flow (F) is
changed, The P-F and Pin-Pout relations obtained for single
arteries and veins displayed the fundamental characteristics
observed in the intact whole pulmonary circulation. Thus, that
the P-F relation is convex to the pbressure axis in the Tow flow
range with a distinctly linear segment in the physiologic flow
range. Also, Pin changed little as Pout was increased in the Tow
pressure range, the proportionality (APin/APout, also termed 2
here) then increased gradually toward unity as Pout 1increased.

In the present communication we describe the P-F and
Pin-Pout relations in a multibranched model in which each serial
or parallel component behaves according to the behavior of single
vessels described earlier (CHAPTER 5) but where the forces acting
on individual vessels can be varied. In this fashion we could
simulate the effects of factors that act non-uniformily on

pulmonary vessels such as gravity, vascular occlusion and
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vasomotor tone. This model also incorporates a capillary sheet,
modeled according to the sheet-flow theory of Fung and Sobin (10,

11).

B. METHODS

Figure 1 shows an outline of the various components of the
model. The arterial system bifurcates sequentially up to 8
parallel channels that converge and reunite at the venous side to
end in the left atrium (LA). Separating the arterial and venous
beds are 8 capillary beds (shaded rectangles). A1l extraalveolar
vessels were subject to a common transpulmonary pressure (Prr)

and all capillaries were subject to a common alveolar pressure

{(Pa).
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ARTERIAL BED VENOUS BED

R2a Rza'

VYV Rdc 7 Rac’ W—

R\’

RA2b’

Level 1 2 3 4 4 3 2 i

FIGURE 1. Multibranched model - starting at the pulmonary artery side
(PA), the arterial vascular bed bifurcates sequentially up to 8 paralle!l
channels that converge and reunite, at the venous side, to end in the Jeft
atrium (LA). Separating the two vascular beds are 8 capillary sheets (black
areas) representing the capillary bed.
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Modeling of the capillary sheet. Fung and Sobin (10, 11)
described the pulmonary capillary bed as a sheet of two membranes
separated by a set of reguiarly spaced posts. Both membranes and
posts are elastic and respond to changes 1in intravascular
‘pressure (Pv), Pa, and lung volume (VL). At a constant Pre, the
sheet thickness (H) varies linearly with Py according to the

following relation:

H = Ho+a* (Pv-Pa) e D)
_ where Ho 1is capillary sheet thickness at Py = Pa, and a is
compliance (in pm/cmHz0) of the capillary sheet. Equation 1 is

valid for a (Pv-Pa) range that is between zero and an upper limit
[0 2= (Pv-Pa) £ Pnmax]. Pnax [25 cmHz20 in the dog (11)] is the
pressure at which the sheet reaches maximum thickness (Hmax) and
becomes non-distensible. Ho, 1in the dog, was estimated by Fung
and 8Sobin (10, 11) to be 2.5 um. a, on the other hand, is highly
dependent on and inversely related to Prp (10, 11). From data
available in the 1literature on the dog lung and in which a was
estimated at various Pre (10, 11, 12), given Ho = 2.5 um, the

following relation between a and Prp was derived:

-(0.141+P1p)

a = 0.073+0.2-¢ (2)
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In the pressure range for which egquation 1 applies
[i.e. O £ (Pv-Pa) < 25 cmH20], in combination with equations for
blood rheology, conservation of mass, and momentum, Fung and
Sobin (10, 11) obtained a basic equation that describes the pP-F
relation in terms of sheet thickness at the arterial (Hart) and

venous {(Hven ) ends:

F = Cv(Hart*-Hven?) e .. 0 (3)

or,

F = C'{[Ho+a'(part“PA)]4‘[Ho+a‘(Pven‘PA)]4} .. (4)

where "C" is a constant that is related to sheet area, length and
width, geometry of posts, vascular space-to-tissue ratio, and
viscosity (for further details, see ref. 10, 11): and Part and
Pven are vascular pressures at the arterial and venous ends of
the capillary sheet, respectively.

Because the computer algorithm requires the P-F relationship
to be expressed in terms of resistance (R), equation 4 was
rearranged to provide capillary resistance (Rc ). Thus, for

0 = (Part=Pa) £ 25 and 0 < (Pven=Pa) < 25,

(Part-Pven)

Ce{[Hota-(Part-Pa)J4~[Ho+a+(Pven-Pa)]4}
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or,

[(Part_PA)-(Pven-pA)]
Re = - - (5b)
Ce{[Ho+a+(Part-Pa)}]*-[Ho+a- (Pven—Pa)]4}

When (Part-Pa) exceeds 25 €mH20, while 0 < (Pyven-Pa) < 25, Hart
reaches Hmax (maximal! sheet thickness given by Ho+a-25), and

equation 5b becomes:

[256~(Pven—Pa)]
RC - . . . . . (6)
C+{Hmax4-[Ho+a-(Pven—Pa )14}

When (Pven-Pa) rises towards 25, while (Part=-Pa) > 25, Re
decreases non-linearly towards an asymptote [minimal capillary
resistance (Remin)] which would be obtained when both ends are
maximally distended. For a given Ho and a, Remin is a function

of the constant "C" according to the following relation:

Remin = 1/[4'&'0'(Hmax)3] e s e . (7)

Hence, when both (Part-Pa) and (Pven-Pa) are greater than 25, Re
is treated as constant and equal to Rcmin.

The situation becomes more complex when Pven 1is Tless than
Pa. In this range, Rc consists of two components. The proximal

component, Re1, covers the region from the arterial end (where H
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is related to Part) to the point where intravascular pressure
equals Pa (and H = Ho). The resistance of this segment 1is given

by:

(Part—-Pa)
Re1 = e . .. (8)
C'{[Ho+a'(Part"PA)]4—Ho4}

The more distal segment (Rcz) acts as a Starling resistor whose R
changes inversely with F to absorb the pressure difference

between Pa and Pven. Thus,

(Pa-Pven)
Rc2 = e e e . (9)
C'{[Ho+a‘(Part‘PA)J4—Ho‘}

When 0 < (Part-Pa) < 25, Re, the sum of Rei and Rcz simplifies

to:

(Part*Pven)
Re = e 14D
C'{[Ho+a'(Part"PA)]4“H04}

When (Part-Pa) is greater than 25, Hart becomes Hmax and Reci

becomes fixed. Thus,

2b
Re1 = [ (11)
C'(Hmax4"Ho4)

and Rez2 becomes,
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Rez = (PA-Pven)/F s s e (12)

Since F here is determined by (Part-Pa) and Re1, 1i.e.

F = (Part"PA)/Rc‘l T« s s . (13)
hence,
(PA“Pven)
Re = Ret1 + e e e (14)
[(Part—pn)/RcH]
or,

25 (Part—Pven)
Re = . e 4 e s (15)
C'(Hmax“-Ho") (Part""PA)

Finally, when (Part-Pa) decreases below zero, F through that
segment was assumed to egual zero.

It must be noted that the above analysis, although not
contradictory with the sheet-flow theory of Fung and Sobin (10,
11), represents our own concept of their model. Relations
between (Pin-Pa) and F at various (Pout-Pa) for a sheet with

Remin of 0.4 cmH20/1/min, Ho of 2.5 um, and a of 0.172 um/cmHz2 O
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Pa is alveolar pressure.

(1

.2,

Pre

of approximately 5 cmH20) are shown

same sheet are shown in Figure 2B.

Relations between (Pout-Pa) and F at different (Pin-Pa) for the

in Figure 2A.

40
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FIGURE 2.

Panel A:

Pout —Pa (cmH20)
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P-F relations of the capillary sheet at various Pout.
Pout—-F relations showing flow limitation at various levels of Pin.



C. PROCEDURE

We used a personal computer (10 MHz, 80286 based
IBM-compatible system with an 80287 co-processor) to carry out
the calculations. For a given PLa and total blood flow (Fr), the
algorithm computes the steady state values for pressure and F at
different points in the model under specific conditions of Prp,
gravitational effects, mechanical properties, and vasomotor tone
in individual vessels.

General inputs are Pa, pleural pressure (Pp1), lung height
(Ht), Pua, F, and Vu and C. [the parameters describing the
pressure-voltume relation of the lung (CHAPTER 5)].

Branch-specific inputs are as follows:

1) Mechanical properties of vessels: Each extra-alveolar
vessel can be given the properties of an artery or a vein which
responds to tranémura1 pressure (Ptu) according to equations
derived in part I of this communication [equations 13 and 14,
respectively (CHAPTER 5)]. In addition, the mechanical
properties of each vessel [i.e. cross-sectional area (A) vs. Pru
relations] could be individually altered by appropriate selectiocn
of the constants "Bv" and "Cv", and "Aa" and "Ba" [part I,
equations 13 and 14, respectively (CHAPTER 5)]. For the sake of
simplicity, data presented here were generated under the
assumption that all precapillary branches behaved like arteries

and all post-capillary branches behaved J]ike veins. Values for

212



o

the constants were obtained from average data of S8Smith and
Mitzner (28) as specified earlier (CHAPTER 5). These values were
kept uniform for each type of vessel.

Ho and a of each capillary sheet could be wvaried
individualily. In the present analysis Ho was 2.5 pm and values
for a were calculated according to equation 2.

2) Reference resistance (Ro,35): This is the resistance a
particular extra-alveolar vessel would have at Prny = 35 cmH2 0 and
Prp = 0 cmH20 (CHAPTER 5). For the analysis presented in
"Results" total resistance of each arterial geheration (i} under
reference conditions [Rre,3s5(i)] was assumed similar to that of

other arterial generations. Thus,

Rro,s5(1) = Rrto,35(2) = RTo,35(3) = Rto,3s5(4)

or,

Ro,35(1) = Ro,35(2)/2 = Ro,35(3)/4 = Ro,35(4)/8

where Ro,3s5(i) is reference resistance of individual branches
within a generation. A similar treatment was used for the venous

system. Hence,

Rro,s5¢(1)’ = Rro,35¢(2)’ = Rro,35(3) ' = Rro,3s5(4)’
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and,

Ro,35¢(1)’ = Ro,35(2)'/2 = Ro,35(3)'/4 = Ro,35(4) /8

Furthermore, arteries and veins of the same generation were
considered to have equivalent Ro,zs. Maloney et al. (19) found
that arteries and veins of the same generation achieved equal
diameters in the vascular pressure range of 28 to 40 cmH:20. We
have also found, by trial and error, that when resistances of
arteries and veins of same generation are made equal at Pru of
35 cmH20, the partition of resistance upstream and downstream
from the capillaries under base Tine (normal) conditions
(Fr = 2 1/min, Pua = 3 mmHg, and Prp = 0 cmH20 and a normal Rt
under these conditions of 6 mmHg/1/min) to be about 50:50. This
distribution is well within the range described in the literature
(9).

Remin for each capillary sheet was used to derive the
constant "C" (equation 7, above). The relation between Rcmin fOr
capillary sheets and Ro,3s for extra-alveolar vessels was.
somewhat problematic since data for the contribution of
capillaries to total resistance {(Rt) at Prsw = 35 cmH20 is not
available. A fraction of 0.2 was chosen arbitrarily. The effect
of errors in this selection for values below (0.05) and above
(0.5) 0.2 on the overall response of the system was tested (see

"RESULTS™).
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Values for Ro,3as and Rcmin were obtained by trial and error.
Rr of 6 mmHg/1/min under the base 7ine conditions described above

(i.e. Fr = 2 1/min, PLa = 3 mmHg and Pip = O cmHz20) was sought.

These were (in mmHg/1/min): Ro,as5¢(1) = 0.2, Ro,35(2) = 0.4,
Ro,3s(3) = 0.8, Ro,3as(4) = 1.6, Remin = 3.2, Ro,3s¢4)' = 1.6,
Ro,35(3)” = 0.8, Ro,35(¢(2)’ = 0.4 and Ro,35¢(1)’ = 0.2.

3) Vasomotor tone: For each extra-alveolar vessel a Pt

value corresponding to the pressure exerted by smooth muscle tone

at Ao was added.

Calculation of pulmonary artery pressure. Iteration proceeded 1in
loops with each loop consisting of the following steps:

1) Calculation of F in each branch. As a first step,
calculation of F in each branch was based on Ro,zs5 and Recmsn
values assigned to the various branches and capillaries,
respectively, and Fr. Thus, for R1, F = Fr. For the second
generation of arteries (Rza and Rzpv) Fr was partitioned in
inverse proportions to the respective downstream resistance down
to the equivalent venous branch, inclusive. Thus, for Rza, the
relevant resistance was the sum of all resistances between Rza
and Rz2a’, inclusive, taking into account the parallel and serial
arrangement of resistors. The same principltes were used tb
partition F into subsequent generations. Resistances computed at
the end of each iteration (see below) were used for the

subsequent iteration.
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2) Caiculation of Pv at different points. Starting with
Pua, Pin to Ri1’ was calculated from Fr and the resistance
assigned to that vessel. Pin for Ri1’ then served as Pout for the
next generation. This process was then repeated up to the first
arterial generation. Again, for the first iteration Ro,3s was
used. For subsequent iterations the resistance value obtained at
the end of the previous iteration, for the particular vessel, was
used.

3) Accounting for gravity. The model consists of 14
vertical spaces between 15 vascular levels (Figure 1). Each
level was assigned a rank [Rn¢i)]. When referencing pressures to
the bottom of the lung, ranks span from 0 (bottom level) to +i4
(top). To reference pressures to the "hilum” the ranks were -7
to +7 and to reference pressures to top of lung the ranks were

-14 to 0. Ps in cmHz20 was calculated from,

Ht
Pe = — =+ Rn(i) « . .« . . (18)
14
Depending on the vessel rank, Pes, for each vessel, was calculated
and subtracted from Pv after converting the latter to cmH20.
4) Allowing for vascular tone. See section C, CHAPTER 5
for details of handling smooth muscle tone. As indicated earlier
(CHAPTER 5), there 1is 1little information regarding the change in

Pr as a function of 1Jlumen area (A) 1in pulmonary vessels.
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However, we have shown that the P-F relation of individual
vessels is, qualitatively, quite insensitive to the Pt vs. A
retation. Over the wide range of possible behaviors (see
Figures 6 and 8, CHAPTER 5 and related text)}, the differences
between various patterns were primarily in the magnitude of
change in Pz for a given active state. The magnitude of parallel
shift (in the P-F relations) also varied slightly for a gjveﬁ
active state depending on the pattern selected (CHAPTER 5).
However, these differences are meaningless 1in the present
context. Accordingly, and for simplicity, 1in the present
analysis Pr was assumed constant and does not vary with vesse]
diameter [i.e. pattern 2 ¢ (CHAPTER 5)].

5) Calculation of Px. For all vessels except R1 and Ry 7,
Px was calculated according to equation 8 (CHAPTER 5) using the
appropriate (i.e considering Prp) constants "a", “b" and “c", and
Pv . For Ri1 and Ri1’ extravascular pressure was assumed equal to
Pp1 (i.e. zero in the present analysis).

6) Calculation of Pru. For each extra-alveolar vessel,
starting with Pout as Py, Pru was calculated as Pv-Px. As each -
vessel was further divided into 25 serial segments, Px and hence,
Pru for each successive segment was continuously adjusted as a
function of Pv for that vessel. For the capillary sheets

(Part~Pa) and (Pven-Pa) were individually calculated.
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7) Calculation of resistances. Calculation of resistance
of extra-alveolar vessels was done using numerical integration as
indicated in "Methods” (CHAPTER 5). Each vessel consisted of 25
segments (as opposed to 100 1in the preceding communication) to
speed up calculations. Results obtained with 25 segments were
different from those obtained with 100 segments at the second
decimal level. Re of each capillary sheet was calculated
according to the appropriate form of equation 5.

8) Comparing resistances. Resistances obtained in step 7
were then compared with the assumed values used in step 1. If
the two values were within 0.1% of each other in all vessels, a
correct solution was presumed and iteration stopped. If the
values differed by more than 0.1% in any vessel a new set of
resistances, intermediate between the two values, was selected
(for all vessels) for use in step 1 and the cycle was repeated.
Intermediate values were calculated as 0.95 of the previous value
plus 0.05 of the new value. Although this approach required more
iterations to reach a solution, it prevented divergent
oscillations. With this routine, the time required to reach a
steady-state ranged between 3 and 120 seconds. This time depended
on the complexity of the problem (primarily the extent of

heterogeneity among branches).
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D. RESULTS AND DISCUSSION

1. Response of the multibranched
model in physiologic states

P-F relationships at various outflow pressures. P-F

relationships for PLa of 0, 5, 10, 15, and 20 mmHg at both Tow
(5 cmH20) and high (20 cmH20) Pa were generated for a Ht of 14 cm
(all pressures being referenced to LA). Pp1 was zero and the
circulation was passive (i.e. Pr = 0). The results are shown in
Figures 3A and 3B, respectively. A1l curves are initially convex
to the pressure axis. Above a certain flow this relationship
becomes nearly linear.

At Tower Pa (Figure 3A), raising PLa in steps from 0 to
20 mmHg produced equivalent shifts 1in the pressure intercept at
zero flow (Pz). This indicates that PLa, under these conditions,
was acting as effective outflow pressure due to the presence of
at least one alveolar vessel that was maintained open by
gravitational forces at the bottom of the lung. At higher Pa
(20 ¢cmHz20) an increase in Pz did not occur until PLa exceeded
10 minHg. This 1is attributed to the collapse of all alveolar
vessels thus forcing Pz to be independent of Pia until the first
alveolar vessel opens. Raising PLa causes a roughly parallel

Shift in the linear portion of the pP-F relationship. The extent
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of this shift is typically less than the rise in PLa and it
increases with increasing PLa (Figure 3A). Also, for a given

change in PLa, the shift is smaller at higher Pa (Figure 3B}.

10

Pyo = 5.0 cmH20 Al P, = 20.0 cmH20 B

Flow (£/min)

40

FIGURE 3. P-F relations generated with the multibranched model at various

left atrial pressures (Pua) for both low (Panel A) and high (Panel B) alveotlar
pressures (Pa).
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The model predictions for P-F relations at various PLa are
in striking agreement with results reported by Banister and
Torrance {(1). Their results, obtained in isolated cat lungs,
also show that raising venous pressure shifts the P-F curves to
the right by an amount that is always less than the rise in
venous pressure and is markedly affected by Pa.

As indicated in "INTRODUCTION" the progressive reduction in
Rt with increasing F (implicit from the non-linear behavior of
the P-F relation) could be due to progressive recruitment,
progressive vascular distention, or both. To assess the relative
importance of these two factors we compared P-F relations
generated with and without gravity effects. Figure 4A (left)
shows P-F relationships when Pa is 5 cmH20 and PLa is O mmHg
(referenced to LA). Under these conditions, and in the presence
of gravity (Ht = 14 cm, dashed 1ine), raising Ppa just above zero
initiates F in the lowest segment only [since Pv exceeds Pa only
in the 1lowest capillary sheet]. As Ppa 1is 1increased more
channels are recruited and when Ppa exceeds 9 mmHg all channels
are recruited. By inputting He as zero (solid line), gravity
effect (no vertical pressure gradient) and progressive
recruitment are eliminated. Instead, all vessels open when Ppsa
Just exceeds 5 cmH20 (or 3.6 mmHg). As seen from Figure 4A,
apart from the difference near zero F the two lines (solid and

dashed) are almost indistinguishable indicating that recruitment
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contributes 1little to the non-linear behavior of the P-F
relationship. Over most of the F range, non-linearity 1is
primarily a function of distensibility of the vascular bed.

To ascertain the extent to which the special mechanical
characteristics of the capillary sheet are responsible for the
overall behavior, we have generated P-F relations using a Siné]e
vessel 1in which the 50 most downstream segments have the
mechanical properties of extra-alveolar veins and the 50 most
upstream segments have the mechanical properties of
extra-alveolar arteries (CHAPTER 5) under the same Pout (i.e.

equal to zero) after adjusting Ro,3s so that Pin at a normal F of

2.0 1/min was similar to that of the multibranched model. The
results are shown by the dotted line in Figure 4A (left). Again,
there was 1ittle difference from the response of the

multibranched model with a capillary sheet whether or not gravity
(i.e. recruitment) was a factor.

Figure 4B shows P-F relationships generated when Pa is
20 cmHz20 and PLa is O mmHg (7eft) with (Ht = 14 cm, dashed line)
and without (Ht = 0, solid 7ine) gravity effects. Under these
conditions, similar to lower Pa, recruitment affects the P-F
relationship only over a limited flow range that is below normal.
The distinctive behavior (i.e. non-linear followed by linear) of
the P-F relationship is still dictated by the characteristic

static behavior (distensibility) of the pulmonary vessels.
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FIGURE 4.

P-F relations generated with (Ht=14 cm) and without (Ht=0 cm)
gravity effects using the multibranched model (BM) and a mixed single vesse]
(SV) at low (0 mmHg) and high (20 mmHg) outflow pressures. Panel A shows
relations generated when Pa is 5 cmH20 and Panel B when Pa is 20 cmHz0.
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FIGURE 5. PLa-Prpa relationships generated with the muitibranched model at
various alveolar pressures (Pa) for both normal (Panel A) and above normal

(Panel B) flow rates. Open circles designate the point at which PLa equals
Pa. .
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FIGURE 6. PuLa-Ppa relationships at various alveolar pressures generated

with (Ht=14 cm) and without (Ht=0 cm) gravity effects at both normal (Panel A)
and above normal {Panel B) flow rates.
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As might be expected, when the same three conditions were
compared at high PLa [multibranched with and without gravity
(Figures 4A and 4B, right) and single vessel (Figure 4A, right)]
little differences were observed.

PLa-Pepa relationships at various Pa. PLa-Ppa relationships

at Pa of 0, 5, 10, 15, and 20 cmH20 for both normal (2 1/min) and
above normal (8 1/min) pulmonary blood flows are shown 1in
Figures 5A and 5B, respectively. For the sake of comparison with
existing animal studies, in these runs pressures were referenced
to the bottom of the lung (Ht = 14 cm). At both flow rates and
all Pa levels, there is a Pua range over which Pra is independent
of Pra. Above this range, the slope of the curve (i.e.
Z = BPpa/bPLa) increases smoothly toward unity. The point of
inflection between a slope of zero and a slope greater than zero
appears to coincide with Pa (circles) for Pa greater than
5 cmH20.

The model results of PLa-Ppa relations are highly consistent
Wwith results previously reported by various investigators.
Banister and Torrance.(1) noted that venous pressure had to rise
to values within one cmH20 of Pa in order to have any influence
on Ppa at constant F. West and Dollery (29) also found that
venous pressure had ho effect on Pea at constant F until it
exceeded Pa. Permutt et al. (23) showed that PLa had to be
jncreased to values approximately equal to Pa before there was

any decrease in F at constant Pea. Our results are also in
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striking agreement with results reported by Lopez-Muniz et al.
{18). In the range Pre greater than 5 mmHg a near identity
between the transition point and Pa was found, whereas in the
range Prp less than 5 mmHg the transition point occurred at
outflow pressures of about 5 mmHg. The latter value was fixed
and independent of Pa at a constant F. Lopez-Muniz et al. (18)
and Permutt and Riley (25) attributed this phenomenon to smooth
muscie tone. While vascular tone can enhance this phenomehon the
present model predicts its existence without any vascular tone.
The experimental data quoted above have helped support the
notion that a vascular waterfall exists at the capillary level
when Pa exceeds PLa. In the region where Ppa 1is independent of
PLa (i.e. slope near zero) most of the capillaries are presumed
to show this waterfall phenomenon (zone 2 perfusion). Hence,
pressure upstream from the capillaries 1is independent of PLa at
all levels., A slope that 1is intermediate between zero and one
would, using the same interpretation, indicates that some units
are in zone 2 while others, in more dependent regions, are 1in
zone 3 (on account of gravity). In these, upstream pressure is
influenced by PrLa. To the extent that a similar behavior is
displayed by a single vessel with mechanical properties similar
to those of extra-alveolar vessels and where a capillary sheet
does hot exist and intravascular pressure 1is greater than
perivascu]ar pressure throughout its length [i.e. a waterfall

does not exist (CHAPTER 5)], distensibility of the vascular bed,
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independent of any vascular waterfall, must account for at least
some of this behavior. To evaluate the extent of this
contribution we have generated PLa-Ppa relations with a Ht of
14 cm (i.e. as in Figure 5) and compared the results with those
when Ht was zero. In the latter case all capillary sheets are
either in zone 2 or zone 3 depending on PLa. If the explanation
for the distinct behavior of this relation is the heterogeneity
of flow regime (zone 2 vs. zonhe 3) in different regions, then
when gravity is removed transition from a slope of zero to a
slope greater than zero should be very crisp and once the
transition pressure 1is exceeded, the slope of the PLa-Ppa
relation should be fixed and near unity. The results for
selected alveolar pressures of 0, 10 and 20 cmH20 at the two flow
rates (2 and 8 1/min) are shown in Figures 6A and 68,
respectively. Notice that pressures 1in this figure were
referenced to LA. This was done to ensure that PLa with and
without gravity effects were equal (in absolute terms} without
having to correct PLa for lung height when pressures are
referenced to the bottom of the lobe. That the transition in all
cases is still gradual (in fact the curves are almost
indistinguishable) strongly suggests that a waterfall phenomenon
at the level of the capillaries is not a significant factor
underlying the PLa-Pepa behavior. Rather, the explanation is
simi]ar to that discussed in relation to the single vessel.

Increasing Pa simply forces a segment of the circulation to
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operate at Tow distending pressures where R is highly dependent
on distending pressure, thereby accentuating the mechanism (i.e.
decrease Rr) that damps the response of Pra to changes in PLa and
to which all vascular segments contribute.

P-F relationships at various Pa. P-F retlationships were

genherated at PA of 0, 5, 10, 15, and 20 cmHz0 and PLa of 2 and
15 mmHg (Ht = 14 cm, all pressures referenced to LA). The curves
are shown in Figures 7A and 7B, respectively.

At lower PLa (Figure 7A), raising Pa from 0 to 10 cmH20
produced no effect on P:. P: was not affected by lung inflation
and was equal to Pua at these levels of Prp due to the presence
of at least one alveolar vessel that was maintained open by
gravitational forces at the bottom of the 1lung. At higher Prp
(15 and 20 cmHz20), an increase in P: with lung inflation is
evident. A parallel shift in the rectilinear part of the P-F
relationship is also evident.

By raising PLa to 15 mmHg, full recruitment of the capillary
bed is achieved (Figure 7B). Under these conditions, tﬁe
increase in P: 1is eliminated. The parallel shift of the pP-F
relationship is also diminished.

Our model predictions are highly consistent with results
previously reported by various investigators. In 1951, 1in
isolated canine right lower lobes, Edwards (8) first showed that

raising Pa causes both an 1increase in Pz and a shift toward
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higher Ppa

in the P-F relationship.

A shift in the P-F relation,

with increasing Pa has been shown by other investigators in both

dog {14,

10

Flow (¢/min)

26) and cat preparations (1, 2, 4).

b e P, = 10

P = 2 mmHg

Py = 0 cmHz0
"""" PA = §

—— Py = 15
o — PA = 20

Al Pa = 15 mmHg

FIGURE 7.

10 20 30

0 10

alveolar pressures (Pa) for both Tow (Panel A) and high (Panel B) PrLa.

40

P-F relations generated with the multibranched model at various
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Model predictions for P: do not totally agree with
observations made by Graham et al. (14) in isolated canine left
lower 1lobes. In their study, raising Pa from 5 to 15 cmHz0 did
not affect Pz (which was about 10 cmH20 referenced to the bottom
of the lobe). It 1is possible in our model to account for a fixed
Pz that 1is higher than PLa and that is 1ndependént of Pa {(over
the range 0 £ Pa < Pz) by introducing vascular tone. When
vascular tone exceeds Pa 1t acts as the effective outflow
pressure or Pz, However, 1in order to obtain a P: that is lower
than Pa it is necessary to introduce to the model additional
channels that bypass the alveoli and thus allow Ppa to drop to
levels below Pa. The time that was allowed, in the study of
Graham et al. (i14), for Pea to stabilize (about 5 min) suggests
that these vessels must have a very high resistance and therefore
do not play a significant role in determining P-F relations under
steady~-state flow conditions.

As mentionea in "METHODS", Rcmin was selected arbitrarily to
account for 20% of total resistance at reference conditions
(Rto.,35). Because VL (and hence Pa) affects alveolar and
extra-alveolar vessels differently (i.e. raising Pa 1increases R
of alveolar vessels and decreases R of extra-alveolar vessels)
one anticipates the fractional contribution of Rcmin to Ryo,3s to
affect the general behavior of the P-F relations while raising
Pn. We have, therefore, compared P-F relations obtained when

Remin is 5 and 50% of Rryo,35 with those shown in Figures 7A and

231



7B (obtained when Remin is 20% of Rro,ss). As expected Pz did
not differ in any of these curves. The extent of right shift
obtained with increasing Pa was roughly 20% less when Rcmin Was
5% of Rro,35 and 30% more when Rcmin was 50% of Rto,35 compared

to the shifts obtained in Figures 7A and 78 (figures not shown) .

2. Response of the multibranched
model in pathologic states

Vascular obstruction. With vascular obstruction Ro,3s5 of

the occluded vessels becomes infinite and independent of Prin
while the behavior of the remaining vessels is kept "normal".
Since each branch in the model represents several parallel
- channels, occlusion of some of the channels would remove some of
the conductances, thus reducing the conductance of the branch by
the same proportion (i.e. occluded vessels divided by total
vessels) at all transmural pressures. Given the mathematical
form used to compute R of each branch in the model (equations 13
and 14, CHAPTER 5), vascular occlusion can be simulated by simply
increasing the value of Ro,3s. To simulate occlusion of all
vessels encompassed by one branch, Ro,as for that branch is
inputted as an infinitely high number (10® was used in the
simulation). To simulate occlusion of half of the vessels 1in a

branch Re,3s for the branch is doubled, and so on.
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Figure 8 shows P-F relations at Pa of 5 cmHz20 and PLa of
5 mmHg when all vessels are intact (solid 1ine), and when
multiple occlusions (dashed 1ine) caused obstruction of all
vessels represented by Rza (i.e. Rzao0,35 = 106) as well as most
vessels represented by Rac and Rén (Rzco,3s increased 15 times
and R4no,35 20 times their normal values, respectively). This
selection was arbitrary., However, the results were qualitatively
similar when other combinations were utilized. The P-F
relationship with vascular occlusion continues to show the same
general characteristics as in the absence of occlusion; the slope
of the relation progressively increases as F increases finally
reaching a near linear segment and constant slope. The siope of
the P-F curve at any F is, however, lower than in the absence of
occlusion. There is, accordingly, no tendency for the two lines
to become parallel; the lines continue to diverge as F increases
(ef increased tone). Significantly, Pep, determined by
extrapolation of the 1inear segment (dots), 1in the presence of
occlusion is shifted to the right, a finding that may be
erroneously attributed to a co-existent increase 1in Pcrit (e.g.

6, 7, 13, 21, 27).
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FIGURE 8. P-F relations with all vessels intact (solid Tine) and with
multiple occlusions (dashed 1ine) causing obstruction of all vessels
represented by Rza as well as most vessels represented by Rsc and Ran
(Figure 1). Dotted lines show the effect of extrapolating the nearly linear
segments to zero fliow.
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ITncreased vascular tone. As 1in the case of the single

vessel, vascular tone was modeled as a radial force opposing Pv,
thereby reducing effective Pru. Vessel area at a given effective
Ptrw (and hence Ro,35) are unaltered. Figure 9 shows P-F
relations generated without added tone (solid 7Tines) and with 3
levels of added tone, equivalent to 5, 10, and 15 mmHg,
respectively. Left and right panels depict the responses at Tow
(2 mmHg) and high (20 mmHg) PLa. In the top two panels (A and
B), tone was applied uniformly to all extra-alveolar vessels. In
the middle pair (C and D) tone was applied to all precapillary
vessels and in the bottom two panels (E and F) tone was applied
to the third arterial generation only (i.e. Rsa to Rag,
Figure 1). 1In all cases Ht was 14 cm, Pa was zero, and pressures
were referenced to LA,

As might be expected, when PLa is low (7left) addition of
tone causes a right-ward shift in the minimum pressure required
to initiate flow (i.e. Pz). The shift in Pz 1in panel E is less
than in panels A and C since gravity forces the opening of the
lowest constricted vessef (Raa) at a lower Ppa. In all cases,
however, the 1ines diverge from the no-tone 1line until a critical
horizontal displacement has been reached. Above this level the
P-F 1ines are shifted in a parallel fashion to the no-tone 1line,
and to each other. The F at which the parallel shift begins is
generally in the normal F range (2 to 4 1/min). Also as might be

expected, the shift in the P-F relationship is greater at higher
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tone levels. However, for a given Pt the shift is less at higher
PLa. The magnitude of shift also decreases as a function of the

properticon of the vascular segment subjected to the applied tone.

10 g
Pw= 2 mmHg A1 Pra= 20 mmHg B8

] :
r K !

Flow (¢/min)

F

40 0 10 20 30 40 50
Ppa (mmHg)

FIGURE 9. P-F relations without added tone (solid lines) and with 3 levels
of added tone (5, 10, and 15 mmHg). Left and right panels show the response
at low (2 mmHg) and high (20 mmHg) Pua, respectively. Panels A and B,
represent the condition when tone was applied uniformly toc all extra-alveolar
vessels; panels C and D represent the condition when tone was applied to all
precapiliary vessels; and panels E and F represent the condition when tone was

applied to the third arterial generation only.
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SEE FIGURE NEXT PAGE

FIGURE 10. Actual pressures {in mmHg), resistances (in mmHg/1!/min) and
flow (1/min) at different points in the model. Pressures are written at
bifurcations; Resistances are written in series with the branches; Flow rates
are the boxed-in values at the capillary level. Left panels were obtained at
a flow of 4 I/min and right panels were obtained at a flow of 8 I/min. Panels
A and B were obtained without tone. Panels C and D were obtained with a tone
of 10 mmHg added to all vessels in the third arterial generation. Panels E
and F were obtained with a tone of 10 mmHg was added to the second to last
venous generation (Rz2’). Pa equals zero, Ht equals 14 cm, and PrLa is 2 mmHg
for all panels. A1l pressures are referenced to LA. Not all pressure values
are shown. Missing values can be calculated from data provided. P is flow
weighted mean of all pressures at the respective level. R is resistance
calculated from the difference in P along the generation and total flow.
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FIGURE 11. PLa-Ppa relations without tone (solid !ine), with tone

equivalent to 10 mmHg applied at the third arterial generation (dotted 1ine)
and at the second to last venous generation (dashed line).
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A parallel shift in the P-F relationship could result from
an increase in Pcrit at some level along the vascular bed, or it
may be fortuitous (see below). If the effect of tone is via the
former mechanism (i.e. increased Pcrit) then one might expect
that adding tone would cause a parallel shift only when the level
of added tone 1is such that the most downstream end of the
constricted segment becomes, effectively, the site of critical
closure (i1.e. effective Pru < 0). Adding tone above this level
should cause a further parallel shift of the same magnhitude as
the extra added tone. Our results refute this explanation. It
is evident that adding tone causes a roughly parallel shift even
when Pra, and hence transmural pressures throughout the
circulation are in excess of the added tone (Figure 9, panels B,
D, and F). Under these conditions a critical closure site cannot
be postulated. In addition, if the parallel shift obtained with
an added tone of 5 mmHg at low PLa is secondary to Pr acting as
Pcrit at some segment, then subseqguent 1increases in tone should
cause a parallel shift equivalent to the extra-added tone. This
was not the case (compare Figures 9A, B, and C). We conclude,
therefore, that the parallel shift beyond a certain F is an
incidental, and rather routine, response to an increase in tone
resulting from complex effects of F on the resistance of, and
pressure gradient along, the constricted and non-constricted
segments, given the mechanical properties of pulmonary vessels.

A good case 1in point is the response to added tone at one
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generation only Jleaving other generations unaffected (as in
Figure 9E). Thus, Figure 10 provides intravascular pressures and
resistances at various points in the tree. Panels A and B
pertain to the simulation with no added tone at flow rates of 4
and 8 1/min, respectively (left pair of circles in Figure 9E).
Panels C and D show results obtained when a tone of 10 mmHg is
added at the third arterial generation while all other variables
are left unchanged (right pair of circles in Figure 9E). ATl
pressures were referenced to LA. Note that:

1) Even though the P-F relationship without tone is linear
in this F range (i.e. 4 to 8 1I/min, solid line, Figure 9E) there
is no waterfall at any level at either flow rate; Pout for aill
vessels is above Pecrit (Figure 10, panels A and B)'.

2) A vertical F gradient (note boxed numbers at capillary
tevel), resulting from a vertical gradient 1in resistances, is
evident. The latter is due to the effect of gravity or Ps (-7 to
+7 cmH20 from top to bottom to be added to displayed pressures).

3) Addition of tone equivalent to 10 mmHg to all branches
of Rs generation caused unequal 1increases 1in R at the different
levels (compare Figures 10A with 10C and 10B with 10D). For
example, Rsza, at 4.0 1/min, increased by 6.3 units whereas Rag
increased only by 1.6 units. This 1is because vessels at
different levels are operating at different regions of their Pty
vs. R relationship (Figures 2A and 2B, CHAPTER 5) on account of

gravity. Notwithstanding the different effects on R, the
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vertical distribution of F was little affected (compare boxed
values in Figure 10, panels A and C, or B and D). As a result,
pressures downstream from the affected segment were almost
unchanged.

4) When a tone of 10 mmHg was added to Rs3 at 4.0 I/min, AP
along the relevant branches increased, on average, by only
2.8 mmHg (compare AP along Rs at bottom of panel C vs. AP along
Ra at bottom of panel A). Pra 1increased 1less (i.e.
22.0-19.7 = 2.3 mmHg) on account of some decrease in R of the two
upstream generations. At the higher F (Figure 10, panels B and
D} the same added tone resulted in a smaller increase in Rs,
again because the vessels are operating on a flatter region of
their Pty vs. R relationship (on account of greater Py). The
smaller 1increase in Rs and dgreater F cancel each other out,
resulting in a similar increase in AP across Rz at both flow
rates. Hence, the parallel shift. In neither case was there a
waterfall at the site of constricted vessels. Thus, at Rsa, at
4.0 1/min (Figure 2, panel C), downstream pressure was 10.4 mmHg
(14.8 mmHg referenced to LA as shown in figure less 4.4 mmHg for
gravity) whereas Pcrit was 10 mmHg. At lower branches and higher
F downstream pressure exceeds Pcrit by even greater amounts,

We wanted to see if the same magnitude of tone, applied at
more distant sites (where the vessels are operating on a steeper
part of their Ptu vs. R relationship) produces different results.

Figures 10E and 10F show the effect of adding a tone of 10 mmHg

241



at the second to last venous generation (Rz’', Figure 1) at 4.0
and 8.0 1/min, respectively. Under these conditions a waterfall
exists since downstream pressures were only 2.8 and 3.6 mmHg at 4
and 8 1/min, respectively, while Pecrit was 10 mmHg. AP along
this generation increased much more than when the same amount of
tone was applied upstream. For example, average AP across Rz’ at
4.0 1/min increased from 2.7 (without tone, Figure 10A) to

10.5 mmHg (with tone, Figure 10E), a 7.8 mmHg increase as opposed

to 2.8 mmHg (see above). Nonetheless, Ppa increased by only
3.2 mmHg, not much different from when tone was applied
upstream. When tone 1is applied downstream it causes a greater

rise in pressure immediately ubpstream to the constricted segment.
However, a greater segment of the circulation lies upstream, and
hence subject to distention. More of the increased pressure is
thus lost on account of upstream distention eventually causing
Ppa to rise to about the same amount. Applying tone distally
also causes a parallel shift; Pepa increased 3.2 and 3.4 mmHg at
4.0 and 8.0 1/min, respectively (Figure 10A vs. Figure 10E and
Figure 10B vs. Figure 10F). Simitar results were obtained when
tone was applied at other levels. It follows that similar
qualitative responses (i.e. parallel shift) and nearly identical
quantitative responses are obtained regardless of where the tone

is applied and whether or not a waterfall results.
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The effect of increasing Pua on Pepa when tone (10 mmHg) was
applied upstream (Rs generation, no waterfall) or downstream (Rz2'’
generation, waterfall present) is shown in Figure 11. The two
curves are compared with the re]ationshia obtained before adding
tone. With venous constriction (dashed line) there is a segment
where the slope is true zero {(PLa 0 to 6 mmHg). However, over
the same PLa range, the slope without the waterfall 1is not
sufficiently different from zero to be detectable experimentally.

The data presented in Figures 9 to 11 indicate that the P-F
and PLa-Ppa relations have no discriminating ability in
identifying the presence or absence of a waterfall. In addition,
the slope of the PLa-Pera relation is of no use in determining the
proportion of the lung in zone 2 perfusion. A parallel shift in
the P-F relationship will always occur whenever vessels are
subjected, uniformly (in the vertical sense) to a collapsing
force. Furthermore, the magnitude of the parallel shift is nhot
uniguely related to the magnitude of the collapsing force. The
longitudinal extent of applied force (i.e. how many denerations
are affected) and PLa both affect the extent of this shift
(Figure 9). It is evident that these conclusions apply equally
to the effect of tincreasing Pa, which operates 1in the same
fashion as vasomotor tone except at the alveolar level.

When vascular tone 1is applied unequally to parallel
channels, the results (figures not shown) are intermediate

between those of mechanical obstruction {(e.g. Figure 8) and those
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of uniformly applied tone (Figure 9). For example, 1if a Pt of
30 mmHg is applied to one‘branch only, the P-F relation diverges
from the base Tine relation until pressure upstream to the
constricted segment exceeds Pcrit for the vessel, Thereafter,

the P-F relation becomes parallel to base line.

3. Relation to previous models

Models of the pulmonary circulation have been previously
reported by various 1investigators. Permutt et al. (23) used a
mechanical model consisting of Starling resistors arranged in
parallel, one above the other, to account for P-F relationships
of the pulmonary circulation. The lung was divided into two
zones, one in which PLa £ Pa and the other in which PLa > Pa
[corresponding to zones 2 and 3, as defined by West et al. (30),
respectively]. Total flow in each zone was obtained by
integrating segmental {(in the vertical sense) flow over a
specified lung height for that zone, and total pulmonary blood
flow was derived by combining flows from both zones. McDonald
and Butler (20) used a similar model, except that their model
consisted of four similar collapsibie tubes connected in parallel
and supported at different heights, 1in a box, to represent
capillaries at different heights in an air-filled lung. Although
both models could portray some characteristics of the P-F
relationships seen 1in isolated lungs, both lacked extra-alveolar

vessels and their contribution to the total P-F relationship. 1In
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addition, both models were constructed from collapsible yet

non-distensible tubing. In a later study, West et al. (31),
using a computer model, were also able to simulate
non-linearities in the P-F relationship. Their model consisted

of 50 interconnected vessels each having its own R and its owh
Perit before which F could not occur. Following that point, a
region with a linear P-F relationship (i.e. fixed R) was assumed.
Resistances and critical pressures of each element were randomly
chosen. While the model helped explain non-linearities in the
P-F relationship, again the model did not include extra-alveolar
vessels,

To accommodate for extra-alveolar vessels, Dawson et al. (5)
divided each parallel unit into three potential Starling
resistors connected in series (an arterial segment that is
connected to an alveolar segment which is in turn connected to a
venous segment). Px for the alveoliar segment was assumed equal
to Pa, whereas Px for the arterial and venous segments were
assumed equal to the sum of smooth muscle tone and counter radial
traction forces produced by lung inflation. Although an
improvement over prior models this latter model was still
constructed from extra-alveolar vessels that were collapsible but
not distensible. In addition, Px values for the arterial and
venous segments were arbitrarily chosen and were not based on

experimental data.
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Recently, Zhuang et al. (32) have presented a more complete
model of the pulmonary circulation for steady-state flow
conditions. Their model was based on direct measurements of
anatomical and elasticity data obtained in 1isolated cat 1Tungs.
Although a detailed explanation of their model is beycnd the
scope of this paper, 1in brief, it consisted of a single
sheet~-flow model (10, 11) connected in series to an arterial and
venous branching systems. The sheet-flow theory of Fung and
Sobin (10, 11) was used to calculate pulmonary capillary P-F
relationships at the alveolar level and an analogous "fifth-power
law" was used for the arterial and venous branching systems.
Model predictions in their study were compared to previously
reported data. Krishnan et al. (15), in a more recent study,
also compared the results of the model of Zhuang et al. (32) to a
series of steady-state results obtained in isclated cat 1lungs.
Our model differs from that of Zhuang et al. (32) in several
respects:

First, the number of branching orders in the Zhuang model
{11-17 orders) 1is considerably higher than the number of orders
in our present model (4 orders). Although this hegates the main
advantage of the Zhuang model, nametly the use of actual
anatomical data (length, diameter, etc.), it permitted us to
simulate parallel non-homogeneities, which would be unmanageable
otherwise. We believe that the number of branching orders in the

present model represents a good balance between the desire to
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keep the model as simple as possible, while having the
possibility to change 1individual resistances independently.
Second, distensibility éf the vascular bed in relation to Prwu
{i.e pressure—-diameter relations) in the Zhuang model was assumed
constant. The retations reported for dogs are quite different.
As shown 1in Figures 1A and 1B (CHAPTER 5, reproduced from
Figures 7A and 7B, ref. 28, respectively), Tor arteries, area and
not diameter is linearly related to pressure while for veins
linearity is maintained over a very small range of Pru (0 to
8 cmHz20). Third, Px 1in the Zhuang model was assumed constant and
equal to either Pa or Ppi1 [depending on vessel size in the study
of Zhuang et al. (32}, and on the branching order in that of
Krishnan et al. (i5)]. Px, however, as shown in Figures 1A and
1B {(reproduced from Figures 11A and 11B, ref. 28, respectively)
is highly dependent o©on the state of lung inflation and the
magnitude of Pv (see also 16, 17). Fourth, 1in order to
accommodate for increased. vessel length with Tung inflation, an
increase in the number of branching orders 1is necessary in the
Zhuang model (32). In the present model, however, changes 1in
vessel length secondary *to changes in lung volume are
incorporated into the model. Fifth, vascular tone and gravity
effects included in the present model, were not included in the

Zhuang model.
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E. FOOTNOTES

Footnote 1. Vascular pressures shown in Figure 10 are referenced
to LA. To obtain actual Pv at any level, the effect of gravity
(Pg )} should be added to the 1indicated values. For this
simulation Pe is -7 cmHz20 (=5 mmHg) at the highest level and
+7 cmHzO at the lowest. Because Pa 1in this simulation is zero,
and Px 1is also zero {(Figure 1, CHAPTER 5) and since no tone was
added in panels A and B, Pcrit = Px is equal zero for all

branches.
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F. GLOSSARY

a:
M
0,35:

Ai:

Anax :

Ao :

CL:

Ferit:

Frmax:

Fr:

Hart:

Hmax :

compliance of the capillary sheet, in um/cmHz20.
viscaosity of blood.

when applied as subscript to a statement refers to the
value of the statement at reference conditions of
Prp = 0 and Ppas = 35 cmHz20C.

vessel cross-sectional area (lumen).

cross-sectional area of segment 7.

highest lumen cross-sectional area reported by Smith
and Mitzner (28) [i.e. at Ppas of 30 cmHz20].

Tumen area at optimal muscle length (o).

a constant describing the fractional lung volume change
per unit bressure change.

flow.

critical flow at which the cross-sectional area of the
most upstream segment of a vessel is the same with and
without added tone.

maximal flow, as allowed by the wave-speed limitation
theory, in a given segment and for a given Pv.

total flow.

capillary sheet thickness.

thickness at the arterial end of a capillary sheet.

maximum sheet thickness.
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Ho :

Ht :

Hven:

LA:

Imax:

do:

PA:

Part:

Perit:

Pg :
Pin:
Pra:

Pmax:

Pmin:

Po:

capillary sheet thickness when intravascular pressure
(Pv) equals alveolar pressure (Pa).

Tung height.

thickness at the venous end of a capililary sheet.
vessel length

left atrium.

vessel length at maximal (Pre = 30 cmHz0) lung volume.
optimal muscle length, length at which muscle produces
maximal tension.

pressure-flow.

pulmonary artery.

intravascular pressure at the arterial end of a
capillary sheet.

critical opening pressure, the minimal pressure
required to open an individual vessel.

pressure produced by gravitational forces.

inflow pressure.

left atrial pressure.

pressure at which a capillary sheet reaches its maximum
thickness (Hmax ) and becomes non-distensible.

minimal Prot below which vessel compliiance becomes
zero or negative with treatments 1 and 2 of Pr
(Figure 5}.

pressurerproduced by active tension when smooth muscle

layer 1is at lIo.
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Popi

Pout :

Ppa:

Ppas:

pp12
Pr:

Pru:

PTot:

Pre :

Pv :

Pven :

Px :

Pz :

R'ar:

opening pressure, obtained from the extrapolated
pressure 1intercept of the 1inear segment of a P-F
relationship.

outflow pressure.

pulmonary arterial pressure.

passive pressure (i.e. 1in the absence of vasomotor
tone).

pleural pressure.

pressure due to vasomotor tone.

transmural pressure.

total pressure, the sum of Pr and Ppas.

transpulmonary pressure.

intravascular pressure.

intravascular pressure a the venous end of a capillary
sheet.

perivascular pressure.

the pressure at which flow commences in a vessel.
radius.

resistance. When followed by a "’" pertains to venous
resistance and when combined with a numerical followed
by a lower case letter refer to Figure 1, part II of
this communication for exact location of the vessel in
the multibranched model.

resistance of an arterial extraalveolar pulmonary

vessel.
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Re1:

Rez:

Re :

Remin:

Rps :

Ri:

1z

rm:

Rn(i}:

'o:
Rt :
Rv :

Rve :

Tmax:

Vi :

Vimax :

Vi :

WS:

first (of two) subdivision of a capillary sheet
resistance (see text for further explanation).

seconhd (of two) subdivision of a capillary sheet
resistance (see text for further explanation).
capillary sheet resistance.

minimal capillary sheet resistance.

downstream resistance.

resistance of segment i.

Tumen radius.

radius of smooth muscle layer.

vessel ranking relative to a reference point used to
calculate gravitational pressure (Pg).

Tumen radius when smooth muscle layer is at lIo.

total resistance.

vascular resistance.

resistance of a venous extraalveolar pulmonary vessel.
tension.

maximal active tension obtained at lo.

jung voilume,

maximal (i.e. at Pye 30 cmH20) lung volume.
minimal (i.e. at Prp = 0) Tung volume as a fraction of

Vimax .

wave-speed.
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Z: the change in Pea (APpa) as a fraction of a step change
in Pua (APLa): APpa/APLA in the multibranched model and

APin/0Pout in the single vessel model.
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