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ABSTRACT

THE EFFECT OF INHOMOGENEOUS INFLATION OF A SUBLOBAR
LUNG SEGMENT ON COLLATERAL CHANNEL RESISTANCE

By

Steven Douglas Fuller

Inhomogeneous inflation of a sublobar lung segment occurs when
the segment is inflated to a different distending pressure than the
remainder of the lobe. The effect of inhomogeneity on collateral
channel resistance (Rcoll) was studied in left cranial, left caudal,
and right caudal lobes of excised dogs' lungs. A double lumen catheter
was advanced through the trachea and wedged in a small bronchus supply-
ing a sublobar segment. Helium (He), air, or sulfurhexafluoride (SFg)
flowed into the outer lumen of the catheter (Vcoll) while segment
pressure (Pct) was measured at the tip of the inner lumen. Trans-
pulmonary pressure (Pao) was measured either at the trachea or lobar
bronchus as the lobe was inflated with air. At constant Pao, raising
Vcoll inflated the segment by increasing Pct-Pao, thereby creating
inhomogeneity. Collateral channel resistance was calculated as
Rcoll = (Pct-Pao)/Vco]]. Lobar inflation (i.e., raising Pao at
constant Pct-Pao) decreased Rcoll. In contrast, segment inflation
(i.e., raising Pct-Pao at constant Pao) increased Rcoll. Similar
results occurred in the lungs of closed chest anesthetized dogs.

In excised lungs, the increase in Rcoll during segment inflation

was accentuated when the segment gas flow regime was turbulent and



Steven Douglas Fuller

eliminated when the flow regime was laminar. The fact that Rcoll failed
to decrease during segment inflation, even when flow was laminar, sug-
gests that segment inflation and lobar inflation may have different
effects on segment airway geometry. In additional studies designed

to determine the arrangement of airways in the segment-lobar interface,
corrosion casts of excised dogs' lungs showed that the interface con-
tains bronchi coursing within and parallel to the interface and pro-
viding branches to both the segment and lobe. Also, examination of
casts of parenchymal tissue from the interface revealed interdigitation
of segment and lobar acini. This airway arrangement suggests three
possible routes followed by gas flowing out of an obstructed segment,
and each route is likely influenced by tissue distortion at the
segment-lobar interface occurring during measurements of Rcoll.

Further studies in excised dogs' lungs suggests that most of the

gas leaving a segment enters the bronchi in the interface and flows

directly out of the lobe without entering the remainder of the lobe.
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CHAPTER 1

GENERAL INTRODUCTION AND LITERATURE REVIEW

General Introduction

Inhomogeneous inflation of a sublobar lung segment occurs when
the segment is inflated to a relatively different distending pressure
than the remainder of the lobe. Inhomogeneity may be created by
flowing gas into a sublobar segment through a catheter obstructing
the bronchus supplying the segment (Figure 1-1). The incoming gas
inflates the segment to a relatively greater volume than the lobe,
then exits the segment via collateral channels to flow out of the lobe.

Inhomogeneity creates an area of tissue distortion at the
segment-lobar parenchymal interface. This is demonstrated in Figure 1-2
which shows a scanning electron micrograph of a section of the interface
from an inhomogeneously inflated air-dried left caudal lobe of dog lung.
Parenchyma from the relatively inflated segment is on the right of the
figure, and parenchyma from the relatively deflated lobe is on the left.
The interface is observed as a thin line of distorted, compressed
parenchymal tissue in the center of the figure.

Collateral channels serving as connections between the segment
and the lobe may also be distorted during inhomogeneity, for they not
only pass through the zone of parenchymal tissue distortion at the
interface but they also are subjected to abrupt changes in distending

pressure as they pass from the segment to the lobe. Distortion of



Figure 1-1.

Photograph of excised lung showing inhomogeneously
inflated sublobar segment (i.e., a segment which
is inflated to a relatively greater volume than
the remaining lobe) at extreme left.



Figure 1-1
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collateral channels should affect collateral airflow resistance (Rcoll),
but there are few reports describing the effect of inhomogeneity is
reported to increase Rcoll, decrease Rcoll, or have no effect on Rcoll.
In addition, these studies used several methods to measure Rcoll in
three animal species, and measurements were made over a restricted
range of inhomogeneities. Thus, these studies are difficult to compare.
The major purpose of this dissertation is to provide a
systematic examination of the effect of inhomogeneity on Rcoll. .
Chapter 1l documents the effect, and two hypotheses are proposed to
explain the mechanism. Chapter III reports testing of the hypotheses.
In Chapter IV, the arrangement of the airways in the segment-lobar
interface is determined, so that the function of the airways discussed
in Chapters II and III may be correlated with anatomy. Chapter I
describes the known anatomy of the collateral channels, discusses
the various methods used to measure Rcoll, and provides background
information needed to appreciate the hypotheses proposed in Chapter II

and tested in Chapter III.

Introduction to Literature Review

The tracheobronchial tree is an irregularly dichotomous
branching system of airways, beginning at the trachea, branching into
the bronchi, bronchioles, and alveolar ducts, and terminating in the
alveolar sacs and alveoli. Prior to 1930 these airways were considered
to be a series of dead-end tubes because there were no known inter-
connections. This model of the lung explained the common clinical

observation that obstruction of a lobar bronchus produced atelectasis,



because the gas trapped inside the segment was absorbed by the blood.
In 1930, however, using this concept of the lung, VanAllen, Lindskog,
and colleagues (78, 80, 82) were unable to explain why atelectasis
failed to occur in the dog lung in which a segmental bronchus had
been experimentally obstructed. In addition, they were able to flow
India ink through the airways of the obstructed segment and into the
lobe. They reasoned that the airways, rather than being isolated from
one another, were interconnected by collateral channels through which
air could enter an obstructed segment from the surrounding lobe and
prevent segmental collapse. They termed this phenomenon "collateral
respiration” and concluded that the collateral channels must be
interalveolar pores since these were the only known potential
segment-lobar connections.

During the next 35 years these investigators studied collateral
respiration (more recently referred to as collateral "ventilation") in
a series of simple and direct experiments using the lungs of a variety
of species (2, 7, 38-40, 77-84). They cannulated two portions of an
excised lung lobe from humans, dogs, cats, and rabbits: one cannula
was ligated in a segmental bronchus, and a second cannula was ligated
in the lobar bronchus leading to the remaining segments. When air was
gently blown into either of the cannulas, it escaped from the other
(81, 82). In excised rabbit lungs, air could be passed between can-
nulas ligated in the lobar bronchi of adjacent lobes, indicating
incomplete separation of the lobes (83). In the lungs of closed-

chested anesthetized dogs, segmental bronchi were obstructed by a



variety of means. At autopsy performed three hours to one-and-one-half
months following the obstruction, none of the obstructed segments were
collapsed, indicating they had been ventilated collaterally (80).

Collateral ventilation was not found in all species investi-
gated, for when a cannula obstructed an airway in calf and pig lungs,
air flowing into the cannula only inflated the obstructed segment (83).
To explain their results, VanAllen and Lindskog observed that the lobes
of pig and calf lungs are divided into many small lobules by connective
tissue septae [which extend from the visceral pleura down to the airways
(67)]. They concluded that collateral channels do not penetrate the
septae, thus preventing collateral ventilation. In contrast, the septae
are incomplete in human lungs and are totally absent in dog and cat
lungs, accounting for the presence of collateral ventilation in these
species.

VanAllen, Lindskog, and colleagues also demonstrated the
functional importance of collateral ventilation. They sampled gas
from an obstructed lung segment of a healthy anesthetized dog and found
that the 02 and CO2 tensions closely correlated with those of arterial
blood (39), demonstrating that segmental bronchial obstruction does not
impair the gas exchange function of the segment. They showed that the
mechanical behavior of collateral channels and airways is similar
because the pressure required for gas flow in the channels varies
inversely with lung volume (82) as does airway resistance (46). They
demonstrated that the volume of an obstructed segment's collaterally

respired gas is inversely proportional to respiratory frequency (7),



and that an atelectatic segment can be inflated through collateral
channels (84). In addition, pulmonary artery ligation or the injection
of histamine or curare into the pulmonary artery decreases collateral
ventilation (2, 7) while serotonin has no effect (7), indicating that
collateral channels must have smooth muscle capable of reacting with
vasoactive compounds. These experiments provided the framework for
future investigators of collateral ventilation and were remarkable

in that the majority of the subsequent research, although more
sophisticated and detailed, is primarily a confirmation of VanAllen

and Lindskog's original findings.

Anatomy of Collateral Pathways

Collateral channels connect acini originating from different
parent airways. The majority of research on collateral channels
centers on their function rather than anatomy, and the few investigators
who have attempted anatomical studies have succeeded in describing
channels which are only theoretically or indirectly linked with a

collateral ventilatory function.

Interalveolar Pores

Interalveolar pores (Figure 1-3) are round or oval openings
in alveolar walls. Pore diameter is 2-10 u (47) although the exact
dimension depends on the lung fixation technique. The number of pores
per alveolus may be as high as 50 (44), and they have been found in
every mammalian species investigated including the bat, dog, rabbit,

pig, cat, human, monkey, rat, guinea pig, orangutan, chimpanzee,
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baboon, mouse, mole, hedgehog, horse, ox, sheep, goat, opossum, and
manatee (}3, 44),

Interalveolar pores were first described in 1847 (1) and were
well characterized anatomically by the time of the original investiga-
tions of collateral ventilation by VanAllen, Lindskog, and colleagues
(2, 7, 38-40, 77-84) nearly 100 years later. These investigators
reported that obstruction of sublobar airways in humans, dogs, cats,
and rabbits did not produce atelectasis, so they reasoned that the
obstructed segment must be ventilated by the surrounding normal lung
tissue through some type of collateral channel. Since the interalveolar
pore was the only known anatomical structure which could theoretically
provide such a connection, the pore was assigned the function of a
collateral channel. Later reports suggest that pores offer much too
high a resistance to participate in collateral ventilation. Martin
(48) calculated that the opening pressure of a collateral pore would
be 192 cm HZO’ and Sasaki et al. (73) reported that airflow resistance
through pores may exceed 4000 cm H20/1/sec. Both investigators con-

clude that larger pathways must participate in collateral ventilation.

Bronchiolealveolar Canals

Bronchiolealveolar canals (BAC) (Figure 1-3), first described
by Lambert (34) and later by others (5, 13, 19, 33, 65), are connections
between a bronchiole (nonterminal, terminal, or respiratory) and the
immediately surrounding alveoli. They are either a single interruption
in a bronchiolar wall which opens into an adjacent alveolar sac or a

tubule connecting the bronchiole with the sac. The BAC is 30 u in
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diameter and has been found in humans of all ages, cats, rabbits,
rats, and sheep. They are more numerous in the lungs of patients
with emphysema and in certain cystic lung diseases, such as honeycomb
lungs (37).

The BAC cannot be ascribed a route for collateral flow merely
because of its presence within the lung. Indeed, the following argu-
ments suggest only a minor role of the BAC in collateral ventilation:
(1) the BAC connects alveoli, via recurrent airways, with their parent
bronchiole. Thus, there is no evidence demonstrating that the BAC
connects acini having different parent airways. (2) Collateral
ventilation still occurs when obstruction is found in airways much
more proximal than the bronchiole (i.e., bronchi), and this would not
occur if the BAC only connects alveoli with their parent bronchiole.

The BAC is therefore not required for collateral ventilation.

Interbronchiolar Respiratory Bronchioles

An interbronchiolar respiratory bronchiole (Figure 1-3) is a
respiratory bronchiole which connects two terminal bronchioles. In
1966 Martin (48) cannulated the first two bronchial branches in left
upper lobes of excised dogs' lungs. In one series of experiments a
suspension of polystyrene spheres having diameters from 60 to 710 u
were made to flow through one cannula and were collected from the other
cannula. Examination of the outflow revealed that the largest sphere
which passed between the two obstructed segments was 120 u in diameter.
In a second series of experiments he caused aerosolized India ink to

flow into the lobe through one of the cannulas. After fixing the lobe
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in the inflated state with formaldehyde, he dissected out the
segment-lobar parenchymal interface, embedded it in paraffin, and
made serial sections. He found India ink deposited on a respiratory
bronchiole which connected two terminal bronchioles each lying on
opposite sides of the interface. Martin concluded that respiratory
bronchioles are the pathways for collateral ventilation. He also
concluded that alveolar pores are not collateral channels since India
ink was rarely deposited within alveoli in the segment-lobar interface.
Martin's conclusions may not be justified, however, because
his serial sections simply identify a respiratory bronchiole passing
from one bronchiole towards another. At no point does he demonstrate
the respiratory bronchiole opening into the two bronchioles which it
supposedly connects, and yet this is the crucial evidence needed to

consider the respiratory bronchiole as a collateral pathway.

Interacinar Ducts

In 1968 Henderson et al. (21) cannulated two segmental bronchi
in disease free post mortem human lung lobes. They used a similar
perfusion pressure as Martin (48) to flow a suspension of polystyrene
spheres into one cannula and collected the effluent from the other,
and they found that 90 percent of the spheres had a diameter of less
than 64 u. In addition, they made resin casts of the lungs by pouring
a different colored resin down each cannula. After the resin cured
and tissue was dissolved away, the cast was dissected along the
segment-lobar interface, revealing collateral airway connections

between alveolar ducts originating from two acini supplied by different
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airways. Boyden (6) described a similar interacinar pathway in a
plastic reconstruction of an acinus from a child.

In 1975 Raskin and Herman (66) used a micropuncture technique
to inject a radio-opaque silicone rubber into subpleural acini of
inflated and fixed human lungs. The flow and distribution of the
rubber was studied by cinematography. A frame-by-frame analysis
of the motion pictures revealed ducts having a diameter approximately
200 u connecting acini separated by interlobular septae. The much
larger size of these ducts in comparison to those described by
Henderson et al. (21) may be related to the state of lung inflation:
Raskin and Herman fixed the lungs at 25 cm HZO’ whereas Henderson et
al. perfused deflated lungs with a driving pressure of 5 cm HZO'

Table 1-1 is a synopsis of the anatomical literature described

above.

Methods Used to Study Collateral Ventilation

Collateral ventilation was first assessed by measuring the
pressure required to initiate collateral flow in excised dog lungs.
vanAllen et al. (82) placed a freshly excised lung lobe in an air-
tight chamber, cannulated the lobar and one segmental bronchus with
separate cannulas, and connected the cannulas to the chamber's exterior
with tubes. The lobe was inflated by reducing chamber pressure, follow-
ing which the tip of one tube was submerged in water while air was blown
into the other tube. When pressure in the inflow tube equalled one cm
H20, the initiation of collateral airflow was indicated by bubbling in
the water at the tip of the submerged tube. When the lobe was
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Table 1-1. Synopsis of literature describing anatomy of collateral
channels
Speciesa

Collateral Channel Human Dog Others Reference Datesb
Interalveolar Yes Yes All

pore mammals 57a 1847
Bronchioloalveolar Yes No cats, rats, 5, 13, 19

canal rabbits, 33, 34, 37

sheep 65 1953

Interbronchiolar No Yes No 48

respiratory

bronchiole 1966
Interacinar Yes No No 6, 21, 66 1968

duct

3Most research on collateral channels uses the lungs of humans

and dogs.

separately from other mammalian species.

b

Dates of first investigation.

Therefore, for ease of comparison, these species are listed



17

completely deflated, six cm H20 was required to initiate collateral
flow and two cm H20 to maintain it. Thus, the pressure required to
initiate collateral flow was inversely proportional to lung volume.

A similar method was used to measure collateral gas flow in
the lungs of closed chested anesthetized dogs. A cannula was passed
through the trachea and into a segmental bronchus of the right lower
lobe where the cannula tip was dilated to form a leak-proof seal (76,
82). The proximal end of the cannula was attached to glass tubing
whose tip was submerged in water. Each time the spontaneously
breathing dog exhaled, gas escaped the obstructed segment through
the cannula, causing bubbling at the submerged tip of glass tubing.
In other experiments, exhaled gas from the segment was collected in
a Krogh spirometer attached to the proximal port of the cannula, and
the volume of gas collected was directly proportional to lung volume
(39). VanAllen and colleagues used these methods to study collateral
ventilation in the excised and intact lungs of a variety of species,
and they determined how collateral channels respond to changes in lung
volume (39), histamine and serotonin (7), isoproterenol and 002 (31),
rate and depth of respiration, pulmonary artery ligation, pulmonary
embolism, and pulmonary venous ligation (7). These early experiments
were landmarks in the history of collateral ventilation because they
not only provided much of the current knowledge of the function and
behavior of the collateral pathways, but they also provided the basic
method used in virtually all subsequent research: namely, obstructing
an airway with a catheter or bronchoscope which was used to flow gas

into or collect gas from the obstructed segment.
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More recently, airflow resistance through collateral channels
(Rcol1) was measured by Hilpert (22) who used a variation of the
methods of VanAllen and colleagues (Figure 1-4). In Hilpert's
technique, a double Tumen catheter is inserted into the trachea
and advanced until it becomes wedged in a small bronchus supplying
a sublobar segment. A constant flow of gas (Vco11), injected into
the segment through the outer lumen of the catheter, inflates the
segment and exits the segment via collateral channels. Segment
pressure (Pct) is measured by the inner lumen of the catheter while
transpulmonary pressure (Pao) is measured at the trachea. Collateral

channel resistance is calculated as:

Reoll = Pet=Pao (1-1)
Veoll

This method has been used to confirm many of the original findings of
VanAllen and colleagues as well as measure vagal influences on Rcoll
(59) and the effect of ozone on Rcoll (20). Also, segment gas may be
withdrawn through the catheter, allowing analysis of segment gas
exchange (16, 17, 55). In addition, the resistance through collateral
channels could be compared to airway resistance, for the route having
the lower resistance is the one through which an unobstructed segment
receives the majority of its tidal volume. Subsequent reports have
shown that Rcoll in excised dogs' lungs is greater than airway resis-
tance (52, 54), demonstrating that a segment in the healthy dog is
likely ventilated primarily by airways.
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Schematic diagram illustrating Hilpert's technique (22)
for calculating collateral channel resistance (Rcoll).

A double lumen catheter is inserted into the trachea

and advanced until it becomes wedged in a small bronchus
supplying a sublobar segment. A constant flow of gas
(Vcoll; ml/sec), made to flow into the outer lumen of
the catheter, inflates the segment and exits the segment
via collateral channels. Segment pressure (Pct; cm Hp0)
is measured by the inner lumen of the catheter while
transpulmonary pressure (Pao; cm H20) is measured at

the trachea. Collateral resistance is calculated as
Rcoll = (Pct - Pao)/Vcoll.
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Several investigators have attempted to partition Rcoll into
various components. Hogg et al. (23) cannulated the trachea of excised
human lungs. A double lumen catheter was inserted through a side-arm
in the tracheal cannula and ligated in the lower lobe bronchus beyond
the first branch to the superior segment. Air which flowed into the
bronchial catheter entered the basal segments and flowed through col-
lateral pathways into the superior segment and out of the lobe. The
inner lumen of the catheter measured pressure at the catheter tip.
Alveolar pressure in the basal and superior segments was obtained by
inserting a catheter through the pleural surface on either side of
the superior-basal segment interface and ligating the two catheters

to the visceral pleura. The following resistances were calculated:

_ Pct - Palv (base)
R = . (1-2)
base Veoll
Reol] = Palv (bas?)- Palv (sup) (1-3)
Vcoll
RSup = Palv fsup)- Pao (1-4)
Vcoll

where Rbase = airway resistance in basal segments, Rcoll = resistance
in collateral pathways between basal and superior segments, RSup = air-
way resistance of superior segment airways, Pct = pressure at the tip
of the bronchial catheter, Palv (base) = alveolar pressure in the basal

segments, Palv (sup) = alveolar pressure in the superior segment,
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Pao = tracheal pressure, and Vcoll = rate of gas flow into the bronchial
catheter. Hogg et al. (23) found that in health lungs Rcoll greatly
In

exceeded Rbase and that RSu was zero (Rcoll> Rbase”R

p SUP)'
emphysematous lungs, however, there was a marked fall in Rcoll and
increase in Rbase and Rsup’ such that Rbase>»Rsup>»Rcoll. They
suggested that an obstructed segment is ventilated primarily by
airways in healthy lungs but may be ventilated preferentially by
collateral pathways in emphysematous lungs.

Menkes and colleagues (8, 54) used Hilpert's technique
(equation 1-1) and observed that when the constant Vcoll into the
segment was suddenly interrupted causing Ps-Pao to decay to zero,
the initial portion of the decay occurred more rapidly than the
remaining portion. They attributed the rapid initial drop in Ps-Pao
to pressure equilibration (and thus resistance) in the small airways
between the tip of the wedged catheter and collateral channels, and
the subsequent slower decline to deflation of the obstructed segment
through collateral channels. They used this analysis in an attempt
to differentiate the response of small airways and collateral channels
to methacholine, COZ’ and variations in lung volume.

Sasaki et al. (73), realizing that Rcoll measured with
Hilpert's technique (72) includes the resistance of small airways
and one or more types of collateral channels, attempted to measure
airflow resistance through interalveolar pores only. The first

measured Rcoll using Hilpert's technique in the excised lower lobes

of dogs' lungs. Then they glued 2 small capsules to the segment's
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pleural surface and a third capsule to the lobar pleural surface,

and the pleural surface under each capsule received 30 small punctures.
A silicone rubber solution, having an experimentally adjusted viscosity,
was poured into the lobar bronchus, and following vulcanization of the
rubber, lobar airways were obstructed to the bronchiolar level. Segment
airways were prevented by the wedged catheter from receiving the rubber.
Sasaki et al. (73) reasoned that when air flowed into one of the segment
capsules and was collected from the lobar capsule, the only collateral
pathways available would be interalveolar pores. The resistance through
the pores was often greater than 100 times higher than Rcoll measured by
Hilpert's technique, so they concluded that collateral ventilation does
not normally occur through interalveolar pores.

The time constant for collateral ventilation (Tcoll) provided
another assessment of the mechanical behavior of collateral channels.
When a constant Vcoll into a segment was suddenly interrupted, Hilpert
found that Ps-Pao decayed exponentially to zero, and Tcoll was calcu-
lated as the time required for Ps-Pao to decrease to 37 percent of its
initial value. The shorter the Tcoll, the more readily collateral
ventilation occurs. Woolcock and Macklem used two other methods to
measure Tcoll (87). In the first method, a small volume of air was
injected into the outer lumen of a double lumen catheter which
obstructed an airway. The pressure in the obstructed segment,
measured by the inner lumen of the catheter, initially rose, and
Tcoll was estimated as the pressure fell back to baseline. In the
second method, an excised lung was oscillated sinusoidally at different

frequencies (f) through a tracheal cannula attached via a loud speaker
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powered by a variable frequency wave generator. Simultaneously,
pressure in an obstructed segment (Ps) was measured by the inner
lumen of a wedged catheter. The phase angle (6) by which Ps lagged
behind transpulmonary pressure was given by: 6 = tan'] 2nf Tcoll.
The equation was rearranged as: Tcoll = tan8/(2nf). The Tcoll
calculated by this method was in close agreement with that measured
by Hilpert (22).

A11 these methods revealed that Tcoll in the dog lung was
inversely proportional to lung volume. Also, increasing the size
of the segment increased Tcoll in the dog but not in the human (87).
In addition, it has recently been determined that Tcoll is dependent
on lobar anatomy. Robinson and Milar (70) found in excised dogs' lungs
that Tcoll was longest in the right middle and left cranial lobes and

shortest in the right and left caudal lobes.

Pressure-Flow Relationships

Basic Concepts of Fluid Mechanics

The pressure required to cause gas to flow through a tube is
dependent on flow rate, geometry of the tube, density and viscosity
of the gas, and flow regime (i.e., whether flow is laminar, transi-
tional, or turbulent). If the tube is straight, smooth, and circular,
the flow regime at low flow rates is laminar (64) having the following
characteristics: (1) flow in all parts of the stream is constant and
occurs in parallel laminae which slide over one another, and (2) the
profile of the leading edge of flow is parabolic, the axial velocity

of flow being twice as fast as the average velocity. At high flow
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rates, the flow regime becomes turbulent (64) having the following
characteristics: (1) the velocity at any point in the stream fluctuates
vigorously and randomly in both magnitude and direction, and (2) the
flow profile is only slightly rounded, so the axial velocity is only

1.2 times the average velocity. At moderate flow rates, flow is said
to be transitional having characteristics of both laminar and turbulent
flow.

These P-V characteristics are illustrated in Figure 1-5 which
shows the formation of a fully developed laminar flow profile in
sections A-C. Gas enters the tube from the left through a smoothly
rounded orifice which introduces no disturbances into the flow. Every
molecule entering the tube has the same velocity, so the velocity pro-
file at the entrance is virtually flat. At this point (Figure 1-5A),

pressure and flow are related as:
P = KyoV2 (1-5)

where P is the driving pressure, V is flow, p is gas density, and K in
equation 1-5 and in the equations that follow is a constant which
includes the geometry of the system (45). It takes a finite distance
and time for the gas to establish the parabolic flow profile normally
associated with the laminar flow regime, and during this distance
(entrance length, Figure 1-5 A-C) unequal amounts of shearing force

are present between adjacent gas laminae (58). The gas in contact with
the wall adheres to the wall, so that the relative velocity of the gas

and solid is zero (the "no slip" condition) (64). The laminae near the
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no slip layer experience a high shearing force which causes them to
decelerate to decrease this shear. The laminae near the center of the
tube have less shearing force which causes them to accelerate to
increase their shear. This occurs until the gas has established
an optimum distribution of shear between the laminae. Thus, in the
entrance length, the flow profile changes from flat to parabolic.
There is a thin region adjacent to the wall in which the
velocity rises from zero to its value over most of the cross section
(i.e., core value), v. This region is called the boundary layer
(see Figure 1-5), and the central region where the flow profile is
flat is called the core. The thickness of the boundary layer is
defined as the distance across which the velocity rises from zero
to a value indistinguishable from its core value (v). As the flow
profile becomes progressively more parabolic in the entrance length,
the boundary layer grows in thickness. Pressure (P) and flow (V) are

related as follows during this period of boundary layer growth (45):

where u is gas viscosity.

When the entrance length has been established, laminar flow is
fully developed. The PfV characteristics for laminar flow were first
described by Poiseuille as:

p=Sduly (1-7)
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where 1 is the tube length and r is the radius. When the dimensions
of the tube are held constant, then pressure is directly proportional

to flow and viscosity:

When the flow profile is parabolic and the flow rate is increased, the
flow profile gradually departs from a parabola, first by becoming
transitional where elements from adjacent laminae occasionally mix
with one another (Figure 1-5D). When this occurs, pressure and flow

are related as follows (11):

p = Kso‘+xu'x y2+x (1-9)

where x is a number between -1 and 0 (it is -1 if flow is laminar and
0 if flow is orifice flow). As flow rate continues to increase, the
flow regime becomes turbulent (Figure 1-5E), at which point P is

proportional to gas density and flow (86):

p = k. 0-25 0.75 {1.75

4 (1-10)

Reynolds (68) was the first to show that the transition from
laminar to turbulent flow in a tube always occurs at the same value

of the following dimensionless number:

=20 -
Re " v (1-11)

This has been confirmed with a wide range of tube diameters, flow rates,

and fluid properties. Laminar flow occurs when Re is less than 2300,
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and turbulent flow occurs when Re is greater than 3000 (61).
Transitional flow occurs when Re is between 2300 and 3000. The
entrance conditions of the tube play an important role in determining
the critical Re (64). If there are no disturbances in the fluid before
entering the tube, and if the inlet is constructed in a smooth curve,
the critical Re at which turbulence develops may reach 40,000. If the
incoming fluid has disturbances, then the critical Re may be reduced

to 2000, but not below.

Pressure-Flow Relationships in a
Branched System

Problems of analysis. The lung poses a unique challenge in the

analysis of its P-V characteristics because it is far from being the
single circular conduit of uniform dimensions described above. Rather,
the Tung is a complex geometrical structure consisting of irregularly
shaped airways branching dichotomously and asymmetrically over twenty
or more generations. The total cross sectional area of the combined
airways increases from the trachea to the alveoli [it is estimated
that the total cross sectional area of the bronchioles is more than
one thousand times larger than that of the trachea (30)] while the
radius of the individual airways from the trachea to the bronchioles
decreases. This not only causes flow velocity to decrease toward the
periphery [such that if the velocity in the trachea is 100 cm/sec,
then the velocity in the small bronchi would be less than 0.1 cm/sec
(30)], but Re decreases as well (49a). In addition, there is very
little development of the flow profile until after the fifth order
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bronchi (58). This is because eddies which form at each bifurcation
are carried away from the site of their formation to disturb the flow
downstream (30). The distance over which this flow disturbance occurs
(the length of transition), is longer than the length of the trachea
and large bronchi. Eddies thus prevent the establishment of the
laminar parabolic flow profile in the trachea and large airways (10,
85). The length of transition is shorter than the length of the small
bronchi, however, so that laminar flow may be established in these
small airways. Thus, the driving pressure for flow through all the
airways is significantly determined by the entrance effects in the -
upper airways (63), and the greatest resistive pressure drop is found
in these large airways due to the smaller total cross sectional area
of these airways and because of the predominance of entrance length
flow where the exponent for flow is greater than 1.0 as opposed to
the fully developed laminar flow profile in small airways where the
exponent for flow equals 1.0 (see Figure 1-5).

Other factors contribute to the complexity of the P-v
relationship in the lung. First, the airways are not consistently
cylindrical but rather cylindrical in their proximal portion and
elliptical near the branch points (24). Secondly, the dimensions
of the airways change throughout the respiratory cycle, dilating
during inspiration and constricting during expiration (80). Third,
the flow rate in the airways varies not only in time as a result of
the cyclical nature of breathing but also in space because of the

increase in cross-sectional area resulting from airway branching.
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Fourth, the airways are lined by a viscous liquid (mucus), and gas

flow down the airways may cause the formation of waves on the liquid
resulting in a roughened surface (9). This phenomenon of two-phase
gas-1iquid flow becomes significant at higher flow rates in healthy
lungs or at normal flow rates in diseased lungs. Fifth, the geometry
of the airway bifurcations varies throughout the lung (64). Thus, as

a result of its complex geometry, the lung 1ikely contains many Re, and
turbulence may be found at a critical Re which is much lower than the
value of 2300 found in a straight, smooth, cylindrical tube. The vari-
ations in Re which occur during cyclic respiration support the theory
fhat the flow regime in the lung undergoes a progressive metamorphosis
as flow rate varies from low to high values (30).

Rohrer's equation. Rohrer (72) was the first investigator to

attempt to describe the pressure-flow relationships in the lung. He
believed that the lung contained both turbulent and laminar flow which

were related as follows:

p = Keu\'l + KopV2 (1-12)

7

where K6 and K7 are constants. The term KGuV describes the laminar
flow component in the lung, and the term K7p\'l2 describes the turbulent
flow component. The constant K6 contains the geometry of that portion
of the airways where flow is laminar,_and K7 contains the geometry of
the airways where flow is turbulent. In 1955 Mcllroy et al. (49)
pointed out that Rohrer's equation provided an excellent curve fitting

equation for pulmonary pressure-flow curves. However, breathing helium
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would be expected to result in a reduction of K7 due to a decrease
in gas density and a slight increase in K6 due to an increase in gas
viscosity. In fact, 100 percent helium reduced KG‘ In contrast,
ethane, which is only one-half as viscous as air and should have
reduced KG’ produced little change in this value. McIlroy et al.
(49) also pointed out that the "constants" K6 and K7 change as the
distribution of turbulence within the lung changes. As flow rate
increases and turbulence increases with it, K7 should increase and

K6 should diminish because more of the airways contain turbulent flow
and fewer airways contain laminar flow. Similarly, because changing
gas physical properties alters the distribution of Re, it also alters
the distribution of flow regimes. Therefore, K6 and K7 should be
different when gases of different physical properties are breathed.
In contrast, K6 and K7 would remain constant only when the physical
properties of the gas were changed such that the kinematic viscosity
(viscosity divided by density) remained constant. Thus, even though
Rohrer's equation fits experimentally determined pressure-flow curves
quite well, it does not account for the site and nature of the gas
flow regime in the lung.

Modification of Rohrer's equations. Several investigators

have attempted to modify Rohrer's equation to better account for the
pressure-flow relationships in the lung and thus provide a better
estimation of the flow regime. Using rigid models of human airways,
Pedley, Schroter, and Sudlow (62, 63) showed that most of the resis-
tance to air flow is located in the large airways. Since the flow

profile through large airways is undeveloped, these investigators
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proposed that P, V, and gas physical properties could be related as
in equation 1-6 for boundary layer growth. They assume that flow
regimes other than boundary layer growth contribute such a small
percentage to the total resistance to flow that they may be ignored.
Wood et al. (86), however, found that this is not the case in dogs
breathing air because peripheral airways with fully developed laminar
flow contribute 33 percent or more of the total lower pulmonary
resistance. They conclude that the equation for boundary layer
growth does not describe the P-V relationships for the lower airways
because other P-V regimes contribute substantially to the resistance.
Thus, Wood et al. (86) propose the following equation which is designed
to take into account the metamorphosis in space and time of the flow

regimes:
P= Kpa'.I u2-a Ve (1-13)

The exponent 'a' varies between 1 and 2. When flow is laminar through
all the airways, a = 1, and the equation simplifies to the Poiseuille
equation (equation 1-8). When the flow profile is undeveloped, a = 2,
and the equation simplifies to that describing orifice flow (equation
1-5). When the flow regime is different in different parts of the
airway, the value of 'a' will be between 1 and 2. If there is fully
developed laminar flow in those airways that contribute most to resis-
tance, 'a' will be close to 1, whereas if there is orifice flow in
those airways that contribute most to resistance, 'a' will be closer
to 2. Thus, the flow regime in the lung may be predicted by the value

of 'a'.
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This equation proposed by Wood et al. (86) fails in several
respects to accurately describe the P-V relationships in the lung.
First, since the spatial and temporal variation in Re determines
the spatial and temporal variation in flow regimes which in turn
determines the value of 'a', 'a' itself should be a function of Re
only. However, Lisboa et al. (41) found that the relationship between
'a' and Re is quite different during breathing 80 percent He-20 percent
02 than it is for air, suggesting that factors other than Re influence
'a'. Second, the equation predicts that when flow is laminar (i.e.,

a = 1) and resistance is viscosity dependent, the pressure required to
produce a unit of flow with He/02 should be greater than with air
because He/O2 is more viscous. In contrast, when flow is orifice

flow (a = 2) and resistance is density dependent, the pressure required
to produce a unit of flow should be less on He/O2 than with air because
He/O2 is less dense. Lisboa et al. (41), however, found no consistent
relationship between resistance with He/O2 and air and the value of 'a'.
Thus, equation 1-14 does not account for the effect of gas physical
properties. Third, equation 1-14 contains the same general inadequacies
as Rohrer's equation (equation 1-12): that is, since the distribution
of Re and thus the flow regime changes with the flow rate and gas
physical properties, the geometry of the airways containing laminar

and turbulent flow also changes. As a result, the constant K which
contains this geometry also changes (i.e., the 'constant' is not
constant). It is evident, therefore, that the pressure-flow rela-
tionships in the lung are very complicated, especially considering

that the flow pattern undergoes a progressive metamorphosis as flow
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rate varies from low to high values (30). This relationship cannot
be expressed by any single algebraic equation.

Moody diagram. Another method used to describe the flow regime

through the lung .makes use of a unique relationship between the degree
of turbulence as indicated by the Re and the ratio of the static pres-
sure drop to dynamic pressure within the lung (i.e., the normalized
pressure drop). This normalized pressure drop (Pn) is expressed as

follows:

AP
Pn 0 5ov? (1-14)

where AP is the static pressure drop, and v is the velocity of gas flow.
When Log Pn is plotted against Log Re (Figure 1-6), a Moody diagram (56)
results, the slope of which indicates the flow regime. Three regions
may be identified in the Moody diagram. At the extreme left, Re is low
and flow is laminar. The slope of the curve is -1, so that pressure

and flow are related as follows:

Log g-geyz = -Log &2 (1-15)

At the extreme right of the Moody diagram the high Re indicates that
flow is fully turbulent. The slope of the curve is 0, so pressure

and flow are related as:

AP _ )
Log W- C (] ]7)
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Figure 1-6. Schematic illustration of Moody diagram where the logarithm
of the normalized pressure drop (Log Pn; ordinate) is
plotted against the logarithm of Reynolds' number (Log Re;
abscissa). The slope of the curve is determined by the gas
flow regime: if the slope = -1, the flow regime is laminar
(extreme left); if the slope = 0, the flow regime is
turbulent (extreme right); if the slope is between -1
and 0, the flow regime is transitional (center). In the
equations, AP = static pressure drop (cm Hp0) from the
trachea to the alveoli; p = gas density (gm/ml); u = gas
viscosity [gm/(sec + cm)]; v = gas velocity (cm/sec); and
d = a reference cross sectional area (cm?).
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Figure 1-6



39

where C is a constant. Between these two extremes the slope changes
from -1 to 0. The intermediate Re's indicate that flow is transitional,

and pressure and flow are related as:
Log %, = x Log 9% (1-18)

This equation applies only to a small section of the curve where x (the
slope of the curve in log-log coordinates) can be considered constant
(11). The Moody diagram is a classical fluid dynamic approach for
characterizing the flow regime in a single conduit (56). This graphical
method assumes that when geometry is constant, the change in Pn with v
is a function of Re only.

A Moody diagram may be determined experimentally for a single
conduit or for more complex systems such as the branching system of
airways (11, 27-30, 42, 58, 60, 74). In the latter case, what is
measured is the predominant flow regime through the lung as a whole
rather than a single specific flow regime through any particular airway.
In other words, the entire lung is considered as a single rough tube
(11). This method finds that the critical Re (indicating the loss of
laminar flow) in the lung differs greatly from that determined for a
straight, smooth, circular tube. Slutsky et al. (74) found that the
predominant flow in a model of the human lung was laminar at Re less
than 500, transitional between Re of 500 and 5000, and turbulent when
Re exceeds 5000. Isaby and Chang (27), using a similar model, found
laminar flow at Re less than 200, transitional flow at Re between 500

and 1500, and turbulent flow at Re greater than 4000. These critical
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Re of 200 (27) and 500 (74) for models of the human lung would tend
to be even lower in the 1iving lung where two-phase gas-liquid flow

predisposes to turbulence (9).

Pressure-Flow Relationships in a
Sublobar Lung Segment

Collateral channel resistance (Rcoll) is measured in sublobar
lung segments (22) by advancing a polyethylene catheter having a flared
tip through the trachea or lobar bronchus until it becomes wedged in a
small bronchus (Figure 1-4). This procedure obstructs a sublobar seg-
ment which is the only region which inflates when gas is blown through
the catheter. The gas which inflates the segment escapes by flowing
through collateral pathways which direct the gas to airways outside
the segment. When both the driving pressure for gas flow and the flow
rate are known under a variety of conditions, the P-V relationships
(and thus the predominant flow regime) in the segment can be estimated.
Olson et al. (60) recently pointed out that the segment flow regime may
be an important determinant of Rcoll. To explain why segment inflation
increases Rcoll and excised lungs (71) but may decrease Rcoll in intact
lungs (32, 35, 36), Olson et al. (60) theorize that the higher gas flow
rates used to inflate segments in excised lungs may result in a turbu-
lent flow regime which increases Rcoll. They used a Moody analysis to
characterize the segment flow regime in anesthetized vagotomized dogs
under the following conditions: transpulmonary pressure (Ptp) = 0
(functional residual capacity), 2, and 4 cm H20 while segment pressure
(Ps) exceeded Ptp by 3 cm HZO' They repeated their measurements using

gases having different physical properties. This allowed them to vary
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gas density, viscosity, and flow rates while maintaining Ps 3 cm H20
greater than Ptp. They concluded that when Re is less than apbrox-
imately 100, flow through the segment is laminar, and when Re is
between 100 and 1000, their data indicate that flow is nonlaminar
(transitional, but not fully turbulent). In addition, they estimated
Re for excised and intact dogs' lungs using published data and found
that Re ranged from 140 to 600 in excised lungs and from 30 to 100 in
intact lungs. They suggest that the different Re in excised and intact

lungs may be due to differences in the flow regime.

Segment-Lobar Inhomogeneity

The most important determinant of airway resistance is airway
diameter which in turn is determined primarily by the compliance of
the surrounding lung parenchyma which exerts radial traction on the
airways (57). Since collateral channels connect an obstructed segment
with the lobe, it follows that Rcoll is strongly influenced by both
segment compliance (CS) and lobar compliance (CL). Although CS = CL
during homogeneous lobar inflation (i.e., when lobar distention pressure
is distributed uniformly throughout the segment and lobe), CS is less
than CL during inhomogeneity (i.e., when the segment distention pressure
is greater than lobar distention pressure) (18, 50, 51, 53, 69, 70, 75,
87). The latter occurs during measurement of Rcoll using Hilpert's
technique (22) (Figure 1-4) because of interdependence in which tissue
attachments common to the segment and lobe tend to prevent segment

expansion, causing a smaller increase in segment volume per unit
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increase in segment pressure. Thus, since inhomogeneity influences
CS and CL, inhomogeneity should 1ikewise influence Rcoll.

A second mechanism by which inhomogeneity may influence
Rcoll is by distortion of collateral channels as they pass through
the zone of parenchymal tissue distortion at the segment-lobar inter-
face (Figure 1-2). Blood vessels in the interface are also likely
distorted, and the resultant increased vascular resistance has been
suggested as a cause of the decreased segment bloow flow measured
during inhomogeneity (14, 15).

The effect of inhomogeneity on collateral ventilation is
uncertain. Woolcock and Macklem (87) propose that inhomogeneity
enhances collateral ventilation because the reduced CS would also
reduce the time constant for collateral ventilation (Tcoll =
Rcoll - CS). Direct measurements, however, indicate that Tcoll
changes little during inhomogeneity (71). Other studies have
measured the effect of inhomogeneity on Rcoll and have yielded
conflicting results. Using Hilpert's technique (Figure 1-4),
Robinson and Sorenson (71) reported that inhomogeneity increased
Rcoll in excised dogs' and horses' lungs while Kaplan et al. (32)
calculated a decrease in Rcoll in intact dogs' lungs. In contrast,
Baker and Daly (4) measured the volume of collateral gas flow during
inhomogeneity and found that the volume was directly related to the
intersegmental pressure gradient, suggesting that Rcoll remained
constant as inhomogeneity increased. Baarsema and Dirken (3) obtained

similar findings in intact rabbits' lungs. Thus, the studies describing
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the effect of inhomogeneity on collateral channels provide inconsistent
results and demonstrate the need for further investigation.

Since Rcoll is influenced by the mechanical behavior of both
the segment and the lobe, it is of interest to know which region
influences Rcoll more. In the only report on this issue, Kaplan et
al. (32) found that Rcoll fell more during lobar inflation than during
inhomogeneous segment inflation, suggesting Rcoll was influenced more
by the lobe than by the segment. This study was not well controlled,
however, because comparisons were not made at equal degrees of inhomo-
geneity during each mode of inflation. Also, a narrow range of lobar
and segment inflation pressures were used. Other data suggest that the
lobe has a stronger influence because raising lobar volume undisputedly
decreases Rcoll (23, 25, 52, 71, 82, 87), whereas the evidence for the
effect of segment volume on Rcoll is inconclusive. Well controlled
studies are needed which make direct comparisons of segment and lobar

influences on Rcoll.

Purpose of the Present Studies

Much of the knowledge of the characteristics and function of
collateral channels has been obtained using Hilpert's technique (22)
where an obstructed sublobar lung segment is inflated inhomogeneously
within a lobe. The effect of inhomogeneity on Rcoll is uncertain,
however. The purpose of Chapter II is to determine the effect of
inhomogeneity on Rcoll under a variety of measurement conditions
commonly employed by Hilpert's technique, and also to determine

whether the segment of the lobe has the stronger influence on Rcoll.
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The purpose of Chapter III is to determine the mechanism of the effect
of inhomogeneity on Rcoll. Chapter IV presents findings on the anatomy
of the airways in the segment-lobar interface and also describes the

route for collateral gas flow.
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CHAPTER 11

THE EFFECT OF REGIONAL INHOMOGENEITY
ON COLLATERAL AIRWAY RESISTANCE

Introduction

Regional inhomogeneity occurs when a sublobar lung segment is
inflated to a different relative volume than the remainder of the lobe.
The segment has a low compliance due to its interdependence with the
adjacent lobar parenchyma (3, 10, 11, 13, 20), and it has been proposed
that this low compliance promotes collateral ventilation by reducing
the time constant for collateral air flow (20). Blood flow to a segment
is not promoted by regional inhomogeneity, however, for Enjeti et al.
(2) demonstrated that regional blood flow decreases more when a sublobar
than a lobar region is made atelectatic. They theorize that inter-
dependence between the sublobar region and the lobe causes additional
mechanical distortion of vessels which is not 1ikely to occur in the
case of lobar atelectasis (1, 2). If collateral channels behave like
blood vessels, then collateral ventilation may be decreased during
regional inhomogeneity rather than increased as previously suggested
(20). Indeed, collateral channels passing through the parenchymal
interface between the segment and the lobe are subjected to abrupt
changes in distending pressure which may distort the channels, and

the degree of distortion should be determined by the pressure
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difference between the segment (Pct) and the lobe as measured at the
airway opening (Pao).

It is generally accepted that when Pct-Pao is held constant,
raising transpulmonary pressure decreases collateral resistance
(Rcol1) (5, 12). Although this is probably due primarily to the
volume-dependency of airway resistance (9), the degree of interface
distortion produced by a given Pct-Pao may vary as the lung inflates
because of changes in the degree of interdependence with lung inflation
(12, 19). Thus, Rcoll and interface distortion resulting from regional
inhomogeneity enjoy a complex interrelationship which may depend on both
Pct and transpulmonary pressure, and this interrelationship has not been
adequately described in the literature.

It has been reported that raising Pct-Pao from two to ten cm
H20 increases Rcoll in excised dog and horse lungs (17). In contrast,
raising Pct-Pao from one to three cm H20 decreases Rcoll in intact dog
lungs held at functional residual capacity (8). This latter report did
not explore the possibility, however, that larger changes in Pct-Pao
using a wider range of transpulmonary pressures may increase Rcoll.
In the present study, combinations of Pct and transpulmonary pressures
were assembled into a block design so as to produce a variety of Pct
and Pct-Pao at several transpulmonary pressures. Experiments were
performed in isolated segments in the left cranial and right caudal
lobes of excised and intact dogs' lungs to determine if differences
in segment geometry or the presence of a chest wall altered the response
of the collateral channels to regional inhomogeneity. Data were inter-

preted on the basis of there being collateral channels and airways
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located not only in the body of the segment but also passing through
the segment-lobar parenchymal interface, so that changes in Rcoll are
determined by which population of channels changes its resistance in

greatest magnitude.

Methods

In experiments using excised lungs, mixed-breed dogs were
anesthetized with sodium pentobarbital and exsanguinated. The lungs
and attached trachea were removed from the chest cavity, and the pleural
surfaces were kept moist with saline throughout the experiment. The
lungs were suspended by the trachea which was attached to one arm of
a 3-way connector. A second arm of the connector was attached to a
variable speed blower which was used to inflate the lungs. The third
arm of the connector was used for passage of a double lumen catheter
into the tracheobronchial tree. Transpulmonary pressure was tracheal
pressure (Pao), measured by a transducer (model no. PM131, Statham,
Hato Rey, Puerto Rico) connected to the trachea by means of a
polyethylene catheter and needle.

Collateral resistance was calculated by the method of Hilpert
(5) (Figure 1-4). A double-lumen catheter (o0.d. 3.2 mm) with the distal
end flared to an outside diameter of 5 mm was wedged in a bronchus while
the lung was inflated to total lung capacity (Pao = 30 cm H20). When
the lung was deflated, gentle traction on the catheter depressed the
lobar pleural surface, and considerable force was required to remove
the catheter, suggesting the catheter securely obstructed the airway.

The inner lumen (o.d. 1.7 mm) of the catheter was connected to one side
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of a second differential pressure transducer (model no. PM131, Statham,
Hato Rey, Puerto Rico). The other side of the transducer was connected
to the trachea with a catheter and needle so that the pressure differ-
ence (Pct-Pao) between the tip of the wedged catheter (Pct) and the
trachea could be measured. A photorecording oscilloscope (Model DR8,
Electronics for Medicine, White Plains, New York) was used to record
Pao and Ps-Pao. During measurement of Rcoll the lobe was inflated to
the desired Pao, and air flow from a compressed air tank (Vco]]) was
directed through the outer lumen of the wedged catheter and into the
isolated segment; it passed through collateral channels and left the
lung via the trachea. Flow was adjusted by means of a rotameter

(Model 74317, Matheson, East Rutherford, New Jersey) until the

desired steady-state pressure gradient (Pct-Pao) was obtained.
Collateral resistance was calculated as (Pct-Pao)/Vcoll. In one

series of experiments, gas was withdrawn from the segment at a

constant flow rate adjusted by the rotameter connected to a vacuum
source. Collateral resistance was calculated as above. A minimum

of two sequential Rcoll measurements were taken at each Pct-Pao.

The lungs were inflated to total lung capacity preceding each
measurement to ensure a constant volume history.

In the experiments using intact lungs, Rcoll was measured as
described by Inners et al. (7) using a bronchoscope instead of a double-
Tumen catheter. Mixed-breed dogs were anesthetized with sodium pento-
barbital (33 mg/kg), and a femoral vein was cannulated for delivery of

supplemental anesthetic. A tracheostomy was performed, and the trachea
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was connected to one arm of a 3-way connector. A second arm of the
connector was attached to a Harvard pump (model 607, Harvard Apparatus,
Dover, Massachusetts), frequency and tidal volume being adjusted to
maintain the dogs' end-expired C02 concentration between 4.5 and

5.0 percent. The dog was placed in sternal recumbency, and the

Harvard pump was briefly turned off at end expiration, during which
time a bronchoscope of 5 mm o.d. (model BF2, B2, Olympus Corp., New
Hyde Park, New York) was passed through the third arm of the connector
and wedged in a peripheral airway of either the left cranial or right
caudal lobe. A rubber cuff placed around this third connector arm
provided a seal to prevent air leaks during ventilation. An esophageal
balloon, passed through the nares and into the esophagus, positioned to
measure pleural pressure (Ppl), was attached to one side of a differen-
tial pressure transducer. The other side of this transducer sensed
tracheal pressure (Pao), providing a measurement of transpulmonary
pressure (Ptp = Pao-Ppl). The esophageal balloon was positioned such
that spontaneous breathing against a closed airway produced minimal
fluctuations in Ptp. This resulted in a Ptp of 3 to 4 cm HZO at
functional residual capacity in these dogs. A catheter was inserted
into the suction/biopsy part of the bronchoscope and connected to
another differential pressure transducer to measure Pct, and the

other side of this transducer measured Pao. The remainder of the
suction/biopsy channel was connected to a rotameter and a compressed
gas source of 95 percent 02 and 5 percent CO2 to provide Vcoll into

the isolated segment while maintaining a physiologic alveolar CO2

tension of 5 percent.
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I measured Rcoll at several different Ptp. The ventilator
was switched off at end-expiration (functional residual capacity),
and the lungs were then inflated to the desired Ptp with a variable
speed blower attached to the expiratory port of the ventilator. The
Vcoll was adjusted to provide a constant Pct-Pao, and Rcoll was calcu-
lated as: Rcoll = (Pct-Pao)/Vcoll. The mean of a minimum of two
sequential Rcoll measurements taken at each Pct-Pao in all experiments
were averaged, and the lungs were inflated to total lung capacity
before each measurement to ensure a constant volume history.

Three series of experiments, each using a different group of
dogs, were performed to determine the effect of regional inhomogeneity
on Rcoll. A1l measurements were taken in the left cranial and right
caudal lobes ventilated with room air, and the specific transpulmonary
pressures, Pct, and Pct-Pao used are summarized in Table 2-1. In each
series, transpulmonary pressure was held constant while Pct-Pao was
raised to the values shown in the table. Specific combinations of
Pct-Pao and transpulmonary pressures were chosen to allow Pct to
remain constant over a range of transpulmonary pressures. This enabled
me to determine not only the effect of Pct on Rcoll, but also the effect
of Pct-Pao on Rcoll. In series one, the lungs of five dogs were
excised. In series two, experiments were performed on the intact
lungs of seven closed chest anesthetized dogs. Left cranial lobe
data were taken from all seven dogs, and right caudal lobe data were
taken from six dogs. In series three, lungs from six dogs were excised,

and regional inhomogeneity was created by withdrawing air from the



Table 2-1.

Protocols for series one, series two, and series three
The combinations of transpulmonary pressures
0) and segment-lobar pressure differences (Pct-Pao;
Numbers in the table indicate segment

exper1ments.

(cm H
cm H

6

) are shown.
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pressure (Pct; cm H,0
for series one and %wo an

The Pct-Pao values are positive
d negative for series three.

Transpulmonary Pressure (cm HZO)

Pct-Pao Series 1 Series 2 Series 3
(cm H20) 2 3 4 5 5 6 7 8 4 5 6
1 6 9 3
2 6 7 9 10 2 3
3 6 7 8 9 10 N 1 2 3
4 6 7 8 9 9 10 11 12 1 2
5 7 8 9 10 10 11 12 1
6 8 9 0 n 12
7 9 10 12
8 10
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segment at a constant flow rate, thus deflating the segment relative
to the lobe. Left cranial lobe data were taken from five dogs, and
right caudal lobe data were taken from six dogs. In this series only,
Rcoll was calculated as (Pao-Pct)/Vco]].

The effect of Pct-Pao on Rcoll in series one and two, Pao-Pct
on Rcoll in series three, and transpulmonary pressure on Rcoll in
series one-three was analyzed using a randomized complete block design
analysis of variance, and significant differences between means were
tested using the Student-Newman-Keuls' procedure (18). Means were

considered significantly different at the p< .05 level.

Results

In both excised and intact dogs' lungs, regional inhomogeneity
(i.e., increasing Pct-Pao) increased Rcoll at higher Pao and had little
effect on Rcoll at the lowest Pao. Figure 2-1A shows the results of
series one experiments in excised lungs. In both the left cranial
and right caudal lobes Rcoll is plotted against Pao at five different
levels of Pct. At a constant Pct, raising Pao decreased Rcoll. In
both lobes, all changes occurring at each Pct as Pao was raised were
statistically significant. When Rcoll was plotted as a function of
Pct-Pao at several levels of Pao (Figure 2-1B), raising Pct-Pao
increased Rcoll at Pao = 3, 4, and 5 cm H20 but had little effect
on Rcoll at Pao = 2 cm HZO‘ There was a significant interaction
between Pct-Pao and Pao.

In Figure 2-2A the results from series two experiments (closed

chest dogs) are shown where Rcoll is plotted against Ptp at several
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Effect of transpulmonary pressure (Pao; cm H,0;
abscissa) on collateral resistance [Rcoll; cm Hp0/
(m1/sec); ordinate] in left cranial lobes (left panel)
and right caudal lobes (right panel) at different levels
of segment pressure (Pct; cm Hp0) in five excised dogs'
lungs ventilated with air.
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different levels of Pct. Raising Ptp decreased Rcoll at constant Pct.
In both lobes, all changes occurring at each Pct as Ptp was raised
were statistically significant with one exception noted by the "ns"
on the graph. When Rcoll was plotted as a function of Pct-Pao at
several levels of Ptp (Figure 2-2B), raising Pct-Pao consistently
increased Rcoll at Ptp = 6, 7, and 8 cm HZO‘ At Ptp = 5 cm H20 in
both lobes, Rcoll decreased markedly at Pct-Pao = 6 to 7 cm H20.
This decrease was due primarily to a large decrease in two dogs in
the left cranial lobe and in one dog in the right caudal lobe, whereas
the other dogs showed little or no change in Rcoll. I suspect, there-
fore, that Rcoll may be little influenced by increases in Pct-Pao at
Ptp = 5 cm H20. There was a significant interaction between Pct-Pao
and Ptp.

The results from series 3 experiments are shown in Figure 2-3.
In Figure 2-3A, Rcoll is plotted against Pao at 3 different levels of
Pct. Raising Pao decreased Rcoll at constant Pct in the right caudal
lobe, and all but one of the changes were statistically different.
In the left cranial lobe, increasing Pao increased Rcoll at Pct =
3 cm H20, had no effect on Rcoll at Pct = 2 cm H,0, and decreased
Rcoll between Pao = 4 and 5 cm H20 at Pct = 1 cm H20. Data were
replotted in Figure 2-3B as Rcoll versus Pao-Pct at 3 different
levels of Pao. In both lobes, raising Pao-Pct caused greater
increases in Rcoll than in series 1 and 2 (Figures 2-1B and 2-2B).
There was a significant interaction between Pao-Pct and Pao.

Table A-1 tabulates the data with the standard error from
Figures 2-1B, 2-2B, and 2-3B to indicate variation in data.
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Effect of transpulmonary pressure (Ptp; cm H,0; abscissa)
on collateral resistance [Rcoll; cm H20/(ml1/sec);
ordinate] in seven left cranial lobes (left panel) and
six right caudal lobes (right panel) at different levels
of segment pressure (Pct; cm Hy0) in lungs from closed
chest dogs ventilated with air.
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Same data as Figure 2-2A showing effect of segment-lobar
pressure difference (Pct-Pao; cm Ho0; abscissa) on
collateral resistance [Rcoll; cm Hy0/(m1/sec); ordinate]
at different values of transpulmonary pressure (Ptp;

cm H20) in Tungs from closed chest dogs. A1l adjacent
points when Ptp is constant are significantly different
except for those marked ns.
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Effect of transpulmonary pressure (Pao; cm H,0;
abscissa) on collateral resistance [Rcoll; cm H,0/
ml/sec); ordinate] in five left cranial lobes

left panel) and six right caudal lobes (right panel)
at different levels of segment pressure (Pct; cm H20)
when the segment was deflated relative to the lobe in
excised dogs' lungs ventilated with air.
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Figure 2-3B.
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Same data as in Figure 2-3A showing effect of segment-lobar
pressure difference (Pao-Pct; cm Hp0; abscissa) on
collateral resistance [Rcoll; cm Hp0/(m1/sec); ordinate]

at different values of transpulmonary pressure (Pao;

cm H20) in excised dogs' lungs when the segment was
deflated relative to the lobe. A1l adjacent points

when Pao is constant are significantly different.
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Discussion

Figures 2-1A and 2-2A show that raising transpulmonary pressure
decreased Rcoll when Pct was held constant, while raising Pct increased
Rcoll when transpulmonary pressure was held constant. In addition,
Rcoll changed more when transpulmonary pressure was decreased by
1 cm HZO at a constant Pct than when Pct was increased by 1 cm H20
at a constant transpulmonary pressure. Since each of these maneuvers
raises Pct-Pao by 1 cm HZO’ transpulmonary pressure was a stronger
determinant of Rcoll than was Pct. Increasing transpulmonary pressure
increases both lobar and segment volume (11, 19) which probably accounts
for the majority of this effect. In addition, raising transpulmonary
pressure at a constant positive Pct tends to restore homogeneity between
the segment and the lobe by reducing Ps-Pao and may therefore reduce the
tissue distortion caused by the inhomogeneity at the segment-lobar
parenchymal interface. Reducing this distortion may contribute to
the effect of transpulmonary pressure on Rcoll.

The increased Rcoll resulting from increased Pct-Pao at constant
transpulmonary pressure (Figures 2-1B and 2-2B) would appear to be at
variance with the known effect of lung volume on Rcoll. If Rcoll is
decreased by raising lobar volume (5, 12), it would seem that Rcoll
should also be decreased by raising Pct-Pao which increases segment
volume. Clearly, this does not occur in my preparation. It is possible
Rcoll was overestimated because turbulence was created in the segment
by the higher collateral flow rates (Vcol]) necessary to raise Pct-Pao.

To estimate the degree of turbulence in the segment, Reynolds' number
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was calculated according to equation 11 (Re = pdv/u), where p is

the density of air (1.14 x 1073 gm/ml1), u is the viscosity of air
[1.9 x 10'4 gm/(sec + cm)], d is the diameter of the wedged catheter
tip (0.5 cmo0.d.), v = V/A, V is the averaged lowest and highest flow
rates used in the experiments, and A is the cross-sectional area of
the wedged catheter tip. The values of Re are indicated in Table 2-2.
In all experiments, Re lies far below the value of 2000 which is
required for fully developed turbulent flow to occur in straight,
smooth tubes. Olson et al. (15), using dogs' lungs, conclude that
when Re is less than 100, flow through the segment is laminar, and
when Re is between 100 and 1000, their data indicate that flow is
transitional. This suggests my results are not caused by fully
developed turbulent flow because Re indicate only laminar and
transitional flow. However, Olson et al. (15) took measurements

with the segment inflated to Pct-Pao = 3 cm H20 at transpulmonary
pressure = 0(FRC), 2, and 4 cm H20. The present study uses a wider
range of transpulmonary pressures and Pct-Pao in both excised and
intact lungs. The Re at which turbulence occurs in the present study
may therefore be different than reported by Olson et al. (15). In
addition, it is possible that the bronchus in which the catheter was
wedged does not represent the smallest cross-sectional area in the
isolated segment, and therefore the Re's may be underestimated.
However, if a high degree of turbulence was present, the slopes

of Figures 2-1B and 2-2B should be steepest at the higher Pct-Pao

where the greatest Vco]] occur. Since none of the curves exhibit



75

Table 2-2. Values of Reynolds' number (Re) for each
series of experiments. Numbers were
calculated using the average lowest and
highest collateral flows.

Left Cranial Lobe Right Caudal Lobe

Low High Low High

Series Flow Flow Flow Flow
1 73.1 278.1 87.2 332.0

2 44.4 157.6 108.6 322.8

3 61.2 146.9 30.6 157.6

this tendency, it is unlikely that turbulence is the primary cause of
these results.

I propose to explain my observations using a hypothesis with
three assumptions: (1) calculations of Rcoll use measurements of the
pressure difference between the tip of the wedged catheter (Pct) and
the airway opening (Pao), so the pressure gradient Pct-Pao consists of
pressure gradients along two distinct populations of airways or
channels: those lying within the body of the segment contributing
their component of Rcoll (Rs), and those passing through the parenchymal
interface between the segment and the lobe contributing their component
of Rcoll (Ri). The resistance of the lobar airways outside the segment
are not considered because this is negligible (6). (2) Regional

inhomogeneity creates an area of tissue distortion at the parenchymal
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interface between the segment and the lobe. (3) The resistance in
the airways and collateral channels within the segment (Rs) decreases
as segment volume is raised, correlating with the observation that
airway resistance decreases as lung volume is raised (9). Thus,
small increases in Pct-Pao should markedly decrease Rs at low
transpulmonary pressures while having little effect on Rs at

higher transpulmonary pressures.

Assembling these assumptions provides a possible explanation
for my data. Regional inhomogeneity created by inflating the segment
relative to the lobe has opposing effects on the two populations of
collateral channels. The net change in Rcoll as measured by the wedged
catheter technique is determined by the initial magnitudes and relative
changes of each component. At low transpulmonary pressures, raising
Pct-Pao decreases Rs and increases Ri; the magnitudes of these changes
approximate each other, so Rcoll remains unchanged. At higher trans-
pulmonary pressures, raising Pct-Pao causes little change in Rs, but
interface distortion raises Ri, and Rcoll increases.

I anticipated that differences in segment geometry affect the
interrelationship between Rs and Ri. Raising Pct-Pao should greatly
increase segment volume in the excised left cranial lobe, because this
segment is very compliant due to its large pleural surface-to-volume
ratio and has little interdependence with the surrounding lobe (16).
The expected large decrease in Rs must be exceeded by an even larger
increase in Ri, however, since raising Pct-Pao increases Rao. This

seems plausible because Ri must initially be very high since relatively
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few collateral channels would pass through the small parenchymal
interface surface available. Tissue distortion resulting from
regional inhomogeneity need cause only a small percentage increase
in Ri to exceed the large decrease in Rs.

In the right caudal lobe segment, raising Pct-Pao should cause
a smaller increase in segment volume, because this segment is less
compliant due to its smaller pleural surface-to-volume ratio and its
greater interdependence with the surrounding lobe (16). The resulting
decrease in Rs must be accompanied by a larger increase in Ri whose
initial value is probably low because the large parenchymal surface
of this segment 1ikely contains many collateral channels. The initially
lower Ri must undergo a larger percentage increase during regional
inhomogeneity in order to exceed the decrease in Rs, and this is
possible because the larger parenchymal surface provides a greater
area in which tissue distortion may occur. Thus, in the right caudal
lobe segment, Ri may be initially lower but experience a larger per-
centage increase during regional inhomogeneity, whereas in the left
cranial lobe segment Ri may be initially higher but experiences a
smaller percentage increase during regional inhomogeneity.

Three further observations require explanation. First, a
comparison of Figures 2-1B and 2-2B shows that raising Pct-Pao increases
Rcoll at a lower transpulmonary pressure in excised than in intact lungs.
This may be related to the different relationship between airway
resistance and lung volume described for excised and intact lungs (9).

During inflation of excised lungs, airway resistance falls steeply to
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a minimum at a volume slightly above residual volume and then changes
little at higher lung volumes (9). This suggests that airways and
collateral channels in the body of the segment represented by Rs are
maximally dilated at Tow lung volumes. When Pct-Pao is raised, there-
fore, the associated increase in Ri would be unopposed by a concomitant
decrease in Rs at low lung volumes. During inflation of intact lungs,
however, airway resistance decreases steeply as lung volume initially
increases from residual volume, and it continues to decrease, albeit
more gradually, at higher lung volumes (9). This suggests that the
airways and collateral channels represented by Rs are not fully dilated
until higher lung volumes are achieved. Thus, when Pct-Pao is raised,
the associated increase in Ri would be opposed by a concomitant decrease
in Rs up to higher lung volumes.

Second, Rcoll in the caudal lobes is lower than in the cranial
lobes. This may be related to the geometry of the isolated segments.
Caudal lobe segments have a large parenchymal surface (16) through
which many intersegmental pathways may pass, resulting in low Rcoll.
Cranial lobe segments have a small parenchymal surface area (16)
through which few intersegmental pathways may pass, resulting in higher
Rcoll. This lobar variation, therefore, may be due to differences in
the initial magnitudes of Ri.

Third, Rcoll was greater in intact than in excised lungs, and
the difference was greater for the left cranial lobe than for the right
caudal lobe. This was unexpected because larger segments were probably

isolated in the intact lungs (where the bronchoscope was wedged at FRC
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as opposed to the catheter being wedged at TLC in excised lungs), and
larger segments are associated with a lower Rcoll (16). The explana-
tion is not clear but is likely not related to vagal tone since there
is no difference in Rcoll in pre- and post-vagotomy open chest dogs
(14). It is doubtful that the presence of perfusion in the intact
lungs influenced the difference in Rcoll between intact and excised
Tungs. Pulmonary venous pressures would need to exceed 25 mm Hg in
excised lungs before affecting Rcoll at the transpulmonary pressures
used in the present study (4).

Several other factors may theoretically contribute to the
difference in Rcoll between intact and excised lungs. Raising Pct-Pao
may expand the segment differently in these two preparations because
the chest wall may prevent the segment in intact lungs from expanding
toward the pleural surface. Raising Pct-Pao would then expand the seg-
ment inwardly, causing more distortion at the interface and resulting
in an increased Ri and thus Rcoll. In contrast, the segment in excised
Tungs may expand toward the pleural surface with only moderate dis-
tortion at the interface, resulting in a lower Rcoll. In addition,
because nonhomogeneous segment compliance is less in intact lungs
than in excised lungs (11, 13), a given increase in Pct-Pao will
cause a smaller increase in. segment volume in the former than the
latter. This would cause Rs to be greater in intact than in excised
lungs and may contribute to the higher Rcoll in intact lungs.

If segment expansion causes the resistances of the two popula-
tions of collateral channels to change in opposite directions, segment

deflation should cause different behavior: Rs should increase because
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segment volume is reduced (5, 12), and Ri should also increase due to
tissue distortion at the interface. Since both resistances should
change in the same direction, increasing Pao-Pct should cause a greater
increase in Rcoll than when Rs and Ri change in opposite directions.
Series three experiments used a similar range of transpulmonary pres-
sures and Pct-Pao as in series one and two. Data in Figure 2-3A
indicate that raising transpulmonary pressure decreased Rcoll in the
right caudal lobe but not in the left cranial lobe. Since raising
transpulmonary pressure at a constant negative Pct increases regional
inhomogeneity, and since we earlier suggested that Ri is initially
very high in the left cranial lobe segment, the failure of Rcoll to
decrease in the left cranial lobe may be caused by a large increase
in Ri resulting from the increasing inhomogeneity. In addition, the
lack of segment-lobar interdependence results in little increase in
segment volume as transpulmonary pressure is raised and therefore
probably little decrease in Rs. Data in Figure 2-3B indicate that
with deflation, raising Pao-Pct increased Rcoll much more than infla-
tion of either intact or excised lungs (Figures 2-1 and 2-2). This
correlates with our expectation that when intrasegmental and inter-
segmental airways change their resistances in the same direction,
greater changes in measured Rcoll result.

In conclusion, I have shown that regional inhomogeneity
increased Rcoll in excised and intact dogs' lungs. Although it is
possible that turbulent gas flow occurred in the segment, I feel these
findings more likely result from distortion of airways at the segment-

lobar interface.
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CHAPTER III

MECHANISM OF INCREASED COLLATERAL AIRWAY RESISTANCE
DURING NONHOMOGENEOUS SEGMENT INFLATION

Introduction

In Chapter II, I reported that inhomogeneous inflation of a
sublobar lung segment increases collateral channel resistance (Rcoll)
(2), contrary to the decrease in Rcoll measured during lobar inflation
(2, 3). To explain my findings, I proposed two hypotheses: (1) meas-
urement of Rcoll during inhomogeneous segment inflation includes the
resistances of two populations of airways which are in series: the
resistance of intrasegmental airways (Rs) and the resistance of inter-
segmental airways (Ri) passing through the segment-lobar interface.
Inhomogeneous segment inflation increases Ri more than decreasing Rs,
causing a net decrease in Rcoll; (2) inhomogeneous segment inflation
causes nonlaminar gas flow which increases Rcoll. It is possible
that both these mechanisms act simultaneously. The purpose of the
present study was to test these hypotheses. After measuring Rcoll
during a variety of inhomogeneities between the segment and the lobe,
I analyze the first hypothesis by partitioning Rcoll into its intra-
segmental and intersegmental airway components. I analyze the second
hypothesis by comparing Rcoll measured using air, a low density gas

(helium, He), and a high density gas (sulfurhexafluoride, SF6) to
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produce both laminar and nonlaminar gas flow in the segment. A fluid

mechanical analysis (8) is used to estimate the segment gas flow regime.

Methods

Mixed-breed dogs were anesthetized with sodium pentobarbital
and exsanguinated. The lungs were excised, and the left caudal lobe
was used for the experiments. The pleural surface of the excised lobe
was kept moist with saline, and the lobe was suspended by the lobar
bronchus attached to one arm of a 3-way connector. A second arm of
the connector was attached to a variable speed blower which allowed
controlled inflation of the lobe. The third arm of the connector was
used for passage of a double lumen catheter with a flared tip (4 mm
o.d.) into a peripheral airway for calculation of Rcoll. Transpul-
monary pressure (Pao) was measured with a differential pressure
transducer (Model PM131, Statham, Hato Rey, Puerto Rico) connected
to the lobar bronchus by means of a catheter and needle.

Collateral resistance was calculated by the method of Hilpert
(3) (equation 1-1). The double lumen catheter was wedged in a bronchus
as the lobe was held at total lobe capacity defined as Pao = 30 cm HZO‘
With the lobe inflated, the catheter was retracted several millimeters
to prevent it from resting against an airway bifurcation. When the
lobe was deflated, gentle traction on the catheter depressed the lobar
surface, and considerable force was required to remove the catheter,
suggesting the catheter securely obstructed the airway. The inner
lumen of the catheter was connected to one side of a differential

pressure transducer (Model PM131, Statham, Hato Rey, Puerto Rico)
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which measured pressure at the catheter tip (Pct) while the other side
of the transducer measured Pao, and this allowed measurement of the
pressure difference between the catheter tip and the lobar bronchus
(Pct-Pao) (see Figure 3-1).

The segment was inflated by directing gas flow from a compressed
gas tank into the outer lumen of the wedged catheter as the lobe was
held at Pao = 0 cm HZO' The pleural boundaries of the segment were
easily distinguished on the lobar surface. A measurement of the average
alveolar pressure in the segment (Ps) was obtained using a modification
of the method of Sasaki et al. (10). A 20 gauge needle was used to
puncture 20 holes in the segmental pleural surface. The holes were
distributed within a 5 mm diame<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>