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ABSTRACT

VAGAL EFFECTS ON COLLATERAL FLOW RESISTANCE
IN DOG LUNGS

By
Lynne E. Olson

A double lumen catheter wedged in a subsegmental bronchus isolated
a lobe segment. 95% 02 5% CO2 entered the segment through the outer
Tumen (V) and left via collateral pathways. The inner Tumen measured
pressure in the segment (PS). Transpulmonary pressure (PL) was measured
at the trachea. Steady state resistance (Rss) was determined with the

vagi intact, sectioned and stimulated as:

When V is interrupted, PS-PL decays to zero. Modelling the segment as
two series compartments demonstrates a fast (f) and slow (s) compartment
each with its own resistance (R) and time constant (TC). Static lung
pressure-volume characteristics were evaluated. Vagal stimulation
decreases maximum lung volume without altering compliance. Stimulating
R

the nerve ipsilateral to the segment increases R » and TCS

ss’ °f°’ Rs
without affecting TCf. Contralateral stimulation has no effect. The
slow compartment is believed to represent collateral channels, therefore

increasing vagal tone increases collateral flow resistance.



ACKNOWLEDGEMENTS

I would like to extend special thanks to Dr. N. E. Robinson for
providing the appropriate amount of levity, enthusiasm and watchful
neglect and permitting me to work at my own pace. I would also like to
thank members of my committee, Drs. J. R. Hoffert and L. F. Wolterink,
for guidance during the course of this work.

I would like to express my appreciation to Ms. Roberta Milar for
technical assistance and Paul Sorenson for acting as computer programmer
and consultant.

Heartfelt thanks to Mark 0. for assuring me I could when I was
quite certain I couldn't.

This investigation was supported in part by U.S.P.H.S. Grant
#HL-17768.

ii



TABLE OF CONTENTS

Page
LIST OF TABLES .. .vuiereenereeeeeconssscnnscsncsssssennsancnsons iv
LIST OF FIGURES .. .cvuetuevneeneeonenncsocsocsnscsossoascasnannns v
LIST OF ABBREVIATIONS. . ..cuviirieeenneensneconcoscascasscsoannes vii
INTRODUCTION AND LITERATURE REVIEW.....cciveriieuneenrnnnnnanncas 1
MATERIALS AND METHODS . e v vveveeecrnncnncnncsnsnosasnasocsncsnans 17
Surgical Preparation.......cocveieiiirinineniennceneennans 17
Isolating a Segment of Lobe........ccovveieiiinninnnennnns 18
Measurement of Lung Pressures........ccceeeeeveccenncnnnss 18
Determination Of Rgge.ecveveeeereeeeeecrcocsscasescannnnns 21
Experimental Design.....cccviiiieniireerneenecnecrnscanens 22
Reduction of Rgg Data......c.civviieirininiiieiiennanennn 25
Analysis of Pressure Decay CurvesS......cceeeeeeeecenccnnns 28
Recording of Lung P-V CurvesS......cceeveeennecencecnncanns 33
Analysis Of P-V Curves.......ccciveveecncnccnsnecscsnsnnsns 33
Statistical Treatment of Data.......ccvvvviienienncennnnns 36
RESULT S . ieniteenenneeeneenesesssecasnccocsssncssascsssosscansnns 38
DISCUSSION. . ivitiireeeeneeueneeoeocosacaasssasssnsnsscsosscsnss 57
SUMMARY AND CONCLUSIONS. ..ccvueveneeeeeenaccascsosansascscnssnns 69
LIST OF REFERENCES. .. civiuiiiiereerocencncoosocacancasoasscasnans Al
APPENDICES
A. FLOW DIAGRAM OF EXPERIMENTAL PROTOCOL.....cevvveecenccacnns 75
B. ANOVA TABLES AND RESULTS OF WILCOXON'S TWO SAMPLE TEST ON
TC DATA. i iiieeeeeenecossoccsessecsnsssoseeascassssassnoss 78
C. SINGLE COMPARTMENT VARIABLE RESISTOR MODEL........ccccvven. 81
D. EXTIMATION OF ¥ Rgg WITH IPSILATERAL VAGAL STIMULATION DUE
TO A DECREASE IN EUNG VOLUME AT THE SAME Pp.cccvvviecnnnns 83

ifd



LIST OF TABLES

TABLE

1. Description of Possible Collateral Pathways................
2. Pressure-Volume Curve Parameters........ceceeeeevecececanns

3. Steady State Resistance Data from One Dog Before and After
Atropine INfUSTON. . eeetieeeneeeneeresococecoaacscocnnscneas

4. Hypothetical Data Generated Using a Single Compartment
Variable Resistor Model........cciiiiiiininienennnnncannnnns

iv

Page

38
56

82



LIST OF FIGURES
FIGURE Page

1. Schematic representation of equipment used to determine
resistance of isolated lung lobe segment................... 20

2. Representative trace of the pressure difference across the
isolated segment (PS-P ) in cm H20 during stimulation of
the ipsilateral vagis herve, as a function of time in
SECONAS. s et vveerereresnconsacsoeossssssscsssscscssasssosss 24

3. Representative curve for one dog plotting steady state
resistance of pathways within the isolated segment (Rgg)
in cm Hy0/ml/sec as a function of transpulmonary pressure
(PL) Anam Ha0.eieinii ittt iiiiiiiiiiiiiiieneeannens 27

4. Representative curve for one dog plotting steady state
resistance of pathways within the idolated segment (Rss)
zn c? H20/m1/sec as a function of percent vital capacity 0
) 3

5. Electrical representation of the two compartment model
proposed to represent the isolated segment..... Cecereenans 32

6. Representative deflation 1imb of the pressure-volume (P-V)
curve for one dog plotting volume (V) added to the lungs
above residual volume in liters as a function of trans-
pulmonary pressure (PL) in cm H20 ......................... 35

7. Representative data from one dog plotting steady state
resistance (Rgg) in cm Hy0/ml/sec as a function of trans-
pulkonary pressure (P, ) %n cm Ho0 with the vagi intact
(control), sectioned (cut), during ipsilateral vagal
stimulation (Stim IL), and during contralateral vagal
stimulation (Stim CL)...ueeeriieierineieeeeeeeeoeannnnannnn 40

8. Change in steady state resistance from control (ARgg) in
cm Hp0/m1/sec with the vagi sectioned (cut), during ipsi-
lateral vagal stimulation (Stim IL), and during contra-
lateral vagal stimulation (Stim CL) for Group I........... 42

9. Change in steady state resistance from control (ARgg) in
cm Hp0/ml1/sec with the vagi sectioned (cut), during ipsi-
lateral vagal stimulation (Stim IL), and during contra-
lateral vagal stimulation (Stim CL) for Group II.......... 44

v



LIST OF FIGURES--continued

FIGURE

10.

11.

12.

13.

14.

15.

Percent vital capacity (%VC) as a function of transpulmon-
ary pressure (PLg with the vagi intact (control),
sectioned (cut), and during simultaneous stimulation of
both vagi (Stim)..uueeeeeiiiieeinieeeeeneeeeennnaaeeannns

Change in steady state resistance from control (AR S) in
cm H,0/ml/sec with the vagi sectioned (cut), durina
ipsi?atera] vagl stimulation (Stim IL), and during
contralateral vagal stimulation (Stim CL) for Group III..

Resistance of the fast compartment (Rf¢) in cm Hp0/m1/sec
with the vagi intact (control), vagi sectioned fcut),

during ipsilateral vagal stimulation (Stim IL), and dur-
ing contralateral vagal stimulation (Stim CL)............

Resistance of the slow compartment (Rg) in cm H,0/ml/sec
with the vagi intact (control), vagi sectioned ?cut),

during ipsilateral vagal stimulation (Stim IL), and dur-
ing contralateral vagal stimulation (Stim CL)...... ceeenn

Time constant of the fast compartment (TCf¢) in seconds
with the vagi intact (control), vagi sectioned (cut),
during ipsilateral vagal stimulation (Stim IL), and dur-
ing contralateral vagal stimulation (Stim CL)............

Time constant of the slow compartment (TCS) in seconds
with the vagi intact (contrng, vagi sectioned (cut),

during ipsilateral vagal stimulation (Stim IL), and dur-
ing contralateral vagal stimulation (Stim CL)..... ceeenes

vi

Page

46

49

51

51

53

55



%VC

max

max

LIST OF ABBREVIATIONS

Steady state resistance of lobe segment

Difference in steady state resistance between experimental
and control state

Steady state resistance estimated from fitted control R
PL or R . #VC curve

Res1stance of the fast compartment
Resistance of the slow compartment
Compliance of the fast compartment

Compliance of the slow compartment

Time constant of the fast compartment = Rfcf

Time constant of the slow compartment = R_C
Transpulmonary pressure
Pressure in the isolated segment of lung lobe

Pressure difference between the segment and the remainder of
the Tobe

Steady state flow into the isolated segment as measured with
a flowmeter

Vital capacity: volume necessary to inflate the lungs from
PL =0 to PL = 30 cm H20

Volume added to the lungs above residual volume (P =0cm
20) as a percentage of vital capacity

Maximum volume that can be added to the lungs above residual
volume (P =0cmH 0)

Maximum volume that can be added to the lungs above residual
volume (P =0cmH 0) as a percentage of vital capacity

Index of lung compliance

vii



INTRODUCTION AND LITERATURE REVIEW

In the late 1800's the lungs were believed to be a series of
dichotomously branching tubes which became progressively smaller, ulti-
mately terminating in air sacs where gas exchange took place. This view

is represented in the following excerpt from Kirkes Handbook of

Physiology (1893).

The vesicles of adjacent lobules do not communicate and those

of the same lobule or proceeding from the same intercellular

passage, do so as a general rule only near angles of bifurca-

tion; so that, when any bronchial tube is closed or obstructed,
the supply of air is lost for all the cells opening into it or

its branches.

While interalveolar connections were described by Kohn in 1893,
their existence was disputed by anatomists and their potential signifi-
cance was ignored by physiologists until the 1930's. It was then
observed that atelectasis does not always occur in lung tissue distal to
an obstructed airway in man (Van Allen et al. per Macklem, 1971).
Recognizing that this observation was incompatible with the then current
anatomical description of the lung, Van Allen and co-workers began to
investigate the transfer of air between adjacent lung lobules. A 5/16
inch diameter cannula with a dilatable tip was tied into a segmental
bronchus of a collapsed isolated lobe of dog lung. Serial x-rays taken
while air was infused into the cannula showed that the whole lobe can be
inflated and that air leaves the inflated 1obe via the mainstem bronchus.

When the cannula was wedged into a lobe of dog lung in vivo and the



other end of the cannula held under a water seal, water was drawn into
the cannula on inspiration and air bubbled out on expiration. Van Allen
and co-workers reasoned that the isolated segment receives ventilation
either by diffusion or through some unknown anatomical pathways between
lobules (Van Allen et al., 1930). This phenomenon was called collateral
respiration, but has since been renamed collateral ventilation in keep-
ing with physiological convention.

Van Allen et al. attempted to determine the size of the collateral
pathways by infusing suspensions of bismuth subnitrate and india ink
into isolated dog lobes via the bronchi. Visual examination of the lobes
showed that india ink passes collaterally but bismuth subnitrate (15-30
pym) does not. Bismuth subnitrate particles were found in the alveoli
indicating that the collateral pathways are smaller than terminal respira-
tory ducts and alveoli. As india ink could be transferred only when the
parenchyma was expanded, they concluded that the channels are patent
only when the lung is inflated. Expanding their investigations of col-
lateral ventilation to include human, cat, rabbit, calf and pig lungs,
they found that the collateral transfer of air at physiological pres-
sures requires intimate fusion between lobules. In calf and pig lungs,
in which the lobules are separated by complete fibrous septa, collateral
transfer of air does not occur. The Pores of Kohn were proposed as the
collateral pathways (Van Allen et al., 1931).

The phenomenon of collateral ventilation was largely ignored in
the literature until 1948 when Baarsma reported two case histories of

Juvenile patients who had aspirated foreign objects. One patient in



whom a foreign body completely obstructed the left lower section of the
main bronchus and part of the lower lobe bronchus developed atelectasis.
The other patient had a foreign body wedged beyond the first dorsal
branch of the lower lobe bronchus and failed to develop atelectasis.

The lack of atelectasis in the second case was explained by collateral
ventilation occurring between segments of the lobe (Baarsma et al., 1948).
These clinical findings led Baarsma to study collateral ventilation by
wedging a catheter into the lungs of patients undergoing bronchoscopy
and collecting collaterally transferred air in a spirometer. He con-
firmed his clinical observation that obstructing the main bronchus of a
lobe prevents collateral ventilation while obstructing a side branch
does not (Baarsma et al., 1948).

Alley and Lindskog (1948) reported on pharmacologic factors influ-
encing collateral ventilation. A cannula with a dilatable tip was
wedged into a lTower lobe bronchus and connected to a Krogh spirometer
by one-way valves, allowing exhalation only. The remainder of the lungs
were connected by a tracheal cannula to a second spirometer. Collateral
transfer of air was said to occur if air was transferred into the Krogh
spirometer with each exhalation indicating that more air was expired
than initially present in the isolated segment. Alpha-napthyl-thio-urea
induced pulmonary edema and intravenous histamine abolish collateral
ventilation according to these investigators. The Pores of Kohn were
postulated as being the functional collateral pathways.

When evaluating data obtained from the dilatable tip cannula

technique, a few possibilities must be considered. Air entering the



segment via collateral channels can also leave the segment by the same
route on exhalation. Therefore an estimate of the air moved collaterally
from the volume transferred to the Krogh spirometer should be conserva-
tive. Any leak around the catheter will also lead to underestimation

of collateral gas transfer although this is unlikely if the cannula is
securely tied into a bronchus. Factors affecting airway resistance or
lobe compliance might influence results if the entire lobe is subjected
to a treatment without any attempt to determine where the primary change
in resistance or compliance occurs.

Accessory bronchial-alveolar connections with diameters up to 30
have been described in normal human, cat and rabbit lungs (Lambert,
1955). These connections have no muscular wall of their own but inter-
rupt the muscular wall of the terminal bronchioles they penetrate.
Lambert's canals have been proposed as alternative pathways through
which collateral ventilation might occur. These structures have not
been described in dog lungs.

Martin showed that the size and frequency of interalveolar pores
increases with age up to one year in the dog (Martin, 1963) but ques-
tioned whether the Pores of Kohn can explain the ease with which air is
transferred collaterally. A calculation that a pressure of 192 cm H20
would be necessary to open a closed pore of 5 um diameter stimulated a
search for alternative collateral pathways. Martin first determined
that the collateral transfer of air in degassed excised dog lobes occurs
at pressures within a physiological range (17-28 cm H20). By infusing a

saline suspension of polystyrene spheres 50-710 ym diameter into a



bronchus of excised dog lobe under 4 cm H20 pressure and collecting the
effluent, he determined that spheres as large as 120 um diameter pass
through collateral channels in the dog. If Lambert's canals exist in
dog lungs, even in the absence of surface forces due to the saline infu-
sion, they would have to be remarkably compliant to pass spheres four
times their diameter. This led Martin to dust an isolated segment with
india ink powder (1-3 um) and make serial microscopic sections. In a
remarkable reconstruction of 1600 serial sections, he followed the
tortuous path of a respiratory bronchiole which connected two terminal
bronchioles from adjacent lung segments. He postulated that these
muscular walled anastomosing respiratory bronchioles (100-200 um) could
be the functional collateral pathways in the dog (Martin, 1966).

Such pathways have not yet been demonstrated in normal human lungs.
Spheres of 60 um diameter have been passed collaterally in normal
excised human lungs, but these communications, as determined by resin
casts, appear to be between alveolar ducts. No evidence for communica-
tions more proximal than the acinus was found (Henderson et al., 1968/
1969). Silicone casts of human lung sections using a micropuncture
technique have demonstrated interacinar ducts 200 um diameter (Raskin &
Herman, 1975), and rubber casts of human lungs have revealed alveolarized
shunts distal to the terminal bronchioles with diameters of 100-500 um
and lengths of a few millimeters (Phelan, personal communication).

In summary, by the late 1960's the phenomenon of collateral venti-
lation had been demonstrated in many mammalian species. Dog lungs,

which are unlobulated, have good collateral ventilation due to either



size or number of collateral channels. Cow and pig lungs, which are
distinctly lobulated, have little if any collateral ventilation. Three
anatomical sites are considered to be possible collateral pathways as

presented in Table 1.

Table 1. Description of Possible Collateral Pathways

Name Site Diameter
Pores of Kohn Interalveolar pores 3-13 um
Lambert's Canals Bronchiole-alveolar connections 30 um

Martin's Channels Bronchiole-bronchiolar connections up to 120 um

In 1969, Brown et al. reported the results of impacting beads of
known diameter into excised dog and pig lobes. Beads with a penetrating
central hole were used to simulate partial and complete airways obstruc-
tion. Results using the oscillatory technique for determining airway
resistance demonstrate that many airways less than 2 mm diameter have
to be obstructed before a marked increase in total respiratory resist-
ance can be demonstrated. However, obstructing a small number of airways
5-11 mm diameter produces large increases in total respiratory resist-
ance due to their smaller total cross sectional area. Although the
criteria for determining frequency dependence of compliance were not
given, the authors report that obstructing small airways in dog lobes

does not alter vital capacity or static compliance nor does it produce



frequency dependence of dynamic compliance. This indicates that obstruc-
tion of large numbers of small airways in dog lobes does not alter tidal
volume distribution regardless of respiratory frequency. Of the three
pig Tobes studied only one demonstrated a significant reduction in vital
capacity and static compliance with small airway obstruction. In all
three lobes, however, dynamic compliance was frequency dependent after
obstruction of the small airways. In contrast to dog lungs, pig lungs
are unable to maintain a normal distribution of ventilation with in-
creased respiratory rate when small airways are obstructed. These
results are attributed to differences in the efficiency of collateral
ventilation in dog and pig lobes. The collateral time constant (Tco11)
is defined as the product of collateral resistance (Rcoll) and lung
compliance (C). For collateral pathways to be effective in maintaining
a normal distribution of ventilation with airways obstruction, the
collateral time constant must be short relative to the duration of

inspiration. Dog lungs were found to have short T 's while pig lungs

coll
had very long Tco]lls'

The first quantitative description of the mechanical properties of
collateral pathways appeared in 1969. Hogg et al. reasoned that lower
lobe airways, collateral channels in incomplete interlobar fissures and
upper lobe airways represent three resistances in series. To determine
the resistance of collateral channels, a cannula was tied into a basal
segmental bronchus, catheters inserted through the pleura above and

below the fissure and a cannula tied into an apical segmental bronchus.

Air was infused into the lobe through the basal cannula and left via the



apical cannula. In a steady-flow state, knowing the pressure in each
cannula permits the calculation of lower lobe, collateral channel and
upper lobe resistances. This study was performed in 16 excised human
lungs, 8 normal and 8 emphysematous. Collateral resistance is greater
than upper lobe and lower lobe airway resistance in normal lungs but
less than upper lobe and lower lobe airway resistance in emphysematous
Tungs. Hysteresis was demonstrated in the pressure-flow curve indicat-
ing that collateral resistance is less on deflation than inflation. It
was postulated that the diameter of collateral pathways is a function
of tissue and surface forces and lung volume. Assuming that collateral
pathways collapse with increased surface forces as airways do, the
reduced surface forces on deflation might explain these results (Hogg
et al., 1969).

Theoretical considerations using electrical analogues were pre-
sented to help explain the frequency dependence of compliance seen in
emphysema (Hogg et al., 1969). Hogg and co-workers reasoned that the
ability of collateral pathways to maintain adequate ventilation to
obstructed segments depends on their time constant. For collateral
ventilation to be effective in delivering inspired gas to an obstructed

segment, T 1 must be small relative to inspiration time. It was noted

col

that until measurements of T are made, these theoretical specula-

coll
tions cannot be confirmed. In his review article, Macklem (1971)
credits two laboratories for independently developing methods for esti-

mating the appropriate time constants.



Hilperts method consists of wedging a triple Tumen balloon tipped
catheter into a bronchus. The balloon is inflated to securely isolate
the segment of lobe distal to it. Air can then only enter and leave the
segment by collateral channels. Air is infused at a constant known
flow rate (Vcoll) through one lumen of the catheter while another lumen

simultaneously records pressure in the isolated segment (Pseg)' Steady

state collateral resistance (Rcoll) is calculated as:

P -P
R seq el

coll .
vcol]

Pe.I represents the pressure in the remainder of the lobe. Therefore

P 1 is the driving pressure for the flow of gas in or out of the

seg'Pe

segment when V is stopped. When v 1 is interrupted, the resulting

coll col
pressure decay in the isolated segment approximates a single exponential.
As in the electrical analogue, the collateral time constant is defined

as the time necessary for P

(Hilpert, 1970).

seg'Pe1 to decay to 37% of its initial value
Woolcock and Macklem (1971) developed two methods for assessing
collateral mechanical properties. The first method involves wedging a
double lumen polyethylene catheter into a bronchus. A known volume of
air is rapidly injected into the isolated segment as segment pressure is
simultaneously recorded. Plotting the resulting pressure decay as a
function of time on semi-logarithmic paper permits the recovery of up to

three time constants using a curve stripping technique.
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The second method utilizes a single lumen catheter wedged
in a bronchus and a variable frequency oscillating pressure system and
assesses dynamic characteristics of the collateral channels. These
investigators recognize the errors in their data due to the experimental
techniques, and discuss their findings accordingly (Woolcock and
Macklem, 1971).

Several important conclusions were drawn from Woolcock and
Macklem's data. They found that the repeatability of a given time con-
stant measurement is enhanced by a strict volume history procedure prior
to each determination. This implies that surface and tissue forces
influence the mechanical properties of collateral pathways. Contrary to
the report of Hoag et al. (1969), collateral resistance was lower after
a full deflation. As constant volume history maneuvers were performed
in both studies, there is no obvious reason for this discrepancy other
than the method used to calculate Rco]]'

Robinson and Sorenson (1978), reporting on excised dog lobes,

found that when R 1 Was plotted as a function of transpulmonary pres-

col
sure (PL)’ Rcoll after a full inflation was less than Rco11 after
deflation, confirming the observation of Hogg et al. (1969). When
plotted as a function of percent total lobe capacity (%TLC) however,

R 1 after a full inflation was less than Rcoll after deflation at lobe

col
volumes less than 40% The data as a function of %TLC are consistent

with Woolcock and Macklem's report (1971). Unpublished data from the
present study confirm Robinson and Sorenson's results when resistance

was examined as a function of PL‘ These discrepant findings emphasize
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the importance of a strict constant volume history prior to resistance
determinations.

The introduction of suitable techniques for quantitating the
mechanical properties of collateral pathways and the recognition of the
physiological implication of the existence of alternate ventilatory
pathways stimulated research into factors affecting collateral ventila-
tion. Much of this research was into the effect of 002 and 02 tensions
on collateral channels in an attempt to determine how these pathways
might affect the distribution of ventilation in chronic obstructive lung
diseases.

Regardless of whether the method employed was calculation of Rcon
by Hilperts method (Batra et al., 1975A; Batra et al., 1975B; Traystman
et al., 1976) or measurement of the volume of collaterally transferred
air (Chen et al., 1970; Sealy and Seaber, 1975; Johnson and Lindskog,
1971), the results of the effect of gas tension on collateral channels
are compatible. Alveolar hypercapnia increases the effective collateral
ventilation by decreasing the resistance of collateral channels or by
recruiting additional channels. Alveolar hyperoxia decreases collateral
ventilation, although the effect is not as marked or consistent as the
effect of alveolar CO2 tensions. The fact that atropine and dibenzylene
attenuated but did not abolish the response of collateral channels to
CO2 suggests that these pathways are responsive to neural input (Batra,
1975A).

Woolcock and Macklem (1971) were the first to report an effect of

the vagus nerve on collateral pathways. Results were obtained on two
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dogs only and actual values for R 1 and segment compliance (Cse )

col g
presented for one dog. These results were obtained using the oscilla-
tory technique for determining the dynamic properties of collateral
channels. Vagal stimulation caused a large increase in Rco]l and a
smaller decrease in Cseg’ resulting in a small increase in Tcol]’ When
the lobe was excised and measurements repeated, there was a larger
increase in Tcon over control resulting from increases in both Rco]l

and Cse It is at first anomalous that stimulating the vago-sympathe-

g
tic nerve in the dog in vivo and excising the lung should both increase

T since the state of distension of the pulmonary vasculature is not

coll
thought to be the primary determinant of collateral resistance to gas
flow (Menkes et al., 1976). Results could be explained on the basis of
changes in alveolar gas tensions as alveolar hypocapnia and hyperoxia
increase collateral resistance in vivo (Traystman et al., 1976).

As early as 1844 it was demonstrated that stimulating the vagus
nerve caused bronchoconstriction (Widdicombe, 1963). Widdicombe cites
a report by Volkmann in which a puff of air was discharged from the
lungs with sufficient force to extinguish a candle held at a tracheostomy
during stimulation of the vagus nerves. Since that time, numerous stud-
ies have been performed to elucidate the primary site of action, dis-
tribution of receptors and quantitative effect of the vagus nerve on
respiratory mechanical and gas flow properties.

The development of the retrograde catheter technique permitted the
quantitative partitioning of the total resistance of the lungs (Rtot)

into peripheral and central components. In this method a flared tip
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polyethylene catheter is wedged in a bronchus so that the catheter
extends peripherally through the parenchyma and pleura. Total lung
resistance is measured using the oscillatory technique and partitioned
by knowing the pressure drop occurring between the trachea and wedged
catheter, and the wedged catheter and pleural cavity (Macklem and Mead,
1967). In this study and subsequent studies utilizing this technique,
peripheral resistance (Rper) is defined as the resistance of all airways
distal to the wedged catheter tip and central resistance (Rcen) as the
resistance of airways proximal to the catheter tip. The distinction is
therefore arbitrary and depends upon the size of the airway in which the
retrograde catheter is placed.

Woolcock et al. (1969A, 1969B) utilized the retrograde technique
to examine the effect of vagal stimulation on central vs. peripheral
airways and on the elastic properties of the dog lung. Vagal stimula-

tion increased RCen and R___, being most effective at low lung volumes.

er
However, there was a largz degree of interanimal variation. Differences
in the distribution of parasympathetic receptors were postulated to
explain much of this variation. It was stated that vagal stimulation
caused large decreases in vital capacity although no composite data are
presented (Woolcock et al., 1969A).

Both Rtot and Rcen were lung volume dependent, increasing as lung
volume decreased. Beta adrenergic blockade with propranolol increased
R er significantly and potentiated the effect of vagal stimulation.

P

With vagal stimulation following propranolol, R as a percentage of

per
Rtot was more lung volume dependent than Rcen as a percentage of Rtot'
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As Rper was relatively independent of lung volume prior to beta adrener-
gic blockade, it was postulated that there is sympathetic tone in the
peripheral airways making them insensitive to lung volume changes
(Woolcock et al., 1969B). Such a mechanism would serve to minimize air-
way resistance and dead space. Hoppin et al. (1978) using a modifica-
tion of the retrograde catheter technique in which parenchymal pressure
was directly measured in vivo and catheter response times carefully
matched were unable to confirm the observation of Woolcock et al.

(19698B) that R . Was independent of lung volume prior to beta adrenergic

e
blockade. Comzosite data presented in the report by Hoppin et al. (1978)
demonstrate that both Rcen and Rper are volume dependent. This volume
dependence was not abolished by vagotomy indicating that it may be due
to mechanical interdependence. Hoppin et al. (1978) suggest that the
frequency response of the catheters and the inclusion of tissue resist-

ance in the measurements, obscured changes in R r with lung volume in

e
the determinations of Woolcock et al. (19698B). pThis does not directly
invalidate the postulate that peripheral airways possess sympathetic
tone, however. In a clinical study on human volunteers, Ploy-Song-Sang
et al. (1978) found that when infused separately, intravenous histamine
or propranolol did not alter the mechanical properties of the lungs as
assessed plethysmographically. When infused together, however, maximal
flow during forced exhalation at 50% total lung capacity was signifi-
cantly decreased suggesting peripheral airway constriction. The investi-
gators conclude that histamine constricts peripheral conducting airways

in man but that the effect is masked by sympathetic bronchodilation due

to reflex catecholamine discharge by the adrenal glands.
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Woolcock et al. (1969A, 1969B) report that with vagal stimulation,
pressure volume (P-V) curves shift toward the pressure axis as compared
to control curves. The difference between curves is greatest at trans-
pulmonary pressures greater than 10 cm H,0. Vital capacity (VC) de-
creases with both propranolol and vagal stimulation. Vagal stimulation
following beta adrenergic blockade causes the largest percent decrease
in VC, averaging 23% (Woolcock et al., 1969B). These results have been
confirmed by Hahn et al. (1976) who utilized a bronchographic technique
to demonstrate that while airway pressure-diameter curves are markedly
shifted toward the pressure axis with vagal stimulation, the deflation
1imb of the P-V curve of the lungs are much less affected, although the
shift toward the pressure axis was significant at PL's greater than
5 cm HZO‘ The relative shifts in the two curves indicate that airways
may be somewhat independent of lung volume.

In conclusion, while all methods to date claim to measure collat-
eral mechanical properties, there is no concrete evidence indicating that
only collateral pathways are affected by the experimental treatments.

It is equally likely that the airways within the isolated segment also
contribute to the measured resistance and time constant.

When utilizing Hilperts method for determining collateral resist-
ance, the catheter becomes wedged in a 4-7 generation bronchus, the
trachea being generation 1. While at this point it is not clear what
anatomical structures constitute collateral pathways, in the dog collat-
eral channels are thought to occur at the level of respiratory bron-

chioles which begin at generation 17. These figures indicate that there



16

may be 10 generations of airways distal to the catheter yet proximal to

the collateral channels. The resistance of these airways is included in

]
coll °
the resistance of pathways within the isolated segment determined using

the determination of "R For this reason, in the present study,
Hilpert's method is designated steady state resistance (RSS) instead of
collateral resistance (Rco11)'

Furthermore, it is known that airway resistance changes as a func-
tion of lung volume. Volume shifts in the lung with experimental inter-
vention must be carefully assessed to determine whether increases in
collateral resistance may be attributed to changes in the pressure-
volume (P-V) characteristics of the lungs.

Since it is known that vagal stimulation increases airway resist-
ance, the problem becomes one of separating the effect of the vagus on
collateral flow resistance from its effect on airway flow resistance.

To control extraneous variables, a mixture of 95% 02 5% CO2 was infused
into the segment to prevent hypocapnic broncoconstriction. A strict
constant volume history was established prior to each determination and
measurements made in duplicate. Pressure-volume curves were constructed
to assess the effect of vagal stimulation on lung volume. Finally, the
segment was mathematically modelled as two compartments in series to
permit the separation of changes in airway vs. changes in collateral

resistance with vagal stimulation.



MATERIALS AND METHODS

Surgical Preparation

Ten dogs (10-18 kg) of mixed breed, age and sex were anesthetized
with a mixture of alpha chloralose (100 mg/kg body weight, i.v., ICN
Pharmaceutical, Cleveland, OH) and urethane (500 mg/kg body weight,
i.v., Sigma Chemical Co., St. Louis, MO). When necessary, succinyl
choline (20 mg, i.v., E. R. Squibb & Sons, Inc., Princeton, NJ) was
infused to prevent spontaneous ventilation during data collection.

A polyethylene catheter filled with heparinized saline was inserted into
a femoral artery and connected to a pressure transducer (P23Db, Statham
Instruments, Hato Rey, PR) to monitor mean arterial blood pressure.

A femoral vein was also cannulated and a slow drip of Lactated Ringers
solution begun to assure the patency of the catheter. Supplements of
the anesthetic, paralytic and blocking agent were infused via this
cannula.

A tracheostomy was performed and a three-way connector tied into
the trachea. The supine animal was placed on a heating pad to maintain
body temperature and artificially ventilated with a constant volume
ventilator (Model 613, Harvard Apparatus, Millis, MA). Tidal volume was
selected so that peak inspiratory pressure measured at the trachea was
about 12 cm HZO' Respiratory frequency was adjusted to maintain end

tidal CO2 concentration between 4% and 5% as measured at the trachea

17
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with an infra-red CO2 analyzer (LB-2, Beckman Instruments, Fullerton, CA)

which was calibrated daily with a gas mixture of known CO2 concentration.
The cervical vagus nerves were isolated, a ligature passed beneath

each and warm mineral oil applied to prevent drying. The chest was

widely opened with a transsternal thoracotomy in the sixth interspace.

A variable speed blower attachment maintained a positive end expiratory

pressure. Figure 1 is a schematic representation of the equipment used

for the experiment.

Isolating a Segment of Lobe

In order to isolate a segment of lobe, the ventilator was switched
off and the lung was fully inflated with the blower. A double lumen
polyethylene catheter (flared tip = 5 mm 0.d.) was passed through the
sidearm opening of the three-way connector at the trachea and advanced
until the tip became securely wedged in a subsegmental bronchus. The
segment of lobe distal to the catheter tip ventilated only through
collateral channels. The site of wedged catheter placement was verified
by palpation. As placement of the catheter was random, the vagus nerve
on the same side as the lobe containing the catheter was designated the
ipsilateral (IL) vagus nerve and the other the contralateral (CL) vagus

nerve.

Measurement of Lung Pressures

Transpulmonary pressure (PL) was measured with a differential
pressure transducer (PM 131, Statham Instruments, Hato Rey, PR) as the

difference between tracheal and atmospheric pressures. With no flow,
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tracheal pressure equals alveolar pressure. A second differential trans-
ducer measured the difference between segment pressure (PS) at the

distal end of the double lumen catheter and inflation pressure in the
remainder of the lobe (PL) as measured at the trachea. This pressure
difference (PS-PL) was the driving pressure for flow between the isolated
segment and the trachea (see Figure 1). The transducers were calibrated
daily against a water manometer and the calibration periodically checked
during the experiment. PL and PS-PL were displayed simultaneously on an
oscilloscope screen and recorded on light sensitive paper (VR-6, Elec-
tronics for Medicine, White Plains, NY). The catheter isolating the
lobe segment was assumed to be securely wedged when PL and PS were out
of phase during tidal breathing and the determination of steady state
resistance of pathways within the segment (Rss) using Equation 1 was
repeatable at the same PL‘ Ninety percent response time for the double

Tumen catheter was 0.06 sec.

Determination of R,_S

To determine Rss’ the ventilator was switched off, the lung in-
flated to PL = 30 cm H,0 with the blower and then deflated to the de-
sired PL in order to establish an appropriate constant volume history.

A mixture of 95% 02 and 5% C02 was infused into the isolated segment
through the outer lumen of the wedged catheter via a flowmeter (Model
74317, Matheson Gas Products, Joliet, IL). Flow was adjusted until a
steady state pressure difference of 3 cm H20 existed across the isolated
segment (PS-PL =3 cm HZO)' Flow was then abruptly interrupted by turn-

ing a stopcock and P. allowed to come to equilibrium with P, as gas
S L
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flowed from the isolated segment via collateral channels. In other
words, PS-PL decayed to zero as shown in a representative trace in
Figure 2. Steady state resistance was calculated knowing the steady
state driving pressure (PS-PL) and the flow (V) necessary to obtain that
pressure.

P-P
sTL

R.. = —= (1)

SS V

Experimental Design

The determination of Rss was repeated at PL's between 0 and 15 cm
H20 with the vagi intact before and after beta adrenergic blockade with
propranolol (0.25-1.0 mg/kg body weight, i.v., DL-Propranolol HCl, Sigma
Chemical Co., St. Louis, MO), with the vagi sectioned, and during
alternate stimulation of the peripheral ends of the ipsilateral and
contralateral vagus nerves (SD-9, Grass Medical Instruments, Quincy, MA).
The stimulus parameters, 5V, 30Hz’ 3msec, were sufficient to induce
cardiac arrest. Most measurements were made in duplicate. Stimulation
was initiated prior to the volume history maneuver and continued until
the measurement was complete. Stimulus duration was approximately 20
seconds. Propranolol was infused by diluting the dose in 100 m1 of
normal saline and infusing it over a period of 10 minutes with an infu-
sion pump (Model 600-000,Harvard Apparatus Co., Inc., Dover, MA).

In one animal atropine sulfate (0.4 mg/kg body weight, i.v.,
Bel-Mar Laboratories, Inc., Inwood, NY) was administered after the experi-
mental protocol was completed and the determination of Rss repeated.

A flow diagram of the experimental protocol is presented in

Appendix A.
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Reduction of Rss Data

Because of the large interanimal variation in Rss’ vagal effects
on pathways within the segment were analyzed by calculating a change in
resistance (ARSS) produced by vagal sectioning and stimulation. The
change in steady state resistance was calculated as the difference be-
tween Rss determined during experimental treatment and control RSS at
the same distending pressure (ﬁss). In order to establish a control
curve for each dog, RSS was determined over a wide range of distending
pressures prior to sectioning the vagi, before and after propranolol.
Since Rss decreased as PL increased, the relationship of RSs to PL was

empirically described as a power function using the following equation:

s b
RSS = aPL +cC (2)

Parameters a, b, and c were calculated and the residuals minimized uti-
lizing a nonlinear least-squares curve fitting routine (Bevington,
1969) performed by a digital computer (LSI 11, Digital Equipment Corpora-
tion, Maynard, MA). The predictability of these curves was good with an
average residual variance of 8.6 x 10'3 (cm H20/m1/sec)2. A representa-
tive curve is shown in Figure 3.

Data for ARSS are divided into three groups. Group I consists of
three dogs in which no propranolol was given. Group II consists of
seven dogs in which RSS was determined after beta adrenergic blockade
for all experimental conditions. In the latter group, ARSs was calcu-
lated as the difference between experimental RSs and ﬁss determined from
the control curve established one-half hour after the propranolol infu-

sion ended.



Figure 3.
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Representative curve for one dog plotting steady state
resistance of pathways within the isolated segment (Rgs)
in cm H20/m1/sec as a function of transpulmonary pressure
(PL) in cm H20. Circles represent individual data points.
The smooth curve was generated using Equation 2. The
parameters of Equation 2 are given in the figure.
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For five of the seven dogs of Group I1I, pressure-volume (P-V) data
were available during simultaneous stimulation of both vagus nerves.
These five dogs represent Group III. Therefore, RSS could be calculated
at a given lung volume rather than at a given distending pressure, using

the following equation:

_ b
RSS = a%VC + ¢ (3)

A representative curve is presented in Figure 4.

Analysis of Pressure Decay Curves

When steady state flow into the isolated segment was interrupted,
PS-PL decayed to zero as in Figure 2. A total of 90 curves from 10
animals were analyzed as exponential decays using the nonlinear least
squares routine and digital computer. Curves which were best fitted as

single exponentials are described by the following equation:

<(1/RC)t
(Pg-P ) = (PS-PL)t=°e( /RC) (4)

The fit of these curves had an average standard error of the mean (SEM)
of 5.45 x 10'4 cm H20. The time constant (RC) of the collaterally venti-
lated space was calculated from this equation. As 66% of the pressure
decays studied were best described as double exponentials, the isolated
segment was modelled as two compartments in series, each with its own

resistance (R) and capacitance (C) as shown in Figure 5. These curves

were described using Equation 5 and had a mean SEM of 2.76 x 10'4 cm H20.
(Pg-P ), = (Pg-P)) —ﬁ—R‘ SR, (b p ) 2 G(I/RC))
S 'Lt S 'Lit=o R+ S 'L't=o R +R,

2 (5)
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Representative curve for one dog plotting steady state
resistance of pathways within the isolated segment (Rgg)
in cm H20/m1/sec as a function of percent vital capacity
(%VC). Circles represent individual data points. The
smooth curve was generated using Equation 3. The para-
meters of Equation 3 are given in the figure.
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Electrical representation of the two compartment model
proposed to represent the isolated segment. Driving
pressure for flow through the system is the difference
between the pressure in the isolated segment (Pg) and
the pressure in the remainder of the 1obe (PL) as
measured at the trachea.
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This equation permitted the calculation of two time constants (R1C1,R2C2)
and two resistances (R],Rz). As the two compartments are in series,
RSs is equal to the sum of R1 and R2. A fast compartment (f) and a slow

compartment (s) were found.

Recording of Lung P-V Curves

To determine whether the vagus nerve innervates structures which
would affect the elastic properties of the lung, static P-V curves were
constructed by stepwise injection and withdrawal of known volumes of air
into and out of the lungs using a 1500 m1 syringe (Model s1500, Hamilton
Co., Inc., Reno, NV). Flow was permitted to stop between each step and
PL recorded simultaneously. The pressure-volume (P-V) characteristics
of the lungs were determined with the vagus nerves intact before and
after propranolol, with the vagus nerves sectioned, and in five animals
during simultaneous stimulation of both vagus nerves. These curves
permitted the description of RSS as a function of %VC using Equation 3,

by relating the P| at which R_ was determined to %VC.

Analysis of P-V Curves

The deflation 1imbs of the P-V curves were empirically described
as single rising exponentials (Salazar and Knowles, 1964). Parameters
were obtained using the nonlinear least squares procedure and a digital
computer. Vital capacity (VC) is defined as the volume of air necessary
to inflate the lungs from P, =0 to P, =30 cm H,0 (Figure 6). Knowing
VC permitted the description of P-V curves as a percentage of VC (%VC)

to account for differences in lung size using the following equation:



Figure 6.
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Representative deflation 1imb of the pressure-volume
(P-V) curve for one dog plotting volume (V) added to

the lungs above residual volume in liters as a func-

tion of transpulmonary pressure (P_) in cm H20.

Circles represent individual data points. The smooth
curve represents predicted V from nonlinear least
squares fit of the data points to the following equation:

- - °(J.PL
V= Vmax(l e )

Parameters for this equation are given in the figure.
Vital capacity (VC) is defined as V at P_ = 30 cm H,0.
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_ _a-aPL
#NC = %Vmax(l e ) (6)

#VC is the volume of air above residual volume (PL =0cm H20) as a
percentage of VC necessary to inflate the lung to a given distending
pressure. %Vmax represents the maximum volume that can be added to the
lung above residual volume as a percentage of VC. Alpha indicates the
rate at which the curve rises and is therefore an index of lung

compliance.

Statistical Treatment of Data

The change in steady state resistance was calculated for three
experimental conditions:

1) vagi sectioned

2) ipsilateral vagal stimulation

3) contralateral vagal stimulation
A one-way analysis of variance (ANOVA) verified that there was no sig-
nificant difference in the P or %VC at which ARSS was determined for
these conditions. The effect of lung volume on the magnitude of ARSS is
therefore the same for each condition in Groups I and II providing the
P-V curve is not altered by vagal stimulation. In Group III, the normal-
jzation of ARSS to %VC eliminated the effect of the vagus nerve on l<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>