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Introductions

The pulmonary cireculation has been & neglected factor in
evaluation of pulmonary function, probably because of the greater
difficulty and haszard involved in attempting to measure the circu-
latory parameters. Nevertheless, methods must be developed so that
the pulmonary eirculation and lung function relationship can be
: adéqun‘tely assesseds A logical ;xwaaxetem ef the circulation to be
investigated would be that of bloovd flow and its distribution in the
vasoular bed of the lung., Conventional methods of measuring blood
flow utilize the Fick Principle. The Fick Principle can be applied
to any organ provided three facts are lmown: (1) the concentration
of soms substance, X, in the blood entering the organ, (2} the
concentration of ¥ in the mixed venous blood leaving the organ and
(3) the total amount of X removed from the blood by the organ each
minute,

Kety and Schmidt (6) have utilized low comcentrations of nitrous
oxide to determine cerebral blood flow in man. Bromsulphalein has
been employed by Bradley and Inglefinger (1) to estimate the hepatic
blood flow in msn, Iee and Dubois (8) measured pulmonagy cagillai‘y
flow with nitrous oxide and found it to be pulsetile with the heai“ﬁ
~ beat, but were unable to assess the distribution of the pulmonary
blood flow,

Regardless of the substance employed in the spplication of the
Fick Principle, this method has the following limitationss {1)
distribution of organ blood flow cannot be estimated, {(2) intrse

vascular sampling is required, (3) there is an inherent analytical
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error in the determinations and (L) the assumption has to be made that
the concentration difference, flow rate and éxtraction rate are all
constant over the time of measurement. {(19)

Thé effects of non-uniform distribution of blood flow in the lungs
is recognized as having 2 pronounced influsnce upon pulmonary gas
exchangee. This study is devoted to the development of a method of
analysis of distribution of blood flow in the lungs. From the foree
going discussion, it is apparent that eenveﬁtional applications of
the Fick Principle are na% suitable for this purpose. The method
investigated in this study concerns the evaluation of blood flow by
ohaerving the changes in gas composition which are related to the blood
flow during the development of atelsctasis in an oecluded lobe of the
bung. The inspired gas composition, total lobe volume and blood flew
were studied to determine the effect of these factors on the poariod
of changing gas composition during the early stages of the development

of atslectasisg.

Historical Reviews

In 1879, Lichtbeim (9) showed that the ligation of a bronchus is
followed by abserpiion of the gases in the occluded lobe and atelscw
taslsy but a combined ligature of the bronchus to a lobe and iﬁs "
corresponding pulmonary artery is not followed by atelsctasis. This
was the first definite demonstration that blood cireulation through
the lung is an indispensible factor concerned with the sbsorption of
the gases in the alveoli. Moreovsr, he observed, oxygen and carbon
diexide were absorbed faster than nitrogen. Coryllos and Birmbaum (3)

account for the different rates of absorption of nitrogen, oxygen and
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carbon diocxide on the basis of the individual gas solubility,
diffusion rate and their chemical aifinities with blood.

Blood combines with cxygen in two ways, (1) in physical solution
| ag disgsolved oxygen in the watery parts of the blood and (2) in
chemical combination with hemoglobins In each case, the amount of
oxygen taken up dependg upon the partisl pressure of oxygen to which
the plasma or blood is exposed. The mean values of the partial
- pressure of oxygen in normal young msn are 95 mm Hg. for arterial
blood and hO ma Hg. for vencus bloods {2)

In the case of hemoglobin, the amount of oxygen 1is not linearly
related to the partial pressure of oxyzen as it is in the case of
dissolved oxygen. This factor will be discussed in greater dstail in
subsequent pertions of this thesis.

Blood combines with carbon dioxide in three ways: '(l} in
physical soluticn as dissolved carbon dioxide in the watery parts of
the blood, (2) in chemical combination with hemeglobin and (3) in
physical solution as blcarbonate ion in the serythrocyte and plasma,
These three factors may be considered to affeet blood carbon dicxide
concentrations in an approximately linear fashion with changes in
partial pressures over the physiological range of pressures deslt with
heres The values of the partial pressure of carbon dioxide in h@&lﬁhy
young men ie 11 mm Hge in arterial blood and L6.5 mm Hg. in venous
bloods (2}

Nitrogen combines with the blood by physical solution in Propoy=
tion to the partial pressure in the enviromment. The bleod and v

tissues equilibrate with the nitrogen concentration in the atmosphere



and consecuently the partial pressure of nitrogen in arterial and
venous blood is essentially the same in the steady state (no change
in the inspired nitrogen partial pressure and no change in the overall
respiratory pas exchange ratio).

Hater vapor is the fourth gas in equilibrium with blood. It has
a partial pressure of L7 mm Hg. at 37 dagfﬂﬁa centigrade in both
arterial and venous blood.

Entrapped lober alr repidly undergoes marked changes in compow
sition as shown by Loewy and ven Schroetter, (10) .The percentage of
oxygen decreases and carbon dioxide incresses so that the regpeciive
partial pressures tend to come into equilibrium with the eﬂrreaponding
gases of the systemic blood entering the lung. In this contexi, the
blood entering the pulmenary artery will be referred to as mixed
venous bloods

Dale and Rehn (L) state that ",..the absorption of the gas is
dus to the pressure difference between the gases of the oscluded lobe
and those of the surrounding tissue or blood. While the total
preseure in the lobe remains essentially atmospheric, the sum of the
partial prassurﬁs‘in the venous blood and tissues is always less than
atmospherics This pecullar circunstance is attributable to the nature
of the hemoglobin saturation curve which allows s far greater pressure
drop for & given gquantity of axygen removed than is gained from a
gimilar quentity of carbon dioxide added to the bleoods Thus the
total gas pressure in mixed vencus blood is always less than the tobal
gas preasure in the alveoli.

This pressure differential thus developed betwsen lung gas and
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venous blood gas tensions is the driving force of gas absorptions. In
a lung breathing air i% may total about 5b mm Hge (assuming an arterioce
venous oxygen difference of 60 and a venouswarterial carbon dioxide
difference of & mm.)"

Two principle phencmena oceur in the occludad icbe, First, there
is an initial adjustment of the composition of the gas in the lobe
until 2 state of constant composition is reached. Sscomdly, following
the achievement of constant composition, the volume of the lobe
decreases ab a constant rate. (18)

In this context, the period of changing gas composition within the
oceluded lobe will be referred to as the unsteady state. The duraﬁiaﬁ
of the unsteady state in a closed chest preparationg in whiech the
occluded lung of the dog was attached to a 610 wl. spirometer, was
spproximately 6 minutes. (l)

In summary of the foregoing discussion, the following thres
generalizations can be mades (1) The pressure of the ocecluded lnéw
remains essentially atmospheric while the sum of the partial pressuras
of all the gases in the blood-tissue enviromment is always less than
atmospherice (2) The gas composition in the ocoluded lobe Wwill
aventually become constant provided the zas tension of the bloode
tissue environment remains unchangeds This is the stais of consbant
compositions (3) During this state of constant composition the zag
volume is sbsorbed at a constant rate. These generalizations lead
to two further inferences. (1) The partial pressure of sach gas in
an sccluded lobe mist be higher than thabt of the bloodetissus environe

mente (2) Bach particular gas disappears st o rate proportional o
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its fractional concentration during the period of constant composition.

- Thus for example; in Dale and Rahn's study (L) of gas abserphion
during atelectasis in the dog, they were able experimentally to show
that the composition of the gases k?sit&xin the occluded lung becomes
constant alter approximately 6 mimites. A4t that time, when the dog
was breathing air in the left lung, for every 86.L8 volumss of nitrogen
absorbed, 5.6l volumes of oxygen and 7.88 volumes of carbon diaxide
dissppeared from the occluded right lung, | Since there is continued
absorption of each gas, each partial pressure must be higher t&nw. the
corresponding partial pressure in the blood-tissue environment.

The above gas concentrations expressed in mm Hge is 605 for
nitrogen, LO for oxygen and 55 for carbon dioxide when the gas tensions
are computed on a bagis of a baromstric pressure of 7hL7 mm Hg.-.v end
47 mm Hge alveclar water vepor tension.

let us assume, in the gas mixture in the occluded lobe, that the
partial pressure of carbon dioxids and oxygen are identicsl with those
in the blood; but the partial pressure of nitrogen is higher in the
lung than in the bloods The partial pressure in the blood would be
560 mm Hge when the animal is breathing air and the partial pressure
is calculated on the basis of the above barometric pressure.

Because the partial pressure gradient for nitrogen exists, nitrogen -
will be absorbed by the blood. By the absorption of some of the nitroe
gen, the percentages and partial pressures of carbon diexide and
oXygen ave augmented and they too begin fo be sbsorbed. In this manner
the volume of gas inm the occluded lobe is sbsorbed until the lung

becomes atelectatic.
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It can be predicted that the principle driving pressure Lo remove
gas from the occluded lung by the blood iz that of the lessh soluble
gas, nitrogen. This wnlgue situation develops, as will be d&:mmrtraﬁ;ed
later, as a result of the rapid influx of the very soluble gasy carbon
dioxide; immediately following occlusion of the 3.u.ﬁg. The concentrae
tion of carbon dioxide in the occluded lobe will rapidly approach the
concentration in the bloods This dilutes the nitrogen and URygen
concentration in the occluded lobe. However, the oxygen concentration
etill exceeds that oi“ the blood and conseguently it will be absorbed
by the blood until the partial pressure of oxygen in the occiuded lobe
nearly squals that of the bloods Witrogen was in equilibrium with the
blood at the onset of the occlusion of the lung and then was concene
trated by the absorption of oxygen. Consequently, during the unsteady
state, the very soluble blood gases, oxygen and carbon dicxide tend to
squilibrate with the blood, while the nearly inert ritrogen iz concen
trated in the trapped gas. The concentration of nitrogen thus accounts
for the larger share of the pressure diffsrence existing between the
occluded lung and mixed venous blood during the peried of constant
composition, |

Dale and Rahn (L) correlated pulmonary blood flow with the rate
of change in volumes of the splromater, which was atiached to the
occludsd right lung, after the state of constant c@mpné:‘i;b:&mz had been
reached. The surface ares of the lung during the experiment wag
congidered to be unchanged since all of the measurements were made
before the spirometer was exhausted.

The volume change was then a function of pressure difference



betwesn alveclus and mixed venous blood, absorption coefficient and
biood flowe The absorption ceefficient was a measure of physical
solubility and chemical affinity of & gas with blood and was exprossed
as qubic centimeters of gas absorbed per liter of blood flow DEr mE.
pressure increment. The absorption coefficisnt values were differsnt
for oxygen, carbon dioxide and nitrogen and were determined by Dale
sad fahm wnder the conditions of their experiment to be 0,0185 for
nitrogen, 3.5 for oxygen and L.O for carbon dioxide when the dog was
breathing air. The foregoing relationships to the rate of gas
absorption (rate of spirometer volume change) were defined quantitow
tively by Dale and Rehn utlliszing the bleod flow equation of Fick as
follows: let:

.é equal rate of blood flow through the ocoluded lung

?& equal the partial pressure of slveclar gas in the occluded
o lung

Py equal the partial pressure of gas in blood leaving occluded
lung

Py equal the partial pressure of gas in mixed venous blood

equal the total volume sbsorbed per unit time

b < »

equal the fractional concentration of gas in the cccluded lung

o equal the sbsorption cosfficient of nitrogen expressed as
ce/liter blood flow/mm pressure difference

(3 equal the sbsorption coefficient of oxygen

E’@qual the absorption eoefficient of carbon dioxide

02, €02, and Nz equal the particulsr molecular species



If one assumes Py equals P, then according to Fick's eguation

& L] @ [
Q w Vg vF VFy
2 & . e 03
By, =Py I Ty ~-PFy Y (Fy =Py )=
O0g 09 Cop  COp No Mg

bBy vearrangement, the rate of lung collapse expressed as volume
absorbed per unit time may be expressed as follows:

7 = 6302 # éxemg y %zrﬁg or

- e

V@ [( Py = Prg )8 £ (Pagy = Pugo )Y £ (Payy, = Py, ¢ il

Thus when the gases in the oceludsd lung have reached constant
composition, the rate of collapse, for s given mixed venous blood
composition, will be directly properticnal to the blood flow through
the occluded lung.

Dale and Rahn's estimation of the pulmonary blood flow during
atelectasis was unsatisfactory for the following reasonss (1) The
rate of atelectasis formation was measured by the volume change of
both the occluded lung and the spirometer, Since they were sble to
increase the rate of atelectasis formation 63 fold by changing the
inspired gas composition, the rate of change volume was dependsnt to
& greater extent cn the inspired gas compesition than on blood flow
per s8s (2) The duration of the ungteady state was prolonged b:,r the
tendency of the gases in the spimméter to equilibrate with the blood
perfusing the oecluded right lung, (3) Since they observed volume
changes, they could not desecribe the rate of pas composition changes,
(L) The method was not ideally suited to measurs blood flow on a
lobar basis. If this was attempied, the controlled ventilatiom to the

segment would compromise the ventilation of the remaining lung becsuse
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of the size of the catheter required to insure adequate ventilation
of the obstructed lobe.

Farhi (5) studied the lobar distribution of the pulmonary eircye
lation in the supine and ersct rat. He occluded the bronchial tree
80 that gas was trapped in the lobes and therefore could not axchangs
their gas contents with other lobes. The gas was absorbed by the
blood which contimues to flow through the lungs until the death of the
animale The speed of gas resorption is proportional %o the amount of
blood {lowing through the area. He varied the inspired oxygen concen=
tration from 50 velumes percent te 100 volumes percent. At the lowsr
oxygen concentration, the rats died before any atelectasis developed;
however, rats breathing 100 percent oxypen died with atelsctasis in
all parts of the lung. When 70-80 percent oxygen was inspired,
survival time of the rat was sufficient to permit atelectasis to
develop in some parts of the lung before death. These wers obviously
the better perfused parts relative to the volume of lunge

In suplne rats, atelectasis was encountered in the right upper
lobe more often than in the right lower lobe and the statistical
difference was statistically significant. (P < 0.,001) In the erect
position, the same results were obbained; thus showing that the upper
lobe of the rat was betier perfussd than the lower lobe regardiess of
posture.

Matison and Carlens (12) demonstrated spirometrically that the
oxygen uptake in the upper and basal lobes of the right lung in man
was influenced by postures The oxygen uptake decreased in the right

upper lobe with a change from supine to the erect poaition, while the



ventilation in this lobe remainsd unchanged, Rahn and Sadoul (16}
reported similar resulits in the dog. The discrepency between work on
men and the dog (which indicates shifte in perfusion to the dependent
parts of the lung on the assumption of erecht posture) and the raty was
attributed to the small size of the rate (in which changes in hydro-
static pressure differences between upper and lower lobes 1s necessare
ily small)e |

The distribubtion of pulmonary blood flow has bheen studied in
relation to the ventilation of the lungs. The following method was
used to determine the alveolar cerbon dioxide and oxygen concentrations
in mane

Oxygen uptake by the lobe of a lung was msasured by the placement
of a small catheter in the bronchus of the lobe., Near the end of
expiration a gas sample lg aspirated via the ecatheter and analymed, .
This sample would be equivalent to that of the alveolar gas in that
the dead space gas would be [lushed from the bronchus al the begiming
of expiration. If two or more catheters are used,; comparisoms of
lobar oxygen uptake and the carbon dioride output could be wads,

The knowledge of the oxygen uptake and the carbon dioxide
released in a period of time; ensbles one to caleulate the respiratory
exchange ratic of the individual lobes. {13} The respiratory exchange
rvatio is the ratio of carbon dioxide outpud divided by the oxygen
uptake.

Martin et. al. (11) found that in man in the upright position,
the respiratory exchange ratio and endeexplratory oxygen were higher

and carbon dioxide was lower In the right uppsr lobe than in the right



lower lobe. When the subject was placed in a supine position, the
end-expiratory oxygen was higher and the carbon dioxide concentration
was lower in the right lower lobe than in the right uppsr lobe, and

the respiratory exchange ratic showed no significant differsnce between
e two lobes. Apparsntly, ventilationeperfusion relaticnships are
not greatly different in the o lobes in this position coupared to

the differences found in the upright position.

The ventilation-perfusion ratio is an expression of the voiume of
gas reaching the alveolus and the volume of blood perfusing the
alveolus per unit of time. This retio will determine the alvsolar
gas concentration. Rahn and Fenn (15) related this ratio to the
partial pressure of alveolar carbon dioxide, respiratory exchange
ratio and arterio~venous oxygen difference. When these values are
kmovm, the predicted ratio can be calculated over the physiological
range of the partial pressures of oxygen and carbon dioxide in the lung.

The relationship of the ventilation-perfusion ratio to the respi-
ratory exchange ratio is shown in figure 1, (16)

As can be seen, the higher the gas exchange ratio, the larger is
the ventilation~perfusion ratiocs If at any time one can c‘aemonsﬁrate‘
that ths exchange reatiov in any two regions are differsnt, the ventie
lation-perfusion ratioc must also be different.

Rehn, Sadoul et. als (16) studied the distribution of veniilation
‘ a,m perfusion in the dég. They measured the respiratory exchange
ratio in the right upper lobe and right lower lobe and found that a
change in posture gave them similar results as those found in man by

Martin et. al, (11)



Figures 1

Relationship between the ventilabion-periusion
ratio of an alveolus or larger unit and the
corresponding exchange ratio, Re (18).
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 They also measured the distribution of ventilation by employing
a radicactive aerosols Their findings indicated that in the supine
position, less activity per unit of lung was found in the lower lobes
than in the upper lobes. In the erect position, this situation was
reversed, On the assumpblon that that the radicactive cound was
proportional to iha ventilation, they substituted ventilation figures
inte the ventilation-perfusion ratio which they had determined, and
aryived at approximate values of the relative bleod flow to each Lobe.
Their analysls showed that perfusion per unit lung was nearly the same
for both upper and lower loves in the supine position. In the erect
position, however, the perfusion per unit lung of the right lowsr lobe
wag greater than that for the right upper lobe,

From these studies and bromchospiromsiry studies in many 1t
appears that gravity produces an uneven distribution of blocd flow
favoring the dependent portiocns of the lung.

Rahn and Bahnson (14) were able to caloulate differences in bloed
flow to each lung caae@d by making one lung hypoxic. This phenomencn
was due to the vasccomstriction of the pulmonary vessels in the hypoxie
lung with a shunting of blood to the oxygenated lung.

est and Hugh-Jones (20) cbserved the rate of fall of oxygen
tension in @ lobe of the dog's lung after bronchisl oeclusicn. Cas
tengions were measured with a mass spectrometer. Connulas wers placed
in the branch of the pulmonsry artery which allowed the blood Flow te
the lobe to be contimuously monitored by a rotamster, and direct
measurements of {low were made by collection of timed samples, The

rate of fall of oxygen tensiom following occlusion was approximately



linear initially and the rate correlated well with the direct moasure-
ment of perfusion when the animal was in a sheady state.

Hest and Hugh-Jones's efforts in relating the fall in oxygen
tension in an oceluded lobe with blood flow has the following feabure.
They were working with a high sampling rate (20 ec/minute), and
ﬁheréfar@, were obliged to sample for only a short period of time.
This time Q@riad may well be too short, as will be mentioned in the
discussion, to accurately relate the fall of oxygen tension to the

blood flow.



Mathods :

The experiments were carried out on boxer dogs weighing 13«-31}
kilograms. The animals were snesthetized with intravenous pentoe
barbital 30 mgm./kge A bronchoscops serving as an endotracheal tube

was placed so that the distal %ip of the scope was one to two centie
| meters above the carina. All dogs were placed in a supine ‘gmsitiom
during the experimsnts.

The catheter was 80 centimeters in lengith and consisted of an
8 french, balloen tip Foley catheter with polyethylene end vinyl
tubing extensions. The catheter had an external diameter of 2.5 %o
o5 millimeters and was consequently small enough not to interfers
with the ventilation of the lungs. _

For balloen inflation, a 5 cc. syringe with a three-way stopecock
wag attached to the balloon inlet and 3 cce. of air or water was
injected.

The prineipal lumen of the catheter was connected through a 2 ec.
nolsture trap to ‘the sampling cell of a Beckman fast response carbon
dioxide analyzer. The trap served to prevent aspiration of the
bronchial secretions into the carbon dioxide analyzer. This analyzer
operates by the detection of non-dispersive infra-red radiation trange
mitted through the sample gas. The gas sample was directed from the
carbon dioxide analyszer into the sampling system of a fast response
nitrogen meter (Hitralyzer),

The Nitralyzer is a continuous sampling meter for measuring the
percentage of nitrogen in a gas mixture. The instrument is conneeted

to a vacuum pump which draws the sample gas through an ionization
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chagber from the sampling system. The sampling system includes a
neadle valve, adjustment of which will conirol the pressure in the
gystem and the ilonization chamber. Its adjustment also controlled the
rate at which gas was aspirated from the lung or lobe. Ionized nitro-
gen is intensely luminescents The light output is detected by a photo=
cell; the sulput of which is proportional to th@‘nitregen concentration.

- Both the Nitralyzer and carbon dioxids analyzer were comnected to
the Sanborn AC-DC Preamplifiers where the changing nitrogen and caerbon
dioxide concentrations were recorded on papers

The response times for each component of the snalysis system was
Os1 second or less. The response time of the entire sampling system
including the catheter was 7=12 saconds.

The instruments were calibrated to yield dry gas composition even
though saturated gas was aspirvated.

The catheter was placed under direct visualization by s bronghoe
scope felescope into the left main bronchus. The'distal 2 centimeters
of the catheier contained the balloon., The ideal placement of the
catheter was to have the inflated balloon just beyond the left apical
bronchial orifice and the tip in the left lower lobe bronchus. This
site was chosen because it is the most convenient in the dogts
bronchial system in that the inflated balloon did nol oceclude any
segmental bronchi.

Campléte bronchial occlusion could be determined by direct
visualimation of the inflated balleon occluding the bronchus during
severasl respiratory cycles or by auscultation over the occluded liobe

where no breath sounds were heard, If for soms reason, such as
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breakage or mevement, the balleon did not occelude the bronchus duriag
the experiment, it would be delected immedistely by observing no
ghange or fluctuating changes in the nitrogem and carbon diorxide
concentrations coincident with the respiratory cycles following inflae
tion of tﬁe ballaon.

The proximal end of the bronchoscope formed o slip joint with a
¥ tubes One arm was in direct alignwent with the 1angitudina1 axis
of the scope and the other arm was curved so that its orifice was 90
degrees to this axiéa The straight arm was fitted with a slip ring
collar which forms an air tight junction around the catheters The
angulated arm of the Y iube serves as the airway orifice. This slips
into a set of rubber valves which prevents the animal inspiring the
pravicus expired gas volums.

The inspiratory valve system was coﬁn@ﬁ%@d by large rubber tubing
to & gas reservoir, This reservoir is a 75 liter weather balloon.
Knom gas mixtures were made up in compressed gas cylinders and then
bled off into the weather balloon. Cxygenenitrogen mixtures ranging
from air (21% oxygen) to 70F oxygen were used,

The dogs were allowed to equilibrate with the gas mixture until
constant alveolar gas concentration was attained before the experiw
ments were begun. The minimum equilibration time was 20 minmutes.

The sampling system aspirated L=5 cece. of gas in the oecluded lobe
per minutes The aspiration pressure which was controlled by the
needle valve of the Nitralyzer was always adjusted to 1 mm. of Hge

In some experiments a 50 ceniimeter balloon tip, vinyl catheter

wag ubilized in occluding part of the puluwonary vascular bed, This
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catheter was constructed in this laboratory following the design of
Lategola et. al, (7) The catheter was inserted vis the external
Jugular wvein, through the right heart to the pulmonary vascular systems
The bronchus was occluded and the pulmonary artery was occluded during
the unsteady state.

The decrease in the total lobe veolume during the period of the
unsteady state was estimated by attaching a 200 ce. apiram%ﬁ&r'%g the
proximal end of the bronchial cathster. The balloon was inflated and
the rate of decrease in spirometer volums was measured. The gas in
the spirometer was always that inspired by the dog. The inspired gases
were 100 percent oxygen, and seversl mixtures of oxygen in thé.he to

80 percent range.
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Resultst

Figure 2 depiets a typical recording. One should note the £0llowe
ing: (1) the changing concentration of nitrogen,, {2) the changing
concentration of carbon dioxide, (3) the duration of the unsteady
state of rﬁ.irogen and carbon dioxide and () the time lag following
brenchial oeclusion before chaxig@s in nitrogen and carbon dioxide can
be observed.

Gince we were sble to determine the concentration of carbon
dia:}t:ﬁ:im and nitrogen, the calculation for the oxygen coneentration
becomse a simple matter. The conecentrations of nitrogen and carbon
dicxide wers substracted from 100 and the value determined was squal
to the cxygen concentration. If the change in the log of the oxygen
concentration was pletted against time, the curve in figure 3 was
obtained. The linear segment of the two curves illﬁstramzﬂ a first
order reaction in that the oxygen concentration decreased at @
constant rate with time during this perilods |

The dotted lines represent extensions from the straight line
portions of the curve, The point where they crossed was chosen to
be more accurate estimation of the time for the lobe gas to reach
constant composition. A comparisoiz of the aatimation of the unsteady
ét&ta tims was made with and without the knowledge of the carbon
dioxide concentration. As can bo seen in figure 3; the time predice
ted was very nearly the same,

When the inspired nitrogen concentration was decreased, the
unsteady state wag altered in two ways. First the duration of the

unsteady etate was increased., Secondly the potential range of
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changing nitrogen concentration in the occluded lobe was increased
because the venous nitrogen concentration remalns virtually constant
during the state of changing gaé composition. Both these factors are
$llustrated in figure L.

The inspirad nitrogen concentrations were s&adied.aV@r the yange
of 30 to 79 percent. It can be ssen in figﬁre 5 that the duration of
the unsteady state tine was increased from 30 seconds when the animal
%&s inspiring air to 160 seconds when the dog was inspiring 30 percent
| nitrogen.

The straight line w:s drawn by eye, However, the regrecsion line
was caleulated and the values for "b" and "a® are =0.28 and 85.67
respectively. The slops, b, of this lins demonstrates an approximate
increase in time to reach constant composition of 10 ssconds for each
2.8 percent decrease in the initial nitrogen concentration. It is
also of interest to note that the intercept, 2, is at the appreximate
congsentration of nitrogen which existe during the period of constant
composition. The large scatter of points around the straight line is
apparently due to the variations in rate of blood flow through the
occluded lobes of the several dogs used in this seriles of experiments.

The effect of sncluéing'th@ blood flow %o the occluded lobe during
the unsteady state is shown in figure 6. Oxyzen absorption from the
lobe was halted only to continue againwhen the perfusion of the lobe
was éssumade

If the balleoon tip, pulmonary catheter cecludes a portion of the
pulnonery vaseulature other than that of the left lower lobe, results

were cbtained as in figure 7. Here the duration of the unsteady state
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wag decreased, indicating a shunt of more bloed £low through the
oceluded lobe.

The total volume change in the spiromster during the Tirst thrse
mimtes following bronchial ccclusion increased as the inspired ocxypgen
inereased up to the 80 percent cancentrati;m. The gpirometer volume
change with 100 percent oxygen was the same as the 80 percent oxygen.
The three minute time was chosen becanse 160 seconds was the longest
unsteady state time recerded,

Tabls 1 identifies the volume change ca:i‘ the spiromster with Lime
for two dogs with varicus oxygen-nitrogen gas nmixturses.

The volume changes in each column are the means of two 8 eparate
determinations which were run in suscession following & twenty to thirty
minute period in which the dog's alveolar nitrogen became constm‘io

The rate of change of volume was related to the composition of the
gas breathed by the animal, The volume transferred to the occluded
lobe at the end of 5 minutes was consideraﬁsly greater when the dog
breathed 100 percent oxygen, than when L2.3 percent oxygen was breathed.
This finding agrees with that of Dale and Rahn (i), in which the
spirometer volume change was compared with air and 100 percent OxXygene
The gas volume transferred from the spirometer to the occluded lohe
when the dog was breathing 42.3 percent oxygen was less than the
volume aspirated by the sampling system {or the same period of time.

¥hen a known 3 mm. Hg. pressure gradient was applied between the
spirometer and the tip of the bronehial catheter, the rate of spiro-
meter volume decrease was 6l cubic centimeters per mimute. This value

far exceeds any rate shown in the following teble and proves that a



Table 1

las § Oxypen 100 ' B0 60 hield

Ga
Dog 1 2 1 ) 1 4 i pid

Spirometer volume change - cc.

Time in
minutes
1 7.5 8 95 5 b5 2 3.5 2
2 ihe5 20,5 15 18 8 1k e a5
3 15 21.5 15 26,5 15 2005  Le5 5.5
i 21.5 29' 18.5 22,5 15 1345 5.5 L%

L

5 225 28.5 18 21 12 10 6
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amall pressure gradient between the occluded lobe and the spirometer

was sufficient do empty the spirometer,



L2
ot

Discussion:

& frequent criticism of this method of estimating blood flew has
been that the developing atelectasis would impalr ths blood flow as
well as decrease the surface area for gasbabsmrption. To evaluate the
surface area of the lobe, the volume change of the oecluded lobe was
sstimated during the unsteady state. Alteration in the blood flow is
discussed later in this section.

I% was predicted that the deereasing lobe wvelume during the
wnsteady state would not be greater tham the volume occupied by the
nitrogen initially present in the occluded lobe. For example: If the
animal was inspiring LO percent oxygen in 60 percent mitrogen, the
volume of the lobe at the end of the unsteady state would be at least
6D.perc@nt of the unoccluded lobe volume. This approximation excludes
the velume lost from the lobe by the sampling process. The basis for
this hypothesis is cbvious when noting the changing nitrogen concentrae
tion in the cecludsd lobe in figure 2, The nitrogen concentration at
the onset of cecclusion is in equilibriwms with the perfusing bleod.
However, the concentrations of oxygen and carbon dioxids ave nﬁﬁ in
equilibrium with the perfusing blood ai the beginming of occlusions
The trend towards equilibrium of oxygen end carbon dioxide within the
occluded lobe with blood has a net concentrating effect on the nitrogen.
Consequently, at the end of the unsteady state, nitrogen is the farthest
from equilibration with the “lo2d as compared to the oxygen and cavbon
dicxide,

Therefore, the partial pressure difference between the lobe and

blood is prinecipally that of nitrogen. The rate of nitregen absorpe
¥ F : £ 2



tion would be proportional te its partial Fressure. Sinee this

- partial pressure gradually increases during the unsteady state o a
maximum level during the state of constant composition, the nitrogen
absarpbion rate would be greater during the pericd of constant compo-
sition. - Cons@qu@n‘gly, little nitrogen is absorbed by the bloed during
the unsteady state and the volume of nitrogen present prior to ceclu=
sion remains in the lobe during the phase of changing gas composition.

The feoregoing hypothesis has been confirmed by the estination of
lobe volume chanpe during the unsteady state by a 200 cubic centimeter
spiromsters The greatest volume change of the spirometer during the
unsteady stale wos 50 cubie csntimeters. Aseuming the spirometer
volume change to be propertiocnal to the limg; volume change, the lung
volume decreased 50 cubic centimeters during the unsteady state.

Rahn and Ross (17) estimated the wolume of the various lobes of
the dog's lungs by weighing the air dried lobes, They predicted the
left lower lobe to have a volume of approximately 250 cubic centiw
meterse The sampling rate wss L5 cuble centimeters per minute,.
Sinee owr maximum unsicady state time was 160 seconds; the three
minute duration of the unsteady state was purposely chosen here so
that all experiments definitely had as a minimam the following caleu~
lated value for lobe volums at the end of the unsieady state. Adding
15 cublie centimeters of gas for sampling to the 50 cubic centimeter
volume of gas absorbed during the unsteady state equals the total
volume change of the occluded lobe, The 65 cubic centimeter volums
change is equivalent to a 26 percent decrease in the initial lobe

volume, The volums decrease in the spiremster during the imitial
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three minute period was calculated using B0 percent oXygen as the
inspired gas. We were never able to successfully complete an éxpari»
ment with a higher inspired gas oxygen concentration tham 70 percente
As noted in table 1, the spiromster wolume chanse was the largest with
either inspired 80 percent oxygen or 100 percent oxygen. |

Since under the most adverse conditions, the lobe volume does not
change by more than 26 percent of its initial volums, it may be argued
that any associated change in surface area is not expected to alter
the diffusion properties of the alveolar membranes. Theva?gumsnt is
tenuous but then, it 1s not established that there is a fixed relation
between lung volume and exchange surface arese

The 5 shaped curve of the falling oxygen tension during the
unsteady state (Figure 8) indicates different rates of oxygen zbsSorpe
tion during the unsteady state. However, there wis a period in ﬁhs'
mid-section of the curve in which the slope is a straight line; in this
area it was considered to be propertionsl to the blood flow.

The changes in slope in each segment of the curve were interpreted
a8 follows: (1) In segment 1, there was no change in the oxygen
cencentration due to the lag time of the sampling system. It took
several seconds for the gas in the sampling syéﬁem to be flushed out
by the gases in the oeccluded lobe. It was in this manner that ﬁhe lag
time was determined for our sampling systemwin all the experiments it
varied from 7«12 seconds. {2} There is & rapid influx of carbon
dioxide from the blood into the occluded lobe during segment 2, (See
figure 2) In this same period, the intralobar oxygen conecentration

begine Lo decrease because of dilution by carbon dioxide and by the
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initial absorption of oxygen by the bloods At the end of segment 2,
the carbon dioxide has reached the level of its constant composition.
(3) Segment 3 was representative of the decreasing agxygen concentration
sinee carbon dloxide had reacnsd its state of constent composition and
nitrogen was being concentrated only by virtue of the decrease in
oxygen content of the contalned lobar gzs., The amount of nitrogen
absorbed during this period of the unsteady state was negligible as
was mentloned in the foregoing discussion. (L) The straight line is
altered in segment L for several possible reasoms, (é} The develuping
atelectasis of the lobe may interfere with the lobar blood flow.
(b} Mixing of the gases in the segmsnis of the oeccluded lobe could
oeeurs (c) There iz a possibility that the diffusing capacity of
the gases is decreased because of the decreasing volume of the lsbe
and corresponding contraction of the surface area. (d) The oxygen
tension in the occluded lobe probably has decreased beyond the linear
segment of the S shaped hemoglobin saturation curve. (5) Segment &
represented the state of constant composition for oxygen,

Because of the foregoing discussiong segment 3 of the curve was
chosen to relate blood flow bto the falling oxygen tension within the
occluded lobes West et. al. (20) came to the same conclusion that
blood flow could be estimated by the falling oxygen tension during
bronchiel oesclusion, but their methods of rapid sampling limited them
to 10=12 seconds of sampling time and consequently their sample was
taken during segmente 1 and 2 of the curve in Figure 8, Their methods
Umited their observation of a fall in oxygen tension to the time

intsrval when it was being partly decrsased by the rapid influx of
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carbon dioxide into the lobe from the blood. Sines they were able to
correlate blood flow quantitatively with the decreasing oxygen tension,
including the above error; the ;Joasibili";y exists that correlating the
falling oxygen tension during segment 3 with the lobar blood flow gould
ba more accurate.

This method of estimating lobar blosd flow could find direct
application in comparing perfusion in individual lobes and in lobes
which perfusion has been altered by posture or hypoxia.

The greatest deficiency in this experivent 1s that there is no
direct quantitative correlation of the rate of blood ilow o the slope
of the deersasing oxygen tension during the unsteady state, This
gould be done inm an open chest eparation much like the method of
West and Hugh-Jones. (20) Perheps; if this were done and the mide
section of the unstesdy state exypen curve was corrslated with the
blocd low, a reasonsbly accurate method of estimating Lloed flow
would be established.

There was no attempt in this experiment to svaluate changes im
the diffusing capacity of the gases in the oceluded lobe other than
estimation of the lobe volume change during the unsteady state. It
was sssumed that the alveolar mewbrane offered 1ittle resistance to
the abscrption of gases from the lobe by the blood.

The rate of fall in oxygen tension is dependent upon the lobar
volume. West eb. al. (20) found in small lung volumes a stesper slope
of the decreasing oxygen concentration during the unsteady state,
Gonsequently, if two different lobes were studied for perfusicn rates,

the blood flow could be identical, but the smaller lobe volume would
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produce a steepsr slope of the falling oxygen temsion. This would
give the investigator the false impresgion of a higher blood [low
rate to the smaller lobe. Therefore, lobar blood flow must be
axpressed as perfusion per unit lobe volume. For this reason, the
lobes should he occluded at the same time during the respiratory

eyole,

Conclusionss

le A method of estimeting pulmonsry blood fliow has been
outlined. The method is based upon the observation of
the rate of change in oxypen comen*tmtim in an ocecluded
lobe which is dependent upon the rate of perfusion of
that segment.

2 The duration of the period of changing gas composition
and the potential range of change were both increased
by decreasing the initial alveolar nitrogen concentration.

This method could be employed to compars the individuel

L
A

lobar perfusion rates in the lungs,
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