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DETECTION AND PREVENTION OF G-INDUCED
REG!ONAL ATELECTASIS, EDEMA, AND HYPOPERFUSION

I. PURPOSE AND DESCRIPTION OF EACH RESEARCH STUDY (II - XII)

In the past, blackout and unconsciousness were considered as the fac-
tors which limited man's exposure to positive accelerý,tion (W z). Such phe-
nomena occurred at acceleration levet s well below the poirt at which an in-
tolerable reduction in pulmonary function became an additional consideration.
In recent years, it has been found that ant--G suits can prevent uncon-
sciousness at acceleration levels where alterations in pulmonary function
might jeopardize mans performance. Aviators, while flying modern high-
performance operational aircraft, may be subjected to prolonged exposure
(30 to 60 sec) of acceleration forces as high as 7 to 10 +Gz. Increasing
+Gz will produce an increased hydrostatic gradient down the lung, such
that pulmonary blood flow will be more preferentially distributed to the
bases. Eventually the increase in basilar capillary pressures will lead to
transudation of fluid into the alholU (i.e., regional pulmonary edema).
In addition, since plaural pressures become more positive at the bases
with increases of +Gz, there will be a tendency to closure of more airways
at the bases. The anti-G suit which helps in alleviating the circulatory
stress of +Gz under these circumstances may be deleterious to pulmonary
function; for the anti-G suit produces elevation of the diaphragms, such
that the subject breathes at a lung volume where airways are closed. To-
gether with oxygen breathing, frank atelectasis may develop as the pulmo-
nary blocd flow through the dependent alveoli absorbs the oxygen trapped
behind the closed airways. Both pulmonary edema and atelectasin lead to
right-tc-loft intrapulmonary shunting, with attendant arterial hypoxemia.

In order to investigate the response of the pulmonary circulation not
only to alterations in acceleration but also to 4Gz protection by the anti-G
suit, respiratory maneuvers, and pharmacologic agents, it was necessary
to improve existing methods and to develop new ones. For example, in G-
stressed anesthetized animals, spontaneous breathing would be preferable
over mechanical ventilation to avoid altering hemodynamic status by the

EDITOR'S NQTE: The principal abbreviations, acronyms, and symbols used
throughout this report are listed and briefly deflned on the concluding
pages (pp. 271 -274).

Illustrations and tables have been grouped, when feasible, at the
close of each report section al - XII).
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positive pressure breathing (PPB) itself. Unfortunately, anesthetic agents
cause depression of the respiratory center, and adequate alveolar hypo-
ventilation may be left to chance. To circumvent this problem, a methdod
using transvenous phrenic nerve stimulation Zor respiratory assistance had
to be developed (1). To assess the pulmonary circulation by noninvasive
means,0 the methods for measuring pulmonary capillary blood flow (Oc) by

the nitrous oxide plethysmographic method (2, 3) and for rebreathing with
a(7etylene (4) had to be improved and refined. rurther, the problem of pro-
. :ssing these large volumes of data required the writing of computer pro-
grmns. The effects of pulmonary interdependence on pulmonary arterial blood
volume required refinements and standardization of the ether plethysmograph-
ic and pneumotachographic methods.

Anesthetized dogs were used to test the nrninvasive techniques (which
we planned to use in humans) against standard invasive procedures. For
example, the N2 0 plethysmographic and C 2 H 2 rebreathing methods were
tested against the simultaneously determined dye dilution estimation of
pulmonary blood flow. When a reproducible reliable technique was achteved
in the animal laboratory, the technique was applied to human inv- :=;lons.
For example, the effects of tilting, exercise, and an-C-G suit intlation were
studied in humans through the N2 0 plethysmographic method (S). The per-
formanze of a newly designed anti-G suit was evaluated by Ite re-breathing
C 2 H2 method. The effects of catecholamines and hypoxia on the pulmonary
and systeriic circulation were assessed by the N2 0 plethysmographic
method in conjunction with analysis of the phonocardiogram, systolic time
intervals, and blood flows of the extremities.

The displacement of the diaphragm upwards by the inflated anU-G suit
is well recognized. In patients with obstructive lung disease, diarhrag-
matic breathing exercises have long been employed to facilitate gas dis-
tribution or improve efficiency of respiratory work. Because the physiologic
effects of diaphragmatic breathing had not received attention, we investi-
gated: distribution of ventlation, as measured by nitrogen washout; and
topographic distribution, as determined by radioisotopic scanning after
inspiring radioactive xenon. Since uneven distribution of inspired air may
occur during acceleration, we Oleveloped methods to analyze the nitrogen
washout curves at different respiratory frequencies in order noninvasively
to estimate frequenc, dependence of lung compliance.

Section 11 of this report is devoted lo the technique of transvenous
stimulation of the phrenic nerve in the anesthetized dog. Such a method
had to be developed: (a) to prevent obscuring the effects of changes in 4Gz
by PPB, since ventilatory support is necessary for lang-term studies; (h) to
control respiraory maneuvers during the N 20 plothysmographic and C2H 2rebreathing techniques -for estimation of pulmonary c: and (c) to provide

12
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a means for ventilatory support to anesthetized animals riding a centrifuge
during the assessment of the pulmonary and systemic circulations.

Section 11 deals with the stanhardization and data processing of the
pulmonary Oc pulses obtained by the NO plethysmographic method. Com-
puter programs for data processing of bo6t.the N 20 plethysmographic and
dye dilution methods are described.

In srt iI, we measured in normal volunteers the effects on pul-
monary Oc of tilting up to 900 head-up to provide a gravitational stress.
We assessed the protection of the standard USAF anti-G suit on the fall
in cacdiac output induced by the upright position, measured the effects of
isometric exercise in the 900 head-up tilted position, and studied the effects
of the standard USAF anti-G suitt on cardiac output in the seated position.
To our knowledge, these are the first data obtained under such circum-
stances--although the anU-G suit is always applied in the seated position
in aviators. On the basis of our investigatons, we modified the standard
USAr anti-G suit in an effort to promote more anti-G protection , (Prelim-
inary data on cardiac output determinationi using this new anti-G suit are
included in section VIII.)

Reuben (6) has shown that a curvilinear relationship exists between
pulmonary arterial conduction time and mean pulmonary arterial pressure.
The shorter the conduction time, the higher the mean pulmonary arterial
pressure, and vice-versa. The pulmonary arterial conduction time can be
determined noninvasively by measuring the interval from the third vibra-
tion of the ftrst heart sound, which corresponds to opening of the pulmonic
valve, to the upstroke -if the pulmonary Qc pulpe. The validity of this
parameter (as de•scribed in section V) was Lested in 10 normal volwuteers

) breathing hypoxi, mixtures: and analysis of these data indicated that the
method, as presently used, may be insensitive to small changes in pul-
monary arterial pressure.

lncretse of cardiac output during accelerative mar,,euverinj ought to
afford increased +Gz protection. By means of the nitrous oxide technique,
the effect of adrenergic agents on cardiac output was determined in 10
normal volunteers. These data (reported in section VI) indicate that rela-
tively small doses of these agents nway cause large increases in cardiac
output. Moreover, indirect information indicates that pv".monary vaso-
dilation may occur.

In secton NJl, the relreathing technique for estimation of cardiac out-
put and diffusing capacity of the lung is described, along with the com-
puter program for data processing. This nonL-:vasive method gives mean
rather then instantaneous pulmcnary Oc as the N 20 plethysmographic
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method. However, the noninvasive method has the advantage that a body
plethysmograph is not required, and therefore exercise studies are readily
accomplished. Finally, studies were carried out using a battery of
physical analyzers. However, the pulmonary tissue volume--one of the
parameters of interest in evaluating tht effects of accelerative maneuver-
ing on the lungs--could not be obtained. The pulmonary tissue volume
gives a noninvasive estimate of the presence of pulmonary edema. Re-
search results eventually indicated that mass spectrometer analysis of the
test gases might be a feasible way to obtain pulmonary tissue volume in
additiou to pulmonary 1c and diffusing capacity measurements.

In section VIII. the rebreathing method was used to study the effects
of an anti-G suit, which inflated from the calves upwards to the abdomen,
on cardiac output and diffusing caTacity. The data indicate that cardiac
output is increased by inflation ol the anti-G suit in this manner, and sug-
gest that such a suit might afford more 4Gz protection.

Section IX is concerned with the standardization and data processing
of the pulmonary arterial circulation time as determined by ether pletbysmo-
graphic methods. This technique was developed because, in future studies
rec'uiiring anesthetized dogs, the use of a body plethysmograph during cen-
triiagation might not be feasible. This ether plethysmographic method,
which is an invasive one and requires a pulmonary arterial catheter, can-
not be readily employed in human volunteers. The information obtained is
useful in describing pulmonary hemodynamics during acceleration and in-
cludes pulmonary 15c, lung density, pulmonary tissue volume, and pul-
monary arterial compliance. Furthermore, regional changes might possibly
be measured by usWng the pneumotachograph as the sensing device con-
nected to catheters placed within the lungs of anesthetized animals. (At
the close of section JX are instructions on how to order supplementary in-
formation on the computer method for the processing of these data.)

In section X, the ether plethysmographic method was used to measure
the pulmonary arterial compliance an(i the effects of interdependence in
anesthetized dogs. The latter are the first reported measurements, in in-
tact animals, on the influence of the two factors: the change in trans-
pulmonary pressure; and the change in transmural pulmonary arterial pres-
sure on pulmonary arterial blood volume.

Section X deals with the effects of diaol~ragmatic breathing on topo-
graphic distribution of ventilation. The aim was to ascertain whether con-
scious diaphragmatic breathing maneuvers in the sitting positi'n could
alter preferentially direct ventilation toward the lower zones of the lungs.
This question is Important, because one of the well-known effects of +Gz
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acceleration is the preferential distribution of ventilation to the upper
zones and perfusion to the lower zones (7). The conclusion was that
normal subjects who inspired from the residual volume position, a level
analogous to +Gz acceleration with the anti-G suit inflated, could pre-
ferentially direct ventilation to the lower zcnes--thus promoting a favor-
able ventilation-perfusion relationship. Whether the work of breathing in
this way might be too excessive was not measured, and further study is
needed before trials are set up during centrifugation.

Section XII deals with a study or. the frequency dependence of distri-
bution of ventilation. One of the purposes of this investigation was to
develop a noninvasive method to assess the frequency dependence of lung
compliance. The latter test is the standard means by which small airway
obstruction can be detected. It rt 4uires, however, that a subject swallow
an esophageal balloon and that the equipment for its analysis be rigorously
calibrated and maintained. Since small airway closure might occur during
accelerative maneuver, this test might provide useful physiologic informa-
tion. We found that results of the noninvasive test correlate closely with
those obtained by the analysis of frequency dependence of lung compliance.
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II, TRANSVENOUS PHRENIC NERVE STIMULATION IN ANESTHETIZED DOGS

ABSTRACT

In this investigation we found that transvenous phrenic nerve stimula-
tion (PNS), which maintains adequate ventilation over a prolonged period
in anesthetized dogs, is useful in producing breathing maneuvers for phys-
iologic measurements of the respiratory system. A bipolar electrode was
positioned in the superior vena cava and/or the left innominate vein for
right, left, and bilateral PNS by applying trains of square waves (40 - 60/
sec) of 5-9 V. Normal arterial blood gases were maintained over a 6-hr
period. Nitrogen washout from the lungs with oxygen revealed a single
exponential curve over a range of 10 - 37.5 respirations/min during both
bilateral and unilateral PNS. Static lung compliance was 0.086 liter/cm

K H20, SD 0.026; and dynamic lung complkince at 20 respirations/min was
0.078 liter/cm H20, SD 0.024 (P = NS). Thoracic gas volume and airway
resistance were determined by a body plethysmographic technique during
rapid PNS (panting). Functional residual capacity (FRC) was 45.8 mlAkg,
SD 8.1; and specific lower airway conductance (from the trachea upstream)
at FRC was 0.93 liter/sec per cm H20/iter, SD 0.31. Inspiratory airway
resistance-volume curves were obtained by changing lung volume through
expiratory resistances and chest strapping.

INTRODUCTION

During general anesthesia in dogs, spontaneous breathing and also
intermittent PPB may iead to arterial hypoxemia due to development of
shunts through atelectatic regions of the lungs (12, 18). Periodic hyper-
inflation of the lungs often is insufficient to compietely reverse this con-
dition. Although PNS with attendant diaphragmatic muscular contraction

* produces intripleural pressure swings similar to those in spontaneous
* breathing, its utility in respiratory assistance has not been sufficiently

explored until recently because of technical difficulties (23, 24). In 1966,
Daggett et al (7) described a convenient transvenous approach for uni- i
lateral pacinc-4 of the right diaphragm in dogs. We have extended their

technique to permit either unilateral pacing of each diaphragm, or bilateralSpacing of both leaves of the diaphragm. This study concerns two aspects
of transvenous phrenic nerve pacing in anesthetized dogs: (a) its effec-
tiveness in maintaining adequate ventilation as estimated from serial de-
terminations of arterial blood gases; and (b) its usefulness in obtainingI

physiologic parameters not heretofore obtainable--or obtainable only by
applying positive pressure on the airway. In (b), the physiologic param-
eters include nitrogen-washout curves, determination of thoracic gas vol-
ume, airway resistance, airway conductance-volume plots, static lung
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compliance, and dynamic lung oompliance at different respiratory
frequencies.

RESEARCH PROCEDURES

Animals

Adult mongrel dogs were anesthetized with sodium pentobarbital,
1 S - 2 S mgAg, followed by single doses of S0 - 100 mg every few hours
to suppress spontaneous breathing. The animals were studic0 in the
lateral decubitus, supine, and prone suspended positions. AlLagether,
electrophrenic pacing was carried out in 150 animals, including the 80
animals used in a study of tracheal mucus velocity (20). In the latter,
studies were done without endotracheal intubation.

Electrophrenic Pulse Generator

A battery-powered pulse generator (Cordis, Inc., Miami, Fla.) was
used for PNS (14). This device provides adjustable pulse rates and pulse
durations and six different pulse amplitude modulation e"-,"iopes (rMono-
phasic or biphasic ramp, triangle, and square). It permits a range of
respiratory frequency from 6.7 to 60/min. The duration of the pulse trainz
can be varied from 10% to 60% of the respiratory cycle. The voltage out-
put ranges from 0 to 9 V. For square pulse train envelopes, a standard
pulse generator (Grass model S 48 B, Grass Instrumentation Co., Quincy,
Mass.) can also be used and has the advantage of providing a Wkder
variety of respiratory frequencies.

For bilateral PNS with varying phase angles between the contraction
of the two leaves of the diaphragm, a continuous pulse generator (American
Electronic Laboratories, model 104A) was used in conjunction wAth the
Cordis stimulator. The output signal of the Cordis stImulator to one
phrenic nerve triggered an adjustable delay and pulse train duratkn
circuit. This circuit was placed in series with the electrical output of
the continuous pulse train generator whose output stimulated the contra-
lateral phrenic nerve.

Catheter Placement for Transvenous Electrophrenic Stimulation

Catheters were introduced under fluorosoopic guidance for certain
experiments, and blindly for others. The right, left, or both jugular
vein(s) were exposed; and the catheter, with or without a plastic intro-
ducer, was inserted into the vein, Of the two types of 3? 125-cm-long
bipolar catheters (Electocath Corp., Rahway, N.J.) employed, one had
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both platinum electrodes at the distal tip separated by a distance of 1 cm.
This catheter -vas used without a straight end and was best suited for
unilateral PNS. The electrode tip was positioned in the right or left innom-
inate vein for ipsilateral PIS. Improper catheter position too close to the
neck was indicated by simultaneous stimulation of the ipsilateral brachial
plexus. Right PNS was also accomplished by positioning this catheter in
the superior vena cava, as described by Daggett et al. (7). The other type
of electrode catheter had one platinum electrode at the distal tip, and one
which was 9.5 cm proximal from the tip; a distal loop ensured fixation of
the catheter in large vessels. This type of electrode catheter was useful
for achieving bilateral PNS when inserted turough the left jugular vein.
The catheter was Lo positioned that the distal pole li',y in the superior vena
cava, an% the proximal pole in the left innominate vein close to its origin.

Llectrode caltheters were also introducid blindly by initiating electri-
cal siqnals frcm the phrenAc nerve stimulator immediately after inserting
the caLheter, and :advancing it until stimulation of the brachial plexus oc-
acxred with attendant contraction of the upper limb. The catheter was then
advarnced a little further tmtil the l&'b ceased to move and the diaphragm
contracted. This method, which had the advantage of raidity and simplic-
ity, could not be used for bilateral stimulaticn. It also carried a minimal
risk of producing ventriculat fibrillation if the right ventricle was entered
by error.

Three types of PNS were employed: (a) unilateral, resulting in con-
traction of one diapO ragma.c leaf only; (N) bilateral synchronous, resulting
in synchronous conaactior. of both diaphragmativ leaves; and (c) bilateral
Ss.nchronous, leading to contraction of the two diaphragmatic leaves out
of phase. The time delay (phase angle) between the oeginning of con-
traction of the two diaphragmatic leavras was determined from an electrical
siVnal peoducad by the phienic nerve stimulator--or, if possible, from the
mouth-flow tracinq--aad exprossec as an angl', taking one respiratory

cycle as 3300.

Blood Gases

In 35 dogs who received bilateral or unl/ateral PNS in the lateral
decubitus position, aterial blood was obtained every hour for 6 hr; and
PO , PCO", and pH were deteinmned at 3ftC vwth an Instrumentation
Ld•ratory blood gas analyzer (model 113). Intrapulmonary right-to-left
shunt was estimated in 5 dogs after 15 min of 100% oxygen breathing at
hourly intervals during 4 hr of electrophrenic stimulation (4). The oxygen
saturation of the hemoglobin was measured with a Co-oxymeter (Instrumrnta-
tion Laboratoy model 182, Boston, Mass.).
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Distribution of Ventilation

In 10 intubated dogs suspended in the prone position, nitrogen wash-
out from the lung by 100% 02 breathing was carried out at respiratory rates
of 10, 20, and 37.5/min using bilateral synchronous, and unilateral PNS.
Breath-by-breath signals of expired N2 concentration (Nitralyzer model
505, Med. Science, St. Louis, Mo.) and tidal volume from a bag-in-box
system were played through an oscilloscope recorder (Electronics for
Medicine DR 12) onto analog tape. This tape was input into a small dig-
ital computer (LINC 8, Digital Equipment Co., Maynard, Mass.) for data
processing by a computer program, "WASH," which plots end tidal N2 or
mixed expired N2 log concentration against breath number, time, or ac-
cumulated volume (19). Both end-tidal and mixed-expired nitrogen con-
centrations were analyzed and found to be similar except during bilateral
asynchronous PNS, where frequently two distinct alveolar nitrogen plateaus
could be demonstrated. For this type of breathing, mixed-expired nitrogen
plots will be reported, whereas end-tidal plots will be considered for a!U
other breathing types . We found that the rtter type of analysis tended to
better bring out a fast compartment which occasionally could not be de-
tected by determining the mixed-expired nitrogen concentration. Methods
of analysis were based upon the equations of Fowler et al. (13), Becklake
(3), and Edelman et al. (11). Corrections for tissue elimination -t N2
were made according to the equations of Simmons and Hemingw'y ,'25).

Lung Compliance

Static lung compliance was obtained with the dogs in the suspended
pone position after the lungs were fully inflated with air from an AMBU-
bag. Volume was measured from the bag-in-box system and transpulmo-
nary pressure with a differential gage (DP-9, + 2.5 psi Validyne) in which
one side was connected to an esophageal balloon and the other to a cath-
eter at the distal end of the endotracheal tube. The phrenic nerve was
stimulated for 4 - 5 sec at stepwise changes of voltage in order to obtain
points for a pressure-volume curve. Dynamic compliance was estimated
by dividing the peak-to-peak tidal volume by the transpulmonary pressure
measured at points of zero flow as delineated by a No. 0 Fleisch pneumo-
tachograph.

Thoracic Gas Volume and Airway Resistance

These measurements were carried out upon intubated dogs who were
placed in the lateral decubitus or prone position within a 170-liter Plexi-
glas body plethysmograph (2). For the determination of thoracic gas volume
(29 dogs), rapid electrophrenic stimulation (60 breaths/min) was carried
out while the animal breathed against a closed solenoid valve (9). For
airway resistance measurements (12 dogs), the slope of Inspiratory air
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flow against plethysmograph pressure was obtained by rapid electrophrenic
stimulation as the animal breathed through a No. 2 Fleisch pneumotacho-
graph (10) . Airway resistance was measured from zero to a peak inspira-
tory flow rate of 0.5 liter/sec. The resistance of the breathing apparatus,
including an 8.5-mm endotracheal tube, was 1.38 cm/liter sec- at a flow
rate of 0.5 liter/sec. The resistance was subtracted from the measured
value in order to obtain lower airway resistance from the trachea upstream.

Resistance-volume and conductance-volume plots were obtained as
follows: A one-way breathing valve (Rudolph Valve, Warren Collins,
Braintree, Mrss.) was attached to the pneumotachograph which was, in
turn, connected to the endotracheal tube through a solenoid valve system.
The expiratory side of the Rudolph valve was obstructed with fixed resis-

k tances which varied in magnitude. As the diaphragm was stimulated at I
high frequencies (60/mmn), air trapping occurred and the thoracic gas vol-
ume increased, thus enabling us to measure inspiratory airway resistance
at lung volumes greater than the resting FRC. Volumes below FRC were
obtained by strapping the animal's chest with elastic tape.

RESULTS
Feasibility of Transvenous Electrophrenic Stimulation

In preliminary experiments, we attempted to carry out phrenic nerve
pacing by direct surgical exposure of the phrenic nerve in the neck. We
found that, in using this technique, the passage of electrode catheters
was much easier and more rapid to perform; even placement of two cath-
eters generally required less than 30 min. The movements of animals into
different body positions occasionally caused catheter dislodgement which
was generally easy to correct by blindly repositioning the catheter. How-
ever, ventricular fibrillation occurred in 5 dogs (3%) in whom catheters
were moved without fluoroscopic guidance.

Tidal volume ranged from 50 to 750 ml and the magnitude depended on:

whether one or both leaves of the diaphragm were stimulated; the size of
the animal; and the output voltage of the phrenic nerve stimulator. The
square pulse amplitude envelope produced the largest tidal volume for a

given output voltage, whereas the triangle and ramp elicited a smoother
diaphragmatic motion. The square envelope was used for all experiments.
The pulse duration, 0.4 - 0.8 msec, was delivered at a rate between 40
and 60 pulses/sec. The dc voltage ranged between 5 V and 9 V. In dogs
stimulated over a 6- to 8-hr period, no signs of phrenic nerve fatigue were
observed.

Table 1 shows arterial oxygen tension (PO2 ) 0 carbon dioxide tension
(PCO) , pH, and base excess (BE) in 45 dogs at hourly intervals without
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sighing from I to G hr after initiation of PNS with a respiratory frequency
of 10/min. A paired Student's t-test analysis was used, and no signifi-
cant changes of these parameters with time were observed. The regression
equations were: P0  92.43 - 0.69 mm Hg/hr (r = 0.27); PC0 2 : 28.25 +
0.29 mm Hg/r (r = 6.56); pH1: 7.50 - 0.01 units/hr (r = 0.78); and BE:
- 1.05 - 0.28 mm/liter/hr (r = -0.48). rln these equations, r = regres-
sion ratio.3 In 5 of the 45 dogs, mean intrapulmonary shunt flow was:
13% after I hr; 9.7% after 2 hr; 11.4% after 3 hr; and 8.5% after 4 hr
(Fig. 1).

Distribution of Ventilation

The nitrogen-washout curves were analyzed to yield values for pulmo-
nary nitrogen clearance delay, alveolar ventilation/lung volume ratios,
mixing ratio, and lung clearance index. Washouts were performed at 10,
20, and 37.5 breaths/min (Table 2). In a group of 5 dogs, bilateral syn-
chronous PNS was compared to unilateral stimulation. In another group of
5 dogs, bilateral synchronous stimulation was compared to bilateral asyn-
chrorious stimulation with a mean phase angle of 580 (range 130 - 900).
Tidal volume ranged from 117 to 387 ml at the different respiratory fre-
quencies. Under all the preceding conditions, the lung behaved as a
uniformly ventilated compartment. No significant alterations were noted
in the mixing ratio and lung clearance index between the control and uni-
lateral or bilateral out-of-phase stimulation for the same respiratory fre-
quency (P = NS). The tidal volumes during the different maneuvers were
not significantly different at the same respiratory frequency except during
bilateral out-of-phase stimulation at a respiratory frequency of 37. 5/min.

Lung Compliance

Static and dynamic lung compliance was determined during bilateral
synchronous PNS in 22 dogs in the s uspended prone position. The mean
value for static lung compliance was 0.086 liter/cm H20, SD 0.026; and,
for dynamic lung compliance at 20 breaths/min, 0.078 liter cm H20, SD
0.024 (P = NS). Attempts were made to measure dynamic lung compliance
during unilateral or asynchronous bilateral diaphragmatic pacing. How-
ever, because of differences in transmission of true intrapleural pressure
to the esophagus during such maneuvers, sufficient artifacts were intro-
duced into the esophageal balloon pressure tracing to render it useless
for dynamic ccnpliance measurpments. Occasionally, falsely low trans-
pulmonary pressures were recorded--possibly secondary to PNS-induced
contraction of the esophagus which, in dogs, contains striated muscle
throughout its length (1). In most instances, this artifact could be
corrected by repositioning the pacing catheter.
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Thoracic Gas Volume

The mean FRC during electrophrenic stimulation in 29 dogs was 45.8
ml/kg, SD 8.1. In 12 of these dogs, placed in the lateral decubitus
position, the mean FRC was 47.2 ml/kg, SD 7.5; and, in the remaining
17, in the prone suspended position, 44.8 ml/kg, SD 8.5 (P = NS).

A;,way Resistance

Airway resistance was measured in 12 dogs (mean weight: 15.2;
range: 9.1 - 21.4 kg) at FRC and at higher lung volumes by using a
mechanical resistance during expiration; and, at lower lung volumes, by
chest strapping. In all instances the panting maneuver, which is used
in human determinations, was reproduced by electrophrenic stimulation
at 60 breaths/min. Figure 2 shows lower airway resistance-volume plots
after subtraction of the resistance of the endotracheal tube; and Figure 3,
the respective lower airway conductance-volume plots. Each point rep-
resents the mean of three measurements of airway resistance and thoracic
gas volume for an expiratory resistance or chest strapping. A group of
smaller dogs (A) with smaller FRC can be distinguished from a group of
larger dogs (B) with larger FRC on the resistance-volume and conductance-
volume plots. A hyperbolic-like relation is evident between lower airway
resistance and thoracic gas volume. There Is alno an alinear relation
between lower airway conductance and thoracic ras volume.

DISCUSSION

During prolonged experiments, arterial hypoxemia and metabolic acido-
sis frequently occur in dogs which are moderately or deeply anesthetized,
spontaneously breathing or mechanically ventilated. PNS, as evidenced by
serial measurements of arterial blood gases and intrapulmonary right-to-
left shunts, appears to be more advantageous in this respect. This ad-
vantage might be related to the forceful descent of the diaphragm, which
occurred with phrenic nerve pacing, and to the use of sufficiently large
tidal volumes to induce moderate arterial hypocapnia. Further. there was
no need to induce sighing to prevent the development of atelectasis. In
this respect, our findings extend the observations of Daggett et al. (8).
These authors reported a marked difference in arterial oxygen tension in
deeply anesthetized dogs ventilated with 100% 02 by mechanical positive-
negative pressure respirator (310 mm Hg, SD 100) and unilateral right

phrenic nerve stimulator (490 mm Hg, SD 70), indicating that less intra-
pulmonary right-to-left shunt was present during electrophrenic stimulation.
Recently. Ledsome et al. (16) found that arterial oxygenation and acid-
base balance were weU maintained in lightly anesthetized spontaneously 223
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breathing dogs with chloralose or pentobarbital over an 8-hr observation

period. Their regression equations for P0 2' PC02' pH, and base excess
during pentobarbital anesthesia were similar to ours during PNS. How-
ever, the depth of their anesthesia might not be sufficient for invasive
types of experiments.

During bilateral electrophrenic stimulation, a change in body position
occasionally resulted in dislodgement of the catheter tip, with subsequent
asynchronous pacing of the diaphragmatic leaves or complete loss of
capture of one diaphragm. For this reason, distribution of ventilation was
measured during bilateral synchronous, bilateral asynchronous, and uni-
lateial pacing. Up to respiratory frequencies of 37.5/min, no unevenness
of distribution of ventilation was detectable. The nitrogen-washout curve
behaved as a single exponential. We were unable to stimulate at more
rapid respiratory rates to determine whether two exponentials would be-
come apparent because of air trapping and a marked decrease in tidal
volume below the apparatus dead space volume. Trapping was related to
the passive expiration during phrenic nerve pacing with insufficient time
for elastic recoil to passively return luny volume to the initial resting
position at rapid breathinq rates.

During unilateral phreiic nerve pacing, less tidal volume was distrib-
uted to the contralateral lung; but no unevenness of distribution of venti-
lation could be detected by analysis of the nitrogen washout curve. Fluo-
roscopy revealed passive displacement of the mediastinum tcward the
stimulated hemidiaphragm, and a passive downward displacement of the
contralateral hemidiaphragm. The result was a longer washout time than
with bilateral stimulation. In man, unilateral electrophrenic stimulation
produces a similar passive displacement of the mediastinum, but eleva-
tion rdther than a downward movement of the contralateral diaphragm (22).
This 5pecies difference might be due to the differences in integrity of the
medlastinal pleura. In man, the mediastinal pleura does not permit free
transmission of intrapleural pressures from one side to the other.

Asynchronous bilateral electrophrenic stimulation failed to produce an
abnormal nitrogen washout curve. Since significant Pendelluft (i.e.,
ventilation of one lobe of a lung from another lobe without first moving the
air into the bronchus) occurred during this maneuver (Fig. 4), washout
time was prolonged. However, it has been shown in model lungs that
Pendelluft occurring in two compartments with a common dead space tends
to equalize the nitrogen concentration in each compartment (21), even
when the time constants of the two compartments differ markedly. Since
the time constants of the two lungs in our experiment can be presumed to
be equal, it is not surprising that we were unable to demonstrate uneven
distribution of ventilation.
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Electrophrenic pacing permits ready determination of static lung com-
pliance and dynamic lung compliance at different respiratory frequencies.
As might be expected from the data of Brown et al. (6) no frequency de-
pendence of lung compliance exists in normal dogs. The ability to simulate
shallow panting by PNS facilitates measurements of thoracic gas volume
and airway resistance by body plothysmographic techniques. It is of in-
terest that the FRC in electrophrenically paced anesthetized dogs is sig-
nificantly higher than in spontaneously breathing or paralyzed dogs (2)
(48.9 ml/Ag, SD 8.1, vs, 37 mlAg, SD 9.4) (P < .01). Perhaps this
difference is related to the lesser tendency toward atelectasis during
electrophrenic stimulation. Finally, for the first time, electrophienic
pacing has made it possible to obtain airway conductance-volume plots
in dogs analogous to those obtained by Briscoe and DuBols using human
subjects (5). Our data show a lower airway conductance for a given
thoracic gas volume in large dogs with larger FRC than in smaller dogs
with smaller FRC. Our findings are in contrast to those of Briscoe and
DuBois (5), who demonstrated that the values for airway conductance
grouped around one regression line for children and adults. Comparison
is difficult, however; for we measured lower airway resistance from the
trachea upstream, whereas the values of Briscoe and DuBois for airway
resistance included the glottis. The relative contribution of the glottis
to the total airway resistance at different thoracic gas volumes is not
clear. The difference may also be due to the fact that children have
growing lungs, whereas we used adult dogs of different body weights.
Further investigations will be needed to clarify why thc' lower airway
conductance at the same absolute thoracic gas volume is higher in a dog
with n small FRC than in a doc with a large FRC. Our lower airway con-
ductance volume curves compare favorably with the lower pulmonary con-
ductance volume curves in huirans reported by Vincent et al. (261 who
demonstrated a similar nonlinear relationship. Unfortunately, our metho-i
did not enable us to measure airway resistance at higher thoracic gas
volumes, because it was not possible to stimulate the passively depressed
diaphragm.

In the present investigations, 80 dogs were used for the study of
tracheal mucus velocity. In these experiments, serial measurements had
to be obtained over several hours without intubation and mechanical j
ventilation, while still maintaining normal blood gases in order not to
affect the respective parameters. Such a study would have been impos-
sible to accomplish without the support of electrophrenic stimulation. We
have been able to demonstrate the utility of PNS in performing respiratory
maneuvers in dogs where, previously, PPB had been necessary: during
inspiration of o large volume of nitrous oxide in oxygen mixture for de-
termination of pulmonary Oc (15); and in rapid rebreathing estimation of

25

Vo owl



diffusing capacity of the lung (17). Finally, the Muller maneuver can be
accomplished by stimulating the phrenic nerve against a closed airway,
a prerequisite to determine pulmonary arterial compliance.
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Figure 1. Mean arterial PO2 (mm Hg), PCO2 (mm Hg),
and pH (units) In-45 dogs at hourly (H) inter-vals after initiation of phrenicr nerve stimula-
tion (PNS). [The vertical bars represent 1 SD.]
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Figure 2,, Towar airway resistance-volume curves of 12 dogs.
ESolid symbols represent a group W of smaller

dogs (mean wei-ght: 11.6 kg; range: 9.1 - 13.2 kg)
with a mean FRC of 0.525 liter (range: 0.400 - 0.700
liter). The open symbols ;ipresent a group US of
large dogs (mean weight: 18.9 kg; range: 15.9 -
21.4 kg) with a mean FRC of 0.92S li'er (range:
0.600 - 1.100 liter). TGV = total gas volume; RA =
alveolar resistance. J
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Figure 3. Lower airway conductance-volume curves of 12
dogs. (For key to symbols, consult legend for
Fig. 2. CAW . compliance airways.)
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III (Parts 1, 2, and 3). DESIGN OF BODY PLETHYSMOGRAPH AND
TECHNIQUES OF DETERMINATION OF INSTANTANEOUS PULMONARY .c

PART 1: DESIGN OF BODY PLETHYSMOGRAPH

ABSTRACT

Technical details of a body plethysmographic system are described
which permits ease of operation of standard tests (e.g., airway resistance)

* as well as research examinations (e.g., a noninvasive nitrous oxide tech-
nique to measure cardiac output). The chamber is designed to op rate be-
tween horizontal and vertical angles such that changes in pulmonary and
hemodynamic parameters can be studied with the subject in different body
positions. In addition to noninvasive techniques, studies which require
placement of a pulmonary arterial catheter (e.g., estimation of pulmonary
arterial blood volume and tissue volume) have been carried out with this
system for the first time in man.

INTRODUCTION

The technical specifications of the body plethysmograph used for
human studies are described in Part 1 of this report section. Part 2 deals

with the actual techniques used, and their standardization. (In Part 3,
instructions are given concerning how to order supplementary information
on the operation of the computer program, "LAUGH for data processing
of instantaneous pulmonary capillary blood flow pulses.)

MATERIALS AND METHODS

Plethysmograph, Supporting Cradle, and Drive Mechanism

The shell of the plethysmograph and its supporting frame were manu-
factured by contractors(1) according to our specifications, but both com-
ponents required extensive in-house modification during the installation
in our laboratory. The shell of the chamber (Fig. 1) consisted of 1-in.-
thick Plexiglas, molded into a half-cylindrical shape (Fig. 1, point a). Its
radius of curvature was 31 In.; and its length, 89 in. The chamber volume
was approximately 650 liters. Initially, the edge of the half-cylinder was
cemented as a butt joint to a flat sheet of Plexiglas, I-in.-thick, which

EDITOR'S NOTE: Sources of specific equipment and materials are keyed,
by parenthesized numerals in the text, to corresponding list at the
close of Part 1 (pp. 40-42).
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formed the base of the chamber (Fig. I., point b). This union proved faulty
and cracked upon pressure testing at 50 cm H2 0. It was necessary to redo
the flat sheet of Plexiglas so that the edge of the half-cylinder dome could
be cemented into a "rooted out" I-in. track, forming a tongue-in-groove
Joint. Such a Joint has remained airtight to the limit we have tested (i.e.,
100 cm H2 0 pressure).

Angle-iron brackets (2" x 2" x ") form the framework which supports
the chamber (Fig. 1, point c). The framework is Joined to the cradle
by two self-aligning roller bearings locat-.d at the midpoint of the chamber
(Fig. I, point d). The cradle is constructed from welded sections
(2j" x 2 P x ¼") of steel tubing (Fig. 1, point e). Hard rubber casters
(5 in. diam.) are attached LU the base of the cradle, thus allowing the entire
assembly (weighing about 3,000 Ib) to be moved with minimal efforts
(Fig. 1, point f).

The drive mechanism allows the plethysmograph to be tilted to any
point between its horizontal and vertical positions. It consists of a 3/4-
hp electric motor (2) attached to a speed reducer (3) which drives a 1-in.-
thick worm gear. The time required to tilt from the horizontal to an extreme
vertical position is 1 min 32 sec. The speed reducer has been modified
for dual inputs, allowing a pneumatic motor (4)--in case of electrical
power failure in the tilted position--to return the chamber to the horizontal
position. This modification is accomplished through an interlocking
quick-connect motor-drive coupling.

Patient Table and Door

A table, upon %.Ach the patient is placed, rides on 8 roller bearings
in aluminum tracks attached to the inner walls of the Plexiglas shell (Fig. I
point g). The table Is a standard fluoroscopic d'em (5) strengthened by
a stainless-steel channel bordering its edge. In the horizontal, or patient

entry position, the table can be partially or completely removed from the
chamber by supporting its weight with one or two steel stands, each hav-
ing a vertical height adjustment. The stands have casters which permit
rapid transfer of the patient to and from the cardiac catheterization room
for fluoroscopic studies, if these are required. A footrest (Fig. 1, point h),
guided by stainless-steel tracks at the base of the table, is adjusted by
two 3/4-In. aluminum rods with locking wheel type bolts. The footrest is
used to keep the patient properly positioned when the plethysmograph is
tilted into a vertical position. A blower (6), placed at the edge of the
footrest, is used to circulate the air within the chamber between tests.
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The door of the chamber, shaped from l-in.-thick anodized aluminum
plate (Fig. I, point I), can be readily removed from the nead end of thE
table by loosening two bolts on a bracket and can be sterilized (if desh •d)
by exposure to ethylene oxide gas. The door has a number of penetrations
for 1/8-in. and I-in. Swagelok bulkhead connectors (7) (Fig. ], point j).
Hermetically sealed bulkhead unions permit electrical penetrations (8).

Six pneumatic lamps (9) are used to seal the door against the flange
of the chamber which is covered with a k-in.-thick closed cell neoprene
gdsket (Fig. 1, point k). The pneumatic clamps operate on a line pressure
of 110 psig and are activated through a 4-way electrical solenoid valve (10).
The opening and closing speed of each clamp is controlled by two flow-
governors per clamp (11).

Breathing Apparatus

This apparatus consists of a manifold controlied by electrical solenoid
valves from switch- - located outside the chamber (Fig. I , point 1). A 24-VDC
power supply (12), located on a shelf on the cradle, supplies the necessary
current to the valves. All electrical penetrations into the chamber are of
DC voltage, 12 to 24 VDC, so as not to create a safety hazard. In the
manifold of 5 electrical solenoid valves (13), the following four breathing
maneuvers are possible: (a) flow directly through a pneumotachograph
for measurement of airway resistance; (b) flow of air from the chamber on
a directional basis; (c) inspiration of a test gas contained in a bag within
the chamber, and expiration into the chamber; and (d) breathing of air or
test gas on a directional basis from outside the chamber. The breathing
manifold may be positioned through rotation of a shaft in a ball pressure
Joint mounted on the door bracket (14), thus allowing the subject to be
studied in the prone, supine, decubitus, and vertical positions. The
breathing manifold has penetrations for sampling gas and measuring pres-
sure at the subject's mouth. Fleisch pneumotachographs (15) are used to
measure rapid or slow respiratory flow rates. The pressure difference
across the pneumotachographic resistance is sensed by a variable re-
luctance transducer (16) connected to a carrier demodulator (17). The out-
put from the carrier demodulator is fed into an oscilloscopic recorder, and
is also input into a center reading dc microampere meter with a variable {
100 K ohms shunt. The meter is placed outside the chamber at eye level,
so that the subject can monitor his own expiratory flow rates should the

test require this control (Fig. I point m).
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Electropneumatic Servo Unit

Changes in chamber pressure occur with time, owing to an increase
in temperature and humidity from the breathing subject and in heat trans-
ferred from the chamber to the room. Consequently, it is necessary to
vent the chamber to the rom before performing such tests as pulmonary
Qc. Upon closing of the "ent, however, unpredJctable baseline drifts of
chamber pressure may occur due to room air of different temperature and
humidity (from that in the chamber) entering the plethysmograph (Fig. 2).
Because variable baseline drift affects the accuracy of pulmonary Qc
measurements, we modified an electropneumatic servo system to function
as a compensating device between tests to eliminate venting of the cham-
ber. The block diagram of the servo system is depicted in Figure 3. One
side of a variable reluctance differential pressure gage (18) is connected to
the plethysmograph (Fig. 3, point a). while the other side is referenced to
the chamber through a short length of insulated high-pressure nylon tubing
immediately preceding activation of a servo loop. The xeference side of
the qaqe Is closed via a solenoid valve (riq. 3, point b). We have modi-
fied an electropneumatic transducer relay (19) such that its output Is zero
flow through a linear resistot (20) at atmospheric pressure. An increase in
chamber pressure causes air to be withdrawn from the chamber; a decrease
causes air to be added to it. A detailed drawing of the electropneumatic
servo relay modification constitutes Figure 4. An augmenting differentia-
tor circuit is necessary to linearize the flow output of this clevlce (Fig. 5).
The function of the servo system is to maintain the chamber at atmospheric
pressure by a negative feedback loop. Although this device has been used
as a differentiator to obtain a record of instantaneous flow of gas into the
lungs--a parameter necessary for pulmonary Qc measurements--at Mount
Sinai Hospital the device has tended not to be as stable as electrical
differentiation of the pressure signal (Fig. 6). A schematic of the circuit
of the differentiating network is shown in Fig. 7. The servo device is
useful in conjunction with the differentiating network because it maintains
baseline pressure when the electrical differentiator circuit is switched in
as the detecting device during expiration or breathholding maneuvers. In
actual test procedure, the electropneumatic servo system is used to keep
the chamber at atmospheric pressure during tidal breathing as well as dur-
ing inspiration of air or N2 0, a procedure necessary for pulmonary ýc
measurements. As the subject slowly expires, or breathholds, the servo
system is turned off by a solenoid valve; changes in chamber pressure ar•
detected by the sensitive variable reluctance differential transducer, and
then electrically differentiated. The signal, before output, is passed
through a low-pass filter (21) with a cutoff frequency of 9.5 Hz to elimi-
nate any high-frequency artifacts. Under these conditions, the run always
starts from the same absolute chamber pressure.
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Pneumatic Accessories

Two variable volume piston pumps (22) are or the underside of the
chamber. The larger pump has a capacity from 50 to 500 rmI/stroke, and
- 2-speed drive from 10 cpm to 30 Hz. The small pump has a capacity
from I to 60 ml/stroke, and a speed from I to 36 Hz. The large pump is
used for research studies; the small pump is used for calibration of the
chamber, the electropneumatic servo unit, and the differentiator network.
On the cradle of the piethysmograph are two other pumps. A syringe pump
(23) with a constant stroke of 30 ml and a 0 to 50 cpm speed is used to
calibrate the plethysmograph for measurements of airway resistance and
FRC. A combination vacuum-pressure pump (24) is used to apply constant
pressure or vacuum to the chamber. Regulation of the latter is achieved
by means of a photohelic switch (25).

Data Collection System

information from the body plethysmograph is input into a DR-12 oscil-
lographic recorder equipped with a Universal Matching Amplifier system
(26). Th.is amplifier system insures a signal output onto analog tape, or
into a compute-, of + 1 volt. Data are either read out directly from the os-
cillographic recorder (as in studies of airway resistance or FRC), or are in-
put into the LINC digital computer or a 7-channel analog tape recorder (27)
for off-line processing by the UNC 8 digital computer (28) (as in N2 0 cap-
iilary blood flow or ether circulation time studies). For the latter, data
are played from the tape first into an IR-4 recorder (29) with dc amplifiers,
so that signals can be monitored on the oscilloscope of the recorder before
their input into the analog-to-digital convertors of the LINC 8 computer
through a Universal Matching Amplifier System.

Safety Factors

Safety factors have been designed into the plethysmographic system
according to the following schema: electrical failure, pneumatic failure,
and general factors. If electrical failure occurs while the subject is en-
closed within the plethysmograph, the pneumatic clamps will open auto-
matically. If the plethysmograph is in the tilied position, the pneumatic
motor can be connected to the drive shaft and the chamber brought from the
fully vertical to horizontal position within I min 58 sec. In case of pneu-
matic failure, the clamps can be opened manually. if both electrical and
pneumatic failure occur, a standby "G" cylinder of compressed air is in
readiness for the pneumatic motor and clamps. General safety factors in-
clude flow-goves-nors on each door clamp, to limit closing and opening
speed. The Plexiglas shell allows visual communication in and out of the
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chamber, and a telephone system (30) affords "hands free" audio commjunica-
tion. The penetration for the electrocardiographic cable is made ehrough
the Plexiglas shell and is isolated from other electrical cables. Direct
current of low voltage is used for power within the plethysmograpb; no
alternating current device is enclosed within the chamber. The door of
the chamber can be sterilized if a joint cardiac catheterization sthly is
contemplated.

SOURCES OF EQUIPMENT AND MATERIALS

1. Plexiglas shell manufactured by "K" Plastics, San Francisco, Calif.;
cradle constructed by Research Machine Shop, U. of California, Medi-,
cal Center, San Francisco, Calif.

2. Century Electric Co., St. Louis, Mo.; electric motor model #CSX-68-
FKK3-Fa, 3/4 hp, 1750 rpm.

3. Winsmith, Division of UMC Industries Inc., Springville, Erie Co.,
N. Y., N. Y.: speed reducer model #3SF, ratio 18:1.

4. Dotco, Inc., P.O. Box 182, Hicksville, Ohio; pneumatic motor model
#22V7340, 0.9 hp, 3,200 rpm.

5. Picker X-Ray Corp., Watte Mfg. Division, Cleveland, Ohio: standard
Fluoroscopic table.

6. Dayton Electric Mfg. Co., Chicago, Ill.: wheel blower model #2C646,
12 VDC, 1380 rpm.

7. Crawford Fitting Co., 29500 Solon Road, Solon, Ohio: Swagelok 1/8-
in. bulkhead union part #200-61-316, Swagelok 1-in. bulkhf:ad union
part #1610-61-316.

8. Deutsch, Electronics Components Division, Municipal Airport, Banning,
Calif.: electrical bulkhead union part #DM5621-7pp.

9. De-Sta-Co Division, Dover Corp., 350 Midland Ave., Detroit, Mich.:
pneumatic clamp model #CH-1012.

10. Automatic Switch Co., Florham Park, N.J.: 4-way solenoid valve cat.
4834472, 24 VDC.

11. bcovill Mfg. Co., Fluid Power Division, Wake Forest, N.C.: Schrader
speed control valve part *3250 MA.
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"12. Kepco Inc., 131-38 Sanford Ave., Flushing, N.Y.: power supply,
#PRM 24-5, 24 VDC, 5 amp.

13. Automatic Switch Co., Florham Park, N.J.: the manifold consists of
three normally open solenoid valves cat. #82 15 33, 3/4 in. pipe,
and two normally closed valves cat. #82 100 95, 3/4 in. pipe. All
are 24 VDC.

14. Wilton Mfg. Co., Schiller Park, Ill.: Powerram Jr. ball pressure joint.

15. Instrumentation Assoc., 17 West 60th St., N.Y., N.Y.: for rapid flow
rates, Fleisch pneumotachograph #7320 (#2): and for slow flow rates,
Fleisch pneumotachograph #7318 (#0).

16. Pace Engineering Co., North Hollywood, Calif.: variable reluctanceI '9 transducer model 0P71) 0.2 PSID.

17. Validyne Corp., Northridge, Calif.: carrier demodulator transducer in-
* dicator model #CD 12.

18. Validyne Corp., Northridge, Calif.: differential pressure gage, model
#DP 45, 1" H20.

19. Worthington Controls Co., Division Worthington Corp., Norwood,
Mass.: Masoneilan Transducer Model 8006-3-15-PS, Relay #60942-
4-999.

20. Nupro Company, 15635 Sarnac Road, Cleveland, Ohio 44110: Inline
Filter catalog #4F. 7 micron Element I Swagelok.

21. Burr Brown, International Airport Industrial Park, Tucson, Ariz.:
Active Filter, #5706-LP7B-9R50.

22. Small Parts Inc., 6901 N.E. Third Ave., Miami, Fie.: special acknowl-
edgement to Edward Favre for the design and man,,acture of both the
large and small piston pumps.

23. Harvard Apparatus Co., Dover, Mass.: syringe pump and speed con-
trol model *607.

24. Gast Mfg. Corp., Benton Harbor, Mich.; combination vacuum-pres-
sure pump model *0440-P107A.

25. Dwrer Instruments Inc., Michigan City, Ind.: photohelic switch cat.
2050C.
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26. Electronics for Medicine, White Plains, N.Y.; oscillographic re-
corder model #DR 12 and compatible Universal Matching Amplifier.

27. N.V. Philips, Gloeilampenfabrieken, Endhoven: seven-channel analog
tape recorder model #EL 1020/02/04/07.

28. Digital Equipment Co., Maynard, Mass.: LINC 8 computer.

29. Electronics for Medicine, White Plains, N.Y.: oscillographic recorder
model #IR 4 and compatible Universal Matching Amplifier.

30. Southern Bell Telephone and Telegraph Co., 330 Biscayne Blvd.,
Miami, Fla.: hands free conference phone audio communication system.
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Figure 5. The augmenting differentiator. (Schematic diagram)
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Figure 6: View Air and N20 runs using the differentiating network for
measurement of pulmonary Qc. [tSee facing page for View B.)
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Figure 6 ((ont'd.): View B. Air and N20 runs using the dif- fferentlating network for measurement of pulmonary .OKey (inserted upper right) shows computer display
of final processed data:

MR = heart rate
SV - stroke volume

CO = cardiac output
PO = Peak output.See facing Page for View A.3
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10 K

Figure 7. The differentiating circuit. (Schematic diagram)
(The operational amplifier is a Philbrick-Nexus

P85 AU. All capacitors are in microfarads.)
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PART 2: TECHNIQUES OF PULMONARY CAPILLARY BLOOD FLOW

(,) DETERMINATIONS

ABSTRACT

Instantaneous pulmonary capillary blood flow (Qc) can be measured
by: a plethysmographic method in conscious humans; a pneumotachographic
method in anesthetized humans; and a plethysmographic or pneumotacho-
graphic method in anesthetized dogs. We have written a program for a
small digital computer which permits on- or off-line processing of these
data. The values of puimonary (c plus right-to-left intapulmonary shunt
flow in dogs compare favorably to simultaneously determined values of
cardiac output by dye diltion; but variations among three consecutive es-
timations of capillary blood flow in dogs are significantly greater than by
dye dilution. Nevertheless, over a 25-ri.n period the repeatability of the
plhthysmographic method in seated or supine conscious humans is excellent,
p ,sibly becase the method is more precise at higher cardiac outputs.
The noninvas.ve nature of the plethysmographic method, together with
rapid data processing by the computer, appears to offer a practical approach
to serial measurements of cardiac output and pulmonary hemodynamics in
man.

METHODS

Theory

During breathholding or slow expiration, oscillations of flow in the
body plethysmograph and at the mouth occur as a result of the heartbeat.
These mechanical oscillations during breathholding with air are also pres-
ent during breathholding with nitrous oxide, and therefore must be sub-
tracted from the oscillatory signal after irspiration of nitrous oxide to
derive the in. "antaneous uptake of this gas by the pulmonary capillaries.
Each N 2 0 pulse is synchronous with the heartbeat; but, since the heart
rate is not usually exactly regular, air pulses must be subtracted from
N20 pulses on a beat-by-beat basis. It is assumed that the onset of
these pulses bears a constant time relationship to the QRS complex of the
electrocardiogram (EKG). Therefore, the subtraction process is begun
from the R wave of the EKG and terminated with the R wave accompanying
the next N2 0 pulse. If the air pulse has a longer time interval than the
N20 pulse, the subtraction terminates at the end of the 1;20 pulse, and
the remaining data of the air pulse are discarded. If the air pulse is
shorter than the N2 0 pulse, an average level from the end of the air pulse
is subtracted from the N20 pulse. Consequently, there is some uncertainty
for -the flowi at the end of the R-R interval which is a function of the
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disparity in time between the air and N20 pulses. Under usual circum-
stances, the result is less than a 4% error in total pulmonary Qc because
the flow at the end of the R-R interval is falling toward a minimum. After
the investigator selects the pulses of interest, the program averages the
N2 0 and the air pulses, and subtracts the latter from the former. The com-
puter displays the pulmonary Qc pulse (Fig. 1) by dividing the uptake of
N20 by the product of the alveolar fraction of N20 by the alveolar fraction
of N2 0 and its solubility coefficient (3).

Data Processing

The program for processing pulmonary 4Qc pulses is written in machine
language for a small digital computer with 4K of core: the LINC 8 (Digital
Computer Equipment Co., Maynard, Mass.), and also will run (with
modifications) an updated version of this computer: the PDP 12. The
system is designed to accept analog signals from the several devices
which have been used to measure pulmonary 4c (Fig. 2). Its operation
is fully described in the supplementary informatio-n for this report section.
A program to process dye dilution curves is also described.

Plethysmographic Techniques In Humans

Measurements of pulmonary Q were made in horizontal and vertical
plethysmographs by electrically differentiating the plethysmographic pres-

sure signal. Changes in chamber preý7sure occurred with time, owing to
an increase in temperature and humidity from the breathing subject, and
with transfer of heat between the chamber and room air. Consequently,

the chamber had to be vented to the room before estimating changes in
* plethysmographic pressure during breathholding on air or N2 0, Upon

closing the vent, however• there were often unpredictable baseline drifts

of chamber pressure due to room air of a different temperature and humidity
from that in the chamber entering thc plethysmograph. We used an electro-

* pneumatic servo device txe maintain the chamber at atmospheric pressure

during tidal breathing as well as during inspiration of air or N 20 (4, 6).
Immediately before slow expiration or breathholding, the servo system was

; ~inactivated; and changes in chamber pressure were detect.ed by a sensitive

Svariable reluc'ance differential transducer (DP 45 + I in water, Validyne
Corp., Northridge, Calif.), and were then electrically differentiated.
Before the signal was output to the recorder, it was conditioned by a low-
pass filter with a cutoff frequency of 9.5 Hz to eliminate high-frequency
artifacts. The servo system ensured that -each run started from the same
absolute pressure level.
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Calibration of the derivative of box pressure was carried out by with-
drawing a constant amount of air from the chamber through a calibrated
rotameter. The volume of the chamber was first reduced by adding Plexi-
glas cylinders, calibrated in liters to a volume equivalent to the value of
body weight in kilograms. A breathing manifold of 24-vdc solenoid valves
within the chamber permitted the outside operator to control the selection
of inspired gases (4). A small Fleisch pneumotachograph on an expiratory
line sensed flow, and the output from the amplifier for this device was fed
into a center reading dc microampere meter with a variable 100-ohm shunt.
The , eter was placed at eye level so that the subject could monitor his
expikwtory flow rate. A penetration at the mouthpiece of the manifold
carried a sampling line to an infrared N2 0 gas analyzer, aad its return
was delivered back to the plethysmograph.

The subject expired to residual volume, inspired air from the chamber
to just below total lung capacity (TLC), rapidly expired 1 - 2 liters of air,
and then expired at a constant rate of 2 - 3 liters/min for 15 sec while
the differentiated signal of plethysmographic pressure and the EKG were
recorded. He repeated this maneuver within 15 - 30 sec with an 80% N2 0,
20% 02 mixture, while a continuous record of expired alveolar N 20 con-
centration was recorded at the mouth. After correcting for delay in the
gas aralyzer, the concentration of N2 0 was calculated from the mean of
the sum of the values of each pulse during the run. Paired runs of breath-
holding on air and N2 0 could be repeated approximately every 3 min, at
which time alveolar N 20 concentrations had fallen to less than 1%.

Serial measurements of pulmonary Qc in 6 male volunteers, ages 23 -
40 yr, were made every 5 min up to a 35-min period. Fourier analysis of
the pulmonary Qc pulses was performed on these data as well as on those
obtained in the supine and tilted position and during exercise in other
studies in our laboratory.

Plethysmographic and Pneumotachographic Techniques In
Anesthetizmd Dogs

The plethysmographic and pne.umotachographic methods used hn this
study in dogs and humans are modifications of those techniques previously
reported (5). In one series of experiments, the animals (anesthetized by
pentobarbital sodium, 25 mg/kg body weight) were mechanically ventilated.
In a second series, ventilation was assisted by transvenous PNS (10), and
the animals were hyperventilated on an arterial PCO of 25 - 30 mm Hg so

that apmm for 15 sec would occur after cessation o f PNS. For the experi-
ments involving those dogs supported by mechanical vetiatUon: two
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breaths of 500 - 600 ml air were given in rapid succession from the res-
pirator, and the animal's lungs were allowed to deflate passively. Simul-
taneous records of flow at the airway through a #00 Fleisch Pneumotacho-
graph together with electrically differentiated plethysmographic pressure
were obtained over a I5-sec period. Mechanical ventilation was resumed
for about 5 breaths, and then 2 breaths of 500 - 600 ml of an 80% N20,
20% 02 mixture were administered. The animal's lungs were allowed to
deflate passively and the initial alveolar N20 concentration was measured
with a rapid responding N20 infrared analyzer. Pneumotachographic flow
and electrically differentiated plethysmographic pressure were recorded
for 15 sec, and then a chest plate was depressed by a remote switch out-
side the plethysmograph (1) so that a final alveolar N20 concentration
could be obtained. Initial and final alveolar N20 concentrations were
plotted on semilogarithmic paper, and the mean concentration was esti-
mated, after correcting for the time delay between the sampling site and
the infrared analyzer. In those dogs ventilated by means of transvenous
PNS, the procedure was similar except that air and the N2 0 mixture were
delivered by adjusting the phrenic nerve stimulator to produce large tidal
volumes.

Eighteen mongrel dogs, each weighing 13.5 - 29.5 kg, were anesthe-
tized by administration of pentobarbital sodium 25 mgAg body weight.
They were intubated with a cuffed endotracheal tube, and catheters were
placed within the pulmonary and carotid arteries and a peripheral vein.
The dog was placed within the body plethysmograph, and systemic hepa-
rinization was carried out with administration of 50 mg heparin. Blood
from the carotid artery was drawn through a penetration in the door of the
plethysmograph to a densitometer (GLIford Instrument Labs., Oberlin,
Ohio) and returned by means of a recirculating pump (Holter Co., Mt.
Laurel Tnp., N.J.) to a peripheral vein. This system prevented a change
in plethysmographic pressure due to withdrawal of blood for analysis by
the densitometer. The pulmonary artery catheter was led to the outside
of the chamber to serve as an injection site of Cardlogreen for estimation I
of cardiac output by dye dilution. During breathholding with N2 0, simul-
taneous measurement of cardiac output was made by the dye-dilutlon
technique. Three estimations of pulmonary Qc and dye-dilution cardiac
outputs were done, and then Lntrapulmonary right-to-left shunt determined..
The shunt was estimated, using the standard shunt equation (3), after
15 min of 100% oxygen breathing..

Over a 2- to 3-hr period, 3 sets of 3 runs of capillary blood flow
measurements were performed in each of 18 dogs--except for 2 dogs in
whom only 2 sets were obtained. In 5 dogs whose respirations were
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supported by mechanical ventilation, pulmonary Qc was estimated by the
plethysmographic method, with the airway occluded by a valve and with
the airway patent; these conditions were alternated for a total of 6 runs.

Differences among the various techniques for measuring cardiac out-
put were assessed by means of a Student's t-test. The three runs of
cardiac output measured by the dye dilution, N2 0 plethysmographic, and
N2 0 pneumotachographic methods (animal studies) were compared by an
analysis of co-variance.

RESULTS

Computer Proces sing

mit exact comparison between computer analysis and hand calculation.

These forms included sine, square, and ramp functions. Complex sine
waves were obtained by mixing sine waves from two signal generators.
In all cases, good agreement was obtained between the computer and the
hand-calculated results.

Human Studies

Reproducibility of nitrous oxide plethysmographic pulmonary (c
studies, in 4 normal supine subjects and in 6 normal seated subjects, is
depicted in Figure 3. There were no systematic differences in heart rate,
cardiac index (pulmonary Qc index), stroke volume index, and peak pul-
monary Oc during the 25- to 35-min period in which these parameters were

measured. Sequential paired measurements of individual subjects were
analyzed for average deviation from the mean. For the supine position,

the average of these deviations from the mean of two determinations of
pulmonary Qc was 3%; for the seated position, 9%. There were no sig-
nificant differences in harmonic content of the pulmonary 6c pulse among
the various body positions at rest and during exercise (Table 1). Beyond
the sixth harmonic, the Fourier analysis was not too accurate because of
the high ncise-to-signal ratios in this range. Thus, harmonic content was
found at frequencies much higher than the cutoff frequency of the 9.5 Hz
low-pass filter, and therefore represented noise. Between 85% and 90%
of the harmonic content of the pulse wave could be represented by the
first five harmonics.
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Animal Studies

Because no significant diffcrence existed among the methods for es-
timation of cardiac output for the 14 anesthetized dogs ventilated by PPB
and the 6 supported by transvenous PNS, the data were lumped together.
The mean pulmonary 1c by the plethysmographic derivative method was
1.64 L/min, SD 0.71; and •c by the pneumotachographic method, 1.76
L/min, SD 0.70 (P = NS). However, the mean right-to-left shunt blood
flow ((%) during oxygen breathing was 0.31 L/min. SD 0.22--which was
added.to ýc in order to provide a comparison with the pylmonary blood
flow (Qp) measured by the dye-dilution method. Mean Qp was. 1.97 L/min,
SD 0.6S; Qs + Qc derivative, 1.96 L/min, SD 0.84; and Qk + Qc pneumo-
tachograph, 2.09 L/min, SD 0.84 (P -NS). Although the means of the
three methods were similar, there was considerably more scatter of Qs +
pneumotachograph compared to 1p than Qs + Qc derivative (Fig. 4). In
the 20 dogs, Qs + Qc derivative in 4 animals differed by more than 20%
from Q*--but.. in 3 of these animals, cardiac output was at a low level;
for the Qs + Qc pneumotachograph methods, I I of the 20 values differed
by more than 20% from Qp.

The capillary blood flow pulse, although pulsatile by pneumotacho-
graph method, was distorted when compared to the pulse obtained by the
"derivative method. In a comparison of peak flows between the two N2 0
methods, the data points did not fall on a line of identity. Even though
mean values for Qs + Qc derivative compared well to dye-dilution esti-
mates of Q 0 variance among the 3 runs making up a set was 4 times
greater in the derivative method (P < .001). The standard deviation within
a set for the derivative method was 0.54 L/min; and, for the dye-dilution
method, 0.27 L/min.

No significant difference was found in estimation of Qc derivative be-
tween measurements made when the air control and N2 0 test runs were both
done with the airway patent or with the airway occluded.

Peak pulmonay (ýc showed a high degree of correlation to stroke
volume (r - 0.95) (Fig. 5). Peak flow - 0.03 + 0.26 stroke volume, SD0.40. Peak flow also showed a high degree of correlation to Qc (r - 0.97),
peak flow - 0.22 + 1.58 Qc, SD - 0.36.

DISCUSSION

Human Studies

Pulmonary Oc determinations in normal subjects were quite reproduc-
ible over a j-htr period. The good agreement between this method and the
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Fick determination of cardiac output has been reported by others (2). In
our laboratory, comparative measurements of cardiac output in three sub-
Jects by the N2 0 plethysmographic method and dye dilution revealed agree-
ment within 10% of the mean of the two methods. Fourier analysis of the
pulmonary Qc pulse showed marked similarity of the harmonic content,
despite large differences in mean pulmonary 4c among different body po-
sitions during resting and exercising states. Further, it was found be-
tween 85% and 90% of the harmonic content could be represented by the
first five harmonics--which meant that, during moderate exercise with heart
rate of 120, the differentiated pressure should have a flat frequency re-
sponse to 10 Hz in order accurately to display the, waveform. Our device
was flat to 9.5 Hz, and thereafter rolled off at 42 dB/octave, thus satis-
fying this requirement.

Animal Studies

The present investigation confirms the results of Cheney et al. (3).
These authors have compared the plethysmographic and pneumotachographic
methods for pulmonary •c to dye-dilution estimations of cardiac output;
and they find good agreement, provided that the intrapulmonary right-to-left
shunt has been added to the pulmonary cýc. If the shunt flow is not added,
the pulmonary Qc tends to underestimate the cardiac output, although most
values fall within 20% of a line of identity unless the shunt flow is patho-
logically increased. The close agreement between the N2 0 method and dye-
dilution or Fick estimates of cardiac output, in anesthetized dogs, has been
observed by other authors (2, 8).

The pneumotachographic method in dogs gave much more scatter of
values for mean pulmonary •c than the plethysmographic methods. This
result is most likely due to the inherent inaccuracies in subtracting the
large pulsations on the air-flow curve from the large pulsations present
during N2 0 breathholding to yield a relatively small signal of N 2 0 uptake.
The values for cardiac output in our study were not as close in agreement
to dye-dilution estimates as those of Cheney et al. (3); but these authors
measured dogs who might have been healthier and had much higher cardiac
outputs than our animals. Many of the mongrel dogs we used had dog
heartworms, and large right-to-left shunts. Further, although this method
revealed pulsatility of pulmonary ýc, distortion of the pulse waveform was
considerable as revealed by marked deviatior - the peak flow values of
the pneumotachographic and plethysmographic methods from the line of
identity. In contrast to our animal studie- comparisons (in a previous
study) of the pneumotachographic method & ,e dilution in anesthetized
humans (5) gave much less scatter--possibly because the values for
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cardiac output, and hence N2 0 uptake, were greater and could be esti-
mated with more accuracy.

Wasserman and Naimark (11) reported alterations in plethysmographic
pressure during glottal closure, and suggested that N 20 capillary blood
flow could best be determined with the glottis opened. They did not moni-
tor intratracheal pressure, however, and the effects they observed might
have been due to straining. We found that pulmonary •c in apneic dogs
was the same whether the glottis was opened or closed, provided that both
the air and N 2 0 runs were carried out with the same maneuver.

The computer program allowed us to analyze the average pulmonary
Qc in dogs. Peak flow vs. stroke volume estimations in dogs were highly

J correlated, an empirical relationship previously documented by Segel and
McIlroy (9) in humans. The regression equation for the animal data inter-
cepted the origin and fell within 1 SD of the extrapolation of the regres-
sion equation obtained in humans studied in our laboratory. A similar
relationship was obtained for peak flow vs. pulmonary blood flow.
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Figure 1. Computer display of the averao e pulmonary 4c

pulse from 6 supine normal subjects--together
with the Fourier analysis. (The two vertical
bars denote the R-R interval; the Y axis, the
blood flow in liters per minute; and the X axis,
the time In seconds. HR Is the heart rate; SV,

stroke volume; CO, mean cardiac output (mean

pulmonary 4c); and PO, peak output. The bar
graph adjacent to the display depicts the Fourier

analysis; the Y axWs, the percent of total har-
monic content; and the X axis, the harmonics
from 1 to 30.)
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RE: SAM-TR-75-25
Section III (Part 3)

SUPPLEMENTARY INFORMATION ON: Laugh and Laughn User's Manual
(including computer flow charts) concerning an inhouse computer pro-
gram developed by Mt. Sinai Hospital.

In order for comprehensive information on this research to be
readily accessible, microfiche have been made of the above-
mentioned material. The microfiche are available through:

The Aeromedical Library
Documentation Section
Brooks AFB, Texas 78235
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IV (Parts I and 2). EFFECTS OF TILTING AND USAF ANTI-G
SUIT INFLATION ON PULMONARY CAPILLARY BLOOD FLOW (),)

PART 1: EFFECTS OF TILTING ON PULMONARY •

ABSTRACT

Graded tilting oi 4 subjects in a body plethysmograph from 00 to 900
head-up tilt position caused a progressive fall in pulmonary Qc, stroke
volume, and capillary pulse amplitude (CPA), and a rise in heart rate at
each angle of tilt. Chanqes were slight at 300 and most pronounced in
the 900 head-up posture. When the subjects were tilted back from 900

through 300 to supine position, the pattern of circulatory changes was
similar at each angle of tilt. The Qc, peak systolic (PSF) and end-
diastolic flows (EDF), and CPA were measured in 10 resting subjects in
the supine and 900 vertical positions before, during, am. after anti-G
suit inflation, and immediately after isometric exercise. Passive tilting
from the supine to 900 position caused a Atriking fall in (ýC, stroke volume,
PSF, and CPA in every subject, and norn pulsatility was no longer
evident; neither fainting nor bradycardia occurred. These changes were
greatly diminished by either inflation of the anti-G suit or isometric
exercise. From all our data, a highly significant positive correlation
between PSF and stroke volume was found both at rest and after exercise.
Although the slope was similar, the regression equation for the exercise
values lay above and to the left of the resting line. At rest, the changes

were largely determined by the stroke volume which appears to be the
major determinant of pulmonary capillary pulsatility under these conditions.
During exercise, additional factors--such as a high peak inflow velocity
into the pulmonary artery and/or a decrease in pulmonary arterial vasomotor
tone--probably played a dominant role.

INTRO DUC TIC N

With the advent of space flight, interest has been renewed in: the
physiologic mechanisms involved in orthostatic tolerance to and following
weightlessness; and a heightened need to develop practical and effective
noninvasive methods for monitoring rapid circulatory changes in man.
Traditionally, gravitational circulatory stress in man has been studied on

the tilt table, since the upright tilt rapidly imposes a predictable set of
circulatory changes (9, 17, 19, 21, 23, 24). It has been well established
that the immediate cardiovascular responses to passive head-up tilting In
normal subjects include an increased heart rate and diastolic arterial
pressure, and a diminished stroke volume. Heart rate does not increase
in proportion to the drop in stroke volume, and consequently the cardiac
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output falls. At the same time, systolic pressure changes little, mean
arterial pressure rises, and pulse pressure narrows. The physiologic
events underlying these changes are complex and depend on many vari-
ables, such as the angle of the tilt, the length of time the subject re-
mains at a given angle, and the use of invasive techniques which may
evoke considerable psychic and physical stimulation leading to vaso-
depressor syncope. The orthostatic tolerance of tilted normal subjects is
markedly diminished by the use of intravascular instrumentation, and also
by psychic stimulation due to discomfort, fear, and anxiety associated
with cardiac catheters and intra-arterial needles. In a large group of
normal pilots under study, syncopal reactions to passive tilting were five
times as frequent with invasive techniques as without them (21).

Although the qualitative response of the cardiac output to passive
head-up tilting is indisputable, the magnitude of the fall has varied widely
in different studies, ranging anywhere between 15% and 39% of control
pretilt supine values (2, 11, 12, 20, 21, 23, 25). The reason for this
wide scatter lies, in part, with the different techniques for measuring
cardiac output and the different degrees of head-up tilt (ranging between
100 and 700). Invasive measurements have not been previously reported
beyond the 700 head-up tilt position, perhaps because of the fear that
greater upright tilts might induce syncope. The invasive techniques for
estimation of cardiac output are clearly undesirable, because indwelling
catheters or needles may profoundly affect the hemodynamic status during
orthostasis (21).

In the present investigation, we have used a tilt-table body plethysmo-
graph (7) t. ,Wudy the effects of gravity on cardiac output and its related
measurement., in man. The technique is simple, accurate, noninvasive,
atraumatic, and ideally suited to such experiments. Ovr purpose in this
study was twofold: first, to determine the effects of 900 head-up tilt on
cardiac output and stroke volume, and the change in these two parameters
that results from inflation of an anti-G suit and mild exercise; and second,
to establish the influence of gravitational stresses on pulmonary Qc and
its pulsatility. As Segal and Mcllroy (16) previously reported, a change
from the supine to the upright posture caused e reduction in the capillary
flow pulse amplitude, which was attributed to a passive effect consequent
upon the fall in stroke volume. It was of particular interest to extend
these observations to the fully erect posture.

SUBJECTS AND METHODS

Fourteen healthy resting men, ages 22 - 39 yr (mean: 26 yr), were
studied between 1 and 2 hr after a light lunch. Measurements were made
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in a tilt-table body plethysmograph, the design and operation of which
have been previously reported from our laboratory (7). Briefly, the pres-
sure in the plethysmograph was regulated by a closed-loop electro-
pneumatic servo system, so that the baseline pressure was always
accurately reproducible immediately preceding each run when the servo
was switched off. The chamber pressure was sensed by a differential
pressure gage (Pace P90D + 0.03 PSID) and electronically differentiated
so that it could be calibrated as a flow. The diff3rentiated pressure was
then passed through a low-pass filter with a cutoff frequency of 9.5 Hz,
and recorded on analog magnetic tape along with the electrocardiogram
and alveolar N 20 concentration.

The subject first expired to residual volume, inspired rapidly to TLC
with air, expired about 1 to 2 liters to clear the dedd space, then slowly
expired at a rate of 2 to 4 liters/min for 12 to 15 sec which he monitored
by watching a damped microammeter connected to the output of an ampli-
fier for the pneumotachograph signal. He then repeated this maneuver
with Inspiration of an 80% N 20 and 20% 02 mixture. A continuous record-
ing of alveolar N20 concentration was made by sampling the gas concentra-
tion at the mouthpiece with an infrared analyzer (Godart, Instrumentation
Associates, New York, N.Y.). These data were then processed by a UNC
8 digital computer (Digital Equipment Co., Maynard, Mass.).

Technical Procedures (In Part 1)

* The purpose of the first part of the study was to determine the re-
lation of the angle of tilting to the changes in cardiac output and heart
rite, whether the length of time the subject remained at the given angle
and the sequence of postural change (i.e., from recumbency to an up-

right position or vice versa) had any influence upon the tilt response.
Measurements of pulmonary Oc, heart rate, stroke volume, peak systolic
flow (PSF), and capillary pulse amplitude (CPA) derived from subtracting
end-diastolic flow (EDF) from PSF were made in 4 subjects lyng: first,
in the supine; and then sequentially in the 300, 600, and 90 head-up tilt
positions; and again after being returned to full recumbency (Fig. 1).
After a 20-min rest period they were tilted straight up to the erect posture
and similar measurements were repeated sequentially in the 900, 600, 300.
and supine positions. The time taken for the body plethysmograph to be
tilted for 00 to 900 upright position was 40 sec. In each position measure-
ments were made in duplicate, so that a total of 18 Oc measurements were
made in each subject. The time interval between each cardiac output
measurement was 2.5 min; and the duration of the entire study was 90 min.

* .---.---- --. ~ --
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"The concentration of N 0 in the exhaled breath was recorded immedia-
tely before each Q estimation and was always less than 1%.

Technical Procedures (In Part 2)

Part 2 of the study (the design of which will be evident from Fig. 2)
was concerned with the physiologic effects of countermeasures upon the
pronounced hemodynamic changes induced during a 900 head-up tilt from

the supine position. Measurements of 1c heart rate, stroke volum ý, and
CPA were made in 10 subjects in the supine and 900 vertical head-up tilt
positions, before, during, and after inflation of a standard USAF anti-G
suit (inflation pressure was 100 mm Hg, achieved within 20 sec) and

immediately after mild exercise performed in the upright and supine
positions. The anti-G suit was inflated immediately before tilting to the
900 erect posture. Measurements were then made, in the upright posi-
tion with the anti-G suit inflated, approximately 4 mrin after tilting--and
5 min after deflation. The anti-G suit was then reinflated while the sub-
jects were upright, measurements being made after this maneuver and
again when the anti-G suit was deflated. At the end of these procedures

the subjects were returned to recumbency for a final set of measurements.
Exercise consisted of repetitive flexion of the forearms against a variable
resistance (attached to the footboard), while simultaneously stepping up-
wards and downwards on the toes for 30 sec, whereupon the air or control
run was performed. The subject then repeated this exercise for a further
30 sec, and the nitrous oxide run was then recorded. No provision was
made for estimating the load of work. All measurements at rest were made
in triplicate and measurements immediately after exercise in duplicate, so

that a total of 24 Qc estimations were made in each of the 10 subjects.
The interval between each cardiac measurement at rest was 5 min.

In 2 subjects, measurements of pulmonary Qc were made after tilt to
the 900 head-up position, and at 4-min intervals for another 20 min. After
a further 20-min rest period for the subjects in the supine position, the
anti-G suit was inflated in recumbency. In 3 other subjects, we tested
the influence of the duration of inflation of the anti-G suit on cardiac out-
put in the fully erect posture. Measurements of týc were made after each
subject was tilted to the 900 position. The anti-G suit was then inflated
(with the subject in this posture), and 1c was measured at 4-min intervals

for 20 min.
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RESULTS

Effects of Angle of Tilt On Qc

The mean values of the 4 subjects undergoing graded tilting have been
depicted in Figure 1 . The cardiac output fell at all positions of head-up
tilt. As the subjects were tilted from the supine posture through the 300,

060 , and 900 head-up tilt positions, there was a progressive fall in ýc,
stroke volume, PSF, and CPA, and a rise in heart rate during each angle
of tilt. These changes were moderate between the supine and 300 tilt
level, less marked between 300 and 600 positions, and most marked be-
tween 600 and 900 head-up posture. In this position the values for ýc,
stroke volume, PSF, EDF, and CPA were virtually half the values observed

in the supine position. On the average, the supine Qc fell by: 19% be-
tween 00 and 300, 24% between 00 and 600, and 64% between 00 and 900
head-up tilt positions. All these changes were significant, being P -e .02
between 00 and 300; P •- .001 for the remainder.

When the subjects were tilted back from 900 through 600 and 300 to
the recumbent posture, the pattern of circulatory changes was similar at
each angle of tilt. There was a progressive increase in (C, stroke volume,
PSF, EDF, and CPA, and a decrease in the heart rate; and when the sub-
jects reached recumbency, the values were similar to those observed
initially in the pre-tilt supine posture. The changes were most marked be-
tween 00 and 900 tilt; but at each angle of tilt there was a definite measur-
able change, and in each subject the pattern of alteration during tilting
was highly consistent. As in head-up tilting, we observed similar per-
centage changes and statistical significances in (c when the subjects
were tilted back from 900 to recumbency. A significant positive correla-
tion was found between stroke volume and PSF during these maneuvers.

Effects of Anti-G Suit Inflation On Upright Tilt

The mean values for 10 subjects before, during, and after anti-G suit
inflation in the supine and 900 head-up tilt are shown in Figure 2, and
some of the individual results are depicted in Figure 3. Inflation of the
anti-G suit in the supine posture had no significant effect upon Qc, heart
rate, stroke volume, PSF, and CPA. Passive tilting from the supine to the
900 head-up posture caused a striking fall in 'c in every subject, the
mean decreasing from 6.7 to 2.7 L/min. This difference was highly sig-
nificant (P < .001), representing a reduction of 61% of the supine value
for ec (Fig. 3). At the same time, there was a mean rise in heart rate of
24 beats/min (+ 43% of the supine value, P <- .001), and a fall in stroke
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volume in every subject. Stroke volume decreased from 103 to 31 ml, p
which was 71% less than the value in the supine posture (P < .001); PSF
and CPA both fell on average by 62% of their supine values (P < .001);
and pulmonary Qc pulsatility was hardly recognizable. This response was
measured twice and was highly reproducible (Fig. 2). Despite this marked
fall in Qc, none of the subjects fainted or even developed presyncopal
signs. All these changes were greatly reduced when the anti-G suit was
inflated before passive tilting to the 900 posture. In the latter position,
the fall in Qc, stroke volume, PSF, and CPA was considerably less, each
representing approximately 30% of their supine values. In comparison,
the same tilt without anti-G suit protection induced a fall in these variables
which was twice as great as with the anti-G suit inflated. Nonetheless,
even though the decreases in •c, stroke volume, PSF, and CPA were
greatly diminished by inflation of the anti-G suit, they were still all sig-
nificantly different (P < .01) from their respective levels in the supine
posture. In the 900 head-up tilt, in the face of a very low cardiac output
and stroke volume, reinflation of the anti-G suit still caused a partial
restoration of O and its related measurements toward levels recorded in
the supine posture. The values measured during both anti-G suit inflation
periods were closely similar to each other.

The duration of the 900 head-up tilt through 20 min had no consistent
effect upon ýc and its related measurements. On the average, cýc fell
maximally almost immediately after assuming the 900 head-up tilt and re-
mained depressed at a similar low level over the next 20 min. Similarly,
after anti-G suit inflation in the upright posture, the cardiac output in
general increased well above the preinflation level and did not alter
materially over the 20-min period.

Effects of Exercise On the Tilt Response

The individual results of exercise performed in the upright and supine
positions are illustrated in Figure 4. Mild exercise, p(rformed for 1 min
in the erect position, produced a greater reversal of the tilt response than
did the inflated anti-G suit. Immediately after exercise in the 900 posture,
the heart rate rose an average from 94 to 124 beats/min. There was a
concomitant rise in •c from 2.9 to 6.9 L/min. Stroke volume increased
from 32 to 57 ml, all these differences being highly significant (P < .001).
At the same time there was marked increase in PSF and CPA. E• ¶rcise
performed in the same manner in the supine position also caused large
increases in Qc, PSF, and CPA; but, in contrast to exercise done in the
upright position, stroke volume remained essentially unchanged in most
of the subjects.
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Relationships Between Stroke Volume (SV) and PSF

Taking all the data from the subjects at rest, with and without the
inflated anti-C suit, revealed a highly significant correlation betvween SV
and PSF (r = 0.919, P < .001). The regression equation for these data
(Fig. S) was:

PSF L/min =3.3 + 0.094 SV ml.

The relations between SV and PSF during exercise were also Investigat-
ed (Fig. 5). We found that, as at rest, a significant positive relationship
also existed between these variables both in the supine and upright pos-

S- ture, the supine values forming the lowest part of the curve and the up-
right values constituting the remainder (r - 0.697, P < .01). The regres-
sion equation (PSF L/min - 6.6 + 0.17 SV ml) lay well above and slightly
to the left of the resting line. Thus, for any given value of SV, the PSF
during exercise was substantially greater than at rest. I

DISCUSSION

Unlike the results of Tuckman and Shillingford (23), those in the
present investigation have demonstrated that the level of cardiac output
in normal man is strongly influenced by the angle of passive tilting. We
have shown that cardiac output and stroke volume fall significantly and
progressively at each position of tilt between 00 and 900 in the head-up,
and vice versa in the head-down positions. In contrast to these findings,
these authors (using Coomassie Blue dye injected into a peripheral vein
for measuring cardiac output with an ear oximeter) reported that, in normal
man, the decreasing cardiac output associated with passive tilt to the up-
right position reached its maximum at 200, with little further decrease
between 200 and 600, and with most of the decrease occurring between
100 and 200. At the same time, however, the heart rate continued to in-
crease and stroke volume decreased at all angles of tilt through 600.
Their subjects were not tilted beyond the 600 angle; and the percent
difference in cardiac output between recumbency and 600 head-up tilt was
-19%, which is similar to our findings for the same angle of tilt. Yet,
the pattern of change in cardiac output at the intermediary angles of tilt
contrasts sharply with the findings in the present study. Furthermore,
even though the hydrostatic forces and cha es in heart rate and stroke
volume continued to fall considerably on further tilting (beyond 200), it
seems surprising that the cardiac output in Tuckman and Shillingford's (23)
study should not have changed more.
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It might be argued that our measurements of pulmonary Q0 did not re-
flect true changes in cardiac output because of changes in intrapulmonary
shunt fraction or distribution of ventilation during tilting; but this is un-
likely for the following reasons: Bouhuys and van Lennep (4) showed that
distribution of ventilation, as estimated from nitrogen washout curves, is
uniform at 500 head-up tilt; and we have exctended the observations in 5
subjects to a g00 head-up tilt. Arterial oxygen tension in nonsmokers in
the erect position is not significantly different than in the supine, suggest-
Ing that a large increase in intrapulmonary shunt does not occur with pos-
tural change (22). In anesthetized dogs we have found that cardiac output,
as estimated by simultaneous dye dilution and N20 plethysmographic tech-
niques, shows a magnitude of fall similar to that observed in the present
experiments. Further, percent intrapulmonary shunt remains the same or
diminishes.* In numerous studies, cardiac output has been measured in
fully upright man, either standing quietly (3, 5, 13, 15, 23) or suspended
in a parachute harness (21); but none of these examples are comparable to
man tilted passively on a tilt-table in the 900 position. While most studies
(including the present investigation) have shown that, in the 600 or 700
head-up tilt position, cardiac output falls by 19% to 35% of the supine
value, this study is the first in which measurements of cardiac output and
pulmonary capillary pulsatility have been made in man tilted beyond the 700
upright position. In every subject a marked and consistent fall occurred
in cardiac output beyond the 700 angle of tilt, the fall changing dramati-
cally from an average of 25% (at 600 position) to 60% of the pretilt value
(in the fully erect posture). This information suggests that, between 600
and 700 angle of tilt, hemodynamic changes are critical. The change from
the supine to the upright position -is accompanied by a partial redistribu-
tion of blood volume to the dependent parts of the body. It is generally
accepted that this redistribution is the cause of the decrease of cardiac
output--being associated with a fall in atrial pressure and a lower diastolic
filling of the ventricles, and with a decrease in ventricular EDF volume,
stroke volume, and central blood volume (17, 18). The results of our
study suggest that, when normal man Is tilted passively beyond che 600
position, the hydrostatic forces responsible for the gravitational pooling
of blood become most pronounced-- thus inducing the sudden and relatively
huge fall in cardiac output.

In the 900 head-up tilt position, it is perhaps surprising that none of
our subjects either developed presyncopal signs or fainted in the body ple-
thysmograph. The reason is not known, but might lie in the fact that they
were studied in the postprandial state and did not have vascular catheters
in place (the subjects, therefore, experienced relatively little anxiety);
these conditions led to heightened baroreceptor reflex activity, producing
a marked increase in sympathetic tone which caused extensive peripheral
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vasoconstriction and increased venous tone (1). It should, however, be
stressed that the absence of fainting in this study may not reflect the fre-
quency of fainting after simulated or actual "weightlessne ,s." Further,
in those subjects in whom cardiac output has been recorded during syncope,
the magnitude of the fall in cardiac output was minimal but the systemic
blood pressure fell precipitously (26).

The present results have demonstrated that a shott duration of upright
tilt does not cause further changes in cardiac output. After the subject is
tilted to the upright position, the cardiac output falls immediately and does
not appear to decrease more, at least over the ensuing 20 min--suggesting
that the gravitational pooling and the concomitant compensatory peripheral
vascular reflexes come into play almost immediately. Similarly, our re-
sults indicate that the level of cardiac output, while significantly influenced
by inflation of the anti-G suit in the upright position, is unaffected by the
duration of inflation. We have been unable to confirm the results of Gray
et al. (8), who reported that the cardiac output rose immediately after
anti-G suit inflation but returned rapidly to pretilt values within 5 min of
inflation. Such a transient effect has never been measured in any of our
subjects. The finding by Weissler et al. (25), of a 25% increase in cairdiac
output after acute anti-G suit inflation in normal subjects in the passively
tilted 700 head-up position, compares favorably to a 31% increase in
cardiac output in the 900 erect posture in our study. It is of interest that
inflation of the anti-G suit in the Pitting position does not significantly
change cardiac output, although there is a significant small decrease in
pulse rate. This result may be related to anti-G suit design because with
the subject in the seated position there is a suggestion that the anti-G suit
inflates from above downward, whereas this sequence of inflation is not
as marked in the tilted position (14).

In all our subjects at rest, studied in supine and head-up tilt posi-
tions with and without anti-G suit inflation, a significant relationship
existed between SV and PSF. This relationship is further evidence that
the variables of posture and venous return influence pulmonary CPA in-
directly, and that stroke volume plays the principal role (16). The fact
that changes in stroke volume can explain the changes in CPA--both in
the upright position (when the regional distribution of blood flow within
the lung is uneven because of gravitational factors) and also in the supine
position (when such regional differences are minimal--suggests that gravity
per se in terms of pulmonary flow distribution has little or no effect on
pulsatility. When the postural fall in stroke volume in vertical position
is diminished by inflation of an anti-G suit, the postural change in pul-
satility is also lessened, confirming that stroke volume is the major
determinant of pulsatility under these conditions.
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The present results allow comparison of pulmonary c measurements
with those reported previously (16). The slope of the regression lines for
SV and PSF was remarkably similar in the two studies, considering that the
design and mode of operation of the two body plethysinographs were quite
different. In the present investigation, the values for SV and PSF fall even
more in the 900 vertical position and lie on the lowest portion of the pre-
viously reported regression line (16), thus strongly suggesting that the
same factors affecting CPA passively in seated man continue to operate
when he assumes the erect posture.

Stroke volume was also significantly related to PSF immediately after
exercise, performed in both supine and upright postures, and the slope of
the regression line was remarkably similar to that obtained at rest; but it
lay well above the latter when plotted on the same axes. Thus, in con-
trast to the resting relationship, the PSF was disproportionately greater
for any given stroke volume immediately after exercise than at rest, and
the CPA increased widely after exercise. This effect was due almost en-
tirely to the large increase in PSF, which occurred in the face of a rel-
atively small increase in systolic volume. The mechanism of the increase
in CPA after exercise in both postures is not certain; but it may, in part,
be due to a high peak in flow velocity of blood to the pulmonary arteries
(10) and possibly to a decrease in pulmonary arterial vasomotor tone (6).

Finally, relatively narrow variation of the response of pulmonary (ýc
to tilting procedures in normal subjects suggests that this test might be
useful in determining the functional integrity of the circulatory system in
patients with various cardiopulmonary abnormalities.
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PART 2: EFFECS OF STANDAD ANTI-G SUIT ON CARDIAC OTUT U
OF SEATD SUPTECTS

ABSTRACT

The nitrous oxide plethysmographic technique was used to assess the
effects of anti-G suit inflation on the cardiac output of seated human vol-
unteers. No change in cardiac output, even with pressures as high as 6 psi,
was induced by the inflation of the anti-G suit.

INTRODUCTION

The three reasons usually given for the increase in tolerance to accel-
eration application of anti-G suits include: rise in systemic arterial pres-
sure; Increase of venous return to the heart; and decrease in the vertical
heart-to-head distance. In seated humans under +1 Gz conditions, applica-
tion of anti-G suits over a 5- to 10-sec period produces a rise In arterial
and venous pressures accomlanied by compensatory fall in heart rate (1,
2). In anesthetized dogs, pressure changes within the pulmonary circula-
tion with inflations of an anti-G suit in the 1 - 5 psi range for 5 - 10 sec
suggest that the suit produces an increase in venous return and probably
an Increase in intrathoracic blood volume (3). If venous return is increased
by the anti-G suit, then cardiac output should increase as a function of
Starling's Law of the Heart. In order to test this hypothesis, we measured
cardiac output in seated normal volunteers under +1 Gz conditions. We
employed a modification of a bloodless nitrous oxide, body plethysmograph-
ic method which permitted us to measure cardiac output within 1 min post-
inflation of the anti-G suit and at repeated intervals (4, 5).

METHODS

In turn, 10 normal male volunteers, ages 23 - 40 yr, donnea, a standard
USAF anti-G suit. Each entered a vertical body plethysmograph, and serial
measuremerts of pulmonary Qc were made according to the following proto-
cols.

In the first series of experiments the protocol was: (a) five control
Q c pt 5-min intervals; (b) inflation of USAF anti-G suit at 2 psi followed
by Qc within 1 mtn, and 5, 15, and 20 min later; (c) deflation of anti-G
suit followed by Qc within 1 min, and 5, 15, and 20 min later; (d) subject
left plethysmograph, lay supine for 5 min on the floor and the anU--G suit
inflated at 2 psi; subject was lifted up by assistants and then walked four
steps to the plethysmograph where he seated himself; bc was measured
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within I min and *5, 10, 20, and 25 min later; and (e) deflation of anti-G
suit followed by Qc within 1 min, and 5, 10, 20, and 25 min later. In-the
second series of experiments, after the 5 control measurements, the anti-
G suit was inflated and Oc determined within 1 min, and 5, 10, 15, and
20 min later. The suit was then deflated in the sitting position and Qc
measured within 1 min, and 5, 10, and 15 min later. After the subject
left the plethysmograph and lay supine for 5 min on the ground, he was
lifted back into the plethysmograph without inflation of the anti-G suit.
Qc was measured, within I min, and 5 and 10 min later.

In the final series of experiments, the protocol for 8 subjects was:
(a) two control • at 5-min intervals; and (b) inflation of USAF anti-G suit
at 6 psl, followed by Qc within 1 min.

RESULTS

j The effects of inflation of the anti-G suit with 2 psi in normal seated
subjects are depicted in Figure 1 . Inflation of the anti-G suit produced an
average fall in heart rate of 7 beats/min (P < .05). The mean cardiac out-
put of the 5 control runs was 3.99 L/min, SD 1.40. The cardiac output,
postinflation, was: 3.55 L/min, SD 1 .09 (P = NS); while the corresponding
stroke volumes were: 57.8 ml, SD 20.4; 56.0 ml, SD 12.1, respectively
(P = NS). After 20 min of anti-G suit inflation, the stroke volume showed
a significant fall in the run immediateýy postdeflation, from 54.6 ml, SD
18.8, to 43.2 ml, SD 17.1 (P < .02). Neither heart rate nor cardiac output
changes were of statistical significance; the former rose from 66 to 73
beits/min, and the cardiac output fell from 3.49 to 3.03 L/min.

When the anti-G suit was inflated In the supine position and the sub-
ject returned to the seated position for Qc measurements, the following
were observod. As compared with the five control runs with the subject
in the seated position, heart rate slowed by 8 beats/min (P < .05), stroke
volume increased from 57.8 to 92.5 ml (P < .005), and cardiac output rose
from 3.99 to 5.79 L/min (P < .001).

The repeatability of the effects of the anri--G suit inflation can be
noted in the study of 10 subjects approximately 3 months later (Fig. 2).
As in the first series of experiments, the only significant change during
anti-G suit inflation was a slowing of heart rate by 5 bkats/min (P < .02).
There was also a 3ignificant fall in stroke volume immediately after de-
flation of the anti-G suit. Changes in the seated subject's heart rate,
stroke volume, and cardiac output--after rest in the supine position with-
out inflating the anti-C suit--were similar to those when the suit was
inflated.
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There were no significant changes in heart rate, stroke volume, and
cardiac output after immediate inflation and deflation of anti-G suit at
6 psi.

DISCUSSION

The bradycardia associated with inflation of the anti-G suit at +1 Gz
in this study has also been observed by others (2) * The bradycardia is
probably due to depressor reflexes, originating in the carotid and aortic
areas or thorax and abdomen, in response to the increase in arterial pres-
sure produced by the suit. The response is blocked by the administration
of tetraethylammonium chloride. It has been stated that the decrease in
heart rate during suit inflation at +1 Gz may correlate with the protection
offered by the suit to acceleration (2).

The fact that no significant increase occurred In stroke volume or car-
diac output after inflation ot the anti-G suit at 2 psi or 6 psi contrasts with
our previous observations that the anti-G suit significantly affected hemo-
dynamics in the passively tilted upright +1 Gz position. At a 900 tilt in
10 subjects--heart rate was 91.# SD 14.5; stroke volume index 16.0 ml/
M , SD 6.2; cardiac index 1.37 L/min/M 2, SD 0.40. After application
of the anti-G suit at 2 p%•i, heart rate fell to 70.3, SD 9.6; stroke volume
in ex rose to 32.2 ml/M4, SD 8.1; cardiac index increased to 2.23 L/min/
M ,SD 0.48 (P < .001) (6). The failure of anti-G suit inflation in the
seated position to increase the subject's cardiac output also occurred in
the supine position (Table 1).

TAB[E 1. EFFECT OF ANTI-G SUIT ON CARDIAC OUTPUT

CARDIAC INDEX (L/min/M2 )

BodY position Pressure (psi) Subjects Control Anti-G suit

sitting 2. 20 2.12 t 0.66 1.98 ± 0.70

Sittirg 6 8 1.88 ± 0.41 1.99 ± 0.68

Supine 2 10 3.44 ± 0.39 3.29 ± 0.52

Supine 3 7 3.02 ± 0.41 2.98 ± 0.28

Standing 2 10 1.37 ± 0.40 2.23 ± 0.48

Standing 3 7 1.45 + 0.27 1.76 ± 0.70
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The d), -,repancy between the seated and supine positions as compared
with the , -anding position might be related to the manner In which the
anti-G uit inflates, or upon the amount of blood trapped in the lower
half of the body at the +1 Gz positions. The standard USAF anti-G suit
has abdominal, thigh, and leg bladders. For subjects in the seated posi-
tion, it appears that the abdominal bladder might be pressurized slightly
before the leg bladders. The inlet pressure tubing is situated at the ab-
dominal bladder, and the leg bladders are inflated from tubings connected
to the abdominal bladder. These connecting tubings might be partially
crimped by the seated position and hence impede the rapid passage of air
to the leg bladders. This impediment might produce a tourniquet effect on
the lower extremities and hence cancel the increase or venous return pro-
duced by compression of the splanchnic and pelvic venous beds. We
attempted to test this hypothesis by inflating the anti-G suit with the
subject in the supine position and immediately making a measurement of
the cardiac output while sitting. Although stroke volume and cardiac out-
put showed significant increases after this maneuver, a sham experiment
without inflating the anti-G suit produced similar results. This occurred
because the subject had to take a few steps to climb back into the body
plethysmograph, and therefore the hemodynamic alterations probably were
due to exercise rather than the anti-G suit. Finally, it is possible that
venous return is increased by the anti-G suit in the seated +1 Gz posi-
tion; but, because of the curvilinearity of the Starling's Law of the Heart,
the effective rise In filling pressure of the heart either does not produce a
change which can be detected by our cardiac output method, or is masked
by pain sensations induced by the inflated anti-G suit. Since the anti-G
suit increases cardiac output in the standing position, where there is free
egress of air to all the bladders, an anti-G suit should be designed for in-
flation upward from the calf to abdominal bladders; if an increase of car-
diac output can be demonstrated in the seated position, this type of suit
might afford more acceleration tolerance.

BIBLIOGRAPHY

1. Seiker, H. 0., et al. A co-u'srative study of two experimental pneu-
- matic anti-G suits and the standard USAF G-4A antU-G uit. WADC

Technical Repiort 52-317, Wright Air Development CenLur, Wright-
Patterson AFB, Ohio, 19S3.

2. Wood, E. H., and E. H. Lambert. Some factors which influence the
protection afforded by pneumatic antl-G suits. J Aviat Mod 23:218-
228 (1952). [Now: Aviat Space Environ Med]



-IV

(Part 2)

3. Lewis D. H., and A. M. Stoll. The effects of external WressurIzation
upon the cardiovascular system In dogs. I. Physiological aspects.
NADC-MA-5709, Naval Air Development Center, Johnsville, Pa., 1957.

4. Lee, G. J. 1)e, and A. B. Dubois. Pulmnmry capillary blood flow in
man. J Clin Invest 24:1380-1390 (1955).

5. Dougherty, R. L. Body plathysmogrsph: a new body plethysmograph
for cardiopulmonary studies in man. Analyzer 3:18-27 (1972).

6. Segel, N., R. Dougherty, and M. A. Backner. Effects of tilting on
pulmonary capillary blood flow in normal humans. * Appl Physiol 35:
244-249 (1973).



- - -

-Iv-
(Part 2)

M4 1

=0

Figure A * Heart rate, stroke volume index, and cardiac in-
dex plotted as a function of time in 10 normal
subjects, pro- and postinflatlon of anti-G suit.

(Values are given for the mean and 1 SD.
Nonshaded periods represent values in the seated
position without inflation of the anti-G suit. The

shaded period to the left represents values after
anti-G suit inflation at 2 psi In the seated posi-
tion. The shaded period to the right represents
values in the seated position after anti-G suit
inflation in the supine position.)
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V. NONINVASIVE MEASUREMENTS OF PULMONARY AND SYST• .C
CIRCULATIO EFFECTS OF HYPOXT_

ABSTRACT

A noninvasive technique for calculation of mean pulmonary arterial
pressure, using analysis of the pulmonary capillary blood flow pulse in
conjunction with the phonocardiogram, was tested in 8 normal subjects
breathing an hypoxic mixture. Only 2 of the 8 subjects showed the ex-
pected pulmonary arterial pressor effect of hypoxia. The apparent lack
of sensitivity of this noninvasive technique is discussed and suggestions
are made to improve it.

INTRODUCTION

In hunians, the breathing of hypoxic mixtures is gjenerally associated
with an increase in pulmonary arterial pressure, although the response
varies from subject to subject. Thus, in normal subjects, Daoud et al.
(1) found that breathing a 10% 02 in N2 mixture caused a mean rise In
pulmonary arterial pressure of 9 mm Hg above the control supine value of
15 mm Hg. This change was associated with a 33% increase in pulmonary
arterial blood flow. Westcott et al. (2), using a 13% 02 in N2 mixture in
17 normal subjects, reported that median rise in pulmonciy arterial pressure
was 3.7 mm Hg. The extremes include one subject with. a rise of only 0.3
mm Hg, and another with art increase of 19.1 mm Hg. No significant change
occurred in pulmonary blood flow. Despite these variable responses to
hypoxia, it was felt that breathing a hypoxic mixture might test the sensi-
tivity of the method for noninvasive estimation of pulmoniary arterial pres-
sure (3, 4). This measure is determined from the analysis of the pulmonary
capillary blood flow (?c) pulse in conjunction with the phonocardiogram.
The pulmonary arterial conduction time, the interval from the th'rd component
of the first heart sound (opening of the pulmonic valve) to the foot of the
pulmonary ýc pulse, is related by a curvilinear equation to mean pulmonary
arterial pressure (4). The briefer the pulmonary arterial conduction time,
the higher the mean pulmonary arterial pressure. Also examined, in addi-
tion to analysis of pulmonary kc during hypoxia, were other noninvasive

I parameters of circulatory function, the systolic time intervals of the carotid
pulse (5), and peripheral blood flow in the arms and c'tlves (6).

METHODS

The pulmonary ?c during slow expiration was measured by the nitrous
oxide plethysmographic technique (7). Lead II of the EKG and the high-
frequency Phonocardiogram from the pulmonic area were also recorded. The
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second component of the second heart sound is known to correspond in

time with the closure of the pulmonic valve, and the third component of
the first heart sound corresponds with the opening of this valve.

From the pulmonary ýc pulse and the phc- ocardiogram, the following
variables were calculated: (a) the conduction tir.<, of the flow pulse from
the pulmonic valve to pulmonary capillaries, measured as the time inter-
val between tie third vibration of the first heart sound and the foot of the
pulmonary Qc pulse; (b) the average acceleration of blood in the capil-
laries, computed from the difference between the flow rates at the foot
and peak of the pulse divided by the time interval between these two
points; (c) the percentage of stroke volume, stored in the pulmonary arte-
rial tree during systole (systolic storage), is measured from the volume
flow between the second component of the second heart sound and the third
vibration of the first heart sound (diastolic volume), divided by the volume
flow during the wvhole cardiac cycle, and expressed as a percentage (3);
and (d) the mean pulmonary arterial pressure from an empirical equation
based upon the pulmonary arterial conduction time (4).

The systolic time intervals of left ventricular systole were measured
from simultaneous recordings of the EKG, phonocardiogram, and carotid
pulse tracing. The carotid pulse was recorded through changes in elec-
trical capacitance due to movement of an attached stretched latex dia-
phragm placed over the carotid artery. The total electromechanical systole
(QS 2 ) is measured from the onset of vent-_'.ular depolarization to the first
high-freq,,ency vibrations of the aortic component of the second heart sound.
The left ventricular ejection time (LVET) is measured from the beginning up-
stroke to the trough of the incisural notch on the carotid pulse tracing.
The preejection phase (PEP) is derived by subtracting the LVET from QS 2 .
In the range of heart rate from 50 to 110 beats/mmn, these systolic time
intervals are linearly related to heart rate aned the values must be corrected
if rate changes during a study (5). The ratio PEP:LVET appears to be in-
dependent of heart rate.

Blood flow to the forearm and calves was measured by mercury in Silas-

tic strain gages (6).

Fuibiects

Eight normal male volunteers, ages 21 - 27 yr, gave informed consent
for the study. They received financial remuneration for their participation.
All worked in the Pulmonary TLaboratory area and were familiar with tue
procedures used in the study.
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Procedure

The subject rested within a horizontal body plethymograph (8) for 20
min after the appropriate instrumentation had been applied. Control de-
terminations of the hemodynamic parameters were made, and then the sub-
ject breathed a 10% 02 in N 2 mixture through a demand valve. Measure-
ments of pulmonary ýc, using a 10% 02, 10% N2 , and 80% N20 mixture,
were inade- during the tenth and fifteenth minute after commencement of
breathing the hypoxic mixture. At these times, systolic time intervals
and peripheral blood flows were also obtained.

In 2 subjects, measurement of pulmonary Qc were obtained in duplicate
at predetermined thoracic gas volumes to permit calculation of mean pul-
monary arterial pressure as a function of lung volume.

RESULTS

Pulmonary Capillary Blood Flow

Th( only significant changes in mean values during the breathing of
the hypoxic mixture were a slight increase of heart rate and rises in car-
diac output, peak output, and average acceleration (Table 1). The latter
was measured as pulmonary •c; but, since insignificant right-to-left intra-
pulmonary shunting occurs in normal subjects, it can be taken as cardiac
output. Although conduction time shortened significantly after 15 min of
hypoxia, there was no significant rise in pulmonary arterial pressure as
calculated from the pulmonary arterial conduction time for the group as a
whole. However, two subjects, Nos. 7 and 8, showed a calculated rise of
5.5 mm Hg and 7.9 mm Hg in pulmonary arterial pressure after 15-min ex-
posure to the hypoxic mixture.

Systolic Time Intervals

Although there was a tendency toward shortening of the ratio PEP/LVET
during hypoxia, no statistically significant changes in this function and
other systolic time intervals were found (Table 2).

Peripheral Blood Flow

No significant change took place in forearm and leg blood flow during
brief exposure to hypoxia (Table 3).
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Influence of Lung Volume On
Calculated Pulmonary Arterial Pressure

There was a suggestion that calculated pulmonary arterial pressure was
slightly higher at low than high lung volumes (Table 4).

DISCUSSION

The sensitivity cf the noninvasive method for estimation of mean pul-
monary arterial pressure in the present study appears to be poor. Although
there is wide variability in the rise of directly measured pulmonary arterial
pressure during the breathing of hypoxic mixtures, normal humans generally
show a much larger increase than observed ia the present study. Only 2
of the 8 subjects had a significant fall in pulmonary arterial conduction
time with hypoxia leading to a rise in calculated pulmonary arterial pres-
sure. Many factors might have given this disappointing result. First, it
is possible that, by chance, 6 of the 8 subjects belonged to a group in
which pulmonary vasoconstriction is minimally induced by hypoxia. (For
example, Westcott et al. (2) observed that J of 17 normal subj•:,ts had
less than a 2 mm Hg rise in pulmonary arterial pressure during the breathing
of a hypoxic mixture.) Another contributing factor might have been the
respiratoi•y maneuver performed tc obtain the measurement of pulmonary ýc"
This vital capacity maneuver, which was used to inflate the lungs with
the nitrous oxide mixture, might have transiently altered pulmonary vaso-
motor time. A third factor which must be considered was the lack of
attantion to making measurements at a fixed lung volume. After the hypoxia
experiments were completed, this point was examined in 2 of the subjects,
and it appears that calculated mean pulmonary arterial pressure is greater
at higher than lower lung volumes. The calculation of mean pulmonary
arterial pressure in humans is based upon data reported by Reuben (4, 9),
who based his estimating equation on only 2 of 34 patients with mean pul-
monary arterial pressures less than 15 mm Hg. Possibly, we were using
an invalid equation over this low range of pulmonary arterial pressures.
Lending support to this theory are the observations that Reuben et al. (10)
made in anesthetized dogs. They found mean pulmonary arterial pressure
during hypoxia rose from 12.9 to 20.8 mm Hg, while pulmonary arterial
conduction time fell from 101 to 73 msec. Thus, for a rise in pulmonary
pressure of 7.9 mm Hg, pulmonary arterial conduction time fell 17%. In
the present study, after 15 min of hypoxia, pulmonary arterial conduction
time fell 13% but calculated pulmonary arterial pressure increa sed only
2.3 mm Hg.

-'C In order to validate the noninvasive estimate of pulmonary arterial
pressure by analysis of pulmonary Qc pulse, it will be necessary to avoid
a vital capacity maneuver aý d to control lung volume at which the
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measurements are made. Correlations with directly determined pulmonary
arterial pressure are needed at the lower normal values of pressure.

The lack of change in the systolic time intervals and peripheral blood
flow is not surprising in view of the paucity of central hemodynamic altera-
tions obtained during brief exposure to hypoxia.
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TABLE 2. EFFECTS OF 10% 0 IN N2 ON SYSTOLIC TIME INTERVALS
IN 8 NORMAL SUBJACTS*

Control 10 Min 15 Min
Mean SD Mean SD Mean SD

QS2+ -19 12 -23 19 -22 20

PEP+ -28 10 -20 27 -31 8

LVET+ 11 9 8 17 11 18

PEP/LVET 0.246 0.034 0.236 0.034 0.234 0.030

*Control measurement and during breathing the hypoxic

mixture for 10 and 15 min.
+Millisecond deviation from predicted values based

upon heart rate (ref. 5).
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TABLE 3. EFFECTS OF 10% 02 IN N2 BREATHINC ON PERIPHERAL BLOOD
FLOW IN NORMAL SUBJECTS

Control 10 min 15 rmin

Forearm blood flow (ml/100 ml)

No. of subjects 7 7 7

Mean 3.7 4.5 5.1

SD 1.0 2.3 2.2

p >.05 >.05

Leg blood flow (ml/100 ml)

No. of subjects 8 8 8

Mean 2.9 2.4 3.0

SD 1.6 1.1 2.0

p >.05 >.05

103

X



-V-

TABLE 4. LUNG VOLUME AND PULMONARY ARTERIAL CONDUCTION TIME

Thoracic Pulmonary ar- Calculated
gas terial con- P

volume duction time PA
(L/BTPS) (msec) (mm .qg

Subject 1

4.00 254 10.6

3.40 260 10.4

2.70 221 12.0

S_ 1Ject 2

4.00 268 10.1

3.40 264 10.2

4.40 254 10.6

2.40 251 10.7
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VI. HEMODYNAMIC EFFECTS OF EPINEPHIRINE AND TERBUTALINE IN MAN

ABSTRACT

The hemodynamic effects of subcutaneous epinephrine, 0.5 mg and
0.25 mg (9"n agent which stimulates alpha and beta adrenergic receptors),
terbutaline 0.5 mg and 0.25 mg (an agent with more selective beta 2 ac-
tivity), and normal saline in normal man were assessed by a double blind
study using a modified latin squares design. Noninvasive circulatory
techniques were employed because of the large number of measurements
and the 5-hr duration of study for each agent. Instantaneous pulmonary
capillary blood flow (Q.) by a nitrous oxide plethysmographic technique,
systolic time intervals, and calf blood flow were measured. Studies were
carried out in the supine position on alternate days in 10 normal volunteers.
After a control period of I hr, the hemodynamic effects of these agents were
studied over a 4-hr period. Epinephrine and terbutaline had qualitatively
similar actics with peak hemodynamic responses of similar magnitude in
equivalent Luses. There was an increase in cardiac output mostly re-
lated to tachycardia rather than augmentation of stroke volume, a fall in
systemic vascular resistance, an increase in calf blood flow, and no
alteration in systolic time intervals. Terbutaline appeared to stimulate
both beta-l and beta-2 adrenergic receptors initially; but most of the
effects I hr postinjection were predominantly beta-2 receptor stimulation,
as indicated by a fall in systemic vascular resistance which was accom-
panied by tachycardia, while stroke volume remained at control levels.
Evidence was also presented from analysis of the pulmonary Qc pulse that
both epinephrine and terbutaline probably produced pulmonary wvsodilata-
tion.

INTRODUCTION

Ahlquist (1) and Lands et al.(2) have distinguished three adrenergic
receptor sites, designated as: alpha, beta-i, and beta-2. Alpha activity
is marked by peripheral arterial constriction; beta-l, by positive chrono-
tropic and inotropic effects on the heart, relaxation of small intestine and
lipolysis of adipose tissue; and beta-2, by bronchodilatation, peripheral
vasodilatation, and muscle glycogenolysis. The bronchodilator action of
subcutaneous epinephrine, an agent commonly employed in status asth-
maticus, lasts 3 to 4 hours (3) but the duration of it,,; hemodynamic effects
has not been studied. Thi.; tAint displays both alpha •nd beta activity,
as demonstrated by its eects on the peripheral vascu-ature .4). Small
doses of epinephrine produce pe,.ipheral vasodilatation by beta-2 stimula-
tion; large doses cause a trýansient rise in peripheral vascular resistance
due to alpha stimulation which, with time, gives way to vasodilation as
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the longer acting beta-2 effect predominates. In an effort to avoid the side
effects of alpha and beta-i stimulation that occur with epinephrine, sever-
al new compounds--terbutaline, salbutamol and orciprenaline--have been
introduced into clinical practice as superior bronchodilator agents throuqh
more selective beta-2 receptor stimulation (5, 6). The purpose of the pres-
ent study has been to compare the hemodynamic effects of subcutaneous
epinephrine in normal man to those of one of the more selective beta-2
adrenergic stimulants, terbutaline. Since the study was designed to assess
placebo effect and dose response of these agents, it would not have been
feasible to carry out the hemodynamic evaluations by invasive techniques.
Noninvasive methods were employed to estimate the effects of saline,
epinephrine, and terbutaline on the systemic and pulmonary circulations
and the heart. The measurement of instantaneous pulmonary ýc by the
nitrous oxide plethysmographic technique (7), along with the determina-
tion of pulmonary conduction time (8, 9), was chosen to evaluate effects
of these agents on cardiac output and pulmonary vasomotor tone. Systolic
time intervals from the carotid pulse tracing (10) were employed to in-
directly assess myocardial contractility. The determination of systemic
blood pressure by the Riva-Rocci method and calf blood flow by venous
occlusion plethysmography (11) were used to investigate alternations in
peripheral vasomotor tone.

METHODS AND PROCEDURES

Instantaneous pulmonary ýc (beat-by-beat blood flow) during slow
expiration was measured by the nitrous oxide plethysmographic technique
(7). The mean capillary flow pulse was obtained by averaging all pulses
obtained over a 10 - 15 sec determination with a digital computer. Lead
II of the EKG and the high-frequency phonocardiogram from the pulmonic
area were also recorded. The second component of the second heart
sound is known to correspond in time with the closure of the pulmonic
valve, and the third component of the first heart sound corresponds with
the opening of this valve (8, 9). From the pulmonary Qc pulse and the
phonocardiogram, the following variables were calculated:

(a) The conduction time of the flow pulse from the pulmonic valve to
pulmonary capillaries, measured as the time interval between the third
vibration of the first heart sound and the foot of the pulmonary Qc;
(b) the average acceleration o± blood In the capillaries, computed from
the difference between tre flow races at the foot and peak of the pulse
divided by the time interval between these two points; (c) the percentage
of stroke volume stored in the pulmonary arterial tree during systole
(systolic storage)--this is measured from the volume flow between the
second component of the second heart sound and the third vibration of

106

.7



.. VI-

the first heart sound (diastolic volime), divided by the volume flow during
the whole cardiac cycle expressed as a pErcentage (8); and (d) the mean
pulmonary arterial pressure calculated from an empirical equation based
upon the pulmonary arterial conduction time (9).

The systolic time intervals of left ventricular systole were measured
from simultaneous recordings of the EKG, phonocardiogram, and carotid
pulse tracing. The latter was recorded through changes in electrical
capacitance due to movement of a stretched latex diaphragm placed ever
the carotid artery. The total electromechanical systole (QS 2 ) is measured
from the onset of ventricular depolarization to ".he first high-frequency
vibrations of the aortic component of the second heart sound. The left
ventricular ejection time (LVET) is measured fiom the beginning upstroke
to the trough of the incisural notch on the carotid pulse tracing. The )re-
ejection phase (PEP) is derived by subtracting LVET from QS 2 . In the range
of heart rate from 50 to 110 beat-/min, these systolic time intervals are
linearly related to heart rate and the values must be corrected if rate
changes during a study (10). Blood flow to the calf was measured by
venous occlusion plethysmography, using mercury in silastic strain gages
to measure volume changes (11). Systolic blood pressure was measured
at the brachial artery by the Riva-Rocc. method, using Phase IV for dia-
stolic pressure; mean blood pressure was calculated by adding one-third
of the pulse pressure to the diastolic press-re.

Ten normal male volunteers, ages 21 - 40 years (mean age, 27 years)
gave informed consent for the studies. They received financial remunera-
tion for their paiticipation. All worked in the Pulmonary Laboratory area
and were familiar with the procedures used in the study. They arrived in
the Laboratory at 8:00 a.m. in a fasting condition. The respective subject
rested within a horizontal body plethysmograph (7) for 15 min after the
appropriate instrumentation had been applied. This instrumentation con-
sisted of a capacitance gage sensor for external carotid pulse tracings, a
microphone for recording of heart sounds at the 3rd interspace along the
left sternal border, electrocardiographic leads on the extremities, and
mercury in silastic strain gage around the calf. Control measurements
were made in duplicate at each point in time. The control values were
obtained from the average at 60, 30, and 0.5 min before drug injection.
The drugs tested were administered subcutaneously in a volume of 0.5 ml
on a double blind basis according to a latin square experimental design.
They included saline, epinephrine 0.5 mg, epinephrine 0.25 mg, terbu-
taline 0.5 mg, and terbutaline 0.25 mg. Testing was done on alternate
days, beginning at 8:00 a.m. with the subject in a postabsorptive state.
The data were treated statistically by means of a three-dimensional de-
sign of co-variance (ABS test) and critical differences calculated to
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ascertain the probability of a difference among means being statistically
significant (12). In addition, all subjects were also studied in the sitting
position in a vertical body plethysmograph after subcutaneous injection of
terbutaline 0.25 mg. These data were compared to the control measurements
and the differences analyzed by means of Student's t-test.

RESULTS

Effects of Drugs on Eemodynam ics Over Time in Supine Subjects

Saline--These data are summarized in Table 1. The control vaiue was
taken as the average of the three measurements before injection of the drug.
The hemodynamic variables were quite stable over the duration of the study,
with the exception of minor alterations in stroke volume, QS 2 inteival, and
the ratio of peak systolic blood flow (PSF) divided by stroke volume toward
the end of the procedure.

Epinephrine 0.5 rmg--This agent produced a maximum rise in heart rate
of 1 7.5 beats/min above control value 30 min after drug injection (Table 2).
The tachycardia persisted throughout the 4-hr duration of the study.
Cardiac output increased 62% above control 30 min after drug administra-
tion. The rise in cardiac output was related to both tachycardia and in-
crease in stroke volume. The stroke volume increased maximally, 27%
above control 15 min after drug administration. After the initial rise in
values, both cardiac output and stroke volume returned to control levels
at 2 hr. Systolic blood pressure rose and diastolic pressure fell in the
first hour after epinephrine injection, but mean blood pressure remained
unchanged throughout the 4-hr duration of the test. The calculated sys-
temic vascular resistance (mean blood pressure divided by cardiac out-
put) fell 39% below control 15 min after drug administration and remained
low through the first hour, while calf blood flow showed a concomitant in--
crease. Except for lengthening of the QS2 interval in the first hour, there
was no change in the systolic time intervals when corrected for chan-a in
heart rate. PSF and the ratio of PSF divided by stroke volume were in-
creased in the pulmonary capillaries for 4 hr and 2 hr, respectively, after
epinephrine administration. There was a substantial increase in average
acceleration of pulmonary Qc, and a significant fall in pulmonary arterial
conduction time during the first hour after the epinephrine had been given.
However, the control calculated value of mean pulmonary arterial pres-
sure was not significantly affected by the drug, nor was the systolic
storage of blood in the pulmonary capillaries.

Epinephrine 0.25 mg- -In this dose, the agent produced a maximum

rise in heart rate of 10.1 beats/min above the control value 30 min after
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drug administration (Table 3). Tachycardia persisted throughout the 4-hr
duration of the study. Cardiac output increased to a maximum of 49%
above control 15 min after epinephrine had been administered. This in-
crease in cardiac output was related to both tachycardia and increase in
stroke volume. The stroke volume reached its maximum value, 28%, above
control 15 min after drug administration. It fell to control values 1 hr
after epinephrine administration. Systolic blood pressure rose and dia-
stolic blood pressure fell the first hour after epinephrine injection; how-
ever, mean blood pressure remained unchanged throuqhout the 4-hr duration
of the test. Calculated systemic vascular resistance fell 35% below
control in the first 15 min after drug administration, and remained at a low
level during the first hour of the study. Except for a slight lengthening of
the QS 2 interval in the first 15 min and at the 2-hr measurem-nt, there
were no changes in PEP and LVET when corrected for changes in heart rate.
No change in calf blood flow was detected by the venous occlusion plethys-
mograpny. PSF and Wne ratio of PSF divided by stroke volume Increased
in the first hour of the test. Average pulmonary capillary acceleration in-
creased in the first 30 min aad then fell to control values. The pulmonary
arterial conduction time shortened, but this was statistically significant
only at 30 min after drug administration. The calculated mean pulmonary
arterial pressure and systolic storage of blood in the pulmonary capillar-
ies were not affected by the drug.

Terbutaline 0.5 m1--The agent in this dosage produced a maximum
rise in heart rate of 32 beatr/min, 30 min after administration of the drug
(Table 4). Tachycardia persisted throughout the 4-hr duration of this
study. Cardiac output rose maximally 15 min after terbutaline administra-
tion to 85% above control. Stroke volume rose 30% above control after 15
min, and remained at an increased level over the first hour of the study
and then fell to control levels. The systolic blood pressure remained
elevated over the 4-hr duration of the study. The diastolic pressure fell
over the first hGur. There was no significant change in the mean blood
pressure compared to the control values. Systemic vascular resistance
fell 48% below control and remained low through the first 3 hr of the study.
There was a concomitant increase in calf blood flow through this period.
Except for minor changes in the QS 2 interval, PEP and LVET corrected for
change in heart rate did not change over the 4-hr period of the study.
PSF and the icatio of PSF divided by stroke volume were elevated through-
out the entive 4-hr period of the study. Average pulmonary capillary
acceleration increased during the first hour. Pulmonary arterial conduc-
tion time fell significantly throughout the first 2 hr of the study, but the
calculated mean pulmonary arterial pressure did not change. The systolic
storage of blood in the pulmonary capillaries was not affected by the drug.
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was Terbutaline 0.25 mg--A maximum rise in heart rate of 17.2 beats/min
was reached 60 min after the drug was administered (Table 5). Tachy-
cardia persisted throughout the entire 4-hr study period. The cardiac out-
put rose 48% above control in the first 30 - 60 min after drug administra-
tion. There was a concomitant increase in stroke volume 14% above control
which took place 15 min after terbutaline was administnred, but the eleva-
tion of stroke volume persisted only through the first hour of the study.
Systolic blood pressure remained elevated over the first 2 hr of the study,
while diastolic blood pressure was lower than control values during the
first hour after the drug had been administered. Mean blood pressure re-
mained unchanged throughout the duration of the study. Systemic vascular
resistace fell 36% below control 30 min after the drug was given, and re-
ree..* low throughout the first 2 hr of the study. One hour after drug ad-
ministration, calf blood flow showed a slight increase. Except for slight
prolongation of the QS 2 interval in the first 30 min, there were no signifi-
cant changes in PEP and LVET when corrected for changes in heart rate.
PSF in the pulmonary capillaries and the ratio of PSF dividiad by stroke
volume increased in the first and second hour of the study. Tlhere was
also an increase in pulmonary Qc acceleration and a fall in pulmonary
arterial conduction time during the first hour. Calculated mean pulmonary
arterial pressure and systolic storage of blood in the pulmonary capillaries
were not affected by the drug.

Comparison of Epinephrine and Terbutaline on
Systemic Hemodynamics in Supine Subjects

Epinephr.ne 0.5 mg vs. terbutaline 0.5 ma (Table 6)--Terbutaline pro-
duced a more rapid heart rate over the 4-hr study period than epinephrine.
The cardiac output was significantly higher after terbutaline administration
over the first 2 hours (Fig. 1), but there was no difference between the two
agents in the quantitative rise in stroke volume. A fall in systemic vas-
cular resistance was produced by both agents, but this effect persisted
longer with terbutaline. The increase in calf blood flow produced by epi-
nephrine was significantly greater than that produced by terbutaline 15 min
after drug administration, but thereafter the increases in this parameter
were the same. There were no statistical differences in systolic time in-
tervals when the drugs were compared.

Epinephrine 0.25 mg vs . terbutaline 0.25 ma (Table 6§--Terbutaline
produced a significantly faster heart rate over the first 3 hr than epineph-
rine. The initial increase in cardiac output produced by both agents was
of similar magnitude; but the effect was more prolonged with terbutaline to
3 hr after its administration, whereas cardiac output returned to control
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Figure 1. Effects of drugs on cardiac output. (The drugs were
given immediately after the observations recorded at
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The increase of cardiac output induced by terbutaline
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levels at 2 hr after epinephrine administration. The changes in stroke
volume were similar for both drugs. Systemic vascular resistance re-
inained lower for terbutaline from the first through the fourth hour of the
study when compared to epinephrine. At 1 hr after drug administration,
terbutaline 0.25 mg caused a much larger increase in calf blood flow than
epinephrine 0.25 mg; but, otherwise, differences in this parameter were
slight. Systolic time intervals were not significantly affected by either of
these drugs.

Comparison of Epinephrine and Terbutaline on
Pulmonary Hemodynamics In Supine Subjects

Epinephrine 0.5 mg vs. terbutaline 0,5 mg (Table 7) -- Although both
drugs elevated the ratio of PSF, divided by stroke volume, this elevation
was of much greater magnitude with terbutaline in the first 30- to 60-min
period after drug administration than with epinephrine (Fig. 2). Also,
terbutaline caused a greater increase in average acceleration of pulmonary
capillary flow in the first 15 min after administration. There was no differ-
ence between the two drugs in their actic'n on shortening of pulmonary
arterial conduction in the first I - 2 hr oter drug administration. The rises
in calculated mean pulmonary arterial pressure were not statistically sig-
nificant with time. * When total pulmonaiy vascular resistance was cal-
culated by dividing this value by cardiac output (Table 8), there appeared
to be a similar diminution in total pulmonary vascular resistance with both
epinephrine and terbutaline.

Epinephrine 0.25 mg vs. terbutaline 0.25 mg--There were few statis-
tical differences between the two drugs at this doss among the various
parameters of pulmonary circulation (Tables 7 and 8).

Effects of Terbutaline 0.25 mg on
Hemodynamics in Seated Subjects

The heart rate, after terbutaline 0.25 mg, rose to a maximum of 11 beats
above the control value 60 min after the druq was administered (Table 9).
This tachycardia persisted throughout the 4-hr period of the study. Cardiac
output increased 33% above control after 1 hr and then declined to control
levels (Table 10). With the subject in the sitting position, no significant
change occurred In stroke volumue after terbutaline administration. The
systolic blood pressure rose slightly during the first 30 min. No change
occurred in diastolic mean blood pressure throughout the 4-hr period of
the study. There was a 24% fall in systemic vascular resistance 1 hr after
terbutaline 0.25 mg had been given. PSF in the pulmonary capillaries rose
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observations recorded at -0.5 min. The values in-
dicate the mean and 1 SE. This index of pulsatility of
pulmonary Qc was increased more by terbutaline than
epinephrine in equivalent doses.)
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slightly in the first 30 min, as did the ratio of PST- divided by stroke vol-
ume (Table 11). There was a slight rise in average pulmonary acceleration
of blood in the pulmonary capillaries through the first hour. A slight fall
in pulmonary arterial conduction time occurred 30 min after the drug was
given, but this parameter returned to normal values thereafter.

DISCUSSION

The bronchodilator effect of adrenergic agents can be explained through
stimulation of beta-2 receptors, while cardiac effects--such as tachy-
cardia, augmentation of stroke volume, and increase of myocardial con-
tractility--may be attributed to stimulation of beta-I receptors. Further,
decrease in diastolic pressure and systemic vascular resistance are re-
lated to beta-2 receptor stimulation resulting from peripheral vasodilata-
tion (1, 2, 4). A bronchodilator which woýild selectively stimulate the
beta-2 receptors without causing stimulation of beta-i receptors might
mean an advance in the treatment of patients with bronchospasm because
of the lack of cardiac side effects. However, the cardiac effects of these
agents probably cannot be avoided, since tachycardia may not only be in-
duced directly as a chronotropic action by beta-i receptor stimulation but
also indirectly because of a baroreceptor adjustment response to peripheral
vasodilatation, a beta-2 receptor activity. Nevertheless, if beta-i re-
ceptor stimulation were avoided, such agents might minimize undesirable
cardiac side effects in patients with heart disease.

Cardioaccelerator Effects of Epinephrine and Terbutaline

Terbutaline produces a larger increase in heart rate over control values
in the supine position than equivalent doses of epinephrine, although both
agents show cardioaccelerative effects which last at least 4 hr after sub-
cutaneous injection. Similar observations have been obtained over a 150-
min period by Amer et al. (5). This tachycardia is associated with an in-
crease in cardiac output which is generally greater and shows a longer
duration of action for terbutaline than epinephrine. The effect is dose
dependent and studies by Carlstrom and Westling (13) reveal an almost
identical pattern of cardiac output response as demonstrated in the present
study, although those authors used the indicator dilution method of measure-
ment. The rise in cardiac output in the first hour with both epinephrine
and terbutaline is del andent upon an increase in both heart rate and stroke
volume. However, t.ie increase in heart rate appears to be a more domin-
ant factor. After the first hour, the cardiac output remains elevated with
terbutaline, whereas it falls toward control levels at this time with
epinephrine administration. The slight rise in pulse rate with the latter
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is statisti-,ally significant, but the slight elevation in cardiac output is

not. The late prolonged rise in cardiac output after terbutaline is solely
related to the much greater tachycardia than epinephrine. The importance
of heart rate in mediating the increase of cardiac output -L'ter terbutaline
administration is further shown by the study carried out in the seated po-
sition. Here the entire rise in cardiac output can be explained by an in-
crease in heart rate, since stroke volume is not altered over the 4-hr
study period.

Because of tachycardia that may occur as an adjustment to periphe-al
va.-odilatation, it is difficult to separate the magnitude of beta-I and oeta-
2 receptor stimulation caused by a given agent. Stimulation of the beta-I
receptor sites in the heart is associated with an increase of myocardial
contractility which may be reflected by an increase in stroke volume and
heart rate. Both epinephrine and terbutaline injectiono produced these
effects during the first hour of drug administration, but the cardioaccelera-
tor effect was more pronounced. Furthermore, there was a considerable
fall in systemic vascular resistance usualiy associated with an increase

in calf blood flow. Thus, the cbserved effects might have been due to
combined beta-I and beta-2 receptor stimulation in the first hour after
both epinephrine and terbutaline administration. In contrast to epineph-
rine, and as a dose-dependent phenomenon, the tachycardia persisted
after the first hour with terbutaline in association with a stroke volume
which had fallen to control values. After terbutaline, cardiac output still
remained elevated up to 3 hours; but this increase was sola.y a function
of the rapid heart rate. Systemic vascular resistance was also reduced
below control levels and calf blood flow elevated above control levels.
In the later stages of drug effect, the increase of cardiac output associ-
ated with a fall in systemic vascular resistance related solely to tachy-
cardia suggests a pure beta-2 receptor stimulation secondary to per'pheral
vasodilatation. This finding has been further corroborated by the studies
with the subject in the seated position in which the significant increase
of cardiac output was due to tachycardia alone, since stroke volume was
not altered from the control levels.

Systolic Time Intervals

The I .V. adminIstration of epinephrine produces a signtficant shorten-
ing of PEP when corrected for heart rate, while LVET does not change (14,
15). Most of the shortening of the preejection period by beta adrenergic
agents occurs after the first heart sound, thereby excluding changes in
electromechanical delay as a major factor in the observed preejection
period response. This effect is greater with equivalent doses of isoprotere-
nol than epinephrine, the former having greater beta-I stimulating activity.
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Shortening of PEP appears to provide a more consistent reflection of the
inotropic effects of the adrenergic stimulating agents than does shorten-
ing of LVET. The variable response in LVET, in these situations, may be
related to the greater dependence of LVET on the alterations of stroke vol-
ume and afterlcad which accompany the positive inotropic effect of the
catecholamines on the left ventricle. Thus, (a) increase in stroke volume
due to enhanced ventricular filling is accompanied by lengthening of LVET
and shortening of PEP, while usually QS 2 is unaltered; (b) transient in-
creases in afterload induce prolongation of both LVET and PEP, whereas
transient decreases in afterload lengthen LVET and shorten PEP; and
(c) positive inotropic agents associated with little change in afterload are
accompanied by shortening of QS 2 , LVET, and PEP (16).

In the present study, no significant changes were observed in systolic
time intervals with saline, epinephrine, and terbutaline administration.
However, these agents were administered by s.c. injection, rather than
I.V. infusion as in the studies reported by other workers (14, 15). Pos-
sibly, shorterdng of PEP occurred with epinephrine and terbutaline; but
this effect n4qht have been missed, since the first measurements were
made 15 mrin nth3r drug injection. i1 should be noted that, both with 0.5
mg doses of epinephrine and terbutaline, the PEI? was shortened but the
difference between the control value was just outside the range of sta-
tistical significance (001 > P > .05). The failure to demonstrate shorten-
iw4 nf FEP z~ter on in the study, while systemic vascular resistance was
reduced wth terbutaline, is further evirdence that the observed hemo-
dynamic effects might have been related to stimulation of beta-2 receptors
of peripheral vessels. The data from the systolic time intervals and the
cardiac output measurements die. not separate beta-l and beta-2 effects
within the first h-Nur after terbutaline administration.

Calf Blood Flow

Most of the studies of the effects of epinephrine on peripheral blood
flow, reported in the literature, deal with either I .V. or intra-arterial
(iLa.) inf,sions of this agent (17, 18). With I.V. infusicons of epinephrine,
there i' a marked initial increase of forearm or calf blood flow, with a
subseauent fa~l and secondary dilatation persisting thioughout the in-
fusion. With i.a. infusions, dilatatioi is transient; thereafter, depending
uponw the dose, blood Hiow either returns to control valuss or falls mark-
ealy. These results have boen explained by the fact that epLaephrine,
while mostly a beta receptor stimulant, also has weak alpha effects. It
is the latter action which produces vasoconstriction and diminution in
peripheral blood flow. The present studies showr J, only vasodilator
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effects, indicating that s.c. injection is more closely related to I.V. than
i.a. infusions. Furthermore, the duration of vasodilatation appeared much
briefer with epinephrine than with equivalent doses of terbutaline.

Effects of Epinephrine and Terbutaline on Pulmonary Circulation

Witham and Fleming (19) reported data on normal humans and patients
with chronic lung diseases who were given 0.5 to 0.7 mg of epinephrine
by injection I.M. during cardiac catheterization. In every case, mean
pulmonary arterial pressure rose after the epinephrine injection. The
average rise was 4 mm Hg, with a range of 2 to 8 mm Hg. The pulmonary
arterial pressure rise usually began 1 - 2 min after injection I.M., reached
a peak in 2 - 16 min, and gradually returned to basal levels in 20 min.
In 1 subject, the pressure was elevated as long as 46 min. The cardiac
output, as measured by the indicator dilution technique, reached its maxi-
mum 33% above control 0.5 to 11 rmin after injection of the epinephrine;
this increase was similar to that obtained in the present studies.

Pulmonary arterial pressure may be calculated from pulmonary arterial
conduction time as outlined by Reuben (9). He pointed out that the dis-
tensibility properties of the pulmonary arteries are of importance in deter-
mining the pattern of pulmonary •c. The capillary flow pulse recorded by
the nitrous oxide plethysmographic method represents the instantaneous
summation of the flow pulse of all the capillaries engaged in gas exc0i'nge.
If it is assumed that there is a matching of the length of the variou': '--

cular pathways to their conduction properties so that pulse wave vec h../

is effectively uniform through all of them, the time delay from pulmnoniv'
valve opening to the foot of the capillary flow pulse can be taken to rep-
resent the pulmonary arterial conduction time. From experimental dixta,
Reuben (9) found a close correlation between pulmonary arterial conduction
time, and directly determined pulmonary mean arterial pressure in humans.
He showed that elevated pulmonary arterial pressure was associated with
decreased distensibility of the pulmonary arterial tree, and vice-versa.
Reuben (9) based his equation for predicting pulmonary arterial pressure
from data obtained mostly on patients with pulmonary arterial hypertension.
Only 2 of 21 subjects had a normal mean pulmonary arterial pressure of
15 mm Hg, while the remainder had pressures above this value. In 1 sub-
Ject, the conduction time was 180 msec; in the other, 160 msec. Thus,
a great deal of uncertainty exists in evaluating small changes in pulmonary
arterial pressure in normotensive subjects indirectly from pulmonary arterial

conduction times* although the method may be highly useful in screening
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subjects with moderate - to-s e-ere pulmonary hypertension where conduc-
tion times may be as low as 60 msec for a mean pulmonary arterial pressure
of 47 mm Hg (9, 20).

In the present study, no statistically significant changes ih, lalculated
pulmonary arterial pressure were observed after either terbutaline or ep-
inephrine injection, despite the significant shortening of pulmonary arte-
rial conduction time. This result might have been due to (a) the insensi-
tivity of Reuben's equation (9) to detect small changes of pulmonary arte-
rial pressure in normotensive subjects, or (b) correctness of the estimating
equation in predicting that no significant change in pulmonary arterial pres-
sure occurred after administration of epinephrine and terbutaline. The con-
trol conduction times for our normal subjects ranged between 200 msec and
224 msec--values much higher than those for the patients reported by
Reuben (9), who noted only 1 subject with a conduction time as high as
180 msec. However, Karatzas and Lee (21) reported 1 normal subject who
had a heart rate of 57 beats/min and a pulmonary conduction time of 200
msec. Although conduction time is not purported to be pulse rate dependent
up to 110 beats/mrin (9), the fact that a comparable conduction time in an
individual with a pulse rate comparable to our subjects using a different
plethysmographic system suggests that our data are valid. However, it
may be necessary to calibrate each body plethysmographic system with
subjects in whom directly measured pulmonary arterial pressures are ob-
tained.

In dogs, acute elevation of mean pulmonary arterial pressure induced

by hypoxia causes a fall in pulmonary conduction time from 100 to 83 msec
for an increase in pressure of 6 mm Hg (22). This fall as a percentage of
control is quite similar to what we found after terbutaline and epinephrine
injections. Since the estimating equation of Reuben (9) is not linear, one
cannot make direct comparisons of human and animal data. Possibly the
equation of Reuben (9) may be appropriate, and no significant rises took
place in pulmonary arterial pressure after drug injection. Such a finding
would be consistent with the observations of Witham and Fleming (19),
who demonstrated that directly determined pulmonary arterial pressure
usually returns to control levels 20 min after epinephrine I.M. injection.
Even though pulmonary arterial conduction times in the present study were
significantly shortened in the first three observations--made 15, 30, and
60 min after drug injection--the data expected from the previous work by
these investigators would indicate that pulmonary arterial pressure might
be at control values at these time periods.

Thus, it is probable that either a slight or no rise in pulmonary arte-
rial pressure takes place 15 min or later after terbutaline or epinephrine

118



-VI-

injections. In association with the large increase in pulmonary Qc
brought about by bkth agents, calculated total pulmonary vascular resist-
ance falls if it is assumed that there is little alteration of pulmonary
venous pressure, thus suggesting that these agents have a pulmonary
vasodilator action. Fur _r, after epinephrine or terbutaline injections,
the PSF is disproportionately greater for a given stroke volume than the
control values, a situation analogous to exercise (23). This finding may
be due to a decrease in pulmonary arterial vasornotor tone, or related to
a high peak in flow velocity of blood to the pulmonary arteries (8, 24).
This finding contrasts with those observed with administration of Isopro-
terenol, in which the ratio of PSF divided by stroke volume is unchanged
despite a significant increase in stroke volume (24).

The systolic storage volume is an index ol the distensibility of the
pulmonary arterial system and is partially pulse rate dependent. During
tachycardia, the diastolic period of the cardiac cycle shortens and less

time is available for capillary blood flow runoff during diastole. On the
other hand, bradycardla is accompanied by a greater systolic storage due
to the prolongation of diastolic runoff of blood flow into the pulmonary
capillaries. The control values of systolic storage in our normal subjects
are slightly higher than those reported by other workers (8, 2 1), but this
might be accounted for by the slower resting heart rates in our subjects.
Since no change occurs in systolic storage after epinephrine or terbutaline
administration, despite tachycardia, these observations are consistent
with an increase in distensibility of the pulmonary arter)Al system; for
tachycardia might have been expected to cause a fall in systolic storage --

thus constituting further indirect evidence that both epinephrine and
terbutaline might have pulmonary vasodilator effects.
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Tail. 6. uFmm;I OF T'EIIIUTIAI8E A•ID EPIIISJIRTIIE 01 3Y0TLNCr. HEIEDYNAMITC

Tine after Terbutaline Epinephrine PA Terbutalin. Epinephrine P+

injection 0.5 nq 0.5 O. 0.25 mg 0.25 mq
(min () compared to control)

Heart Pate

15 +43 +23 <.001 +21 +17 <.05

30 +56 +29 '.001 +27 +17 <.001

60 +48 +24 <.001 +29 +14 .001

120 +36 +17 <.001 +20 +8 <.001

180 +27 +9 1.001 +11 +7 .05

240 +18 +7 < .01 +9 +6 Ns

Cardiac Outut

15 +86 +59 '.001 +38 +49 NS

30 +85 +62 < .05 +48 +46 Ns

60 +70 +51 < .05 +48 +28 <.001i

).10 +39 +17 < .05 +20 +3 <.001

180 +32 +16 N; +12 C < .05

240 +22 +14 NS +5 +4 NS

Stroke Volume

15 +30 +27 MS +14 +28 Ns

30 +18 +22 "S +18 +23 N9

60 +14 +20 NS +17 +11 NS

120 +4 0 NS +2 -3 NS

l +5 ÷6 NS +2 -6 NS

240 *2 -1 NS +6 -4 NS

5yotemic Vaxcular Resistance

1 -48 -39 MS -32 -35 NS

;10 -41 -37 NS -36 -37 NS

bO -41 -34 NS -34 -21 '.O5

120 -2b -15 < .05 -15 0 <.r•Oi

100 -23 -14 NI -10 +2 ..05

240 - -12 NS -7 -1 < .05

Calf bly',d Flow

15 +42 +% MS 0 +15 Ns

30 +50 +62 s 4 13 + 6 NI9

60 +65 +44 wI +40 -9 <.01 '

12) +49 +12 HS + 13 -kM NS

452 *22 HS + 8 -6 Ns

:40 +26 0 M + 16 -14 NI

•iffetehg s betwa*N Uft"a ine .S 0.1 a e piMlwhriiie 0.5 6, .
+Iiffelrence betwean tortutsina 0.25 mg and eplnelphrin 0.25 mg
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TAD•LE 7. EFFEC1'3 OF TE:RUBTALISL1; AND MUPJIUIER OU PIrTIJVARY H ODYUAMCS

Time after Terbutaline Epinephrine P" Torbutaline Epinephrhine P+
injection 0.5 0q 0.5 mg 0.25 eq 0.25 mq

(ain) (. coqiared to control)

Peak Systolic Flow/Stroke Volume

15 +28 +28 NS *20 +12 NS

30 +40 +29 .01 +23 +12 NS

60 +30 +19 .01 +15 +8 Ns

120 +17 +10 NS +13 +5 NS

180 $14 +8 NS +8 +4 NS

240 +13 +10 NS +11 +7 NS

Average Acceleration Of Blood In Pulmogtry Capillaries

15 +88 +77 - .05 +43 +50 NS

30 +91 +92 NS +56 +50 Ns

60 +56 +38 NS +46 +12 •.01

120 +÷J +3 NS +13 +10 NS

180 +19 +10 '.05 +3 +9 NS

240 +16 +12 .S +8 +5 Nr

Pulmonary Arterial ConiUitio•, TiA.

15 -16 -13 NS -13 -7 NS

30 -17 -18 NE -17 -11 NS

60 -16 -15 NS -14 -7 NS

120 -11 -4 NS -6 -2 NS

180 -9 +2 KS -8 +2 KS

240 -6 +2 NS -6 +10 .. U5

"'Difference between terbutaline 0.5 mg and epinephrine 0.5 mg

+Differsnce between terbutaline 0.25 mg and epinephrin* 0.25 my
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TABLE 10. F OF TErIMtALINE 0.25 . ON 7 YSTEI-C
-EMODYNAMICS OF SEATED SUBJECTS

Time Post- Heart Cardiac Stroke Systemic
Injection Rate Output Volume Vascular

(min) Resistance

(7 Control)

15 116 131 112 78

30 117 131 108 77

60 120 133 109 76

120 112 106 90 93

180 112 i 98 88

240 107 110 102 89

TABZ'L 11. EFFECT OF TETIBUTALIrNE 0.25 mg ON PUL1'ONARY
HEMODYHAMICS OF SEATED SUBJECTS

Time Post- Peak Systolic Flow Average Pulmonary Arterial
Injection Stroke Volume Acceleration Conduction Time

(min) of Blood in
Pulmonary Capillaries

(% Control)

15 115 126 92

30 117 143 91

60 102 141 97

120 112 122 94

180 10o 98 97

240 109 145 104
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VII (Parts 1 and 2). DIFFUSING CAPACITY. MEMBRANE
DIFFUSING CAPACITY, CAPILLARY BLOOD VOLUME, AND CARDIAC

OUTPUT MEASURED BY A REBREATHING TECHNIQUE

(PART I)

ABSTRACT

A rebreathing method Is described for estimation of membrane
diffusing capacity (DM), pulmonary capillary blood volume (VC), pulmo-
nary capillary blood flow (Qc), and pulmonary tissue volume. The method
consists of rebreathing into a bag for a 15- to 25-sec period while
continuously sampling C2H2, CO, 02, He, and C02. The gas analysis
is accomplished by using either a battery of individual physical gas
analyzers or a mass spectrometer. Since the mass of CO and of N2 are
nearly identical, it is necessary to use a stable isotope C 1 8 0, with the
mass spectrometer technique. Diffusing capacity and pulmonary Qc can
be estimated with the battery of physical gas analyzers, but reproducible
values of pulmonary tissue volume can be obtained only by means of
the mass spectrometer. Comparisons of the rebreathing pulmonary Qc
technique with simultaneous indicator dilution techniques in anesthetized
dogs have revealed fair agreement when the physical gas analyzers are
employed, and good agreement when the mass spectrometer system is
used. The rebreathing diffusing capacity method gives values which
increase as a function of lung volume. Prebreathing of 02 for 3 min before
doing a diffusing capacity at an alveolar 02 tension produces a 12% to
16% drop in cardiac output in normal seated human subjects. If this drop
is not taken into account, spuriously high values of DM and low values
of VC are calculated. Through this method, pulmonary VC in dogs
averaged 9.2 ml/kg--which is comparable to previous estimates obtained
by an ether plethysmographic method. The rebreathing technique provides
a rapid, reliable, noninvasive method for estimation of pulmonary hemo-
dynamic parameters when gas analysis is carried out by the mass
spectrometer.

INTRODUCTION

Pulmonary capillary blood volume and membrane diffusing capacity
(DM) are commonly obtained from analysis of multiple measurements of
the I 0-sec breath-holding diffusing capacity of the lung (DL) for carbon
monoxide (CO) at different alveolar 02 tensions (1). DM is based upon
the solution of the equation relating the reciprocal of the diffusing
capacity (l/DCOs,) to the reciprocal of the rate of uptake of CO by the
blood (1/0). l.to: 1/DCs = the reciprocal of the membrane diffusing
capacity, carbon monoxide, sngle breath technique.] The difficulties
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(Pa rt 1)

of the method limit Its potential usefulness. Deviations of l/DCO SB
as a linear function of 1/8 necessitate doing a least squares fit of
several determinations, because analysis of only two points may cause
imprecision (2). Investigation of the transient effects of drugs, postural
changes, or exercise is not possible; for each determination cannot be
repeated until at least 3 min have elapsed, In order to allow time for
clearance of the test gases from the lungs. Finally, It is common to
encounter obviously erroneous results (such as negative values of DM),
particularly In patients with moderate -to- severe obstruction airway
disease. These spurious results are mainly due to Inaccuracies Ini
estimating the effective breath-holding time of pulmonary exposure to
00, because of uncertainty in selecting the onset and end of this period.
It is Implicit in the calculation of the single breath test that the expo-
nential disappearance of CO from the lung passes through unity at time
equal to zero. Even when the same criteria are applied to the measure-
ment of the onset and end of breath-holding time, however, construction
of a CO disappearance curve (from repeated single breath maneuvers with
varying breath-holding times) reveals that the curve may pass through
unity at times that vary ±-1 sec in normal subjects, and vary more in
patients with pulmonary disorders (Fig. 1). Nevertheless, under these
conditions, the slope of the CO disappearance curve Is equivalent to
the ratio of diffusing capacity/alveolar volume, and Is Influenced neither
by the value of the intercept nor by the effective breath-holding times.
Comparisons of the values for diffusing capacity, obtained In this manner,,
to the standard 10-sec breath-holding calculation Indicate that the
diffusing capacity may be In error by as much as 40% In patients with
obstructive lung disease (3). The construction of GO disappearance
curves at two levels of alveolar oxygen tension should lead to more
precise estimates of pulmonary VC and DM, but takes about I to 2 hours
to complete and Is obviously impractical for routine clinical use -,a, LOW
evaluation of physiologic and pharmacologic stimuli. Therefoe,ed we
turned to the rebrea thing method described by Lewis et a1. (4, 5). With
a battery of rapidly responding gas analyzers or a mass ýipectrometer
and on-line computer data processing, It is possible to obtain a curve
of CO disappearance within minutes of 15- to 25-sec rei'veathing, of CO
and He In air mixture. The test can be repeated within a few minutes,
while breathing an oxygen mixture to permit calculation at'VC and DM.
Further, the addition of acetylene to the test gas mixture allows the
estimation of cardiac output ((bc) (6). A description and thie reproduc-
ibility of this method for measurements of 'diffusing capacity and cardiac
output constitute a major part of the presentation in this paper.
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In order to measure diffusing capacity at a high alveolar oxygen
tension (- 600 mm Hg) as a prerequisite for estimation of DM and VC,
some laboratories advocate breathing 100% 02 for approximately 5 min
before the actual measurements of DL. However, as estimated by dye
dilution methods, the breathing of 100% 02 may produce as much as a
13 % fall in cardiac output (8, 9). If this fall also occurs during measure-
ment of DL~ at a high alveolar oxygen tension, then a spurious result
might be obtained, since DL Is a function of cardiac output (7, 10).
Indeed, Johnson et al. (7) recognized that, during exercise, corrections
had to be applied to DL at the high alveolar oxygen tension to allow for
differences in Qc at the two levels of oxygenation. In view of the
previous reports of depression of resting cardiac output by 02 breathing,
we felt that an investigation of possible differences in cardiac output
during determination of diffusing capacity at high and low in alveolar
oxygen tension was necessary in order to assess the effect on calcula-
tion of resting DM and VC.

METHODS

Procedure in Humans

The methods used in the present study were based upon the re-
breathing procedure described by Lewis et al. (4) and Lawson (10).
Instead of using an Initial and final reading of helium concentration as
the former did--or a small number of discrete samples of gas concen-
trations as the latter did--our Initial studies involved the continuous
sampling of all test gases by a battery of rapid responding physical
analyzers. Further on-line data processing was carried out with a small
digital computer. Trace concentrations of acetylene were also included
In the test mixture to permit calculation of the cardiac output during
the rebreathing period (6, 10). In the apparatus used in these studies
(Fig. 2), the subject breathed through a common port to four optional
pathways (Rudolph 4-way valve, Warren E. Collins, Braintree, Mass.).
The~se pathways led: (1) to r om air; (2) to an oxygen demand valve;
(3) to a 002 absorber; and thence (4) to a 6-liter rubber anesthesia bag
containing the test gas mixtures. The bag was filled to a predetermined
votome from a giant syringe with a mixture consisting of: either 0.4% CO,
0.';% 02H42, 10% He, 21% 02, and balance N2; Or 0.4% CO, 0.5%

C22 A0% He, and balance 02. The tubing to the physical gas

E R'S NOT ~: The rebreathing technique described here in detail
(in "Procedure In Humans") was also used in report section VIII (in
"Rebreething Technique," p. 168, par. 2).
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analyzers was arranged on a manifold, and the output from the CO,
C2H2, and C02 Infrared analyzer was returned to the rebreathing bag
to maintain bag volume constant. The return of the rapid paramagnetic
oxygen analyzer (Godart, Instrumentation Associates, N.Y.) could not
be led to the bag, because its outflow was contaminated by room air.
Hence, the 02 was analyzed for only two or three brief periods during
the rebreathing maneuver. Helium was measured by a rapid responding
catharomet.r (Godart) and its output was bled to room air because of its
contaminatlon with oil. These procedures caused an approximate fall
in bag volume of about 75 ml which was neglected in the computations.

After the bag was filled with the test mixture to a predetermined
volume, the subject expired to residual volume through the room-air
port, the mouthpiece was turned into the bag containing the test mixture
containing a balance of N2 (vide supra). He rebreathed into the bag for
15 - 25 sec, usually at a rate of 25 cycles/min, in time to a breathing
stimulator (Somanetics, Calif.) while endeavoring to just empty the
bag on each inspiration. At the end of this period, he breathed room air
or 02 from a demand valve for 3 - 4 min, expired to residual volume and
rebreathed from a test mixture in which 02 was substituted for N2 . Before
and after these two runs, the back pressure fo" CO in the blood was
measured by a rebreathing method using the port connected to the C02
absorbers and rubber anesthesia bag (11).

Procedure in Dogs

In anesthetized dogs, the rebreathing setup was similar to that
employed for humans, except that a 1.5-liter giant syringe was usesi
to deliver toe testmixture by pumping at the rate of 25 - 30 times/min.
During the rebreathing procedure, a simultaneous estimation of cardiac
output was obtsined by the indicator dilution method employing indo-
cyanine green via catheters placed in the pulmonary diad carotid arteries.
Right-to-left shunt was determined by a standard technique during the
breathing of 100% 02 (12). In addition to the rebreathing procedure using
a battery of physical gas analyzers, as in the human studies, a mass
spectrometer (MGA-1100, Perkin-Elmer, Pomona, California) was used
in some of the animal experiments. The test mixture consisted of 0.3%
c 1 8 0 (Miles Labs.; Res. Div., Kankakee, Ill.; or, Liquid Carbonic Corp.
Chicago, Ill.) 0.5% C2H2, 10% He, 21% 02, and balance N2. The mass
spectrometer sampled at the rate of 15 ml/min, and its output was vented
to atmosphere.
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Procedure in ý)ata Processing

Analog signals from the physical gas analyzers or mass spectro-
meter wt re matched to the computer Input of + lV by means or d mdtching
amplifier system (UMA, Electronics For Medicine, Inc., White Plains,
N.Y.). These data were processed (Fig. 3) on-line by means of a pro-
gram written for a small digital computer system: LINC 8 (Digital
Equipment Co., Maynard, Mass.). The sampling rate for the analysis
of the test gases was 7 points/sec, each point being corrected for
helium dilution. The disappearance of CO and acetylene was calculated
and displayed according to the method of Cander and Forster (13). The
computer shifted each anelog gas signal from the physical gas analyzer
back in time relative to the helium tracing, because each analyzer had
a different response time. It used the 50% rise time of the analyzer
output, as measured when the rebreathing mixture along with added C02
was suddenly turned Into the gas analysis network. C02 and 02 were
measured in order to correct the catharometer readings, since the helium
estimation was sensitive bcth to changes In C02 and 02 concentrations.
None of these corrections were. necessary when the mass spectrometez
was used. Alveolar CO values were corrected for back pressure of CO
in blood by assurming tha4 the buildup occurred as a linear function of
the number of tests.

After the data were collected, the program selected the start point
of the calculation of the CO and C2H2 disappearance curves on the basis
of minimal oscillatione of the He tracing. Alternately, the user could
initiate the starting point on the display by teletype instructions. The
data were then analyzed after inputting the following data from the
teletype: (1) alveolar CO for back pressure measurement; (2) temperature;
(3) Aeight; (4) apparatus dead space; (5) hemoglobin; and (6) bag or
syringe volume. The program then displayed the CO and C2H 2 , dlsap-
pearance curves on the cathode ray oscilloscope of the computer, using
a least squares fit. The program corrected for the start time by forcing
the CO disappearance curve to Intercept at unity. This time shift was
then used to shift the C2H 2 disappearance curve to display Its intercept
at time zero, a value which is a function of pulmonary tissue volume
(13). This volume was to be used in calculation of the cardiac output;
but, In preliminary studies, we found that the physical gas analyzers
system did not giva a reproducible value for the intercept--probably
because corrections f'r the response times of the analyzer were imper-
fect. Therefore, we employed a value of 450 ml for pulmonary tissue
volume in humans, and 250 ml in dogs as a constant correction. Howaver,
the mass spectrometer method in dogs gave reproducible values for the
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"intercept of the acetylene disappearance curve because of the uniform
fast response times of the detectors; and hence this value of pulmonary
tissue volume was employed in calculation of cardiac output (13).

Studies in Humans

In 11 normal nonsmoking subjects--l0 men and ]. woman, ages 23
to 41 yr (mean: 28 yr)--the following studies utilizing the rebreathing
technique were carried out using the battery of physical gas analyzers.
For each set of experiments, the volume of the test mixture was taken
as approximately 4, 3, and 2 liters. After resting in the seated position
about 5 min, the subject performed the following maneuvers at intervals
of 3 - 4 min: (a) rebreathing the test mixture containing 21% 02; (b)
breathing 100% 02 for 3 - 4 min, followed by rebreathing the test
mixture containing 90% 02 and immediately determining back pressure
of CO in the blood; (c) breathing 100% 02 for 3 - 4 min, followed by
rebreathing the test mixuro containing 90% 02; and (d) rebreathing the
test mixture contpining 21% 02. These experiments permitted calcu-
lation of diffusing capacity, cardiac output, 02 consumption, and
alveolar volume in duplicate for three alveolar volumes.

In three of these subjects, pulmonary DM and VC were calculated
from diffusing capacity at a single alveolar volume measured at two
alveolar 02 tensions at ] 5, 25, and 40 respirations/min.

In another group of 9 normal nonsmoking subjects--7 men and 2
women, ages 19 - 41 yr (mean: 25 yr)--the following studies of the
rebreathing technique were carried out using the battery of physical gas
analyzers. The volume of the test mixture was taken as 3 or 4 liters.
After resting in the seated position about 5 min, the subject performed
the following maneuvers at 3- to 4-min intervals: rebreathing the test
mIxture containing 21% 02; taking three deep breaths of 02 immediately
followed by rebreathing the test mixture containing 90% 02; and
breathing 100% 02 for 3 min, then rebreathing the test mixture con-
tainlng 90% 02, followed immediately by estimating back pres sure of
CO in the blood.

Studies in Mongrel Dogs

Mongrel dogs were anesthetized with pentobarbital, 25 mgAg,
and intubated with a cuffed endotracheal tube. Cardiac catheters were
placed within the carotid artery and within the pulmonary artery via
the external jugular vein. In 7 dogs, the rebreathing technique was
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carried out using the battery of physical gas analyzers; and, in 5 dogs,
the mass spectrometer was employed. Three to four sequential tests
were done with each method. Simultaneous measurements of cardiac
output were made by injection of indocyanine green into the pulmonary
artery and sampling blood from the carotid artery by means of a densi-
tometer. In 3 of the dogs in whom the mass spectrometer was employed,
0.25 mg terbutaline was given I.V. in order to effect an increase in
cardiac output to provide further comparisons between the rebreathing
and dye dilution methods.

RESULTS

Human Studies

A display of the CO and acetylene disappearance curves from the
cathode-ray oscilloscope of the small digital computer is depicted in
Figure 4. In all subjects, these experimental data could be fitted with
a single exponential equation.

Effects of respiratory f'eauenc -- There was no significant difference
in diffusing capacity, DM, pulmonary VC, and pulmonary Qc in 3 subjects
when alveolar volume was constant and breathing frequency adjusted to
15, 25, and 40 breaths/mmn.

ReDroducibil ty--Mean duplicate measurements of diffusing
capacity and pulmonary 4c at two different pulmonary capillary 02
tensions and three alveolar volumes are listed in Table 1. The percent
SD of the mean of these two deteiminations was less than 5.1%.

Effects of lung volume on rebrethina -arameters--As alveolar

volume was increased by using a larger volume cf the test gas mixture,
02 consumption, and diffusing capacity and pulmonary •c also increased
(Table 2). This increase occurred during the runs when either air or
oxygen-was prebreathed. Both the diffusing capacity and pulmonary
4c were significantly lower during the runs obtained at the high
pulmonary capillary 02 tension.

Effects of breathing oxyaen on vulmorv O)•--At a given lung
volume, the pulmonary Oc after breathing 100% oxygen f- - 3 - 4 min
was 12% - 16% lower than that obtained on air breathing (Fig. 5). Since
there is almost no intrapulmonary right-to-left shunting of blood in
normal subjects, the pulmonary •c can be equated with cardiac output.
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The mean calculated cardiac index for all the determinations in the first
group of 11 normal seated subjects was: for breatlNng air, 2.25 L/min/M 2 ,
SD 0.13; and for breathing oxygen, 1.95 L/min/M , SD 0.20 (P < .01).
In the second group of normal subjects, no decrease occurred in pulmonary
Qc at this high level of pulmonary capillary 02 tension if the prebreathing
period was limited to 3 breaths (Table 3).

Effects of luna volume on ratios of diffusing capacity: blood flow and
diffusing capacity: alveolar volume--In general, the ratio of diffusing
capacity to blood flow did not change over the three lung volumes studied
(Table 4). The ratio of diffusing capacity to alveolar volume declined
with increased lung volume.

Effects of luna volume on 4..4 and Pulmonar Vc--If the actual values
of diffusing capacity obtained at the low and high pulmonary capillary 02
tensions are used to calculate DM and VC, then apparently DM increases
at the rate of 13 ml/min x mm Hg per liter alveolar volume while pulmonary
VC remains unchanged (Table 5). However, if it is assumed that diffusing
capacity is proportional to pulmonary Qc, then diffusing capacity must be
increased about 4% at the high pulmonary capillary 02 tension to account
for the depressant effect of 02 breathing on cardiac output. When this
correction is applied, DM increased 8. 5 ml/min x mm Hg per liter of
alveolar volume, while VC increased 6.2 ml pei" liter of alveolar volume
over the range of lung volumes studied (Table 5). The effect of depression
of cardiac output by 02 upon estimation of DM and VC where no correction
is applied to diffusing capacity is shown in Table 3. Prebreathing 02
for 3 min caused a fall in cardiac output of 16%, but prebreathing 02 for
3 breaths did not significantly affect cardiac output. DM is lower and
VC higher in the estimate using 3 breaths of 02 than using 3 min of 02
breathing. Thus, prebreathing oxygen for 3 min may give spuriously low
values of pulmonary VC and spuriously high values of DM.

Animal Studies

Physical aas analyzer technilae--Data from 7 dogs are listed in
Table 6. Diffusing capacity Avstraqed 0.7 ml/min x mm Ha/kg; and
pulmonary Qc, 0.064 L/min/kg. Comparison of the pulmonary 4c measure-
ments to the cardiac output estimated by indicator dilution minus the
intrapulmonary shunt is depicted in Figure 6. There is a tendency for the
acetylone rebreathing method to give lower values for blood flow than the
indicator dilution method, although most values fall within 20% of the
line of identity.
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Mass spectrometer technique--The display from the cathode-ray
oscilloscope of the digital computer of the CO and C 2 H2 disappearance
curve is shown in Figure 7. Diffusing capacity averaged 0. 8 ml/min x
mm Hg/kg; and pulmonary Qc, 0. ] 07 L/ min/kg (Table 7). Shown in Figure 8
is a comparison of the pulmonary Qc measurements to rne cardiac output
estimated by the indicator dilution method. These values tended to cluster
about the line of identity. The diffusing capacity as a function of body
weight for both the physical gas analyzers and the mass spectrometer
method is shown in Figure 9.

The mass spectrometer technique gave fairly reproducible values of
pulmonary tissue plus capillary blood volume (Table 7). If it is assumed
that pulmonary VC is 1.9 ml/min x mm Hg/kg (14), then the calculated
pulmonary tis sue volume ranges from 6.0 to 11.6 ml/kg, mean 9.2 ml/kg.

DISCUSSION

The rebreathing method for estimation of diffusing capacity (DL) and
pulmonary Qc with on-line data processing by a small digital computer
is rapid and reproducible. Since a complete CO disappearance curve is
obtained (rather than a single value of uptake of CO as in the single
breath method), it is not subject to errors in estimating the effective
breath-holding time which might give rise to spurious results (3). Further,
there is evidence that the rebreathing DL value is not as affected by uneven
distribution of ventilation as are the steady-state methods (4, 15, 16).
The employment of a mass spectrometer has the following advantages over
analysis of the alveolar gases by a battery of individual physical gas
analyzers: rapid response time; less volume needed for analysis, thereby

5'

permitting studies at much lower lung volumes; and ability to obtain
Z "neasurements of pulmonary tissue plus capillary blood volume. However,
i the stable isotope C 1 80 must be used as the test gas rather than naturally

occurring CO, because its mass nearly coincides with that of nitrogen
(17). This isotope is much more costly than CO.

Effects of Respiratory Frequency On Rebreathing Method

The equation for estimating DL from the rate of fall in CO concentra-
tion during rebreathing is strictly valid only if the rate of rebreathing is
infinitely fast. However, as Lewis et al. (4) have shown and as we have

confirmed, breathing frequencies above 1 5/min do not influence the cal-
culated diffusing capacity--thus indicating that in normal subjects the
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Smethod is not affected by a wide rang•, of respiratory rates. Furthermore,
estimates of DM, pulmonary VC, and pulmonary ýalso appear to be
independent of respiratory frequency.

Efiect of Lung Volume On Rebreathing Method

Values of the single breath diffusing capacfý ",ave been shown by
several investigators to increase as a function of lung volume (18, 19, 20).
The present study, as well as that of Lewis et al. (4), indicates that this
observation also holds true for the rebreathing technique. Lawson (10)
has shown that the higher values of the single breath DCO measured at
TLC and the rebreathing DCO at large tidal volumes, at rest and during
exercise, disappear or become minimal when the measurements are made
at the same lung volume. [ENo± DCORB = diffusing capacity, carbon
monoxide, rebreathing technique.] Our values of DCORB breathing air
correspond quite closely to those obtained by other authors at similar lung
volumes--present study: 29.6, SD 5.2; Lewis et al. (4): 27.3; and
Lawson (10): 27.7, SD 4.4.

The 02 consumption during rebreathing at 54% TLC of 431 ml/min is
similar to the value of 406 ml/min found by Lewis et al. (4). This value
is considerably above the calculated basal levels and probably is related
to the considerable exercise of the respiratory muscles caused by the
rebreathing procedure. The level falls to 328 ml/min at 36% TLC since
the work of breathing at smaller tidal volumes is much less. The values
of pulmonary Oc appear to increase slightly as a function of lung volume,
but this Increase cannot be completely accounted for by the change In
oxygen consumption.

Estimates of Pulmonary •c

The mean value of pulm nary Oc determined by the acetylene rebreath-
ing method of 2.25 L/min/M , SD 0.13 of subjects in the seated position
is similar to values of 2.12 L/min/OM 2 , SD 0.66 that we obtained in 20
normal subjects by the nitrous oxide plethysmographic technique (21). The
studies in anesthetized dogs revealed fair agreement between simultaneously
determined estimations of indicator dilution pulmonary (c corrected for
shunt using the physical gas analyzers, and good agreement using the
mass spectrometer for gas analysis. The reason for this discrepancy is
not completely clear: the estimate of pulmornary Qc, using the physical
gas analyzers, appeared to be systematically too low. This finding could
have been in part related to: the small volumes of test mixture that had to
be used in the dog, leading to imperfect mixing in the analyzer circuit
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because of the large capacity of the circuit; PPB might have altered theobserved concentrations of CO, since the detector cells are pressuresensitive; and assumption of an incorrect pulmonary tissue volume. These
considerations did not hold when the mass spectrometer was employed
wherein there was much better agreement between it and the measurements
of blood flow by the indicator dilution method.

Effects of 02 Breathing On Cardiac Output

The present study confirms previous observations that 02 breathing
decreases cardiac output (8, 9). Furthermore, this effect is seen within3 - 4 min after initiation of 02 breathing. Daly and Bondurant (8) con-
cluded that the effect was a result of vagus-dependent decrease in heartrate and a rate-dependent decrease in cardiac index, but the possibility
of a lesser direct myocardial effect of hyperoxia could not be excluded.
Recently, Ishikawa at al. (22) found that 5 min of 02 breathing produced
falls in various myocardial contractility indices. These falls were similareven when the heart rate was maintained constant by cardiac pacing, andsuggested that 02 breathing diminished myocardial contractility directly.

Rebreathing Estimates of DM and Pulmonary V0C

The calculation of DM and VC from estimations of diffusing capacityand two alveolar 02 tensions assumes that no hemodynamic alterations
occurred between the two determinations. This point was recognized byJohnson et al. (7) who had to take it into account when they calculated
DM and VC during exercise. When Qc was not constant at both levelsof oxygenation, measurements of DC at the high alveolar oxygen tensionswere adjusted to the same levels of 8c measured at the low 02 tensions byextrapolation of a graph relating diffusing capacity and blood flow for thatindividual at high 02 tensions. The fall in cardiac output if 02 is pre-
breathed introduces a spurious error into the calculations (as demonstrated
in Tables 3 and 5). If the correction for the depressant effect of 02 oncardiac output is not applied, it appears that DM increases at the rate of13 ml/min x mm Hg/L alveolar volume, while VC remains unchanged. When
the correction is applied, then DM increased 8.5 ml/mIn x mm Hg/Lalveolar volume, while VC increased 6.2 ml/L alveolar volume. To obviate
the need for these corrections, it is preferable in the estimation of DM
and VC to prebreathe only 3 breaths of 02 before obtaining the diffusingcapacity at the high level of alveolar 02 tension.

The effect of lung volume on DM and Vc0 using the single breath
method of analysis, has been reported by other authors (19, 20). Both
Hamer (19) and Miller and Johnson (20) found that DM increased by
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88.4 mi/min x mm Hg/L alveolar volume in normal subjects, a value close
to ours when the correction for the depressant effect of 02 breathing was
taken into account. Hamer (19) reported a fall in VC with increasing
lung inflation; and Miller and Johnson (20), no change. In the present
investigations, a slight rise was found. Miller and Johnson (20) pointed
out that a doubling of lung volume will cause a 26% increase in the
diameter of the alveoli, and that these vessels must be stretched corre-
spondingly. When a rubber tube is stretched by this amount, the luminal
volume of this tube increases only 3%. Miller and Johnson (20) suggested
that lung capillaries behave in the same way as rubber tubes, so that
stretching the alveolar surface has a negligible effect on alveolar volume.
We previously found that DM increased 9.7 ml/min x mm Hg/L alveolar
volume, while V remained unchanged using the steady-state method (23).
The reason why te rebreathing method gives higher values of VC with
increase of lung volume than do the steady-state or single breath method
may be simply the inexactitude of making the measurements; for only a
4% increase in diffus~ng capacity at the high 02 tension alters the results
from no change in pulmonary VC to an increase of 6.2 ml/L alveolar
volume. Alternately, it may be related to the increased alveolar C02
which occurs during the rebreathing procedure, owing to the increased
work of breathing which is a function of the larger tidal volumes necessary
to measure diffusing capacity at a greater lung volume. Rankin, McNeill,
and Forster (24) showed that increased alveolar C02 increased VC in
normal humans; and perhaps this is the explanation for the increase of VC
with increased lung volume during 'the rebreathing procedure.

Rebreathing DM in Anesthetized Dogs

The DM in anesthetized dogs, as determined by the single breath
method, has been reported as 0.84 ml/kg. The rebreathing method gave
slightly lower values of 0.77 ml/kg. This might be related to the lower
values of alveolar volume at which the rebreathing procedure was carried
out.

Pulmonary Tissue Volume in Anesthetized Dogs

In 5 normal human subjects, Cander and Forster (13) measured the
rates of disappearance of SF6, N20. C2H2, diethyl ethyl, and acetone
from the alveolar air during breath-holding, after a single deep inspi-
ration of a mixture of one of these gases and 15% He. They found that
SF 6 is so insoluble that there is no significant change in its concentration
relative to He. Ether and acetone are so soluble that they dissolve in
the tissues around the dead space during inspiration and evaporate during
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"expiration, preventing the accurate estimation of alveolar concentration.
N 2 0 and C 2 H2 showed: a rapid (less than 1.5 sec) initial fall in relative
alveolar concentration; and an exponential, more gradual decrease. The
former presumably results from the solution of the foreign gas in the
pulmonary parenchymal tissues and capillary blood, and can be used to
calculate this volume; the latter is used to calculate the pulmonary Oc.
The disadvantage of their method is that repeated breath-holds must be
carried out in order to construct a disappearance curve for CH 2 and N2 0,
and similar hemodynamic status must be assumed for each dAta point. The
rebreathing procedure offers several theoretical advantages: the C2H 2
disappearance curve can be obtained over 15 sec; repeated measurement
of pulmonary tissue and capillary blood volume are easy to make; there is
no need to assume the same hemodynamic status. Unfortunately, both in
our human and animal work, it was impossible to estimate a reproducible
intercept of the acetylene disappearance curve using the physical gas
analyzers. This failure was the result of using analyzers with differing
slow response times; but this did not prove a problem when the mass
spectrometer was employed, because all the detector sites had uniformly
rapid response times. The mean value of pulmonary tissue volume in 5
dogs, calculated by subtracting an assumed value of VC of 1.9 ml/kg (24)
from the intercept value obtained, was 9.2 mlAg. This estimate compares
favorably to previous values obtained in anesthetized dogs, of 8.6 mlA/g,
using a plethysmographic method which involved measuring the volume of

* ether evolved in the lungs after injection of liquid ether into *.he pulmonary
artery (25).
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Figure 1. CO disappearance curve, in a normal subject,
obtained by multiple breath-holding tests.

(The closed circles = individual data points;
the cross = another data point which might be
used to calculate a single breath diffusing capacity
in which breath-holding varies between 8 and 12 sec.
The hatched line = the slope used for calculation of
the latter, since the zero intercept is assumed to be
unity. Because the value at unity is actually + 0.7
sec, the standard calculation underestimates diffusing
capacity by 9%.)
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Figure 4. Representative computer-derived display of CO and
acetylene disappearance curves at pulmonary capillary

02 tensions of 120 and 620 mm Hg, using the physical
gas analyzers.

(The ordinate represents the log concentration of the
I test gases corrected for He dilution divided by the initial

alveolar gas concentration; the abscissa, the time of
rebreathing in seconds. There is a much steeper disap-
pearance slope of CO during air than during 02 breathing,
and hence a higher diffusing capacity.)
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Figure 5. Effects of 3 min 02 breathing on pulmonary Q0 (cardiac
output) in normal seated subjects.

(At any given lung volume, 02 suppresses cardiac
output.)
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20%

20%
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Figure 6. Comparison, in anesthetized dogs, of pulmonary
Qc by acetylene rebreathing using physical gas
analyzers vs. pulmonary Qc by indicator dilution
method minus calculated shunt.

(In 10 of 32 observations, the physical gas
analyzer system underestimated blood flow by
more than 20%.)
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Figure 7 (Parts A and P). Representative mass spectrometer displays
from oscilloscope of small digital computer.

(Note, in Part A, the failure of the CO disappearance
curve to intercept at zero time in the raw data display and
the Irw values of the C2H2 disappearance curve. After the
computer has adjusted the CO disappearance curve to inter-
cept at a value of unity zero time--in Part B--the C2112
intercept is displaced upward to the true value, since the
former indicates a correct zero time.)
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Figure 8. Comparison, in anesthetized dogs, of
pulmonary Qc by acetylene rebrea thing,
using mass spectrometer vs. pulmonary
Qc by indicator dilution method minus
calculated shunt.

(In 3 of 36 observations, the mass
spectrometer overestimated blood flow
by more than 20%.)
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Figure 9. Rebreathing diffusing capacity vs. body weight
in anesthetized dogs.

(The estimating equation is
DC0 RB 0.795 + 0.711 x kg (r 0.625).)
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(Part 2)

RE: SAM-TR-75-25

Section VII (Part 2)

SUPPLEMENTARY INFORMATION ON: "Flow Charts--Rebreathing Procedure."

In order for comprehensive information on this research to be

readily accessible, microfiche have been made of the above-mentioned

material. The microfiche are available through:

The Aeromedical Library
Documentation Section
Brooks AFB, Texas 78235
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VIII. EFFECTS OF MODIFIED ANTI-G SUIT ON CARDIAC
OUTPUT AND DIFFUSING CAPACITY

ABSTRACT

Cardiac output and diffusing capacity (DL) during air and oxygen (02)
breathing were measured in 10 human volunteers, in the seated position,
breathing air or 100% 02. Application of the standard USAF anti-G suit
and a modified USAF anti-G suit were compared in these subjects. The
standard suit tended to fill from the abdominal bladder downward--whereas
the modified suit filled upward in sequence the leg bladders, thigh bladders,
and abdominal bladder. The design of the modified type was based on
previous studies which revealed that inflation of the standard suit did not
produce an increase in cardiac output in subjects in the seated +1 Gz
position. In the present studies, the modified suit produced significant
increases in both cardiac output and DL during air breathing. Cardiac
output was unchanged when the subject breathed 100% 02, although
a slight rise in DL occurred. These studies suggest that an anti-G suit
capable of inflating from below upward might be more beneficial in pro-
tection against acceleration maneuvering than the standard USAF anti-G
suit. However, even the modified suit did not improve cardiac output
during 02 breathing, a condition which causes suppression of cardiac out-
put of 12% to 16%. These studies further suggest that careful attention
has to be directed to inspired 02 concentration during accelerated maneuver-
ing testing of anti-G suits.

INTRODUCTION

The reasons usually given for the increase in tolerance during appli-
cation of anti-G suits include: rise in systemic arterial pressure; increase
of venous return to heart; and decrease in vertical heart-to-head distance.
In seated humans under +1 Gz conditions, application of anti-G suits
over a 5- to 10-sec period produces a rise in systemic arterial and venous
pressures accompanied by a compensatory fall in heart rate (1, 2). Further-
more, the inflation of an anti-G suit produces substantial rises of pressure
in the pulmonary circulation, accompanied by an increase in DL of the lung
(3, 4). When human volunteers are passively tilted from the supine to the
900 head-up position, there is a striking fall in cardiac output from a
mean of 6.7 to 2.7 liters/min. Inflation of the standard USAF anti-G suit,
before tilt or after the 900 head-up tilt, produces a partial restoration of
cardiac output to 4.5 liters/min (5). As we previously reported, these
data indicated that the anti-G suit either improved venous return or pre-
vented trapping of blood in the pelvic region and lower extremities.
Aiccordingly, we studied the suit's effect on human volunteers in the seated
+1 Gz position and found that, although the inflation of the standard USAF
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anti-G suit caused a slight fall in heart rate, no effect on cardiac output
occurred (6). This anti-G suit consists of an abdominal bladder, thigh
bladders, and leg bladders joined together by tubings but with the inlet
tubing located at the level of the abdominal bladder. We postulated that

the failure to increase in cardiac output in the seated position might be
related to: crimping of the connecting tubings to the thigh and leg bladders

in the seated position, thereby causing a tourniquet effect on the lower
extremities which would cancel the increase of venous return produced by
compression of the splanchnic and pelvic venous beds; or the venous return
was increased by the inflation of the anti-G suit in the seated +1 Gz
position but, because of the curvilinearity of Starling's Law Of The Heart,
the effective rise in filling pressure did not produce a sufficiently detect-
able change or was masked by effects of pain sensations. For these
reasons, we decided to test an anti-G suit which inflated upwards from
the calf bladder to the abdominai bladder. We measured DL and cardiac
output by a rebreathing procedure during both air and 02 breathing (7).
Systolic time intervals were measured from analysis of an external carotid
artery pulse tracing, phonocardiogram, and EKG (8).

METHODS

Modified Anti-G Su!

The modified suit was constructed by severing the tubing connection
around the abdominal, thigh, and calf bladders and bringing separate
pressure lines from a reservoir chamber (50-gal steel drum) so that the
individual bladders could be filled by a hand-operated toggle switch. The
bladders could be filled in sequence from below upwards at 3 psi in about
15 sec.

Rebreathing Technique

The method used in this study has already been described in detail
in report section VII (in "Procedure in Humans," p. 135, par. 1, to
p. 136, par. 2).

Data processing was conducted on-line by means of a small digital
computer system (LINC 8, Digital Equipment Co., Maynard, Mass.). The
d&I sappearance of CO and C 2 H2 was calculated and displayed according
to the method of Cander and Forster (10). From these curves, diffusing
capacity, and cardiac output were calculated.
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Systolic Time Intervals

The systolic time intervals of left ventricular systole were measured
from simultaneous recordings of the EKG, phonocardiogram, and carotid
pulse tracing. The latter was recorded through changes in electrical
capacitance due to movement of an attached stretched latex diaphragm
placed over the carotid artery. The total electromechanical systole (QS2)
is measured from the onset of ventricular depolarization to the first high-
frequency vibrations of the aortic component of the second heart sound.
The left ventricular ejection time (LVET) is measured from the beginning
upstroke to the trough of the incisural notch on the carotid pulse tracing.
The pre-ejection phase (PEP) is derived by subtracting the LVET from QS2.
liM the range of heart rate from 50 - 110 beats/min, these systolic time
interval. are linearly related to heart rate and the values must be corrected
if rate changes during a study (8).

Procedure

Either the standard or the modified anti-G suit was donned by the
volunteer, who then rested in the sitting position for 7 min. A rebreathing
test was done, and the volunteer then rested for 3 min. The ailti-G suit
was inflated to 3 psi, a procedure which took 15 - 20 sec, and the
rebreathing test immediately performed. The anti-G suit was deflated and
the subject rested for 7 min. He then breathed 100% 02 from a demand
valve for 3 min, rebreathed 02 through a C02 absorber for 3 min to enable
a determination of back pressure for CO in the blood, and then breathed
100% 02 from a demand valve. A rebreathing procedure with a high 02
concentration in the test mixture was carried out and followed by breathing
02 from a demand valve for 3 min. The anti-G suit was inflated, and this
was immediately; 4lowed by a rebreathing test. The anti-G suit was
removed and the procedure repeated with the anti-G suit which had not
been used in the first series of tests.

RESULTS

Standard USAF Anti-G Suit

"The effects of the inflation of the standard suit are summarized in
Table 1. Presented in Figura 1 are the observations on heart rate, stroke
volume index, and cardiac output Index--during both air and 02 I.-athing- -

using the standard and the modified suits. With the standard USAF anti-G
suit, there was a 4% increase in DCOr on air breathing (P - NS) and a
6% increase with 02 breathing (P < .8), The ratio DL:VA significantly
increased with inflation of the anti-C suit (Fig. 2). During inflation of
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the anti-C suit, the systolic time intervals showed the following: Q -2
interval, no change; LVET, slight prolongation; and PEP, slight shortening
(Fig. 3).

Modified USAF Anti-C Suit

The effects of the inflation of the modified suit are summarized in
Table 2. During both air and 02 breathing, heart rate was unchanged.
During air breathing, however, there was a 9% increase in stroke volume
(P < .02) and a 12% increase in cardiac output (P < .01) (Fig. 1). Al-
though similar changes took place during 02 breathing, the differences were
not statistically significant. Diffusing capacity increased 14% during air
breathing (P < .01) and 8% during 02 breathing (P < .02). The ratios
D1L:VA also showed a significant increase (Fig. 2). During inflation of
the anti-G suit, the systolic time Intervals showed the following: Q S2
no change; LVET, slight prolongation; and PEP, no change (Fig. 3).

DISCUSSION

The physiologic action of anti-C suits has been the subject of intense
investigation (11). One explanation for their beneficial effect is that, by
applying pressure to the lower limbs and abdomen, these devices tend to
keep the transmural pressure of the blood vessels in these parts constant,
thereby preventing pooling of blood and transudation of fluid when the

can collect in these vessels is, however, relatively small during the brief

exposure to the high degrees of acceleration occurring at the time that the
suits are beneficial in preventing symptoms. The protective effects of
the anti-G suit can be explained if a reduction takes place In the hydro-
static distance between the heart and brain. However, radiographs indicate
that this reduction, although it does occur, accounts for only 0.2 G of the
overall protection provided by anti-C suits.

The application of external pressure to the torso increases systemic
blood pressure which is of great importance in protecting cerebral blood
flow and raising the threshold for acceleration. On the arterial side of the

circulation, external pressure increases the resistance to inflow of blood,
although this is achieved by a decrease in arteriolar transmural pressure.

At the same time, compression of the veins forces blood from the capacity
vessels back into the general circulation, Increases venomotor tone, and
diminishes the space available for blood pooling. It has been postulated
that the more efficient garments produce a larger increment of thoracic
blood volume through this mechanism. Their greater protection lies in the
larger rise of systemic blood pressure resulting from this increment.
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Howard (11) explained the protective action of anti-G suits in terms
"of their initial and late effects. The early, or short-term, protection
results from a combination of minor elevation of the diaphragm and com-
pression of the legs. The former decreases the vertical distance between
the heart and brain; the latter raises the peripheral arteriolar resistance.
In the late stages of a long exposure to acceleration, the compression of
the legs acts to prevent or reduce the collection of blood In the capacity

vessels of the limbs, thus helping to maintain cardiac output at a time
when it would be otherwise falling further.

The present study clearly demonstrates that a modified USAF anti-G
suit which inflates from below upward Is, in Its hemodynamic effects,
superior to the standard USAF anti-G suit. This modified suit signifi-
cantly increases pulmonary Qc and DL of the lung during air breathing
when the subject is in the +1 Gz seated position. Although similar changes
take place during 02 breathing, the increase in pulmonary Qc is no>•
statistically significant. The modified anti-G suit cannot completely
overcome the suppressant action of 02 breathing on cardiac output, an
effect which amounts to a 12% to 16% decrease (7).

The modified anti-G suit in which the application of pressure is from
below upwards is more efficient in milking blood from the extremities into
the venous system, with the following beneficial results. The larger
rise in diffusing capacity, a measure which is proportional to puimonary
VC when the modified antl-G suit is applied, probably reflects a larger
increment in thoracic blood volume, and this might allow a greater rise
in systemic blood pressure, thus affording greater acceleration protection
during its early stages. On the other hand, the increase in cardiac output
by the Increased venous return should give better G protection during the
later phase of G exposure. These effects have only been studied under
+1 Gz conditions, however; and such a suit must undergo testing on the
centrifuge where high accelerative forces can be applied.

Increases in stroke volume due to enhanced ventricular filling are
accompanied by a lengthening of the LVET and abbreviation of the PEP
while, in general, QS2 interval remains unchanged. Transieait Increases
in after-load Induce prolongation of both LVET and PEP (8). Both the rise
in systemic pressure and increase in stroke volume induced by inflation
of the anti-G suit tend to lengthen LVET, whereas PEP is shortened by
one factor and lengthened by another. In the present study, the length-
ening of LVET with anti-G suit inflation was the only consistent finding
observed in the systolic time intervals.

The DM and pulmonary VC could not be calculated from the measure-
nments of diffusing capacity at the high and low alveolar 02 tensions
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because of the inability to ensure an identical hemodynamic state between
the two determinations--owing to the design of the experimental protocol.
We were interested in whether the suppressant effects of 02 on cardiac
output could be overcome with the modified anti-G suit; but this did not
prove to be the case, and suggested that the inspired 02 concentration
might also play a role in limiting 4-t.oIrnce to accelerative maneuvering.
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Figure 1. Changes in heart rdte, stroke volume index, and cardiac

index pre- (C) and postinflation (I) of the standard and of
the modified anti-G suits.

[For each set of observeatins, the data are shown for:
the standard anti-G suit (Std), on the left; the modification
(Mod), on the rght.]
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Figure 2. Changes in diffusing capacity (DC) and the
ratio of DL:VA Pro- (C) and postinflation (I)

of the standard (Std) and modified (Mod)

anti-G suits.
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Figure 3. Systolic time intervals heart rates are plotted as a percentage
of predicted values for the heart rate; and the changes, pro-
(C) and postinflation (1) of the standard (Std) and of the modified
(Mod) anti-G suits are depicted.
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IX (Parts I and 2). PULMONARY ARTERIAL BLOOD VOLUME AND

TISSUE VOLUME IN MEN AND DOGS

(PART 1)

ABSTRACT

The pulmonary arterial circulation time after injection of an ether
in alcohol solution just beyond the pulmonic valve was determined in
conscious man by an established body plethysmographic technique [Feisal,
Soni, and DuBois, In J Clin Invest 41:390 (1962)], and in anesthetized
man by a newly developed pneumotachographic method. The latter was
compared to simultaneously determined estimates in the anesthetized
dog by the plethysmographic technique, and showed good agreement.
Aspects of corrective factors to improve the accuracy of these methods
(such as taking into account the right-to-left intrapulmonary shunt and
the uptake of ether gas from the alveoli into the blood while ether gas
is being evolved from the Initial injection) were evaluated from the animal
experiments. In 5 humans with normal pulmonary arterial pressures,
pulmonary arterial blood volume estimated by these methods was 172 ml,
SD 22 ml. Estimates of pulmonary tissue volume, both In dogs and man,
were much larger than values reported by others for tritlated water space
of the lungs--and more in keeping with previously published postmortem
estimates of the total water content of the lungs.

INTRO DUG TIO N

In 1962, Feisal et al. (1) described a body plethysmographic method
to obtain, in anesthetized apneic dogs: the pulmonary arterial circulation
time, the pulmonary arterial blood volume, lung density, and tissue
volume. Their method was based upon the principle that ether gas could
be detected as It arrived at the pulmonary capillaries by a rise in plethys-

mographic pressure after it had been injected as a solution above the
pulmonic valve. The method was subsequently employed to measure
aspects of the pulmonary circulation not readily obtainable by other tech-
niques: e. g., in conjunc;tion with injections of bicarbonate and of lactic
acid to measure intrapulmonary reaction times of these compounds (2, 3);
to estimate the size of gat? exchange vessels within the lung (4); and to
demonstrate the effects of breathing hypoxic mixtures on the mechanical
properties of large pulmonary arterial vessels (5). However, the method
has not been heretofore applied to humans. The purposes of the present
investigation were: (a) tW determine the feasibility of ether plethysmo-
graphic method in conscious man; (b) to describe a modification of this
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technique, using a pneumotachograph, and to compare its accuracy with
that of the standard plethysmographic method in anesthetized dogs; and
(c) to determine the feasibility of the pneumotachographic method in
anesthetized man.

METHODS AND PROCEDURES

Ether Plethysmographic Method

The following deals with the collection and processing of data for
the ether plethysmographic method. For the comparison between the ether
piethysmographic and ether pneumotachographic methods (vide infra), an
anesthetized dog is enclosed within an airtight chamber, the body p'ethys-
mograph (BOX); and 0.5 - 2 ml of an ethyl ether in alcohol solution 1:4
is flushed in rapidly with 3 - 8 ml of saline Into the pulmonary artery.
The same procedure is employed for conscious humans; but, instead of
remaining apneic, they expire slowly at a relatively constant flow rcte of
2 - 3 L/min--with the aid of a visual monitor connected to the output of
a F]-isch pneumotachograph--because of the difficulty in rema_*ning
relaxed with an open glottis in an apneic position. This maneuver Imposes
a steady ramp signal on the plethysmographic tracing and is easily sepa-
. ated from the signal after ether Injection. There Is an initial rise in BOX
pressure as a result of the saline flush; BOX pressure is calibrated as a
volume, and the volume of saline Injected is recovered completely In the
wave form of the BOX pressure (Fig. 1). After the saline flush, a slow
rise In BOX pressure is caused by the entry of gaseous ether Into the
a•reo1. until a peak is reached. As blood with a decreasing concentration
of ether continues to flow into the capillaries, the capillary to alveclar
eth'r gradient is reversed, and ether diffuses from the alveoli back Into
the blood--producing a fall in BOX pressure at a rate depending upon the
solubility of ether in blood, the partial pressure gradient for ether,, and
the pulnonary Oc.

The pulmonary arterial circuiation time (pulmonic valve to pulmonary
capillaries) is measured as follows: The median transit time Is the p.%riod
mTeasured between the tJne at which the rise of BOX pressure caused by
the Injection volu Ane rea'Thes half its maximal value, and the time at which
th,• rise of BOX pressure caused by the appearance of ether gi s In the
alveoli reaches half its peak value. The rationale for this estimate of
circulation time has been explained, as follows, by Feisal et al. (1):
There Is a scatter of arrival times of ether at the capillaries related to
different rates of flow to diffetrent parts of the lung. The mid-volume
point of the rise in BOX pressure corresponds to the time of arrival of half
the ether at the capillaries. if ether is uniformly mixed wit' the blood,
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the concentration of ether in all branches of the pulmonary artery will be
equal; and the arrival of half the ether indicates the arrival of half the
blood at the capillaries. The measurement of median transit time is more
rapid and easy to obtain manually than the mean transit time, a parameter
which might be more accurate if the evolution of ether behaved as a
cumulative frequency motion. For the mean transit time, it is necessary
to perform the following operation on the ether curve:

Jo td-r

mean transit time = 0 dJo dV

in which t = time, and dV = an element of the volume of ether at any
point in time. Because this analysis is more time consuming, Felsal
et al. (1) did not use it since their preliminary studies suggested that
the results of both median and mean transit times were similar. They
also pointed out that pressure-time curve after ether injection Is not a
true cumulative frequency, because ether returns to the blood before pear:
plethysmographic pressure is reached.

The return of ether to the blood before its peak evolution can be
taken into account by correcting for the elapsed time, the degree of pres-
sure change and rate constant of the descending curve after peak BOX
pressure: The peak ether volume is delineated, and a least squares fit
on the descending curve is performed to obtain its slope. The ether
curve is translated as follows:

V'(t) = V(t) - m(t-ti) for t-tf* tmax in which V'(t) = the translated
function; V(t) = original ether curve; m = the slope; t = time; ti = initial
time of inscription of ether curve; and tmax = the time of peak ether
volume. This correction is additive to the actual volume of ether measured.
Since the volume of ethyl ether gas evolved is a function of the ratio of
alveolar volume/pulmonary capillary plus tissue volume (1), this correc-
tion sets a lower timit to the estimate of pulmonary tissue volume.
Another correction which must be considered is the amount of right-to-left J
Intrapulmonary shunting of blood. The larger the shunt, the less the vol-
ume of ether evolved; and failure to allow for this correction results in an

overestimate of pulmonary tissue volume. In the present investigation,
the significance of these correction factors is systematically examined.
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Ether Pneumotachographic Method

This ether pneumotachographic method was developed in order to
study apneic subjects on respirators or under anesthesia, and is based
upon a technique described by Wasserman and Comroe (6) and later
modified by our group (7). It has been used to estijnate nitrous oxide
uptake ar a prerequisite for calculating pulmonary Qc. During apnea,
the chest becomes analogous to the BOX and, with a sensitive pneumo-
tachograph at the airway, the evolution of ether gas is detected as a rise
in expiratory air flow superimposed on the cardiogenic oscillations (Fig 1).
Such oscillations of flow are synchronous with the heart beat and are as
much as 7 to 15 times larger than the peak flow, due to evolution of ether
gas. Filtering of these oscillations might be best accomplished by a
low-pass digital filter with a sharp cutoff, since the period of o.cillations
is much faster than the period of ether evolution. However, because of
core restrictions in our small digital computer, and after preliminary
trials of several approaches to eliminate the cardiogenic oscillations
from the record, we found that the most reproducible method wa:- to use
the cardiogenic oscillation immediately preceding ether injection as a
template to subtract the osc~ilatory content beat-by-beat throughout the
ether evolution. The resultant flow curve was integrated to give the
volume of ether gas evolved and pulmonary arterial circultion time com-
puted, as in the analysis of BOX records. It was impossible to employ
the pneumotachographic method in conscious subjects; for reproducible
baseline cardiogenic flow oscillations could not be obtained, owing to
incomplete relaxation of the thorax.

Data Processing

A program was written which runs on both a stanidard LINC 8 digital
computer with 4K of core and on an updated version, the PDP 12 (Digital
EquIpment Co., Maynard, Mass.). Analog signals are put into the
computer by means of analog-to-digital converters: 1) signal from an
injection apparatus (Cordis Injector, Cordis Corp., Miami, Fla.) which
delivers saline to flush the ether solution into the pulmonary artery;
2) EKG; and 3) flow signal from the pneumotachograph, or volume signal
from the body plethysmograph. The program calculates the mean and medi-
an pulmonaYy arterial circulation time and displays the ether curve. The
program allows the user to enter digital values of the volume of liquid
ethyl ether injected, alveolar volume, and pulmonary VC into the computer--
thus permitting calculations of lung density and pulmonary tissue volume
as described by Feisal et al. (1). Y-owever, the partition coefficient for
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ether In lung tissue In the present study is aken as 12 (8, 9), rather
than 15.5 as used by these authors. Right-to-left intrapulmonary shunt
was determined during 100% 02 breathing; and this shunt fraction was
subtracted from the volume of liquid ethyl ether Injected in order to
correct for volume of ether solution not arriving at the alveolocapillary
membrane. It is possible to examine the raw data at various points in
the program before finalizing the display (Fig. 2).

Comparison of Ether Plethysmographic and
Pneumotachographic Methods on Animals

Twenty-three mongrel dogs, each weighing 13 - 30 kg, were
anesthetized with sodium pentobarbital (25 mgAcg). They were intubated
with a cuffed endotracheal tube, and catheters were placed within the
pulmonary and carotid arteries and a peripheral vein. Of these animals,
10 were paralyzed with intermittent administration of succinyl choline
chloride and ventilated with a Harvard Respirator. In 5 of these 10
animals, marked sinus arrhythmia was observed; and it was necessary
to introduce a bipolar electrode into the right atrium for pacing the heart
at a regular rate. In 13 other dogs, ventilation was supported by means
of transvenous phrenic nerve stimulation (PNS) (10). Cardiac pacing was
not required in these animals because marked sinus arrhythmia was not
encountered. In 7 animals, measurements were obtained of both pulmonary
arterial and left atrial pressures, and cardiac output was estimated by the
dye dilution method utilizing indocyanine green.

The animal was enclosed within a body plethysmograph which had
an internal volume of 170 liters (11). Plethysmographic pressure was
sensed by a differential pressure gage (DP 45 ± 1 in. water, Validyne
Corp., Northridge, Calif.). The frequency response of the chamber was
flat to 21 Hz. Flow at the airway during apnea was sensed through a
#00 Fleisch pneumotachograph connected to a differential gage (DP
45 t I in. water, Validyne Corp.) which was situated within the bodr
plethysmograph. The frequency response of the pneumotachographic
system was flat to 14 Hz. After calibration of the plethysmograph and

pneumotachograph, 0.5 - 2 ml of 1:4 ether in alcohol solution was instilled
into a cardiac catheter whose tip was positioned just above the pulmonic

* valve. A baseline was established of both plethysmographic pressure and
pneumotachographic flow for 2 - 3 sec during apnea; and the ether solution
was flushed into the pulmonary artery by means of 3 - 8 ml saline solution
through a Cordis Injector triggered to deliver the saline just after the I

inscription of the R wave of the EKG. The data were recorded on magnetic
tape and analyzed off-line on a LINC-8 digital computer which was not

8
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situated in the same building as the Animal Laboratory. (The data coul.
have been analyzed on-line, if the computer had been nearby.)

Ether Circulation Time In Patients

After their informed consent for the procedure had been obtained,
3 conscious subjects were studied by the ether plethysmographic method;
and 3 anesthetized subjects, by the ether pneumotachographic method.
The same type of gages utilized In the animal experiments were employed.
The frequency response of the human chamber was flat to 19 Hz. A
cardiac catheter was placed under fluoroscopic control just above the

ilmonic valve. The catheter had a sealed tip and multiple proximal
side holes in order to minimize its recoil after the injection of fluid. The
accuracy of its position was checked by gently withdrawing from the
pulmonary artery until the right ventricular pressure curve was recorded,
and then advancing until the pulmonary arterial pressure tracing was
obtained. This position was not rechecked until the end of the procedure.
Cardiac output was measured by the nitrous oxide plethysmographic and
the nitrous oxide pneumotachographic methods, In the conscious and
anesthetized subjects, respectively (12, 13). Alveolar volume was
measured by the plethysmographic method (14) in the conscious subjects
and by a rapid He rebreathing technique (11) in anesthetized subjects.
Pulmonary VC was estimated from CO disappearance curves obtained with
multiple breath-holding times at two different alveolar oxygen tensions
(15). Student's t-test was used to check for statistical significance of
differences between means.

RESULTS

Comparison of Ether Plethysmographic and
Pneumotachographic Methods on Dogs

In 60 simultaneous determinations from 16 dogs, only ten percent
of mean transit times by the pneumotachographic method varied by more
than 10% from the plethysmographic determinations (Fig. 3). On the
other hand, thirteen percent of the pneumotachographically determined
ether volumes varied by more than 20%, and seventeen percent by more
than 10% from the plethysmographic estimation (Fig. 4). In two succes-
sive measurements within a period of 3 min, both pulmonary arterial
circulation time (using either mean or median transit times) and volume
of ether (evolved by either method) had less than 10% variation from the
mean value for the respective method. For example, 35 sequential pairs
of median transit time determinations showed a mean of: 0.98 sec,
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SD 0.36 for the first trial; and 0.98 sec, SD 0.36 for the second trial.
The difference between the trials, disregarding algebraic sign, was:
0.08 sec, SD 0.08.

The pulmonary arterial median transit time by the plethysmographic
technique of 1 .22 sec, SD 0.44 (110 determinations from 28 dogs) was
consistently less In paired observations than the mean transit time of
1 .2 9 sec, SD 0. 48 (P < .001) . The correction of the ether curve, by

* adding to It the ether gas evolved as a function of the rate constant of
the descending curve following peak BOX pressure, gave the following
results: In 70 determinations from 10 dogs, the mean transit time rose

*from 1 .44 sec, SD 0.42, to 1 .51 sec, SD 0.67 (P < .001); and the median
transit time, from 1 .36 sec, SD 0. 42, to 1 .43 sec, SD 0. 58 (P < .001).
The volume of ether by the BOX method evolved before correction for loss
to the blood was: 8.9 ml, SD 2.8; and after correction, 9.9 ml, SD 3.5
(P < .001).

In 6 dogs, there were no significant changes In either pulmonary
arterial circulation time or volume of ether gas evolved as measured by
the plethysmographic method, whether the measurement was made with
an open or occluded airway at the FRC position.

Pulmonary Tissue Plus Capillary Volume in Dogs

of the 17 animals measured, duplicate values for pulmonary tissue
plus capillary volume varied by le~ss than 10% in 14 animals, and byl less
than 15% In the remaining 3. Listed In Table 1 are: the values for the

* sum of pulmonary tissue plus capillary volume for the first 10 dogs studied
* in whom the volume of ether evolved was corrected for right-to-left Intra-

pulmonary shunting,* and the rate constant of the ether redissolving in the
blood after peak volume was reached. A value for pulmonary VC, calcu-
lated from previously published values for dogs (16), was subtracted from
the combined pulmonary tissue plus capillary volume in order to estimate
tissue volume alone. Values for pulmonary tissue volume were quite
variable, ranging from 4.2 to 12.2 mlAg, with a mean of 8.3 mlAcg- InV these first 10 dogs In which pulmonary tissue volume was measured,
pulmonary arterial pressure was within normal limits. In order to exclude
a hemodynamic factor for the variability of pulmonary tissue volume
mneasurements * both pulmonary arterial and left atrial pressures as well as
cardiac output were measured in another group of 7 dogs (the data of the
final 7 dogs in Table 1). All these parameters were within normal limits
and the variability of pulmonary tissue volume did not differ from the

first 10 animals.
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Pulmonary Arterial Blood Volume and Tissue Volume in Man

The injection of ethyl ether in alcohol solution into the pulmonary
artery of the conscious subjects did not produce subjective symptoms,
other than the taste of ethyl ether at about the time the peak evolution
of ethyl ether was being recorded. None of the subjects coughed. Pul-
monary arterial pressure was not affected by the injection in both the
conscious and anesthetized patients. Representative computer processed
displays of ether circulation times for both the plethysmographic and
pneumotachographic methods are shown in Figures 5 and 6, respectively.
Values for the 6 patients are summarized in Table 2. In 5 of the 6 sub-
Jects with normal pulmonary arterial pressures at rest, the volume of the
pulmonary arterial tree ranged from 135 to 198 ml, with a mean of 172 ml.
This volume was only 90 ml in a patient with primary pulmonary hyper-
tension confirmed by both cardiac catheterization and lung biopsy. This
patient also had a pulmonary tissue volume much larger than the other
subjects. In the subjects with normal pulmonary arterial pressures, lung
densities ranged from 0.07 to 0.22 gm/ml; and combined pulmonary
capillary plus tis~sue volume, from 221 to 438 ml, with a mean of 330 ml
(200 ml/Mý BSA).

DISCUSSION

"Pulmonary Arterial Blood Volume

The injection of ethyl ether dissolved in alcohol into the pulmonary
artery of man appears to be a safe procedure. We injected 0.2 - 0.4 ml
ethyl ether in alcohol, whereas Fraser et al. (17) used 0.1 - 0.2 ml
ethyl ether acd followed it wieh a saline flush to detect right-to-left u

: ~intracardiac shunts. No ill effects were observed in 109 patients under-

* going the latter procedure. However, the normal subjects generally
coughed after ethyl ether injection into the pulmonary artery. The studies
of Feisal et al. (1) suggest that the cough in their patients might be
related to formation of bubbles of ether gas in the blood when the liquid
is injected which does not occur when the ethyl ether is dissolved in
alcohol.

This report describes the first estimates of pulmonary arterial blood
volume in man from ether circulation time determinations. Values in our
5 subjects with normal pulmonary artsrial pressures ranged from 135 to

198 ml, with a mean of 172 ml; in one subject with pulmonary hypertensio'
the value was only 90 ml. This diminution in the latter corresponded to
the generalized narrowing of pulmonary arterial vessels, as seen in lobar
arteries and smaller arteries on chest roentgenogram and by histologic
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examination of the lung biopsy. It is of interest that preliminary reports
of the determination of pulmonary arterial transit time, by employment of
scans to measure the activity of radio-iodinated macro-aggregated serum
albumin from the opening of the pulmonic valve to the periphery of the
lung, are in close agreement with the present studies both in dogs and
humans. Indeed, Lewis and Herrera (18) compared the scanning technique
in dogs to the ether plethysmographic method and found that 20 of 25
determinations fell within 20% of a line of identity. The authors further
found that the average pulmonary arterial blood volume in man ranged from
149 to 215 ml, with a mean of 182 ml (19). Since the method of Lewis
and Herrera (18, 19) depends upon injection of the tracer into the right

Satrium and does not involve enclosing the subject within a body plethysmo-
graph, that method may be more practical to use if only pulmonary arterial
circulation time--and not an estimate of pulmonary tissue volume--is
desired. Indeed, the complexity of enclosing volunteer patients within a
body plethysmograph with a catheter in the pulmonary artery has caused
us to abandon the method in consc~ous humans. The detection of ether
gas evolution by measurement of flow at the airway with a sensitive
pneumotachograph eliminates the need for a body plethysmograph, but
cannot be used in conscious subjects because we have been unable to
train them to relax the chest during apnea while the glottis is held open.
However, this method is ideal for use in anesthetized humans, and also
should be applicable to patients on mechanical respirators who often have
a Swan-Ganz catheter in the pulmonary artery for monitoring the pressure
within this vessel. The method can be used in mild but not marked cases
of sinus arrhythmia, and cannot be employed when atrial fibrillation or
ectopic beats are present.

Pulmonary Tissue Volume

It is difficult to compare our values for pulmonary tissue volume in
man to those reported by others for its determination by inspiration of
soluble gases (20, 21), or for estimates of pulmonary extravascular water
space by the indicator dilution technique using tritiated water (22). We
did not measure pulmonary VC in all our subjects, a prerequisite for
calculating pulmonary tissue volume from the space measured by the
ether method. Further, only 1 of our subjects had a normal cardiopulmonary
system, although 4 of the remaining 5 with cardiac disease had normal
pulmonary arterial pressures at rest. The pulmonary tissue volume
determined by ether injection appears to )Me between the value for the
space measured by the indicator dilution tritiated water method (22) and
the larger volume found by analysis using inspiration of soluble gases
(20, 21). In one of our subjects with primary pulmonary hypertension,
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the combined pulmonary tissue plus capillary volume was about twice
the mean value of the rest of the group. This finding might have been
related to the low output cardiac failure which was present in this
patient.

The variability In duplicate measurement of pulmonary tissue plus
capillary volume by the ether plethysmographic method is approximately
the same as that for determination of the pulmonary extravascular water
space determined by the tritiated water indicator dilution technique.
The variability cannot be accounted for by the presence of hemodynamic
pulmonary edema, and its explanation is uncertain. Correlation between
its value and that obtained by morphometry will have to be undertaken.
The latter gives a pulmonary extravascular water content in dogs of 3.5
mlAcg body weight (23) which is slightly less than one-half the value of
pulmonary tissue volume by the ether plethysmographic method (Table 1).

Since the tritiated water dilution technique estimates only about 50% of
the water content of the lungs at autopsy (23), it appears that the ether
plethysmographic method may more closely reflect the total water content
of the lungs. This view Is consistent with data obtained in man from the
transient uptake of nitrous oxide by a plethysmographic method which
gives values for pulmonary tissue volume (21) about twice that reported for
the tritiated water indicator dilution studies (22).

Ether Circulation Time

As reported by Feisal et al. (1) and confirmed In the present study,
the mean transit time for ether solution from the pulmonic valve to the
capillaries Is slightly greater than the median transit time. Further,
these authors pointed out that some ether may return ho the blood before
peak pressure is reached; and, consequently, the ether curve should be
corrected for pressure decay at every point as a function of elapsed time,
the degree of pressure change, and the rate constant of the descending
curve. They stated that both these corrections involved an improvement
in accuracy to 5% and that the routine use of these corrections did not
justify the longer method of calculation. In the present study, we found
that these corrections cannot be neglected. The mean pulmonary arterial
transit time was about 6% longer than the median transit time, and the

correction for pressure decay added another 5% to the mean transit time.
Therefore, failure to take these corrections into account results in under-
estimating pulmonary arterial blood volume by 11%.
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Lung Density

The mean value of lung density of 0.16 gm/ml determined in our
10 dogs was lower than the mean value of 0.23 gm/ml found in 12 dogs
by Feise" et al. (1). This difference was both the result of our choosing
a sma" tr value for the partition coefficient of ethyl ether and of taking
into ý :count the right-to-left Intrapulmonary shunt. The density of the
lung in humans was generally less than in dogs, because the lung volume
was proportionally much larger than the tissue volume. We do not have an
explanation for this apparent structural difference between human and
canine lungs.
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Figure 1. Comparison of ether plethysmographic and pneumotachographic
techniques In anesthetized apneiL, dogs.

[For key to Fig. 1, see facin,, panel
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-- Key to Figure 1 --

(The upper tracing shows tne raw data; the lower two
tracings, the final display from the cathode ray oscilloscope
of the LING 8 digital computer. The upper analog record shows
the: EKG; pneumotachographic [PNEUMOTACH] tracing of flow
at the endotracheal tube with the flow calibration; plethysmo-
graphic [BOXJ pressure calibrated as a volume; and time of
injection [INJJ of saline to flush ether solution into the pulmonary
artery. The record shows an initial rise due to saline injection°
Then, there is a second rise in both volume within the plethysmo-
graph and flow at the airway, due to evolution of ether gas
followed by a decay as ether gas redissolves into the pulmonary
capillary blood. The compute.x displays show a record oi the
evolution of ether gas. The first vertical line at the left indicates
the end of the injection period; the second, the mid-volume point
of ether gas evolution; and the final, the peak volume point. In
this example, the following data were obtained: For the BOX
record-median transit time, 0.96 sec; mean transit time, 1.00
sec; volume of ether, 19.3 mland lung density, 0.09. For the
pneumotachographlc record--median transit time, 0.99 sec; mean
transit time, 1.09 sec; volume of ether, 18.9 ml, and lung
density, 0.10.)

195



-IX-
(Part ])

5 7

60

40

Cl20

0 1 2 3 4
(sec)

Figure 2. Computer display of an ether pneumotachographic tracing
from a 68-year-old woman with tetanus, curarized and
rontrolled by c m ,-cLarn-_al ventilL tor.

(Tracing A shows the oscillations produced by the heart-
beat with the superimposed waves due to Injection of saline
and evohltion of ether gas. Tracing B shows a volume record
after first subtracting a template of the oscillation preceding
the sall.e injection and then integrating the flow signal.
The vertical lines denote the beginning of the base line
computation--S, injection period--4,3, and the end of the
run--7, as chosen by the computer program. The final
disipa~ , C, shows the volume of the saline flush and ether
gas evolved on the Y axis, and time in seconds on the X axis.)
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Figure 3. Cornparison of 60 sinultaneous determinations, from
16 dogs, of mean transit time from the pulmonic valve
to the capillaries by the ether pneumotachographic
and plethysmographic methods.

(There appear to be less than 60 points, because
of the superimposition of points grouped about the
1-sec value.)
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Figure 4. Comparison ,f &0 simultaneous determinations, from
16 dogs, of volume of ether evolveca by the ether
pneumotachographlc and plethysmoqraphic methods.
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Figure 5. Pulmonary Q) as determined by the nitrous oxide plethysmo-
graphic method (tracingA), and ether circulation time in a
patient (JO, Table 2) with a functional systolic murmur
(tracingsj1, q, and ).

"(For the display of the average pulmonary Qc pulse, the
two solid vertical lines denote one R-R interval of the EKG.
In this subject, the dye dilution estimate of c%.rdlac output
Immediately after the nitrous oxide plethysmographic determi-
nation of 5.31 L./min was 5.17 L/min. Fc the display of ether
circulation times, the first vertical bar indicat6s mId-injection
point; the second bar, the enj of injection; the third bar, the
mean transit time; and the fourth bar, the peak ethtr volume. The
short mean transit time in the run of the upper right panel is due
to a markedly negative pulsation resulting from a ventricular
extrasystole.)
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Figure 6. Pulmonary Qc as determined by the nitrous oxide
pneumotachographic method (top tracing), and ether
circulation time in a patient (AD, Table 2) undergoing
coronary bypass surgery (two lower tracings).

(Both time and volume calibrations are different
on the two ether circulation times because the computer
made adjustments to obtain the optimal display. Although
the volume of ether solution injected varied by a factor
of two [i.e., 2 ml of 1:4 ether in alcohol solutionx in
the left panel, and I ml in the right panel], there was
close correspondence in the results obtained [mean
transit time 2.93 sec and 3.43 sec, respectively; and
pulmonary tissue plus capillary bloo4i volume, 389 ml
and 365 ml, respectively].)
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TkBLE 1. PULMONARY TISSUE VOLUME IN DOGS

DoR Weight Lung Density VT+ VC V , VT VT/kg
(No.) (ks) (ga/ml) (ml) (w.[•aic]) (ml) (*l/kg)

1 15.9 0.1C 145 30 215 7.2

2 13.6 0.IV, 90 26 7:! 5. 2

3 16.4 0.20 i19 31 P9 5.4

4 20.5 0.16 190 39 lr' 6.9

5 20.4 0.23 270 39 231 11.h

6 30.0 0.22 382 57 325 10.6

7 26.0 0.13 304 49 255 9.8

8 16.0 0.27 226 30 I6 12.2

9 19.1 0.14 117 p 1 4.2

10 16.3 0.16 195 31 164 10.0

11 27.3 0.29 432 52 380 13.9

12 24.1 0.17 172 .0 126 5.2

13 21.4 0.15 159 41 118 5.5

14 27.3 0.17 217 52 165 6.0

is 23.2 0.23 274 44 230 9.9

16 20.4 0.17 256 39 217 10.6

17 15.9 0.18 140 30 110 6.9 I

Mean 2O.8 0.19 216 40 177 8.3

SD 4.7 0.04 91 9 84 2.8

*3as4l on calculation of 1.9 mi/kg (ref. 16).
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(Part 2)

RE: SAM-TR-75-25

Section IX (Part 2)

SUPPLEMENTARY INrORMATICN: Ether (concerning a program

written to process waveforms obtained during the measurement of

pulmonary arterial circulation time).

In order for comprehensive information on this research to be

readily accessible, microfiche have been made of the above-

mentioned material. The microfiche are available through:

The Aeromedical Library
Documentation Section
Brooks AFB, Texas 78235
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I x. r.. 1 UNG_•[NII'N1 ANL) IRANSM URAL PU LMO NARY ARTERIAL
p1R i:,>. 1; p N P NAY A.TERAI_ BL. )COD V()LU ME I N INTACT T DOGS

A BST RAG T

The isolated effects of alterations of lung inflation and transmural

pulmonary arterial pressure (P.'M)- -pressure difference between intra-
vascular and pleural pressure--on pulmonary arterial blood volume (VPA)
were investigated in anesthetized intact dogs. Using transvenous phrenic

nerve stimulation, changes in PTM at a fixed transpulmonary pressure
(rp) were produced by the Mueller maneuver, and increases in PTP at

relatively constant P'rM by a Quasi-Valsalva maneuver. Also, both PTM

and P. P were allowed to change during open airway lung inflation. The
VPA was determined during these three maneuvers by multiplying pulmonary

blood flow by pulmonary arterial mean transit time obtained by an ether

plethysmographic method. During open airway lung inflation, mean t SD)
PT1 'p increased by 7.2 t 3.7) cm H 2 0, and PTM by 4.3 t 3.4) cm H2 0,

for a mean increase in VpA by 26.2 t 10.7 ml). A pulmonary arterial
compliance term (A VPA/t PTM) calculated from the Mueller maneuver was

3.9 ml/cm 1120; and an interdependence term (A VpA/A PTP) calculated

from the Quasi-Valsalva maneuver was 2.5 ml/cm H 2 0 for a 190X increase

in lung volume, and 1 .2 ml/cm H2 0 for an increase in lung volume from
I 9t,' to 357 . These findings indicate that in normal anesthetized dogs

near FRC for a given change in PTP and PTM' the latter results in a greater

increase of VPA.

INTRC DUCTIO N

Although numerous investigations have dealt with the effect of
lung inflation on total pulmonary blood volume (7, 18) and pulmonary vascu-
lar resistance (19, 22), only a few such studies have been reported on
the pulmonary drterial blood volume alone. Macklin's (] ') experiments
on dog lungs indicated that lung inflation had a squeezing effect on

capillaries and simultaneously increased the capacity of the arteries and
veins. These findings were later confirmed by Howell et al. (1 0), who
Cilso demonstrated two vascular compartments in excised dog lungs. They
found that with a rise in transpulmonary pressure: a volume, probably
representing the capillaries, decreased--whereas a volume, probably
representing the arterial and venous segment, increased. From a
mathematical model, supported by experiments in excised lung lobes,
Lloyd (12) reported that pulmonary arterial conductance was highest at
an intermediate lung volume and showed a decrease as the lungs were
deflated or inflated from that position. He related these changes to
alterations In arterial geometry which were independent of alveolar
pressure. Recently, Benjamin et al. (2) demonstrated in excised dog
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lunqs a high degree of interdependence between lung inflation and
pulmorary vascular diameters, suggesting that expansion of intra-
pulmonary arteries is equally related to lung inflation and Increases in
intravascular arterial pressure. None of these investigations have been
carried out in intact animals. The ether plethysmographic technique
for estimation of pulmonary arterial circulation time combined with
measurement of pulmonary blood flow permits calculation of pulmonary
arterial blood volume (VpA) in Intact animals (6, 17). In the present
study, wc used this method in anesthetized aogs in conjunction with
induced respiratory maneuvers through transvenous phrenic nerve stim-
ulation (20) to assess the contributions of transmural pulmonary arterial
pre& ire (PTM) and transpulmonary pressure to VPA.

THEORETICAL CONSIDERATIONS

Due to the presence of elastic tissue attachments within the lung,
the pressure volume characteristics of one portion of the lung are influ-
enced by the state of inflation of adjacent portions. This phenomenon
is called interdependence. Thus, the change in the volume of the
pulmonary artery (AVPA) is dependent both upon the change in distending
pressure of the pulmonary artery (A PTM), which can be approximated by
subtracting pleural pressure from intravascular pressure (PTM = PPA
Ppl), and upon the change in transpulmonary pressure (A PTp), or:

6VPA= K1A PTM + K26 PTP (Eq. ])

If PTM can be changed while keeping ung volume constant, 6PTP becomes
zero, and equation (1) reduces to:

AVPA =KiaPTM (Eq. 2)

Rearranged,

A VPA

K., -(Eq. 3)

A PTM

which is the expression for pulmonary arterial compliance. Conversely,
lung inflation without changing transmural arterial pressure (APTM = 0)
results in an Interdependence term between PTP and VpA:

A VPA
K2  = _ (Eq. 4)

A PTP
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The magnitude of K2 , therefore, is an index of the degree of inter-
dependence between lung inflation and expansion of the pulmonary
arterial tree, and determines how much VpA changes for a given change
in lung volume.

METHODS
Experimental Setup

Ten mongrel dogs, each weighing between 14.5 and 33 kg, were
anesthetized with pentobarbital, 25 mg/kg of body weight. They were
intubated with a cuffed orotracheal tube and placed in the lateral
decubitus position In a ]70-liter constant volume body plethysmograph (1).
The endotracheal tube was connected to the central port of a 5-way valve
which was attached to the inside of the aluminum door, thus allowing
operation of the valve from the outside by a sealed knob. Two ports
were open to the inside of the body plethysmograph: one port was occluded;
and one port led through the door to the outside room air which the animal
breathed when the body plethysmograph was sealed. A 12 F mushroom
catheter was inserted through an intercostal space on the midchest level
on the free side of the laterally positioned dog for measurement of intra-
pleural pressure. The catheter was connected to a differential gage
(Siatham PM 131, ± 2.5 PSI, Puerto Pico) and referenced to the atmosphere
through an opening in the door. Mouth pressure was determined at the
upstream end of the endotracheal tube with a strain gage. Ventilation
was controlled by transvenous phrenic nerve stimulation (PNS) with an
American Electronic Laboratories pulse generator (21). A 7 F catheter
with sideholes was placed through a jugular vein into the pulmonary
artery with the tip located immediately distal to the pulmonic valve. This
catheter was led through the door to an Automatic Injector (type 97-E-7,
Cordis Corporation, Miami, Fla.). A 5 F catheter tip manometer (PC- 350,
Millar Instruments, Houston, Texas) was also placed within the pulmonary
artery. The left atrium was catheterized with a 7 F catheter, using a
retrograde approach from a femoral artery. The left atrial pressure was
measured by a strain gage (Statham P-23) located outside of the plethysmo-
graph and referenced to the mid-chest level. Catheters were also placed
within the carotid artery and a peripheral leg vein. After systemic hep-
arinization with 50 mg heparin sulphate, blood was withdrawn with a roller
pump (Holter Company, Extracorporeal Medical Specialty, Inc., King of
Prussia, Pa.), at a rate of 25 ml/min through the door of the plethysmo-
graph and thence through a densitometer (model 103 TR, Gilford Instrument,
Oberlin, Ohio) to be continuously returned to the peripheral vein. Thus,
Indicator dilution curves were obtained without causing a change in
plethysmographic pressure. A partially closed clamp was placed around
the tubing downstream of the roller pump in order to reduce the possibility
of micro-aero embolism (9). A 4-lead EKG was continuously recorded.
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All signals were simultaneously recorded on an Electronics for Medicine
Oscilloscopic Recorder (DR 12, White Plains, N.Y.) and on analog
magnetic tape (Technical Measurement Corporation, New Haven, Conn.).
A LING 8 digital computer (Digital Equipment Co., Maynard, Mass.) was
used for data processing.

Pulmonary blood flow and pulmonary arterial mean transit time were
determined simultaneously by injecting I ml cardio-green dilution and
0.2 cc ether in 0.8 cc alcohol as a bolus using the Automatic Injector.
The latter was triggered from the R-wave of the EKG without a time delay
so that the injection occurred at the beginning of systole. Phlmonary
blood flow was calculated by the indicator-dilution method (8). The
pulmonary arterial mean transit time after ether Injection into the pulmo-
nary artery was obtained (17). The VpA was calculated as the product of
pulmonary arterial mean transit time and pulmonary blood flow. PTM was
obtained from the sum of mean intravascular pressure and intrapleural
pressur3.

For the determination of thoracic gas volume (VTG) by the body
plethysmographic technique (5), the airway was occluded and panting
simulated by rapid PNS (2]).

Experimental Procedure

The following breathing maneuvers were performed to separate the
influence of lung inflation and PTP on VPA: (a) Open airway--VPA was
determined during apnea at FRC, at half inspiration and at full inspir-
ation. Half and full inspiration were achieved by continuous stimulation
of the phrenic nerve for 10 - 1 5 sec, with adjustment of the output
voltage to obtain optimal changes in transpulmonary pressure. After the
ether circulation time had been recorded, the VTG wds measured.
(b) Mueller maneuver--Foilowing occlusion of the airway, runs were made
at FRC without PNS, and at FRC with half optimal and then with full
optimal voltage wsdle continuous PNS was carried out. The VTG was
measured after each run to confirm that no air leaks had developed in the
system. (c) Quasi-Valsalva maneuver--After a control run at FRC, the
airway was occluded at either half or full inspiration, and immediately
followed by cessation of PNS. In this maneuver, an increased lung
volume was obtained with a positive airway pressure because of passive
compression by Lhe chest wall which relaxed during general anesthesia.
As in the other respiratory maneuvers, VTG was determined after each
run.

Statistical differences between means were assessed by Student's
t-test.
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RESULTS

In Table I are listed the mean values, for all 10 dogs, of P 1P, PTM*
and VPA. Mean values are shown separately for FRC, half and full
inspirations. Although large standard deviations for all these parameters
determining pulmonary interdependence Indicate marked individual
variations between dogs, the changes which occurred during the different
breathing maneuvers were significant, except for those which we attempted
to maintain constant (namely, PTM during the Quasi-Valsalva maneuver,
and PTP during the Mueller maneuver). The only unexpected nonsignificant
change was encountered for VPA between FRC and half inspiration during
the Mueller maneuver. Maximum mean increase in VPA was: 17.9 ml for
the Quasi-Valsalva maneuver, and 19 .5 ml for the Mueller. Mean VpA
increased more (i.e., 26.2 ml) during open airway inflation when both
PTp and PTM were allowed to increase. This maneuver produced a 43%
increase in VPA with half inspiration, and a 62% increase with full
inspiration.

Shown in Table 2 are the mean values for VTG, mean pulmonary
arterial pressure (PpX), mean left atrial pressure (PrX), pulmonary blood
flow (QPA), and pulmonary vascular resistance (PVR). Comparable changes
in VTG were obtained during open airway inflation (0.35 L) and the Quasi-
Valsalva maneuver (0.28 L). As expected, no significant changes occurred
in VTG during the Mueller maneuver. There was no significant change in
QPA and PVR within or among different breathing maneuvers.

Figure I demonstrates the absence of a correlation between VPA and
bodyweight, FRC or lung tissue and pulmonary capillary blood volume
(VT + VC) in the 10 dogs; therefore VpA could not be normalized to those
parameters. Shown in Figure 2 are the relative changes of mean VpA as
a function of mean PTM (Fig. 2a) and mean PTP (Fig. 2b) during the Mueller
and Quasi-Valsalva maneuvers, respectively. When 9VpA is plotted
against APTP (Fig. 2b): the curve produced by the Quasi-Valsalva
maneuver, where the volume of the arterial tree expands during lung
inflation with only minimal changes in PTM, is slightly less steep than
the curve produced by the Mueller maneuver (Fig. 2a) which allows changes
in PTM at a fixed lung volume. Figure 2b therefore represents the degree
of interdependence between lung Inflation and expansion of the pulmonary
artery, whereas Figure 2a shows the distensibility curve of the pulmonary
artery. In both graphs, the curve of the open airway inflation is also
included and is visibly steeper than that produced Dy either the Mueller
or the Quasi-Vaisalva maneuver. This change is expected, because PTM
as well as PTP change concomitantly.
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K and K2 were calculated for each dog from the Muoller and Quasi-
Valsalva maneuvers. Since PTM changed slightly in ,ncst dogs during
Quasi-Valsalva maneuvers and PTP also showed minimal changes during
the Mueller maneuver, equations 3 and 4 could not be employed for the
calculations. Equation I was therefore applied to both maneuvers, so
that two equations with two unknowns (KI, K)) were obtained which per-
mitted calculation of values for the two constants. K1 (= 3.9 ml/cm H20,
SD 3.0), representing compliance of the pulmonary artr-ry.was derived
from full inspiration only because half inspiratory effort durink the Mueller
maneuver did not produce a significant increase in VPA. However, mean
K,--calculated between FRC and half inspiratory effort--was 4.1 ml/cm 112C,
thus suggesting that the pressure volume curve of the pulmonary arterial
system was linear over this range. The interdependence term, K2 . was
calculated separately between FRC and half inspiration and half inspiration
and full inspiration. Interdependence had the tendency to decrease as
the lung was inflated from FRC over half (+ 0.12 L) to full (+ 0.28 L)
inspiration. Mean K2 decreased from 2.5 ml/cm H2C (SD 4.7) for half
inspiration to 1 .2 ml/cm H2 C (SD 2.9) for between half to full inspiration.
The difference between these two values was not significant, however.

Mean aVPA calculated from KI and K2 (Eq. 1) was: 16.3 ml (SD 17.2),
for half inspiration: and 20.] ml (SD 13.0),for full inspiration. These values
were slight'y lower than the actually measured 6VpA during open airway
inflation, where tVpA was: 19.3 ml, for half inspiration; and 26.2 ml, for
full inspiration.

DISCUSSIC N

In this investigation we have separated the influence of PTM and PTP
on VPA in ir tact animals. The three different breathing maneuvers per-
mitted independent or concomitant changes of the pressure parameters.
The Mueller maneuver produced significant changes In PTM without
allowing PTP to change. Cn the other hand, the Quasi-Valsalva maneuver--
which created a mild positive intrathoracic pressure at higher lung volumes
by passive compression of the relaxed chest wall against the closed air-
way--resulted in an essentially unchanged PTM, although PTP increased
with lung inflation. Finally, during open airway lung inflation, both PTp
.and PTM changed simultaneously. Thus, the relationship between PTM
and VPA on the cne hind and PTP and VPA on the other permitted calculation
of a static pulmonary arterial compliance term ("VPAOPTM) and an
interdependence term (VVpA/A PTp), from which changes in VpA during open
airway inflation could be predicted. The fact that the calculated changes
in VpA were fairly close to the actually measured changes during open
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airway inflation supports the finding that the volume of the pulmonary
artery is governed by both the elastic recoil of the lung itself and the
elastic recoil of the pulmonary artery. The lack of a more perfect
agreement between predicted and actual ,6VPA might have been caused
by changes in the elastic properties of the pulmonary artery and the lung
during the course of the experiment. Further, the relative contributions
")f PTM and PTP were markedly different. For half inspiration, mean K1

was 3.9 ml/cm H20 and mean K2 was 2.5 ml/cm H2C, indicating that
for I cm H2 0 increase in PTP or PTM, the VPA should increase by 3.9 ml
or 2.5 ml, respectively.

Our experimental design did not allow the exploration of a wide
range of lung volumes, and the mean increase of lung volume during
maximum inspiration with PNS was only 0.35 L. As already pointed out,
possibly because of this small change in lung volume, we did not find an
interdependence constant to be significantly lower at full than at half
inspiration, although a higher degree of interdependence at lower lung
volumes had been reported by Benjamin et al. (2).

Also, we Inflated the lungs with FRC with an approximate PTP Of
4 cm H20 to approximately 10 cm H2C, whereas the interdependence con-
stant of Benjamin et al. (2) was determined during deflation from 10 to
0 cm H20. Since their data suggested that interdependence increased with
lung deflation as lung collapse was Lpproached, our slope of K2 during
inflation from FRC did not include that portion of the curve with a high
degree of Interdependence.

The compliance of the pulmonary arterial tree (K1 = 3.9 ml/cm H20)
in these experiments was much greater than that reported by Reuben et al.
(1 5). Those authors computed compliance from the systolic storage
increment and the concomitant pulmonary arterial distending pressure, and
found the pulnonary arterial compliance to be 1.4 ml/cm H2 0. They
determined dynamic compliance in contrast to our quasi-static measure-
ments. Also, the vascular volume changes In the present experiments
were much greater than the systolic storage volume changes considered
by Reuben et al. (15). Although K1 was lower for half inspiration than
full inspiration, the difference between the two was not statistically
significant. Since VPA did not increase significantly between FRC and
half Inspiratory effort in the Mueller maneuver, we calculated K1 only
between FRC and full inspiratory effort, assuming a linear pressure
volume curve of the pulmonary artery In these ranges of PTM"

I2
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A possible artifact could have been introduced into our experiments
by the development of hypoxia, leading to increased pulmonary arterial
vasomotor tone. We did not monitor arterial blood gases during the experi-
ments; but previous experiences with transvenous PNS indicated that, up
to 6 hours, no hypoxia or metabolic acidosis develops in dogs whose
respiration is maintained by this technique of ventilatory support (21).
The occurrence of hypoxia, during the runs which were made during apnea,
was suggested by a slight gradual rise in mean pulmonary arterial pressure.
However, this rise was less than I cm H2 0 at the time when the ether
and indicator dilution curves were inscribed (within 5 - 10 sec of breath-
holding).

Furthermore, vasomotor tone may have been influenced by pento-
barbital anesthesia. In his studies on the canine systemic circulation,
Cox (4) indicated that pentobarbital affects the responsiveness of vascular
smooth muscle of caLecnolamines; and it is conceivable that similar
phenomena occur in the pulmonary circulation. The influence of a rapid
injection of an ether in alcohol mixture on pulmonary arterial vasomotor
tone is also unknown. The possible effects of hypoxia, pentobarbital
anesthesia, and ether in alcohol injection on puia-onary arterial compliance
and pulmonary interdependence were, however, of minor significance--as
indicated by the fact that PVR was not affected throughout the experiment
period. The validity of the ether injection method in measuring pulmonary
arterial mean transit time has been previously documented. Sackner et al.
(16) showed that, when ether is mixed with alcohol in the ratio of 1:4,
only about 9Y evolves before the capillaries--and the rest over the first
1/]00 of the capillary length--so that only an insignificant segment of
the capillaries is included when VPA is calculated from the product of
ether mean traknsit time and QPA. Also, we demonstrated in preliminary
experiments that the simultaneous injection of ether and cardiac green
did not alter either of the two curves. The addition of Intrapleural
pressure to intravascular arterial pressure in order to obtain true distendinrg
pressu has been justified by Burton and Patel (3). Although extra-
pulmonary vessels are surrounded by intrapleural pressure, ,t is not quite
clear how far intraplcural pressure Influences Intrapulmonary arteries.
Therefore, our PTM probably only applies to extrapulmonary segments
of the pulmonary artery.

In the present study, some inaccuracy in absolute transmural pressure
vias also introduced by estimating intrapleu-al pressure with a mushroom
catheter located in the upper side of the dog who was situated in the
lateral decubitus position. However, we considered this technique
acceptable, since we were interested in changes rather than absolute
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values of Intrapleural pressure. Another inaccuracy may have been pro-
duced by the fact that the distribution of intrapleural pressures was
changed by the Mueller and possibiy the Qua si-Valsalva maneuvers.
due to deformations of the chest wall (20). Considering the pulmonary
arterial tree as a lumped system, .he position of the pressure-probe
in the main pulmonary arteries resulted In an oveccs'.,timation of mean
intravascular pressure, since the smaller branches have lower values.
This error is minimized by the fact that these small vessels contribute
only a small fraction of the total VPA (16) and that probably most volume
changes take place in the major vessels. Only minimal changes of QPA,
heart rate, and PVR were associated with the open airway, the Mueller
and Quasi-Valsalva maneuvers Indicating little alteration in cardiac
output and v3somotor tone in our experiments. The absence of a siniLf-
icant change in cardiac output during the bdueller maneuver has been
previously demonstrated in nrn (1]). The fact that we did not find an
expecteu decrease in cardiac output during the Quasi-Valsalva maneuver
(11) may have been due to the relatively small positive intrathoracic
pressures produced by this maneuver. Since we were only interested in
the variability of VpA which is part of the oxpanded portion (10) oi the
pulmonary circulation, the influences of lung inflation and negative or
positive airway pressures on the compressed portion (10)--which is
probably represented by the pulmonary capillaries--did not have to be
considered.

A wide scatter of values for K1 and K2 was evident in our experiments.
Between FRO and full insplration, for instance, Kl ranged from 0.9 to
I 0.2,and K2 from -3.0 to 11 .3. It is probable that at least some of these
variations were due to differences In vasomotor tone.

Our data support Mead's model of pulmonary Interdependence (14)
and confirm In vivo previous reports on the close relationship between
lung Inflation and VpA (2, 10). It appears that in normal Intact anesthe-
tized dogs near FRC for the same increase In PTP or PTM, the latter
results in a greater increase in VPA. An interesting field for future
invcstigations would be these relationships in disease states (such as
pulmonary arterial hypertension, pulmonary edema, and emphysema) in
which either the elastic recoil of the pulmonary arterial system or the
lung is altered.
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TABLE 1. MEAN VALUES (+ SD) FOR TRANSPULMONARY PRESSURE (PTp), TRANSMURAL PULMONARY ARTERIALPRESSURE (PTM) AND P'LMONARY ARTERIAL BLOOD VOLUME (VPA) IN 10 DOGS DURING
DIJFERENT BREATHING MANEUVERS

Parameter FRC Half Innpiration P* Full In-piration p+

(WPFl AIPVYAY IrJFLATTON
.MANEUV•F P

PT P (cmH 2 0) 4.6 * 1.7 9.5 * 2.3 1 *0'OI 1•.4 1 3.6 .001
SPTM (CM1,20) 22.5 + 3.q 25.0 + 3.7 < ,00 26.8 • 3.4 ' .01

VPA (ml) 42.3 + 19.5 60.6 + 27.5 .001 68.5 + 24.7 < .0ol

MUELLER MANEUVER

PTP (cm[l2o) 4.1 t 1.5 3.6 + 2.4 > .05 4.2 + 3.4 nS .05

PTM (cm= 2 0) 23.3 ± 4.9 26.5 1 3.S < .01 30.1 1 5.2 '

V11A (ml) 47.0 + 18.3 58,4 + 1q.8 ..05 66.. + 18.5

QUAS• -VALSALVA MAN4FtVFR

PTP (cmH2O) 3.3 t 2.3 8.3 ± 3.0 ' ,o01 12.0 + 4.8 ( *nn]

PTM (cmH 2 0) 25.2 j 4.6 26.7 ± 4.9 .' .05 26.5 t 5.0 : .05
VPA (ml) 52.9 + 26.3 61.6 + 29.5 .05 7 ) 0.H 4 33.9 - .c2

* significance of means between FRC and half inspiration.

Significance of means between half inspiration and full inspiration.

SSignificance of means between FRC and full inspiration.
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TABI E 2. MEAN VALUES (t SW) FOR THORACIC GAS VOLUME (VTG), MEAN PULMONARY ARTERIAL PRESSURE

(1), IMEAN LEFT ATRIAL PRESSURE (P.), PUL4ONARY 3L00D FLOW (4A) AND
PULMONARY VASCULAR RESISTANCE ýVR) IN 10 DOGS DURING DIFFERENT

BREATHING MANEUVERS

Parameter Ciralf Inspiration P* Full Inspiration P+

('FI: AIRWAY INFLATTON

VTG (L) 1.0 * 0.3 1.2 ± 0,2 -. 001 1.3 + 0.2 '.001

PI (cMH2C) 18.2 + 3.? 15.9 ± 3.8 -. 001 14.5 + 3.4 1.05

PA

i1o. (cm1120) 6.0 t 2.4 3.6 :t 3.5 >.05 3.2 , 3.4
IA

,VA (r/rain) 2.0 * 1.H 2.6 * 1.8 >.05 2.4 + 1.7

PtVFV (cmi2P/,min)'?.1 ÷5. 6.6 + 2.8 >.05 8.1 + 9.7 >.05

KMt'TE,LYR MANMI-FR

V. G. 1.0 + 0.3 1.1 t 0.3 >.05 1.1 ± 0.3 1 -. 05

I-..(IH~) 21.O . 56+41'01 27. .

P.... ' 19.8 + 4. A 11.5 5.2 '.01 6.4 7 5.6 <.01

1.A

r1 IT (Cm,!'2r) 7,! t_ I. r -0.9 ,+6.9 <.001 -8l.1 _+ .B. 8

;?PA CL/min) 3.0 + 1.7 3.1 ± 1.6 >.O5 2.4 ± 1.8

1 VH (clM1f20///Fh)5.6 *_ .3.1 6. 3 .1 '.05 4.1, + 4.3

QUAST I-VA IqALVA M A.*'F I1.FR

;'¢ (' .l 0.2 1.2 t[ o0.3 ý.001 1.4 .+ 0.3 '.00i

• ct~) 21.5 + 4.3 25.6 + 4.1 i<.001 2(,.2 + 4.3 '.05

P- (LmI20) 8.0 j 4.5 l0.0 j S.4 <.Ol 10.6 j 5.c >05

OP'A (L/ tin) 3.2 1. 2.4 3.1 1 2.0 >,.05 2.8 1. 8 l . t5

IPV; (cM1120/L./Ain) 5.6 + 3.8 6.3 + 4.5 ý.05 7.0 €4.5 )-.05

s giqnificance of means tetween FJ*" and half inspiration.

S 5iqnificance of means betwen half inspiration and full inspiration.
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XI. DISTRIBUTION OF VENTILATION D-TRING DIAPHRAGMATIC BREATHING (16)I ~ABS TRACT

This study-was designed to assess the effectiveness of voluntary
diaphragmatic breathing on distribution of ventilation as measured by a
nitrogen washout procedure and Gamma camera imaging of the lung with
radioactive xenon. In 11 patients with chronic obstructive lung disease,
diaphragmnatic breathing did not alter the indices of distribution calculated
from analysis of the nitrogen washout curve. in 5 of 8 normal subjects,
Gamma camera imaging with radioactive xenon revealed that initiation of
inspiration by a diaphragmatic breathing maneuver directed the initial
inspirate toward the lower zones- -in contrast to thoracic breathing which
directed it to the upper zones. In none of 5 patients with chronic ob-
structive lung disease was there a difference in topographic distribution
of the initial inspirate from residual volume between the diaphragmatic
and thoracic breathing maneuvers. The present study suggests that, in
patients with chronic obstructive lung disease, good movement of the
upper abdominal wall (as can be accomplished by diaphragmatic breathing
exercises) has little, if any, effect or, favoring distribution of inspired
air to the bases.

INTRODUCTION

Diaphragmatic breathing exercises, as taught by physical therapists,
have long been advocated in the rehabilitation of patients with chronic
obstructive lung disease. Their effect is difficult to measure objectively
and, in fact, the benefit of breathing exercises is often ascribed to
psychologic support rather than alteration of physiologic state. Recently,
we found that the distribution of ventilation of inspired air in normal sub-
jects was not altered by diaphragmatic breathing when the subject breathed
at resting lung volume or when the chest was restricted with a binder (1).
Furthermore, the volume of "air trapped" within the lung by the application
of the binder was not diminished by diaphragmatic breathing. However,
when a breath was initiated from residual volume by a diaphragmnatic
maneuver, and closing volumes measured, 2 of 15 normal subjects devel-
oped a negative deflection on the single breath nitrogen test at the point
of airway closure, suggesting that air might have been directed preferen-
tially into the lower zones. The reversal of the sequential ventilatory
pattern in the 2 subjects was thought to be related to their ability to sustain
the diaphragmatic maneuver over a greater part of the vital capacity than
the other subjects. The purpose of the study was twofold: (a) to ascertain
whether diaphraqmatic breathing might improve distribution of ventilation
in Patients with obstructive lung diseases; and (b) to document, by Gamma
camera Imaging the lung with radioactive xenon, whether diaphragmatic
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breaLhing initiated from residual volume position could preferentially
direct the initial inspirate to the lower zones.

SUBJECTS, MATERIALS, AND METHODS

The normal subjects comprised 8 laboratory workers--5 men and 3
women--ages 23 to 40 yr (mean: 28 yr). The patient population consisted
of 8 men and 3 women, ages 44 to 66 yr (mean: 58 yr). The diagnoses
were based upon clinical features and pulmonary function tests- (a) bron-
chial asthma, 4 cases; (b) emphysema, 5 cases; and (c) chronic
bronchitis, 2 cases.

Diaphragmatic Breathing

All subjects were instructed in diaphragmatic breathing by a physical
therapist who did not use a mechanical measuring device. They were
taught diaphragmatic breathing while sitting, relaxed, with the dominant
hand applying pressure over the midrectus area and the nondominant hand
resting on the midsternal region. Upon inspiration, the subject was told
to watch his lower hand rise while the upper hand remained absolutely
still. During expiration, he was told to cause the ha,.d on the abdominal
area to sink down slowly while keeping the upper thorax completely still,
all the while watching and feeling to see that his upper hand did not move.
Initially, the subject practiced diaphragmatic breathing in this fashion
while looking at both hands with the therapist applying gentle pressure
to the abdominal region. When the subject mastered breathing in this
manner, the tactile, auditory, and visual stimuli were removed. Then he
practiced diaphragmatic breathing without any sensory clues until he
could perform this maneuver at will.

Distribution of Ventilation

For the measurement of nitrogen washout curves in the patients,
mercury in silastic strain gages were placed about the upper chest, the
lower chest, and the abdomen. These gages were calibrated for length
by stretching with a ruler arrangement. The patients breathed 100% oxygen
to an end tidal oxygen concentration of less than 1%--first with normal
spontaneous breathing and then with diaphragmatic breathing, being coached
to keep respiratory rate and tidal volume similar during the two maneuvers.
The end-tidal concentrations of nitrogen as a function of accumulated
ventilation were displayed as a semilogarithmic plot, after correction of
nitrogen concentration for nitrogen eliminated from blood and tissue by
a small digital computer (LINC 8, Digital Equipment Company, Maynard,
Mass.). In 5 subjects, the mixed expired concentration of nitroqen as a
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function of accumulated ventilation was also analyzed. The computer
calculated indices of the uniformity of ventilation: pulmonary nitrogen
clearance delay; the ventilation to slow space (VA1/L1), and fast space
(VA2 /L2) rations; and fraction of slow space volume LI/LT, and fast
space volume L2 /LT (2, 3). The computer also calculated: the lung
clearance index (LCI)--the total ventilation of oxygen required to reduce
end-tidal N2 concentration to 2% divided by FRC in liters; and the mixing
ratio--the ratio of observed to ideal number of breaths required to reduce
end-tidal N2 to 2%, where the ideal value of LCI is based upon various
values of FRC, tidal volume, and dead space !n a uniformly ventilated
space (4). Finally, dev w was calculated by adding the products of (the
difference between measured and ideal w for each compartment) x (the
fraction of alveolar ventilation going into each compartment) (5). All
patients were trained within 6 hr and then performed the nitrogen washout
procedure. In three of the groups, instruction was continued twice a
week for I-hr sessions and the nitrogen washout was repeated 3 weeks
later.

Radioactive Xenon Distribution Measurements

Both the group of normal subjects and 5 of the patients with obstruc-
tive lung disease underwent this procedure. The studies were carried out
with subjects in the seated position, and were a modification of the method
of Dollfuss et al. (6) for determining regional ventilation. A Gamma
camera was positioned over the lungs posteriorly, such that the right lung
fell within the imaging field. The subject breathed from a circuit in which
it was possible to inspire room air, or oxygen from a demand valve, or to
rebreathe into a spirometer filled with oxygen. At the mouthpiece was
placed a pneumotachograph with a differential pressure transducer whose
output was led to a strip recorder so that the subject could monitor his
inspiratory flow rate. The subject breathed oxygen from the demand valve
for 3 min, expired to residual volume, and initiated inspiration with either
a thoracic or diaphragmatic maneuver while keeping inspiratory flow rate
constant at 0.5 L/sec. At the beginning of the maneuver, a bolus of 5 ml
air containing 10 - 15 mc Xe was injected from a syringe into the
mouthpiece. When the level of total lung capacity (TLC) was reached by
the subject, the breath was held and an image of gamma ray activity was
recorded by a Gamma camera-computer system (7). He then expired to
resting lung volume into the spirometer and rebreathed rapidly and deeply
for 2-3 min to obtain an equilibrated distribution of xenon. He again
inspired to TLC and held his breath for a second Gamma camera recording.
The computer recordings of xenon activity as a function of anatomic
position were later analyzed to obtain the topographic distribution of the
inspired xenon. Two thoracic and two diaphragmatic initiated breathing
maneuvers were performed on each subject.
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RESULTS

Distribution of Ventilation in Obstructive Lung Disease

The mean respiratory frequency during spontaneous breathing was
15.5/min, SD 3.8; and, during diaphragmatic breathing, 13.8/rmin,
SD 2.9 (P = NS). The mean tidal volume during spontaneous breathing
was 576 ml, SD 238 ml; and, during diaphragmatic breathing, 679 ml,
SD 256 ml (P = NS). The FRC level of the spirometer tracing did not
significantly change when diaphragmatic breathing was employed. The
analog tracing of the excursions of the chest and abdomen in a repre-
sentative patient are shown in Figure 1. The values of excursions for
the entire group of patients are depicted in Figure 2. Only the change
in abdominal movement between normal (1 .35 cm, SD 0.42 cm) and dia-
phragmatic breathing (2.52 cm, SD 1.09 cm) is significant (P< .01).
There were no alterations with diaphragmatic breathing in any of the
indices of distribution measured (Table 1). The values for pulmonary

TABLE 1. INDICES OF DISTRIBUTION

Index * Normal breathing Diaphragmatic breathing

Mean SD Mean SD

Mixing ratio 2.13 0.92 2.02 0.76

Luny clearance index 9.84 3.95 9.20 3.29

dev w 0.077 0.036 0.079 0.040

Pulmonary N2 clearance 57.8 34.0 50.7 19.5
delay

VA1/L1 0.564 0.232 0.587 0.256

VA2 /L 2  3.296 1.839 3.468 2.129

L1/LT 0.758 0.113 0.738 0.119

L2/LT 0.242 0.105 0.262 0.119 $
*VA/L- alveolar ventilation per lung volmne, and Ln/LT - fraction of

space. subsript 1 - slow space, and subscript 2 • the fast space.
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nitrogen clearance delay, when mixed expired concentration as a loga-

rithmic function of accumulated ventilation in 5 subjects in whom it was

measured, did not differ from the results obtained using end-tidal nitrogen

concentrations- -although the values of this index were higher for both

normal and diaphragmatic breathing when it was calculated for mixed

e) Ired concentration (Fig. 2).

Topographic Distribution of Bolus of 1 3 3 Xe
Inspired at Residual Volume Position

Data from a representative experiment in a normal subject is shown
in Figure 3. A schematic diagram (Fig. 4) depicts the topographic
distribution of the radioactive gas in normal subjects after thoracic and
diaphragmatic initiated Inspirations. In 5 of the 8 normal subjects, the
diaphragmatic maneuver shifted ventilation from the top toward the bottom
of the lungs. In the remainder, no change occurred in topographic
distribution of ventilation with diaphragmatic breathing. In none of the
5 patients with obstructive lung disease was there a difference in topo-
graphic distribution of ventilation between thoracic and diaphragmatic
initiated inspiration from residual volume position (Fig. 5).

DSC USSION

Diaphragmatic breathing exrercises are widely employed as a rehabili-
tative procedure in the treatment of chimnic obstructive lung disease. If
diaphragmatic breathing were truly effective, it might alter the distribu-
tion of ventilation as measured by a nitrogen washout test. However, in
the patients with chronic obstructiva lung disease, in the present study,
there was no difference between normal spontaneous breathing and dia-
phragmatic breathing among indices of distribution. These findings are
similar to those we previously .-eported in normal subjects (1). They are
also consistent with the lack of change in regional tidal volume and 1 3 3Xe
washout measurements in normal subjects when the relative contributions
of rib cage and abdomen to the tidal volume are varied (8). Thus, if
diaphragmatic breathing has a physiologic basis in patient care, it might
be related to diminution in the work of breathing but not to improvement
in distribution of ventilation.

When an erect normal subject inspires slowly from the residual volume
position to TLC, most of the initial inspirate is distributed to the upper
zones; this Is mairly due to the gradient of pleural pressure from top to
bottom caused by the effects of gravity. At residual volume positimo.
the pleural pressure at the top of the luw is negative with respect to
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atmospheric pressure--while at the bottom, it is slightly positive. This
gradient promotes patency of upper zone and closure of lower zone airways.
Until the pleural pressure becomes negative at the bottom of the lungs
as the level of lung volume changes from residual voluLne toward FRC,
the upper zones receive most of the inspirate. Thereafter, most of the
air is delivered to the lower zones as inspiration proceeds to TLC (6, 9).
As we previously showed, in some normal subjects, initiation of inspi-
ration using a diaphragmatic maneuver can cause a reversal in sequential
emptying of gas in the lung as determined by a single breath nitrogen test
(1). Similar findings have been observed by Onstad et al. (10) using
133 Xe as the test marker for closing volume. The evidence that dia-
phragmatic breathing can alter the usual topographic distribution of 133 Xe
at residual volume position was obtained in the present study using a
Gamma camera, and by Onstad et al. (10) with scintillation counters. The
diaphragmatic breathing maneuver produced a diversion of the initial
inspirate away from the upper to the lower zones in about half our subjects.
Onstad et al. (10) calculated a ventilation index as a fraction of counts
from a region after bolus injection of 133 Xe divided by the fraction of
counts from the same region after rebreathing. This index had a mean
value of 1.40 and 0.80 at the top and bottom of the lungs, respectively,
for thoracic initiated inspiration; and 1. 14 and 1.04 for diaphragmatic
initiated inspiration. In our study using the Gamma camera, we could not
readily calculate this index; but the change in top to bottom concentration,
in those subjects in whom diaphragmatic breathing altered the topographic
distribution of inspirate, was qualitatively similar.

In the absence of a pneumothorax, the shape of the lungs conforms
to the shape of the chest wall and the diaphragm. D'Angelo et al. (11)
noted that changes in the local elastic recoil, at the same relative height
and lung volume accompanying posture, induce changes in the shape of
the chest wall and lungs of animals. Onstad et al. (10) compared the
shape of the thorax by chest roentgenography when 2 liters air were
inspired from residual volume by either a thoracic or diaphragmatic
Initiated maneuver. A definite lengthening of the thoracic cage with
the diaphragmatic maneuver was apparent when the chest roentgenograms
were compared. This finding indicated that depression of the diaphragm
favors expansion of the lower zones and restricts expansion of the upper
zones. The downward expansion of the upper zones during a diaphragmatic
maneuver might be limited by fixation or attachment at the hila. In
addition to the regional deformation of the chest cage produced by a
dips tic breathing maneuver, It has recently been demonstrated that
diaphregmatic tonus may also affect the pleural pressure gradient. Con-
tinuous stimulation of phrdc nerve roots in i Intact dog provokes a
diaphragmatic contraction which reverses the nomal apex to basal plaral
pressure gradient in the mec position (12).
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Although a diaphragmatic initiated maneuver from residual volume
position was effective in diverting ventilation from the upper to the lower
zones in normal subjects, it had no effect in patients with chronic
obstructive lung disease. This finding suggests that such patients, who
have an initial depressed diaphragm, may have little Influence over its
movement despite good excursions of the abdominal wall. In this con-
nection, Wade (13) found that movement of the anterior abdominal wall
may not indicate the extent of diaphragmatic movement in normal subjects.
However, he made these measurements above FRC and did not study dia-
phragmatic breathing at residual volume position. Our observations
suggest that diaphragmatic breathing might be useful under conditions in
which the resting lung volume is close to the residual volume level; e.g.,
erect subjects who are obese; patients with cirrhosis and ascites; and
pilots with an inflated anti-G suit during acceleration maneuvering (14, 1 S).
Under such circumstances, pulmonary blood flow is preferentially dis-
tributed to the lower zones whereas ventilation is preferentially distributed
to the upper zones of the lung, thus causing hypoxemia due to right-to-
left intrapulmonary shunting of blood. Because the diaphragms are elevated
above the normal at FRC position in these conditions, diaphragmatic
breathing might be effective and promote a better match of ventilation to
perfusion.
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"Thoracic Diaphragmatic Rebreathing

L R L R L R

T T T

BB

Figure 3. Computer display of radioactivity in a normal
subject after inspiration of a bolus of 133 Xe
from residual volume position.

(The upper strip depicts the lung scan at TLC: after a
thoracic initiated maneuver, after a diaphragmatic initiated
maneuver, and after rebreathing to equilibration throughout
the lungs. R signifies the right lung: and L, the left lung.
The lower strip shows the relative radioactivity from top, T,
to bottom, B, measured along a vertical strip through the
middle of the right lung. Increased radioactivity is shown
as a deflection to the left. When the bolus of 133 Xe is

inspired by a thoracic initiated maneuver, the peak is seen
in the upper quarter of the lung--whereas, with a diaphrag-
matically initiated maneuver, the peak moves to about half-
way down the lung. The dimensions of the entire lung are
seen after the rebreathing maneuver.)
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Figure 4. Topographic distribution of ventilation in 8 normal
subjects (A to H) after inspiration from residual
volume position with a thoracic initiated (solid line)
and a diaphragmatic Initiated maneuver (t•iJi. line).
fSchematic diagram]

(In 5 of the subjects--C, E, F, G, H--the
diaphragmatic maneuver appeared to shift ventilation
from the top, T, toward the bottom, B, of the lungs.)
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Figure 5. Topographic distribution of ventilation, in 5 patients
(I to M) with chronic obstructive lung disease, after
Inspiration from residual volume position with a
thoracic initiated (solid line) and a.diaphragmatic
initiated maneuver (hatched line). [Schematic diagram]

(In all 5 patients, there was no discernible
difference in topographic distribution between the two
maneuvers. T = top, and B = bottom, of the lungs.)
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XII (Parts I and 2). RELATIONSHIP BETWEEN FREQUENCY DEPENDENCE
OF LUNG COMPLIANCE AND DISTRIBUTION OF VENTILATION

PART I

ABSTRACT

The empirical association (already demonstrated) between frequency
dependence of lung compliance and distribution of ventilation, the latter
determined by the N washout technique, was confirmed by establishing
a mathematical link ietween the two tests. Assuming a two-compartment
system with known compliances and making corrections for Pendelluft and
common dead-space mixing effects, the ratio of dynamic to static com-
pliance (Cdyn/Cst) for any respiratory frequency can be calculated from
the compartmental analysis of the N2 washout at a single respiratory
frequency. Using these equations, a good correlation was found between
calculated and measured Cdyn/Cst in a mechanical lung model, in dogs
with artificially induced bronchial obstruction, and in young smokers or
young nonsmokers after carbachol inhalation. Finally, a two-compartment
N2 washout was demonstrated in 10 young healthy smokers at one or two
respiratory frequencies whereas a single exponential curve was shown by
all 10 normal controls. These findings indicate that the noninvasive N2
washout test is capable of predicting Cdyn/Cst and at the same time gives
a direct measure of gas distribution. Further, this test appears to be a
highly sensitive method for the detection of "small airway disease."

INTRODUCTION

As already convincingly demonstrated in the electrical analog of the
lung (1) as well as in human experiments (2), unequal time constants
among parallel pulmonary units produce frequency dependence of lung
compliance. Defares and Donleben (3) deduced that unequal time constants
lead to uneven ventilation when the ratios of compartmental tidal volumes
to respective compartmental volumes are different. A tendency toward a
rate dependent decrease in dynamic lung compliance was demonstrated
by Chiang (4), in healthy adolescents, with nonuniform distribution of
ventilation as measured by an N2 washout technique. Ingram and Schilder
(5) found that distribution of ventilation became more uneven as dynamic
lung compliance (Cdyn) decreased with increasing respiratory rates in
smokers and patients with mild obstructive lung disease. Recently, Chiang
(6) established that the mechanical time constant for the whole lung was
closely related to a time constant derived from analysis of the N2 washout
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(Part 1)

curve. Thus, frequency dependence of lung compliance appears to be
associated with rate dependent changes in distribution of ventilation.
If it is possible to predict frequency dependence of lung compliance from
analysis of the N2 washout curve, then the latter test can be substituted
for the difficult, time-consuming, and invasive lung compliance test,
the present standard for detection of small airway disease (2).

The dual purpose of the present investigation was: (a) to develop a
mathematical two-compartment analog of the lung to relate the equations
of Otis and his associates (1) for dynamic lung compliance to those of
Fowler et al. (7) for N2 washout; and (b) to test these equations while
simultaneously measuring dynamic compliance and N2 washout in a me-
chanical analog of the lung, in dogs with mechanically induced bronchial
obstruction, in humans with pharmacologically induced bronchoconstriction,
and in young smokers.

THEORETICAL CONSIDERATIONS

The relationship between frequency dependence of lung compliance,
or any appreciable decrease in dynamic compliance with increasing
breathing frequency and uneven distribution of ventilation has been inves-
tigated by Defares and Donleben (3). They demonstrated that frequency
dependence of lung compliance is not always associated with uneven
distribution of ventilation at a given respiratory rate; for frequency de-
pendence of compliance is a reflection of differences in impedance of
parallel compartments in the lung an4 therefore, of differences in the tidal
volumes of these compartments. The criteria for uneven distribution of
ventilation include not only the distributions of compartmental tidal
volumes, but also the distribution of compartmental volumes, or, for the
two-compartment model:

VT1 VT 2(E.1

V1 V2

in which V1 - nl VL and V2 = n2 VL (at1 and n 2 are the fractional volumes
of the compartments, and VL is the lung volume). To clarify, we will
consider the following situations: (a) The elastic properties of the lung
are normal (i.e., Cl/VI = C2/V2, Cl - nl Cst, and C 2 - n2 C 5 t, where
C1 and C2 are the compartmental compliances, and Cst is the static
compliance of the lung) and the compartmental RC time constants are
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equal; (b) normal elastic properties, but unequal compartmental time
constants; (c) altered elastic properties of the lung (Cl/Vl :/ C2V2)
and un~equal time constants; and (d) altered elastic properties and equal
time constants.

In the first situation (a) , which describes ýhe normal healthy lung,
distribution of ventilation will be uniform and lung compliance will not
change with respiratory frequency. in the second case (b) , frequency
dependence of lung compliance due to unequal time constants will be
associated with uneven distribution of ventilation, as detected by the
multiple breath N2 washout at all respiratory frequencies. This is
probably the case in the majority of patients with early obstructive airway
disease. The third case (c) is a special one in which frequency dependence
of lung compliance will be present due to unequal time constants, but
distribution of ventilation may be uniform at a single respiratory frequency.
H~owever, uneven distribution of ventilation will occur at all other respi-
ratory frequencies ras illustrated in Figure 1 , in which this case (View
A) is compared to that (View B) of normal elastic properties with unequal
time constants:. Finally, the fourth case (d) is the uncommon occurrence
of a corresponding change in airway resistance to match the change in
compartmental compliance due to altered elastic properties In such a way
as to make the RC time constants equal. In this fourth situation, the
distribution of ventilation may be uneven while lung comipliance is not
frequency dependent. However, this situation is not probable enough to
warrant further consideration.*

Therefore, for all practical purposes, uneven distribution of ventila-
tion should be associated with frequency dependence of lung compliance--
whereas even distribution of ventilation, determined at a single breathing
frequency, could indicate: absence of frequency dependence of compli-
ance, or the special case of frequency dependence of lung compliance with
altered elastic properties of the compartments. Consequently, to be
certain that lung compliance is not frequency dependent, the N2 washout
analysis must be performed at two frequencies, at least. If at both
frequencies the N2 washout curves are single exponentials, it may be
assumed that distribution is even for all frequencies and that ýhe dynamic
lung compliance is not frequency dependent. A single exponential curve
at one frequency but not at another will indicate frequency dependence of
compliance with altered compartmental elastic properties, unless the
single exponential curve is due to lack of sensitivity of the N2 washout
method at lower frequencies, or trapping of gas at higher frequencies.
The dynamic compliance is a precise indicator of distribution of venti-
lation only when the compartmental volumes are known. However, in the
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presence of wiequal time constants where T2 /Tl is above a threshold
value of approximately ten, uneven distribution of ventilation can be
demonstrated regardless of compartmental volume by the N2 washout
procedure if multiple breathing frequencies are employed. In this mathe-
matical treatment we have assumed Otis' two-compartment model of the
lung (1) for simplicity (Fig. 1: View C); but the treatment is readily
extended to an n-compartmental model.

Otis et al. (1) assumed a two-compartment model of the lung and
derived expressions for the dynamic lung compliance and for the tidal
vclumes of the 2 compartments, These expressions, rearranged, are:

W2 (T 2 CI + T!l2)2 + (C1 + C2 ) 2

Cd yn .. (Eq. 2)

W2 (TiC2 + T2
2 CI) + (Cl + C2 )

VTl, - VT HT/I1 (Eq. 3)

VT2 - VT ZT/I2 (Eq. 4)

in which W 27? x frequency; C I, C 2 = compartmental compliances; I
Tl, T2 "- RiCl; R20 2 = compartmental RC time constants; ZT = total
impedance of the lung; Zl, Z2 = compartmental impedances; and VT = tidal
volume. Now, since:

Sf- (R2 + j/w2c2) 1/2 . (T2 + 1/w 2) 1/2, (Eq. 5)
C

equations 3 and 4 can be written:
i~ IC+ r2 1/2

VT /C2 T22 + 1 /2

VT + ,2 T22 + 1/W +2 TIT2  /W2 1/2

"VT2  1/C l T1
2 + /W2) 1/2(

VT TI2 + 1/W2 +T 2 
2 + 1/W2 +2TIT2 + I/W2 ~1/2(E.)

k 12  C2 2  CiC2  /
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If we assume that the elastic properties of the two compartments
are the same (as is probably true for healthy subjects and those with
early obstructive airway disease), then C1 = nlCst, and C 2 - n2Cst
(Fig. 1: View B). Therefore, now equations 2, 6, and 7 can be reduced
to:

S w2 (n2TI + niT2) 2 + 1 (Eq. 8)
"Cyt W2 (n2T1 2 + nlT2')+ 1

VT._.•1  n (T 2 + 1 /W2 ) 1/2

VT21 + nlT2) 2 + 1/W1 (Eq. 9)

VT2  n 2 (T1
2 + 1/W2 ) 1/2

VT (n2 Tl+ n1 T2 ) 2 + 1/W2 1/2 (Eq. 10)

From equations 9 and 10--if the ratios VT /V and VT /*VT are known
for a given respiratory frequency, and the fracaiogal voluWes n1 and n2
are known--the two equations can be solved simultaneously for T1 and
T2 into equatioat 8, and varying w, the rationalized dynamic compliance$ can be predicted as a function of frequency.

The analysis of the N2 washout curve (7) gives data which with
certain assumptions yield values for the fractional volumes, and a close
approximation of the ratios VT /'VT and VT 1YV,. The latter are based upon
the ratios of the compartmentMa alveolar vntilations to the total alveolar
ventilation, V,, /V and VA /VA. If the dead space of the lung is evenly
distributed anA thetidal volume is large relative to the compartmental
dead space these ratios approximate the ratios of the tidal volumes, or:

T2  2

(Eq 11)

VT VA VT VA

The values for alveolar ventilation of the two compartments as derived
by the analysis of Fowler et al. (7) are not entirely accurate. The bidi-
re,-t'onal gas transfer between compartments due to Pendelluft and common

aJu space mixing is responsible for an underestimation of the ventilation
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of the "fast" compartment, and a slight overesti.ii-Ition of the ventilation
of the "slow" compartment. In order to obtain more accuracy in the
determination of the ratios 1A /VA and 'A AA, apprcpriate corrections
must be applied. Safonoff anh Emmanuel18) reported that the error in
the ventilation of the slow compartment is minimal and can be neglected
in the range of interest. They estimated that the volume of gas transfer
due to Pendelluft and common dead space mixing is approximately 60% of
the tidal volume of the slow compartment (see Part 2: A). Thus:

VT =VT] +VT2 -Vp (Eq. 12)

where Vp = the volume of gas transfer due to Pendelluft and common dead
space mixing. But Vp = 0.60 x VT 2 , where VT2 is the tidal volume of the
"slow" compartment. Then:

VT = VT + 0.4V (Eq. 13)

Now, since VA = (VT -VD) x freq., or, VT = VA/f + VD:

VA/f + VD = VA]/f + VDI + 0.40 VA2 + VD 2  (Ecl. 14)

f

which reduces to:

VA + (VD - VDj - 0.40 VD2) f = VAI + 0.40 VA2  (Eq. 15)

If It is assumed that (VD - VDI - 0.40 VD 2 ) <VT,
then:

VA =VA1 + 0.40 VA2 ; (Eq. 16)

and, since the error in VA 2 can be neglected (8), this approximation
can be used to correct the ventilation of the fast compartment, VAI:

VAI VA - 0.40 VA2 (Eq. 17)
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By substituting the corrected values for the ventilation ratios into
equations 9 and 10, along with the frequency at which these ratios were
determined, Tl and T2 can be solved. The solutions are:

B (y2 + 4P)1/2 - y +

2

(B212 (Eq. 18) :

T2 w
n,

in which:

A3- A- n2+ +

, 2 2 2 Ba j

V-'A1/'

Y A +

* 2 A,2 ( W2 ' )2 2 2VAj 2  2

U2 VjW 2  /

+
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Substituting these values for T1 and T2 into equation 8 enables us
to generate a plot of rationalized dynamic compliance vs. frequency.
The accuracy of the approximation of VP/VTA = 0.60 is presented in
Part 2:A (of report section XII); and a cornplIte derivation of the expressions
for T1 and T2 is given in Part 2:B.

METHODS

Model Experiments

Frequency dependence of N2 washout and dynamic compliance were
determined in a two-compartment mechanical model (Fig. 2). It consisted
of two equally sized (500 ml each) Plexiglas cylinders whose two open
ends were covered with a latex membrane. The tension of these membranes
was so adjusted that the static pressure-volume curves of the two com-
partments were identical. The two cylinders were connected in parallel
through a 1/2-in. brass Y-connector. The dead space of each compartment
was 7 ml. The downstream end of the Y-connector was connected via a
#0 Fleisch-pneumotachograph (with a Validyne DP-7 transducer, Northridge,
Calif.) which had a linear output to a flow rate of 18 L/min, to a 4-way
valve. This system was determined to be dynamically balanced below
3 Hz; that is, there was no measurable output when the distal end of the
pneumotachograph was occluded and the proximal end driven by a sinusoidal
pressure source. The common dead space was 19 ml. The system was
driven with a volume-limited piston-type pediatric respirator (Bournes,
Riverside, Calif.). Static pressure in the system was recorded in the
common dead space with a differential gage (Validyne DP-9) referenced
to ambient pressure. All pressure transducers used demonstrated a
common mode rejection ratio of greater than 64 dB below 3 Hz. At
frequencies up to 90/min with flow rates in the range used in this experi-
ment, no phase shift was detected in this system. The displaced volume
was obtained by electrical integration of expiratory flow (#0 Fleisch
Pneumotachograph) in the expiratory line of the respirator. N2 concen-
tracion was determined (Nitralyzer, Model 505, Med. Science, St. Louis)
at the downstream end of the common dead space. All signals were
recorded on a Grass recorder (Model 78B, Quincy, Mass.).

The model was ventilated with a constant volume of 70 ml/cy 'e at
20, 40, and 60 cycles/min, and the ratio of inflation to deflation time
was maintained at 1:1. Gradea resistances made of small parallel
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catheters were placed in the upstream end of the dead space of one
compartment. These resistances were linear over the range of flow
rates encountered In the experiments.

The tests were conducted as follows: First, the model was ventilated
with room air until a stable preinflation pressure was reached. At this
point, the system was occluded by turning the 4-way valve and 100%
02 was introduced into the respirator, thereby providing an inspiratory
N2 concentration of less then 0.3%. After 5 - 10 cycles, during which
time the Inspiratory lines of the respirator were cleared of N2 , the 4-way
valve was again turned and the N2 washout of the system was started.
The test was terminated when the preinflation N2 concentration was below
1%. Dynamic compliance was determined during the N2 washout, and

a static pressure-volume curve was obtained by a stepwise inflation
and deflation of the whole system with a giant syringe.

Animal Experiments

Ten mongrel dogs, each weighing between 12 kg and 30 kg, were:
anesthetized with sodium pentobarbital, 50 mgAic; intubated with a
cuffed orotracheal tube; and suspended in the prone position. Ventilation
was controlled by a Harvard Animal Respirator with a fixed tidal volume
of 0.2 - 0.4 liters, adjusted according to the weight of the dog and an
inspiration to expiration ratio of 1 :]. A balloon catheter, as described
by Milic-Emili et al. (9), was placed in the lower esophagus; and
transpulmonary pressure was estimated with a differential gage (DP-9
Validyne) by referencing esophageal pressure to mouth pressure. At
frequencies up to 90/min, and with flow rates in the range used in the
experiments, no phase shift was detected in this system. Between the
inspiratory and expiratory part of the respirator and the T-adaptor at the
downstream end of the endotracheal tube, two 3-way valves were
incorporated so that the dog's airway could be occluded at any instant
of the respiratory cycle. A dynamically balanced Fleisch #0 pneumotacho-
graph, connected to a Validyne DP-7 transducer, was inserted between
the endotracheal tube and the T-adaptor to obtain points of zero flow
for the calculation of dynamic compliance. Nitrogen concentration was
measured upstream of the T-adaptor with a rapidly responding analyzer
(Nitialyzer, Med. Science, St. Louis). Expiratory flow was recorded
from the expiratory line of the breathing system, with a dynamically
balanced Fleisch #1 pneumotachograph which was linear, to flow rates
of 60 L/min. Flow was electrically integrated to obtain tidal volume.
All signals were recorded on a Grass Polygraph recorder (Model 78B,
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Quincy, Mass.). The delivery of pure oxygen and the experimental
procedure was identical to that described for the model experiments.
The experiment was started when a stable end-expiratory volume level
was obtained. For the dynamic compliance measurements, care was
taken that the end-expiratory and end-inspiratory pressure remained on
the linear portion of the static pressure-volume curve.

N2 washout and dynamic compliance measurements were performed
at respiratory frequencies of 20, 30, 40, and 50/min, before and after
partial obstruction of one main bionchus. The obstruction consisted of
a metal tube, 2 mm In diameter and 10 mm in length, surrounded by an
inflatable cuff. It was placed, with a bronchoscopic forceps, in the right
or left main bronchus immediately distal to the carina. Its location was
ascertained by bronchofiberscopy. The cuff was inflated and the proximal
end of the cuff catheter was occluded with a plugged needle which was
stuck through the rubber adaptor of the endotracheal tube. Frequent
tracheal suctioning was performed in order to prevent plugging of the
obstruction with bronchial secretions. Before each run, the dog was
given a deep breath by occluding the expiratory line. Static pressure-
volume curves were obtained by stepwise inflation to 1.0 L above FRC
and deflation to FRC of the lung with a calibrated giant syringe, after I
sighing the dog to 1 .0 L above FRC.

Human Experiments

Three sets of experiments were conducted with human volunteers from
whom informed consent was obtained. Two of these experiments were
designed to determine the relation between the dynamic lung compliance
calculated from the N2 washout curves and the actually measured dynamic
'lung compliance (Groups A and B), while the third experiment (Group C)

was to compare a number of commonly used pulmonary function tests for
the detection of early lung disease between young healthy smokers and
nonsmokers. All subjects were selected solely on the basis of their
smoking history.

Nine healthy nonsmokers, ages 21 to 35 years (Group A), with normal
routine pulmonary function tests (described In the following), performed
N2 washouts at respiratory frequencies of 60 and 75/min. Dynamic lung
compliance measurements (at 20, 40, and 60 breaths/min.) and quasi-
static pressure-volulne plots of the lung were obtained by the esophageal
balloon catheter technique (9). Transpulmonary pressure was measured
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with a Valdyne DP Differential transducer with a common mode injection
ratio of greater than 64 dB below 3 Hz, and flow was measured by a
dynamically balanced #1 FleIsch pneumotachograph connected to a
Validyne DP-7 transducer. A slow Inspiratory vital capacity maneuver
followed by a slow expiratory vital capacity maneuver were done immedi-
ately before and after N2 washout and dynamic compliance determinations,
in order to ensure identical volume histories. These tests were performed
in the control state and immediately after inhalation of 15 - 30 breaths of
1 .5% carbachol delivered through a D-30 generator (10). N2 washouts at
two different frequencies and dynamic lung compliance were also obtained
in 9 healthy young smokers, ages 21 to 42 years (Group B), with normal
routine pulmonary function tests. Finally, 10 young healthy nonsmokers
and 10 smokers, ages 18 to 42 years (Group C), were selected for esti-
mation of distribution of ventilation by N2 washout at 60 and 75 breaths/
min. The smokers continued to smoke on the experiment day, but not
within one hour prior to the study. Routine pulmonary function studies
were performed on all, and the following parameters were determined:
The displaceable lung volumes were measured with a spirometer and FRC
and airway resistance (panting at 1 to 2 Hz up to 0.5 L/sec inspiratory
flow rate) with a body plethysmographic technique (11, 12). Single breath
diffusing capacity (13), single breath nitrogen test (14), closing volume
and flow volume curves (15) were also obtained.

N2 washout was carried out with a breathing system analogous to the
one used for the animal experiments. The nitrogen and volume signals
were also displayed on an oscilloscope in order to guide the subject In
maintaining an approximately constant end-expiratory volume throughout
the test. A breath simulator (Model 700, Somanetics Inc., La Jolla,
Calif.) providing respiratory frequencies up to 110 breaths/min was used,
and the subject was asked to follow Lhe simulated breath sounds.

Data Analysis

Dynamic compliance was calculated conventionally by dividing the
volume change by the system pressure change (model experiments) or trans-
pulmonary pressure change (animal and human experiments) between points
of zero flow from end inspiration to the beginning of the following inspi-
ration. Static compliance was calculated on the deflation leg of the static
pressure volume curve between pressure limits which were recorded during
measurement of dynamic compliance. The N2 washout curves were analyzed
on-line or from analog magnetic tape on a small digital computer (LINC 8,
Digital Equipment Co., Maynard, Mass.) using either expiratory flow
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(model and animals) or tidal volume (humans) (16). End-tidal N2
concentration was plotted against time (model and dogs) and against
cumulative expiratory voluiae (humans), and expressed as N2 clearance
delay as described by Fowler et al. (7). Corrections for the excretion
of tissue nitrogen were made according to Simmons and Hemingway (17)
in dogs and Bouhuys (18) In humans. Another correction was made for
the N2 signal delay which was determined prior to the experiments. A
computer program, written in FOCAL, was used to calculate frequency
dependence of lung compliance from the compartmental analysis of the
nitrogen washout curve.

RESULTS

Model Experiments

Frequency dependence of N2 clearance delay (NCD) and dynamic
compliance expressed as the ratio of dynamic compliance (Cdyrn and
static compliance (Cst)--the latter obtained from the slope of the static
pressure-volume curve at the particular system pressure--are shown in
Figure 3 for the different unilateral obstructions (A = 5, B = 90, C = 275,
and D = 740 cm H20/Lsec). The ratio of Cdyn/Cst decreased as NCD
increased. With the high grade obstruction, NCD returned to 0% at high
frequencies when the tidal volume of the slow compartment became equal
to or less than its dead space. Since effective ventilation of the slow
compartment was minimal, the N2 was washed out as a single exponential
curve. When the cycling frequency was reduced after completion of the
washout, a second exponential curve was obtained indicating ventilation
of the previously trapped gas in the slow compartment. It Is also of
interest that, In our mechanical analog with equal compartmental volumes,

the return to a single exponential curve occurred when Odyn/Cst approached
0.5. Using the equations which relate the time constants of the model
to expected N2 washout, a good experimental fit was obtained. As
depicted in Figure 4, the theoretically predicted curves for obstructions
A, 8, C, and D compared well with the experimentally determined curves
at frequencies of 20, 40, and 60/min. The difference between any two
points was always less than 20%. Similarly, a good agreement was
demonstrated between Cdyn/Cst calculated from the N2 washout curve
and the Cdyn/Cst actually measured (Fig. 5). The prediction was more
accurate when a N2 washout at a high respiratory frequency was used
for the calculation.
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Animal Experiments

No frequency dependence of C dyn and a single compartment N2
washout was found in all 10 dogs before unilateral bronchial obstruction;
but, following partial obstruction of one main bronchus, frequency
dependence of Cdyn and N2 washout took place in a manner similar to
that in Lhe model experiment. Good agreement was found between Cdyn/
Cst calculated from the N2 washout at 50 breaths/min and Cdyn/Cst
actually measured (Fig. 6). Eighty-five percent of the points fell within
± 15% of the line of identity. As might be predicted, the ratio Cdyn/Cst
leveled off at a volume of 0.5 in this model where the FRC of the obstructed
and unobstructed lungs could be assumed to be approximately equal, and
the distribution of inspired air within each lung even. With this type of
obstruction and respiratory frequoncies up to 50/min, we never observed
a single compartment indicating trapping of the obstructed lung.

Human Experiments

Group A - All 9 subjects in this group of nonsmokers exhibited no
frequency dependence of Cdyn and a single exponential N2 washout curve
'it 60 and 75 breaths/min in the control state, whereas the inhalation of
carbachol produced definite changes In these two tests (Table 1: Gro~tp A).
A good correlation was demonstrated between calculated Cdyn/Cst and
actually measured Cdyh/Cst in all subjects at respiratory trequencies of
20, 40, 60/mmn (Fig. 7).

Group B - The 9 young smokers selected for this group had frequency
dependence of Cdyn and exhibited two compartments in at least one of
their N2 washout curves (Table 1: Group B). Correlations between calcu-
lated and measured Cdyn/Cst at frequencies of 20, 40, and 60/min
(Fig. 8) were similar to Group A, after carbachol administration. The
smoking history in these subjects ranged from 1 - 40 pack-years.

Group C - The anthropometric characteristics, smoking history,symptoms, and the results of the routine pulmonary function tests of the

10 nonsmokers and 1 0 smokers are listed In Tables 2 and 3. Predicted
normal values were taken from Bates et al. (19) and DuBois et al. (12).
The two groups were matched with regard to age; the mean age of the
smokers was 27.3 years (range 18-42) and of the nonsmokers 28.3 years
(range 22-35). Of the smokers, 7 were asymptomatic, and, of the 3 who
gave a history of morning cough with sputum production, 1 also stated
he experienced mild exertional dyspnea in the morning. None of the
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nonsmokers had respiratory symptoms. Al! the tests which are con-
ventionally used to detect airway obstruction were within normal limits
in both smokers and nonsmokers (Tables 2 and 3). Figure 9 compares,
in smokers and nonsmokers, the single breath nitrogen test, maximal
flow at 50% vital capacity and closing volume. Although the differences
were not significant for the single breath nitrogen test and closing volume,
the maximum expiratory flow at 50% of vital capacity was significantly
less in smokers t2.15 L/sec± 0.65) than nonsmokers (3.25 L/sec± 1.20)
(P < .05).

Distribution of ventilation, as determined by the N2 washout technique,
was even at respiratory rates of 60 and 75/min in the 10 nonsmokers. The
NCD was 0% in all of them, indicating that one compartment was present.
On the other hand, all 10 smokers had two compartments in their N2 wash-
out curves at one respiratory rate, at least. In 7 smokers, an uneven
distribution of ventilation was demonstrated at both respiratory rates.

DISCUSSION

In the present investigation, a good correlation was established
between calculated Cdyn/Cst and actually measured Cdyn/Cst in a two-
compartment mechanical model, in mechanically ventilated dogs with
partial obstruction of one main bronchus, in young subjects with arti-
ficially induced airway obstruction (carbachol), and in asymptomatic
young smokers. In the lung model and in dogs, in the presence of unequal

time constants, distribution of ventilation expressed as NCD increased
as Cdyn decreased with increasing frequency, thus confirming the
experimental findings of Ingram and Schilder (5) in humans. Our human
data were insufficient for this comparison; for our experimental design
was to predict Cdyn/Cst from N2 washout curves, and these curves were
determined only at higher frequencies to allow greater accuracy. In the
human experiments where Cst was determined from the deflation leg of the
static pressure-volume curve for comparison with Cdyn., systematic over-
estimation of frequency dependence of compliance could be expected
because of the difference in volume history. However, the lack of
ffequency dependence of compliance in normals indicated that this over-
estimation was slight. Furthermore, the degree of such an error would
be expected to decrease with increasing respiratory frequency.

The influence of Pendelluft, which goes through a maximum and
returns to a minimum at high frequencies if the time constants are
sufficiently different, and of the common dead space on alveolar mixing
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appeared to be significant when Cdyn/Cst was to be calculated from the
compartmental analysis of the N2 washout curve. According to Safonoff
and Emmanuel (8), these effects result in an underestimation of the
alveolar ventilation of the fast compartment and minimal overestimation
"of the ventilation of the slow compartment. However, using their
experimentally obtained correction factor to convert the apparent ventila-
tion of the fast compartment to Its actual alveolar ventilation, our calcu-
lated Cdyn/Cst correlated well with the measured Cdyn/Cst. Since this

* is only an approximate correction factor (8), and the effects of Pendelluft
and common dead space mixing become minimal as the diffurence between
the compartmental alveolar ventilation Increases, It is not surprising that
the accuracy of the predicted Cdyn/Cst is better at higher respiratory
frequencies (see Part 1: A in this report section). A further theoretical
objection to equating the compartmental to total tidal volume ratio (VT1/VT)
with the compartmental to total alveolar ventilation ratio (VA1/VA) is the
presence of common (VD) and compartmental dead spaces (VD1 , Vp 2 ) which
have to be subtracted from the tidal volumes for the calculation or
alveolar ventilation:

VT- VDI) x f /AV

(VT VD x f A

Since VT1/VT changes with both Increasing respiratory frequencies and
increasingly uneven compartmental time constants, but VD 1 and VD are

more or less of constant value, an error is introduced into equation 15.
However, if the distribution of dead spaces approximates the distribution
of tidal volumes, or.

VDI VT1

VD VT
then the dead space effect can be neglected. This assumption Is probably
applicable in the case of small airway disease.

While the expectation was that the theoretical predictions based on
a two-compartment system would hold true in the lung model and in dogs
with partial obstruction of one lung whose gas mixing appears to be ideal
because of extensive collateral ventilation (19), there was also a close
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correlation between calculated and measured Cdyn/Cst in the human lung.
Since our analysis requires normal elastic properties of the two compart-
ments, it is mostly applicable to healthy subjects or those with minimal
lung disease. These relationships can be expected to be less ideal in
more advanced lung disease with differences in elastic properties among
various lung units.

Woolcock et al. (2, 20) introduced frequency dependence of
lung compliance as a test for small airway obstruction and indicated that
frequency dependence of Cdyn is associated with frequency dependence of
distribution of ventilation [ subsequently confirmed by others (4, 5)].
Based on Ingram and O'Cain's (21) study on frequency dependence of Cdyn
in asymptomatic smokers, we expected to find a difference in N2 washout
at high respiratory frequencies between our young smokers and nonsmokers.
While the nonsmokers had a single exponential N2 washout curve, all 10
smokers revealed two compartments at one or both measured respiratory
frequencies. Our finding, that all nonsmokers had a single exponential
curve, contrasts with that of Bouhuys (22) who fc~und a mean NCD of 29%
in young subj3cts from 24 to 34 years of age at normal respiratory rates.
From these datahowever, it is not quite clear whether smokers were
included as normal subjects.

In our subjects, of two other tests which have been employed to
detect small airway obstruction, the closing volume (23) showed no
significant difference between nonsmokers and smokers, whereas maximum
expiratory flow at 50% of vital capacity was significantly lower in smokers
than in nonsmokers. However, the scatter of data in this test minimizes
the selection of individual young smokers with small airway obstruction.
In contrast, the NCD was 0% in all nonsmokers and deviated from 0% in
all young smokers at a higher respiratory frequency.

A number of theoretical and technical reasons can be incriminated
for the observed slight discrepancies between calculated and measured
Cdyn/Cst in these smokers. First, the influence of boundary diffusion
on alveolar mixing was not taken into account. It is evident that diffu-
sion of gases takes place between the dead space and gas exchange units,
and that this diffusion factor decreases as frequency is increased. Al-
though Roos et al. (24) indicated that boundary diffusion may have a sig-
nificant effect on alveolar mixing, the factor was neglected in our analysis
because we had no way to quanUtat* it. The assumption of Otis' (1)
model--which neqlected such factors as parallel airway compliance (25),
and assumed sinusoidal inputs--may have introduced some error in the
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calculations. A further assumption in the mathematical considerations

was that time constants were not altered with changes In respiratory
frequencies. In the mechanical model and possibly also in the obstructed

adtemonitoring of the system pressure established the corresponding
sttccompliance for all changes in lung volume. However, In the human

lun wtha large number of uneven time constants, all the resistances
cannt beassumed to be linear nor can all the compliances be opcrating

V on thelinear portion of the static pressure-volume curve at all frequencies.
Consequently, at higher frequencies, certain units may already be excluded
from the ventilation when others have still decreasing alveolar ventilation
as a function of frequency. Further, a slight increase In FRC during the
run may have occurred despite careful monitoring of the end expira tory
volume level and, consequently, have produced an artifactual slow compart-
ment. Slight changes in tidal volumes had probably'little effect on the
distribution of ventilation, since N2 concentration was plotted against
cumulative expired volume. Finally, the extrapolation of a two-compartment
system to the abnormal lung with a large number of uneven time constants
must introduce some degree of inac'curacy. An examination of Table 1 , In
fact, shows that the fractional compartmental volume did not remain the
same for the two breathing frequencies in all subjects, Also, the ratio of
VAl /VA, did not increase with frequency in all cases. The arbitrary fitting
of a tw~g-component curve to the N2 washout in a multi -compartment system
with a continuum of time constants could have resulted in the situation
where individual compartments with intermediate time constants would be
Included either In the slow or fast compartment, depending on respiratory
frequency. As a consequence of these Inconsistencies, the values for
the compartmental time constants were not accurately reproducible. In
addition to the Inaccuracy introduced by the fitting of a two-component
curve to the washout data, in the normals after carbachol the short action
of the drug could have caused a change in the degree of airway obstruction
between the two N2 washout determinations. This seemed to be the case,
as the data on this group were less consistent than those on the healthy
smokers. Despite these considerations, experimental data in the lung
model as well as in dogs and humans Indicated a good correlation between
calculated (from N2 washout curves) and actually measured Cdyn/C st.
These correlations were made at frequencies under 60/mmn in order to
minimize Inertial effects.

The N2 washout method performed at higher respiratory frequencies
appears to be an excellent screening test for the detection of mild
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unevenness of distribution of ventilation occurring in early lung disease.
Considering the possible discrepancies between frequency dependence of
compliance and distribuLion of ventilation, the N2 washout technique
which rieasures directly gas distribution and indirectly Cdyn/Cst may be
preferable to the conventional determination of dynamic compliance.
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F igure 9. Comparison of commonly used screening test for early lung
disease among 10 healthy young smokers and 10 healthy non-
smokers (group C).

(The predicted normal values for clojing volume are
taken from McCarthy et al. C23 )
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RE: SAM-TR-75-25
Section XII 'Part 2: A and B)

SUPPLEMENTARY INFORMATION on:

A. Determination of Average VP/VT2 and Its Effect
On Calculated Cdyn/Cst.

B. Solutions to the Equations for the Thime Constants
of the Two-Compartment Lung Model.

In order for comprehensive information on this research to he readily

accessible, microfiche have been made of the above-mentioned material.

The microfiche are available through:

The Aesomedical Library
Documentation Section
Brooks AFB, Texas 78235
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I - XI: ABBREVIArIONS, ACRONYMS, AND SYMBOLS

ABS test 3-dimensional design of co-variance

BE base excess

BOX body plethysmograph (an airtight chamber)

BSA body surface area

* BTPS body temperature and pressure, saturated with
water vapor

cm centimeter(s)

CO carbon monoxide

CPA capillary pulse amplitude

cpm cycles per minute

CAW compliance airways

C centigrade

Cdyn/Cst ratio of dynamic to static compliance

dB decibel (s)

Sdc direct current

iD diffusing capacity

pulmonary diffusing capacity using the c&rbon

monoxide rebreathing technique

DL diffusing capacity of lung

DM membrane diffusing capacity

EDF end-diastolic flow

EKG electrocardiogram

rRC Functional Residual Capacity

fraction of alveolar air that is carbon monoxide
(i.e. . the concentration of CO in alveolar air)

same as FACO, but at end expiratory point oflung ventilation where r~ro intrapleural
pressure Is recorded

Hg mercury

hr hour(s)
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Hz Hertz

H2 0 water

l.a. intra-arterial

K 1 .000 (in electronics)

kg kilogram(s)

L liter(s)

Laugh and inhouse computer program developed by Mt. Sinai
Laughn Hospital (consult p. 68)

LCI lung clearance index

L/min liters per min

LVET left ventricular ejection time

mc milllicurie (s)

min minute(s)

ml milliliter(s)

mm millimeter(s)

Msec millisecond(s)

NS not significant

ni and n2 fractional compartmental volumes

02 oxygen

P probability values

Pendelluft ventilation of one lobe of a lung from another lobe
without first moving the air into the bronchus

PEP pre-ejection phase

pH units

PNS phrenic neive stimulation

PO peak 4

PPB positive pressure breathing

PSF peek systolic flow

psi pounds per sq in

PVR pulmonary vascular resistance

P0 2  arterial oxygen tension
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PLN;(¾ carbon dioxide tension

pulmonary capillary oxygen tension

P mean left atrial pressure
LA

P__ mean pulmonary arterial pressure
PA

P -'PM transmural pulmonary arterial pressure

PTP transpulmonary pressure

6Qc pulmonary capillary blood flow

QRS complex portion of waveform in EKG extending from
points Q to S (includes maximum amplitude
in an EKG trace)

QS 2  total electromechanical systole

QPA pulmonary blood flow

r regression ratio

R-R interval between H Waves (in EKG)

s.c. subcutaneous

SD standard deviation

_-SD mean

sec second (s)

STPD standard temperature and pressure, dry

SV stroke volume

TGV thoracic gas volume

TLC total lung capacity

Ti and T2  compartmental time constants calculated
from N2 washout results

TGV(L) thoracic gas volume (liters)

V volt(s)

VDC volt (direct current)

VA alveolar volume

!VAI and VA2 compartnental alveolar ventilation f.
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VC pulmonary capillary blood volume

VM mouth flow

VPA pulmonary arterial blood volume

VT tidal volume

VTG thoracic gas volume

yr year(s)
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