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ABSTRACT 

This study was performed on six healthy, seated, untrained male subjects to determine 
quantitatively certain physiological responses induced by positive (PPB) and negative pressure 
breathing (NPB) and to determine if these responses were passively or reflexly induced. Tidal 
volume increased significantly during both PPB and NPB. During NPB vital capacity was signifi¬ 
cantly reduced presumably due to engorgement of intrathoracic vasculature. Expiratory reserve 
volume increased during PPB and decreased during NPB. There was no evidence that these changes 
were not passive responses. Anatomical dead space increased during both PPB and NPB. Lung 
compliance decreased significantly during NPB presumably due to pulmonary vascular engorgement. 
The mechanical work performed on the lung and respired air increased during both PPB and NPB. 
Although airway resistance during expiration did not change, inspiratory resistance appeared to 
increase significantly during NPB. Peripheral venous pressure increased during PPB but did not 
change during NPB. It has no significance during NPB but reflects central venous pressure during 
PPB. Both responses were passive. Forearm blood flow decreased during PPB and was unchanged 
during NPB. No evidence for reflex activity could be shown. The elastic properties of the forearm 
vasculature were determined and the amount of blood which might be pooled peripherally during any 
acute increase in venous pressure was calculated. There was no evidence for change in venous 
tone. 

PUBLICATION REVIEW 

¿OS. M. QUASHNOCK 
Colonel, USAF, MC 
Chief, Biomedical Laboratory 
Aerospace Medical Research Laboratories 
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PULMONARY AND VASCULAR CHANGES INDUCED 

BY PRESSURE BREATHING 

INTRODUCTION 

Pressure breathing is the term applied to the procedure in which the pressure of the respired 
gas is different from that of the ambient atmosphere*. This procedure has been used clinically 
in artificial respiration, anesthesia, thoracic surgery, and treatment of pulmonary edema. When 
aviation physiologists showed the oxygen tension of arterial blood not only increased directly with 
the partial pressure of oxygen in alveolar air, but increased further when the pressure of inspired 
oxygen was increased above ambient, pressure breathing was used in aviation to increase man's 
ability to survive at extreme altitudes (ref. 34). 

Much of the literature available in this field results from applied studies and is generally 
descriptive in nature. Positive pressure breathing causes definite adjustments in the respiratory 
and circulatory systems. During positive pressure breathing the functional residual volume and 
pulmonary ventilation increase and the tidal volume and vital capacity also change. The peripheral 
circulation is said to change because central and peripheral venous pressures increase. Cardiac 
output decreases. Although the effects of positive pressure breathing have been extensively 
explored, little is known of the mechanisms underlying these changes. 

♦Several forms of pressure breathing have been described. In positive pressure breathing, the 
pressure of the respired gas is higher than ambient pressure. In negative pressure breathing the 
pressure of the respired gas is lower than ambient. These two forms have been combined into a 
third called intermittent pressure breathing. 

1 
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Negative pressure breathing received almost no attention because this procedure had no 
practical application. Yet it is encountered whenever one swims or sthnds in water o 'eîfhe thorax 

breathing^ ‘S k,,0'l,n ° the pl'yslol<>glcal 'banges that may accompany negative pressure 

to both ooUHeSfôl ãtUdy T“8 done t0 lrieasiire quantitatively, some ot the physiological responses 

nvobedP e Md 10 detwm1"'. »here Possible8 the mechanisms 
thP mprhthi'Ji.’nr ! changes passive responses or were they reflex responses. Effects on 
rítlaHn P? respiration wcre studied by recording the endo-esophageal pressure-lung volume 
deiï snar^'M hangeS ^ ¡h® volume of the respiratory tree were observed by measuring anatomical 
a«P«BPp£!' Measurei"®nt,01 anatomical dead space and alveolar carbon dioxide were used to 
s ess changes in ventilation. Effects on the peripheral circulation were studied by observing 

tonuTwVreSr™ir HVfhn0US and f°rearm blood flow- ChanSes in Peripheral vascular 
va»P iaf determined through evaluation of the pressure-volume relationship of the forearm 

h^ma 1 T’ hAU lu®* tefniques were Performed on a group of unanesthetized, seated, volunteer 
®ubject8, The conditions of the experiment were determined by a small range of positive and 

5 J 4 Po^ ^eSJhatnWere consldered unlikely to induce the snycope that has been reported 

somp" nf thp aHitiof n!Uy’ thr°Ugh analySiS °f th® results’ possible mechanisms underlying some of the adjustments were proposed. 1 B 

REVIEW OF LITERATURE 

The Mechanics of Respiration 

nwt JheTKreS.SUrrVOh!me >:elationship of a"y hollow elastic system can be determined and 
plotted. This has been done for the human lung-thorax system (ref. 70). The pressure-volume 

tCn Pha lriStl? were determined hy measuring the changes in lung volume that occurred in response 
0 changes in transpulmonary pressure. The measurements were made under two conditions. In 

one experiment the subject inhaled or exhaled a measured volume and, with the glottis open 
ttempted to relax the thorax completely. During this manuever the expiratory pressure developed 

against an interrupted airway was recorded. In the other experiment the subject lay supine in a ^ 
pressurized respirator and again attempted to relax while the lung volume was recorded. These 
maneuvers were repeated at both positive and negative intrapulmonary pressures. The plotted data 
is a graphic display of the elastic properties of the relaxed thorax and lung. 

Mr oWn " 1Ung V°!Ume at end inspiration and transpulmonary pressure, determined when inspira¬ 
tory airflow ceased, were recorded while the subject breathed against slight positive and negative 
pressures, the data collected did not conform to that which produced the "relaxation curve " 
During pressure breathing the conscious human subject does not relax completely and the level of 
inspiration never reaches that predicted by the pressure-volume diagram of the lung and thorax. 

hT/íh1"?811/1 y !Í1S lnabllity of the human subject to relax completely during pressure 
breathing is that at slight positive pressures (5-10 cm water) the muscular activity of normal 
respirätion is reverset1 and active expiration is necessary (ref. 70); inspiration becomes a passive 
activity. The inspiratory volume is limited by the action of the expiratory muscles. The effect 
during negative pressure breathing is a parody of normal respiration in which the inspiratory 

Ü Ü!nÍf!XPt ?U!)n„be!10re the elaStic limits of the lunB and thorax «re reached. This inabiUty 
of the subject to take full advantage of the mechanical properties of the lung and thorax when 
pressure breathing, increases the metabolic work of respiration during both positive and negative 
pressure breathing, since some degree of inspiratory or expiratory tonus must be maintained 

continuously. Later work (refs. 9, 10, 11, 12) on anesthetized human subjects confirmed the con- 
clusions that conscious subjects are not able to relax completely when pressure breathing. 
Anesthetized subjects, who are capable of spontaneous respiration, are reported to respond to 
positive pressure breathing by increasing the end expiratory level to a point where inspiration 

th^Urng and*hor«'(ref ^2)1 ^ eXpirat0ry re8istance is overcome passively by elastic recoil of 

? 
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hrna*Mh! e*piratory ^erve volume and the inspiratory reserve volume change during pressure 
eathing. During positive pressure breathing the expiratory reserve volume increases while the 

inspiratory reserve volume decreases (refs. 4, 70). During negative pressure breath^^ 
changes are opposite. The published data concerning the status of tidal volume and vitafcapacitv 

biorS Ente« tefhlng T equivocal- Althou8h the pressure-volume diagram of the lunfand 
that 1 «íi1 capacity lncreases during positive pressure breathing, the authors concluded 
«tate« thtt es8®ntially unchanßed (reí- 70). A later publication from the same laboratory (ref 32) 
nin ! i V/talCapacity changed in direct relation to the breathing pressure. The diagram aiso 
concluded^ïaM-rf1 ?apflty decreases during negative pressure breathing. The same authors 
concluded that tidal volume was not significantly altered. Others (ref. 4) have reported that tidal 
volume increased during positive pressure breathing. reportea that tidal 

. . Literature on related research (refs. 2, 3, 27) indicates that vital capacity can be expected 
to change during pressure breathing due to displacement of blood from the intrathoracic vasculature 

rr0m eng0rgement of the lntralh“-“lc ^culature during 

firmJEih?’ the preSSUfe'volu“e diaßram of the lung aad thorax has been presented and con¬ 
firmed but the pressure-volume relationship of the lung alone during pressure breathing has not 

oressure^ref18 ' Determination of this relationship depends on measurement of intrapleural 
p«nnhï i 63 ’ nec®ssltatlng a Pneumothorax or alternate technique. Measurement of endo- 
esophageal pressure in lieu of intrapleural pressure is a controversial technique (refs 13 14 18 

exnloLd rt1' »,hlc,'«’11‘be"'“™'»«y‘U»SSedUtar. This technique hasnid been fully ' ' 
exploited during pressure breathing. The effects on vital capacity have been postulated but only one 
E Lrnr quantltative measurements (ref. 32). The reports of changes in tidal volume 
that occur during pressure breathing have been ambiguous. 

Pulmonary Ventilation 

breatM™?rïP™? that SubjeCtS hyPerventilated during positive pressure 
nf narh g Íh ^ lnvestigation (ref. 66) of alveolar carbon dioxide or the production 
ïas frímH dUhnng Preffre breathing has been reported. Intermittent pressure breathing 
was found to cause hyperventilation severe enough to preclude its use in aviation (ref 25) In g 
contrast to these findings the initial response of anesthetized dogs to postule pressure bLthina 

in Tri*’ Hand Tr'r.ïr been raised COnCerning possible cha^s in the respTratí y responses 
to carbon dioxide (ref. 49). No data are available on the status of alveolar carbon Se or the 
ventilatory responses to negative pressure breathing. 

irefs T?ie 0f te?"ÍqUeS f0f Single breath determination of anatomical dead space 
(refs. 31, 83, 85) has provided a simple and precise tool for the assessment of changes in oulmo- 

«nHyihVentlflatl0li aüd the volume of the respiratory tree. Despite the availability of thfs technique 
and the interest shown on respiratory dead space (refs 6 29 30 31 40 rb Ba\ i 
publication (re,. 30) ban been eonce/ned »ith^lle bL^’.’ÎÂaLe ^ 

M îmqr,WaS US?d' Ana,omlcal dcad sPace ‘""eased by 50 percent during pressure breathing at 
apnTpt! f fh e PrfSSUre- N° iniormation has been pubUshed on the possible variations fn the 
geometry of the respiratory tree during the stress of negative pressure breathing. 

In summary, hyperventilation of unknown degree has been reported to accompany positive 
pressure breathing and changes in the physiological responses to carbon dioxide have been suggested 
but few quantitative data on alveolar carbon dioxide have been puslished. Information regarding 
changes in anatomical dead space or geometry of the respiratory tree during positive pressure 

Üég.Uve"8pt‘.tfenbg;eãtVi„trma“0n 18 °n ^ ^ d»«ng 
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Peripheral Circulation 

After aviation physiologists proposed continuous positive pressure breathing a* a 
increasing man's physiological ceiling, early appüed research shnw^H thaï f 

g^ÄÄ bathing outweighed Sages 

with pressure breathing remained a problem (refs. 48, 56, 57, 71). ’ Y ^ associated 

la pito In 186i’ G0»UZ (rff' 37) demonstrated the dilated mesenteric veins of a frog can contain a 

cauMs engorgement1 of the superfk^al^etnstand the!y ar^re^ii^obsêrved^ref ObTer^t^^ 

during 53) eKUed^T 1 vcnomotor «^ponses in maintaini^ circàîaS 

peripheral venous pressure increased during positive pressure breathing (refs 43 47 491 

ra/ptreTa*8'^!:.?''"31 Ven0US PJ¡essure thiSríae Ä píaaL of P g . findings were comparable in conscious human subjects (refs 4 65) Thp 

Ä“xrÄrtVr ‘ PrTi"6 WaS LrLIÎ: rlpm 
dirlrtanrt tnmñ.f p* f th th and k"* lncreased tension in the pulmonary tissue so 

ia to LTxSd ònll a0lar PreSS‘lrC ,0 "" rieht alrium and ‘"«‘“Horacic «eina 
dedanttol nnrh .11 Un8kVOl“me d<les n,,t cdange dUrinB the appUcation of presaure. From 
eductions such as these, peripheral venous pressure responses were oredicted irpf fi^l Thooo 

?» «rS Z0"“™* * measurements of peripheral velrpreSl ta aibtia welri„8 

on resPMslronhrMrinhlart:,r‘!V“ted expanslon oI the ‘"d'-“- No information ia available 

proposed to decrease pr^íuoñatTwTs)! ^ '’egatl,e Pre8S“re ^ been 

, Results of the studies of venous pressure led to a search for circulatory reflexes Most of thP 
rePnitS|a?Peared ln on Aviation Medicine Reoorts. A fpvípw arMpi0 iLr ci 

concluded that decreases in peripheral ciFcdEti^poHid itufe^nset of positive oressurp 
reathing were very likely transient responses occurring only during initial redistribution of 

animal and 1^.7^0.1^39 IHTn “S bee" >" ‘'d'" 

œâüæ Sä? ri 
anesihetics and adrene?Bic blLa% än“ irIts 12 ??? and valLTiT5 Z™ aboUsl’ed by 
expansion o, ihe ihorax La preve„?eXc„Ï,£p“Â 
earlier report that counterpressure had no effect (ref. 15). contrast to an 

hand ^the lltera‘ure Clted above, blood flow determinations were generally made on the finger or 

posÄpÄ^^ 

the forearm (ref. 72). Thus, studies of forearm blood flow appear to be representative of thp 
greater part of the peripheral circulation. representative of the 
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In review, peripheral venous pressure increases during positive pressure breathing, but no 
data are available on the response during negative pressure breathing. Evidence for vasoconstric¬ 
tion in the skin in response to both positive and negative pressure breathing and to many other 
stimuli as well has been published. Reflex vasoconstriction has also been reported to occur in the 
forearm during positive pressure breathing. 

Statement of the Problem 

Since the time when pressure breathing was proposed for use in aviation many data have 
accumulated. However, serious gaps exist. The pressure-volume relationship of the lung during 
pressure breathing has not been determined and reported changes in lung volumes are equivocal. 
Although hyperventilation has been reported as a serious consequence of pressure breathing, 
little is known of changes that must occur in alveolar carbon dioxide or in elimination of carbon 
dioxide. The pressure-volume characteristics of the respiratory tree remain to be determined in 
human subjects. Despite simple reliable methods for determination of anatomical dead space, only 
one study has been performed and this by indirect means. Data concerning peripheral blood flow 
have been collected primarily from studies of skin blood flow and the results are somewhat 
ambiguous. Almost no data exist on changes in muscle blood flow during pressure breathing. 

No information is available concerning changes in pulmonary compliance, pulmonary ventila¬ 
tion, anatomical dead space, muscle blood flow, or peripheral venous pressure during negative 
pressure breathing. 

METHODS 

Determination of Lung Volumes 

Many of the earlier studies were performed on supine subjects lying in a pressurized 
respirator. In such a technique the entire head is exposed to ambient pressure while the body is 
exposed to pressure greater or less than ambient. In the present study, a seated subject breathed 
through a mouthpiece from a 13-liter spirometer placed inside an altitude chamber (figure 1). 
Spirometer hoses were led through sealed ports in the side of the chamber. This procedure 
closely simulated the practical situation of the aircrewmember. Desired breathing pressure was 
attained by increasing or decreasing pressure within the altitude chamber. Although chamber 
pressure remained constant during the experiment, pressure within the spirometer mouthpiece 
varied plus and minus 2 cm water from the chamber pressure. This fluctuation was due to resistance 
to airflow through the spirometer valves and tubing. Chamber pressure, which equalled the mean 
spirometer pressure, was used as the index of breathing pressure. Movements of the spirometer 
bell were transmitted by means of a friction drive from the spirometer chain wheel to a battery- 
excited, 10,000 ohm potentiometer (Helipot, single-turn, 360 degree, Series G) with a manual 
centering adjustment. The output was fed into a preamplifier and recorder (Sanborn 150-1300). 
Figure 2 is a reproduction of a typical record. The record was calibrated from the directly record¬ 
ed spirometer tracing which was used to determine vital capacity and subdivisions of lung volume. 
Anatomical dead space and pulmonary compliance were determined from the remotely recorded 
volume changes. Lung volume measurements were corrected to DTPS ignoring the error (less than 
2 percent) introduced by changes in chamber pressure. 

The spirometer was filled as necessary with dry breathing oxygen and the carbon dioxide 
produced was absorbed by a commercial preparation (Baralyme). 
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Figure 1. Schematic Presentation of the Experi¬ 
mental Set-Up 

The seated subject breathed from a spirometer 
placed inside an altitude chamber. Pressure 
within the altitude chamber was varied, posi¬ 
tively or negatively, as desired. Three physio¬ 
logical variables, lung volume, expired carbon 
dioxide, and endo-esophageal pressure, were 
remotely recorded. 

^ Lung TOklBM 

IMptrulon ' lutation 

Figure 2. Reproduction of A Typical Record 

Lung volume: Inspiration is upward, "a’' and 
“b" are points of zero respiratory airflow 
which determine points a* and b' delimiting 
endo-esophageal pressure excursions used to 
determine pulmonary compliance. 
Endo-esophageal pressure: Inspiration is upward 
i.e., endo-esophageal pressure decreases. Pres¬ 
sure fluctuations caused by the beating heart 
are super-imposed on the excursion due to 
respiratory movements. 
Expired carbon dioxide: -Expiration is upward. 
Areas A and A' are equal. The point at which the 
common vertical line crosses the curve, marks 
the beginning of alveolar air flow. The slope of 
the line to the lung volume curve corrects for 
the time factor introduced by the length of the 
carbon dioxide sampling tube. The point at which 
this line crosses the lung volume curve deter¬ 
mines c-d the portion of the tidal volume, c'-d’, 
which is anatomical dead space. 

Endo-esophageal Pressure Measurements 

During the early part of this study endo-esophageal pressure was measured by means of a 
balloon in the manner reported and evaluated by Mead, Mcllroy, Silverstone and Kriete (ref. 61). 
The balloon was 10 cm long and 1 cm in diameter. The best position for the balloon was determined 
for each subject at the beginning of his first experiment. The subject swallowed the balloon until 
the pressure recording reversed, i.e., became positive during inspiration. The balloon was then 
withdrawn to a position which gave the greatest pressure excursion. This was usually about 15 cm 
above the diaphragm or point of reversal. At this time a quantity of air was introduced into the 
balloon by opening a valve to the atmosphere while the subject held his breath at the normal end 
inspiratory volume. Pressure changes within the balloon were sensed by means of a pressure 
transducer (Statham Pr-23-2G-300), the electrical output of which was amplified and recorded 
(Sanborn carrier preamplifier and recorder, Type 150-1100). The balloon-pressure transducer 
system was calibrated by placing the balloon in a sealed flask and evacuating or pressurizing it to 
a desired level as indicated by a water manometer. 
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onHn i=<!nî.er e*penments a catheter-mounted pressure transducer (ref. 35) was used to measure 
endo-esophageal pressure. Output of this transducer was fed through an impedance-matchine 
ransformer to two preampüfiers (Tectronix 122 and Sanborn carrier) to ^ecwderTmoMer 

didnbThe error °t " ?uted along with the balloon the transducer responded asïhe balloon 
finnhTh i f lntroduced by calibrating the instrument at room temperature rather than endo- 

rdT.UTr":-“.ies! than i-5 cm wa,er ^was ^ ,e;srnfchan„8 aused a shift of the zero datum, so reference atmospheric pressure was recorded as the sermi™ 
device was slowly withdrawn from the esophagus, eliminating a temperature correction The g 
transducer was favored over the balloon, because of the ease with which u could be swallowed. 

^ ^a"sducer was introduced through a pressure-seaUng port into the spirometer 
mouthpiece and beyond, to a point previously determined as best for the particular subject When 

the subject was seated comfortably he swallowed the balloon, or manolter „d caSr to a 

minute pre^controTperlod^egan'! * “ Md —‘P>¡0- 

Pulmonary compliance was determined from simultaneously recorded changes in lumr vninme 

and endo-esophageal pressure (figure 2). The points of zero respiratory flow were uLed to 
etermine endo-esophageal pressure changes to be used In calculation of pulmonary compUance. 

Determination of Airway Resistance 

. insiantaneous volume flow was measured by analysis of the continuous record of lun.r vnlnmp 

record0«?PnaHgninSt,iïe c°7eSp0nding transPulmonary pressure as determined from the continuous 
ecord of endo-esophageal pressure. Resistance is pressure divided by flow. 

Determination of Anatomical Dead Space 

Anatomical dead space was determined by the method described by A.C. Young (ref 841 
r8,a r,r„ca:oa a"aiyMr ,rers-83’ 85>- ^ I ow is signalled by the change in concentration of expired carbon dioxide. A "souare iron!" wa. 
constrected as indicated in figure 2, to correct for Alveolar air mlSng with dead space 1 rll 

conditions of the experiment. The sampUng tube terminated at a needufwhich was introduced into 

- ‘rpKÄ ÄÄrÄr 
fed to a suitable amplifier and recorder (Sanborn 150-1300). mpuner was 

Determination of Alveolar Carbon Dioxide 

The concentration of carbon dioxide in alveolar air wac Hptpv.tv.ir.A.41« au 

îftre‘I, ““'“.T"1 d'ad Spa- The potnt'a^wldct^the^expfred^carboî^dtoiüdte^reacheï'a ïfato» 
(figure 2) was taken as a measure of the fraction of carbon dioxide in alveolar air. 
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Peripheral Venous Pressure Measurements 

Venous pressure was determined directly. A No. 17 hypodermic needle connected by saline- 
filled plastic tube to a pressure transducer (Statham Pr-23-2G-300) was inserted into one of the 
superficial veins of the antecubital fossa. Electrical output of the transducer was fed to amplifiers 
and recorded (Sanborn carrier preamplifier and recorder amplifier Type 150-1100). The trans¬ 
ducer was fixed in a position at the level of the right atrium, or a position readily referred to the 
right atrium, and all measurements were corrected as necessary. Venous pressure was recorded 
at the beginning and end of each control and pressure breathing period. In intervals between 
recordings a slow, continuous saline drip was maintained to keep the system patent. The amount of 
saline transfused in each experiment was less than 200 cc. 

Forearm Blood Flow Measurements 

Forearm blood flow was measured by the method described by Whitney (ref. 80). This method 
utilizes a mercury-filled rubber gauge to determine changes in the circumference of a limb and 
these changes are translated to changes in volume. Volume changes induced by venous occlusion 
were used to calculate tissue blood flow. Figure 3 is a reproduction of a typical record. 

Figure 3. Record of Forearm Vascular 
Pressure-Volume Relationship 

This is a reproduction of a typical record used 
to determine forearm blood flow and forearm 
vascular pressure-volume relationship. 1, 2 and 
3 indicate changes in circumference of the fore¬ 
arm caused by venous occlusuon. The slope of 
these lines, when put into proper units, is 
forearm blood flow. 
The steplike record to the right shows changes 
in forearm circumference induced by inflating 
the occluding cuff in a stepwise manner. When 
converted to units of volume, this record pro¬ 
vides data necessary to plot elastic properties 
of the vasculature of the forearm. 

Pressure-volume Relationships of the Forearm Vasculature 

This determination was made with the same apparatus used to measure forearm blood flow, 
but the cuff occluding venous return was inflated at 20-second intervals in increments of 10 mm Hg. 
The limb volume reached a plateau during each interval. This change in volume was plotted against 
the pressure in the occluding cuff to produce a graphic display of elastic properties of the forearm 

vasculature. 

Statistical Analysis 

Statistical analysis was performed according to accepted methods (ref. 1). Student's test was 
used to determine significant differences. Best fit lines were plotted by the method of least 

squares. 

mm Hf Occluding preswre 

Forearm Blood Flow Foraarm Volume 

TYPICAL RECORD 
(Reproduction) 
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Experimental Procedure 

tahio fub|!cts wer<; male students and staff members. Their physical characteristics are shown in 
table I*. One female student served as a subject and data from her experiment are recorriprf 
separately in the tables. No special precautions were taken to regulate the subjects' activity before 
the experiment nor was any training in the procedure of pressure breathing given. When the 
subject arrived at the site of the experiment he seated himself comfortably, facing the wall of the 
amtude chamber from which the spirometer hoses projected. He swallowed the endo esophageal 
balloon or manometer without aid of anesthesia, usually with a few swallows of water. Earl/in the 
s*™8“ becar ev?df tthat a subject was less likely to gag if the balloon or manometer came tS 
rIVeTrat,Ur! bef0re attempting t0 swallow il- When the balloon or manometer was in position 
the subject found it more comfortable to place the catheter to the side of his mouth and pharynx 

T^n nnipntrafacdhdlfiltCUflty because movement of the catheter stimulated the gag reflex. 
IT "U uJeC f0Unî lt.impossible t0 swallow the catheter. Most subjects swallowed it 

ith little difficulty once a decision to participate in the experiment had been made. An audience 
seemed to stimulate subjects to greater effort in swallowing the catheter. 

fHnvi/io'qq" thie Cafh®ter had been swallowed the mouthpiece was grasped and the noseclip and carbon 
dioxide sampling tube were put into place. At this time the venipuncture was made or blood flow 
apparatus was put in place and the experimental protocol began with a 10-minute control period 

Der^Thpnriî vanables’ lncl“dlng vital capacity, were made at the beginning and end^f this 
period. The first pressure breathing period began when pressure in the chamber was increased to 
approximately 20 cm water. After 5 minutes of positive pressure breathing, pressure in the 
chamber was reduced to atmospheric. Stabilization of chamber pressure required approximately 
15 seconds. Data were recorded continuously during this period but vital capacity, anatomical dead 
space, anti forearm blood flow could be measured only after stabilization. This period was followed 
by another contro period and then a 5-minute period during which chamber pressure was reduced 
to approximately 15 cm water less than atmospheric, and a final control period. Determination of 
vital capacity and recordings of all variables were made at the beginning and end of each period. In 
the series in which blood flow and the forearm vascular pressure-volume relationship were 
determined only one determination of the pressure-volume relationship was made during the 
interval between the first and second recordings for each period. ^ 

When the final control period was completed and the apparatus removed, the spirometer 
mouthpiece was taken from the subject's mouth and the endo-esophageal pressure-sensing device 
»as slo*!, w,thdra»n to record reterence atmosphertc pressure »hile the sensihg device Vus at 
endo esophageal temperature. At this time all apparatus were calibrated and spirometer 
temperature and barometric pressure recorded. 

RESULTS 

The data forming the basis for this study were collected in experiments performed on a group 
of six male subjects. Each of these six subjects underwent the experimental program at least ^ 
twice. In addition to these experiments some additional data were collected from experiments 
performed on other subjects, including one female. The raw data for all subjects are presented in 
appendix II. Physical characteristics of all subjects are presented in table I. 

♦See tables I-XX, pages 35-54; tableslãi-XXIX, pages 57-65. 
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Lung Volume 

and tables II, m, and IV*.VVitafcapacity^id noUha"16"13/ CO,nditions are Presented in figure 4 
breathing. Neither did it change signifie anti v ri,? h ^ significantly during positive pressure 
mental procedure did not cSVont^^ peri0ds’ ^ e* • "he experi- 
determined at the end of the negative Dressur* hr»a¡Z significan|Jy- However, vital capacity 
tie control determination which iollowed (C,). The mew *ffereSÍ lllIrerent ,rom 

with the ormet S p'retTreTriSS^'d ^ “T ^ 4' increased 
breathing. Because ol toSSSSÄ™“"“.8?11,he onKt ot"^“ve pressure 
Individual values are shown in table V. sûrement was not made on all subjects. 

FUure 4. Changes in Lung Volunes Induced by 
Pressure Breathing 

The experimental condition Is Indicated on the 
horizontal axis. C Indicates control, P Indicates 
positive pressure (18.5 cm water), N Indicates 
negative pressure breathing (minus 15.5 cm 
water). In the upper graph, vital capacity 
(maximum expiration to maximum inspiration) Is 

followed by a normal tidal volume. In this 
manner vital capacity, Inspiratory reserve 
volume, expiratory reserve volume and tidal 
volume are Indicated for each experimental 
condition. Vertical bars Indicate one standard 
deviation of samples from the mean. m 
On the lower graph the change in residual volume „ 
that occurred at the onset or cessation of 
pressure breathing Is shown. 

Variations in tidal volume are presented in table in anH Hicr.io j 
The tidal volume increased 40 percent at P, and sfpercent at n P Sf? Ca ly in fißUre 4‘ 
significant. The tidal volume at C5 is not sLnifirann! 1 ¡V Th changes are statiscally 
procedure did not cause control values^ v^SL^T' ^ ^ (The 

*In addition to individual values, the tables TUn 1 
individual values from the mean. The value of "t"Bu au.n lue® and standard deviation of 
were performed. The level of significance is 0 05 Stahstlr^?6"^ , teStS ÍOr si&nificance 
by "yes" "no," as the case may bea.ï the^ differences are indicated 

ZTreS’Jhe eXperimental conditions are indicated^by letters^ í" 
control period, i.e., breathing pressure was atmosnher¡; Í ’ * P and N- C designates a 
(mean spirometer pressure: 18. 5 cm water). N indicates nefaH^^68 positive P^ssure breathing 
spirometer pressure: minus 15. 5 cm water). gative pressure breathing (mean 
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The expiratory 

staUsUeaUjT significant. The expiratory reserve volume was not significantly différât It cTthan 

reser^ÄS™ ^ a ^ ^lh“ «piratory 

Endo-esophageal Pressure and the Elastic Properties of the Lung 

ann0nîihveTTraTdata í0,r endo"esophageal Pressure variations of all subjects are presented in 
appendix II. Transpulmonary pressures as determined from the raw data are presented in table VI 

“T'” Ü7 of the ‘“"e “ determined from endo-esopXal presZe 

rresentZln nZe r PoZ nsThrremertS J"1"? PreSSUre brea,hlng antl normal «»Pi™Uon is presenteam tigure 5. Point 1 is the normal end expiratory volume and here is designated zero 
volume. Other end expiratory volumes have been referred to this point. Points 2 and 3 are mean 

aïe ffi iVnstX ^ neSative Pressure ^athing, respectively. All volumes 
are plotted against the transpulmonary pressure producing the volume, i.e.. mouth pressure minus 
endo-esophägeäl pressure. The horizontal bars at 1, 2 and 3 are measures of the standard deviation 
of the transpulmonary pressures at these volumes. standard deviation 

Figure 5. The Pressure-Volune Diagram and the 
Elastic Properties of the Lung 

The slope of the middle radial at 1, 2 and 3 Is 
the compliance of the lung. The length of the 
line Indicates the mean pressure-volume excursion 
for each experimental condition. The t»o outer 
radiais at each point enclose two standard 
deviations of the value for lung compliance. 
The length of the horizontal bars Indicates two 
standard deviations of the transpulmonary 
pressure at end expiration and shows the Increase 
In variability of the measurement during pressure 
breathing. 

pressurrof419ScmrwaTeartÍOpo^Íní ?eterm.inedf during experiments on three subjects at a mean mouth 

radiaUs T plot ï! }’ 2 ^ 3 the Pulmonary compliance at each point. The middle 
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Anatomical Dead Space 

positive 6' D“rlng 

S“.““^ “ ‘"CreaSed 33 Xs sz Ir„m 

Alveolar Carbon Dioxide 

«pJÄLS ^rSCp"bSs;re0Ä al“r T Prrated ln laMc X and ^pwoauy in 
control value. Duïng negaüve prLs^ Ca1rb°n decreased to 75 P"«nt °< 
of control. Both changes are statistically siJíSn/Ti^ ?arbonKdioxide decreased to 89 percent 
significantly different from that at c' S1Bmflcant- Alveolar carbon dioxide at C6 was not 

Alveolar Ventilation 

and table XL The^lTues^n SeXI TerTÍatcSed fïom ra^ T arC presented in fieure 7 
Minute volume increased 100 percent during data Presented in tables XII and XIII. 
negative pressure breathing Alveolar ventflatinn ¡ P1,688“1"® breathing and 30 percent during 
breathing and 38 percent during positive pressure 
increased 47 percent during positive oressurp hroath- thlnf‘oJhe ellminatlon of carbon dioxide 

breathing as compared to the control value immediately8pTecedi^^6"1 dUrÍng pressure 

Peripheral Venous Pressure 

.»rÄe*p™Ä^ ln '“h1' XIV Md tlg“re 8' 
negative pressure breathing it diKSe sS “ Durint' 
sure plotted against the change in endo-esoohaPM nrt? y' Th!, ln PeriPheral venous pres- 
presented in figure 9. During8positive pressure breath educed by pressure breathing is 
was 67 percent of the change observed in endo esnnha Change ln PeriPberal venous pressure 
breathing peripheral venous pressure was essentiaUvTnrb^T^h DUnng negative Pressure 
decreased to minus 12 cm water y unchanSed although endo-esophageal pressure 

Figure 6. Changes In Anatomical Dead Space 
Induced by Pressure Breathing 

The volume 
plotted on 
condition 

of the anatomical dead space is 
the vertical axis. The experimental 

Is plotted along the horizontal axis. 
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P: Positive pressure 

breething (18.5 es weter) 

N: Negstire pressure 

bresthing (-15.5 c« wster) 

(Left) 
Figure 7. Change In Pulaonary Ventilation and 

Alveolar Carbon Dioxide Induced by 
Breathing 

(Right) 
Figure 8. Changes in Peripheral Venous Pres¬ 

sure Induced by Pressure Breathing 

The venous pressure as measured at an antecubital 
vein and referred to the level of the right 
atrium is plotted on the vertical axis. 

(Left) 
Figure 9. The Peripheral Venous Pressure - 

Endo-Esophageal Pressure Relation¬ 
ship 
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Forearm Blood Flow 

positive pressure breathing fore^rm^^^ ta^leiJv and fig“re 10. During 
breathing there was no significant change. eaSed Slgmiicantly* During negative pressure 

of pressure breathfng^Tt fhe^S occurred at onset and cessation 
0. 5 percent and upon return to normal rp^nira^ breathlng forearm volume increased 
Uve pressure breLnÄ^ 0'H6 P'1'«"1- ‘b' e, „eBa- 
tion increased 0.3 percent. Sed 9 P610®01 and uP°n return to normal respira- 

Elastic_Properties of the Forearm Vasculature 

sented in tabledVI anïplotteÍinTgure6! 1 ^The sWofth \°re,irm vasculature are pre¬ 
relationship during normal respiration is 1 O^c/lO mmH^ 1106 Pfutted for the Pressure-volume 
vasculature was 1.0 cc/10 mm Hg The comnliOnep JOh Hg‘ the Compllance of the forearm 
significantly different. During positive pressurTbreathirOf tnhegative Pressure breathing was not 
ture was 0. 8 cc/10 mm Hg Pressure breathing the compliance of the forearm vascula- 

(Left) 
Figure 10. Changes In Forearm Blood Flow 

Induced by Pressure Breathing 

Arrows at the bottom of the graph show the 
magnitude and direction of the change in fore- 
arm Vo ume that accompanied the onset and cess«, 
tlon of pressure breathing. 

rORIARM BLOOD PLOW 

(Bight ) 

Figure 11. The Elastic Properties of the Fore¬ 
arm Vasculature 

The Induced change in forearm volume Is plotted 
on the vertical axis against the pressure In 
the occluding cuff on the horizontal ails. Lines 
were fitted by the method of least SQuares. 
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DISCUSSION 

Respiratory Mechanics 

Early investigators (ref. 70), who used trained subjects, found that vital capacity increased 
during positive pressure breathing. In the present study, although the change is not statistically 
significant, vital capacity decreased. Trained subjects were used in those early studies and the 
decrease in vital capacity observed in the present study may be due to respiratory fatigue of 
untrained subjects. (The work of respiration is greatly increased during positive pressure breathing. 
This will be discussed later. ) 

Reports from the same laboratory (ref. 70) indicated vital capacity increased during negative 
pressure breathing. In the present study vital capacity decreased. When vital capacity measured 
after the onset of negative pressure breathing (Nj in figure 4) is compared to the preceding 
control value (C4) there is no significant difference. However, when vital capacity measured at 
the end of the negative pressure breathing period (Ns ) is compared to the subsequent control value 
(C5) it is significantly smaller. The mean difference is 417 cc. Negative pressure breathing has 
been used to engorge intrathoracic vessels (ref. 36) and evidence from respiratory studies has 
been presented to support conclusions that blood is pooled in the intrathoracic vessels during 
negative pressure breathing (refs. 3, 27, 32). Results of investigations published since the present 
study was completed indicate vital capacity decreases directly with intrapulmonary pressure during 
negative pressure breathing (refs. 44, 77). Evidence will be presented in the discussion of 
pulmonary complicance to support the conclusion that the reduction in vital capacity, which occurred 
during negative pressure breathing in the present study, is a result of increased pulmonary blood 
volume. 

In the present study, tidal volume increased significantly during both positive and negative 
pressure breathing. Early publications reported no change (ref. 70) or a considerable increase 
(ref. 4) during positive breathing. In publications appearing since the present work was completed 
the same authors report different results (refs. 44, 77): namely, tidal volume decreased (ref. 77) 
and tidal volume increased (ref. 44) during negative pressure breathing. These two studies were 
performed on seven subjects and the question arises if they were the same seven individuals. No 
explanation can be given for the disagreement of results but it may somehow be associated with the 
relationship of respiratory rate to tidal volume while providing adequate ventilation during increased 
respiratory work (ref. 64). Changes in expiratory and inspiratory reserve volumes observed in the 
present study confirm published findings (refs. 44, 70, 77). 

Figure 12 is a reproduction of a record made when a subject attempted to relax while pressure 
breathing. During positive pressure breathing this subject appeared to relax completely at each 
inspiration as indicated by comparing end inspiratory level to the relaxation level but at negative 
mouth pressures he obviously did not. The relaxation pressure-volume relationship will be 
further discussed when elastic properties of the lung are discussed. 

The data on changes in residual volume are presented in table V and plotted at the bottom of 
figure 4. Although the pressure-volume diagram of the lung and thorax (ref. 70) shows residual air 
can be expected to increase during positive pressure breathing and decrease during negative pres¬ 
sure breathing,' this volume apparently was not actually measured under these conditions. In the 
present study residual volume increased at the onset of positive pressure breathing and since vital 
capacity was not significantly changed it follows that maximum inspiratory level increased by a 
comparable degree. Since the lung-thorax system is elastic it is reasonable to conclude that a sub¬ 
ject can inhale to a slightly higher level with the aid of increased mouth pressure. At the same time 
he will be unable to overcome positive mouth pressure sufficiently to exhale to the same level 
attained during normal respiration. As indicated at N^ and Cg (figure 4) the opposite effect takes 
place at the onset and cessation of negative pressure breathing. 
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RI LAXA no N MANIUVIR 

The Elastic Properties of the Lung 

Figure 12. Reproduction of A Record of Bndo- 
Esophageal Pressure and Lung 
Voluae 

Three plateaus at the left occurred when the 
subject relaxed with open glottis while posi¬ 
tive pressure breathing (is ca water). Three 
plateaus at the right occurred when the subject 
relaxed with open glottis while negative pres¬ 
sure breathing (alnus 15 ca water). During 
negative pressure breathing this subject 
aalntained continuous Inspiratory tonus. 

hav* hL fn l! T ln thf Performance of a pneumothorax to determine intrapleural pressure 
an ntenfue se.arch for 8ubstitute techniques. Measurement of intrapleural pressure is 

required to assess the elastic properties of the lung but use of endo-esophageal pressure in lieu of 
intrapleural pressure has proved a controversial subject, (refs. 13, 14, 18 46 51) Authors of a 

of elastic properties of the lung (ref. 51) concluded errors are minimal when the subject is seated. 

« feSultf °í exP®riments performed to determine the vaüdity of using endo-esophageal pressure 
mouth nCr0«ClUSiVe*HDa? collected when subjects inhaled or exhaled against a manometer, while 
mouth pressure and endo-esophageal pressures were recorded simultaneously, were used to 
produce figure 13. Although mouth pressure was always greater than endo-esophageal pressure 
there was a correlation between the two measurements. ’ 

More disconcerting is the reproduction of a record made while a subject held his breath at end 
expiratory and end inspiratory volumes (figure 14). Endo-esophageal pressure appears to have the 

™ at d!lferent Víumes- DesPite this response the endo-esophageal pressure 
record appears to fluctuate precisely with respiratory movements. * 
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Figure 14. Reproduction of A Record Hade While 
the Subject Held His Breath at 
Inspirator; and Expiratory Positions 

UmVobm 

Plateaus at the left resulted when the subject 
held his breath at an expiratory position. 
Plateaus at right occurred when he held his 
breath at an inspiratory position. Endo*esophageal 
pressure follows lung voluse quite precisely 
during norial respiration. However, when the 
breath was held In each position endo*esopbageal 
pressure returned to a connon value. 

BUXTH-ROLONB MANXUVtlt 

Despite these inconclusive results, the author believed, since no data had been published 
concerning endo-esophageal pressure responses to pressure breathing or measurements of lung 
compliance during pressure breathing (a procedure which might cause changes in lung compliance), 
the technique could be profitably employed in spite of some justifiable criticism. The results of two 
investigations of lung compliance during pressure breathing (refs. 23, 77) have appeared since. 

Lung compliance was determined in the present work by taking the mean value for three con¬ 
secutive breaths. Tidal volume was determined from the remotely recorded spirometer tracing 
and the points of zero respiratory flow determined the pressure excursion causing the movement. 
The data are presented in table VIII. Values for lung compliance during normal respiration reported 
here are comparable to those in the literature (refs. 28, 33, 41, 46). 

Pulmonary compliance did not change significantly during positive pressure breathing. During 
negative pressure breathing pulmonary compliance decreased significantly. A reduced intrapulmo- 
nary pressure is known to induce engorgement of intrathoracic vessels (ref. 36). It is thought 
engorgement of pulmonary vessels could easily reduce the compliance of the lung (refs. 7, 23). 
Recently published work (ref. 77) shows pulmonary compliance decreased during negative pressure 
breathing when lung compliance was measured with the endo-esophageal pressure technique. 
However, the authors concluded that pressure breathing did not induce significant changes in lung 
compliance of their supine subjects. Members of the same laboratory had critically analyzed 
errors involved in the endo-esophageal pressure technique and concluded the mediastinal contents 
of the supine subjects produce an artifact which invalidates the use of the technique (ref. 51). The 
subjects of the present study were seated and the measurement of pulmonary compliance appears to 
be valid since the standard deviation of the sample from the mean is approximately the same for all 
conditions of the experiment. Changes in pulmonary compliance are presented in figure 15. There is 
no evidence presented here to indicate that compliance changed as the experiment progressed. The 
reduction in compliance that occurred during negative pressure breathing took place in the short 
time between the onset of negative pressure breathing and the first measurement and was 
essentially unchanged until normal respiration was resumed. That engorgement of the intrathoracic 
vasculature was the result of mechanical causes is indicated by the concurrent decrease in forearm 
volume (figure 10). 
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P: Positive pressure bresthing 
(18. S eu utter) 

N: Negative pressure breathing 
(-15.5 cu water) 

Pigure is. Changes lu Puluonary Coupllance 
Induced bj prenaure Breathing 

Puluonar; coupllance In significantly 
decreased during negative pressure breathing: 
Vertical bars Indicate plus and uinua one 
standard deviation. 

Further evidence supporting the conclusion that pooled blood may have caused the decreased 
lung compbance observed during negative pressure breathing is presented in the data provided by 
the measurement of vital capacity (table n, figure 4). Although vital capacity at N1 is not signif- 
icantly different from that at C4, vital capacity at Na is significantly less than that measured at 
Cs, the difference being 417 cc. Counter to the conclusions of Ting, Hong, and Rahn (ref. 77) and 
confirming conclusions of Ernsting (ref. 23, two subjects) the present author concludes this 
decrease in vital capacity is due to pooling of blood in the intrathoracic vasculature during negative 
pressure breathing. B B 

To check the validity of the postulate that decreased lung compliance observed during negative 
pressure breathing was caused by engorgement of intrathoracic vasculature, five of the subjects 
voluntarily breathed at end expiratory levels comparable to those produced by pressure breathing. 
These data are presented in table XVH. Pulmonary compbance at voluntarily increased lung 
volumes was not significantly different from normal compbance. Pulmonary compbance determined 
at decreased lung volumes did not decrease as it had during negative pressure breathing. 
However, the variabibty of the measurement increased greatly as indicated by a fourfold increase 
in the s andard deviation as compared to that calculated during negative pressure breathing. Here 
the artifact due to compression of the esophagus by the mediastinal mass claimed by Knowles 
Hong and Rahn (ref. 51) is shown by the great spread of the values for transpuImonary pressure. 

Data presented above have been combined into a pressure-volume diagram of the lung in 
figure 5. Points 1 and 2 are end expiratory volumes measured during normal respiration and 
positive pressure breathing plotted against the transpulmonary pressure that produced them. 
(Transpulmonary pressure is equal to mouth pressure minus endo-esophageal pressure.) 
A though the extent of the standard deviation of transpulmonary pressure during positive pressure 
breathing invabdates the use of this technique to determine absolute pressures, the conformance 
of mean pressure to a position predicted by extending the line of compbance from a normal end 
expiratory position appears to vabdate the technique for general purposes, if a sufficiently large 
sample is used. J s 

Figure 5 is the pressure-volume diagram of the lung as determined under experimental condi¬ 
tions of normal respiration and positive and and negative pressure breathing. If point 5 could be 
determined under some condition other than negative pressure breathing (a procedure that changes 
the elastic properties of the lung) the point would appear lower on the graph i e the more 
compbant lung would allow a greater change in volume for equal transpulmonary ¿ressure 

18 



ASD TR 61-742 

h„f hhoI8!?“417, íUrÍI? P°8itive PreS8ure breathing vital capacity does not change significantly 
but üdal volume and expiratory reserve volume increase. Positive pressure breaking does not7 

ange the mechanical properties of the lung. During negative pressure breathing tidal volume 

aMntrathnrapexpirf ^ re!®rve v°lume decreases. Vital capacity decreases due to engorgement 
Mo"t.rath0racic vafcula,tujre. The pooled blood reduces pulmonary compliance significantly. 
fwndtiTtMsstüd! c.h.ange® “echanical properties of the lung. No evidence has been 
found in this study to indicate these changes are not passive responses. 

Work of Respiration 

the authors ^ the Pressure-volume diagram of the lung and thorax (refs, 
rf’ J0, wa8 that Positive pressure breathing might increase the work of respiration as much as 

Another gr0“? (ref. 77) has recently concluded that increased airway resistance during 
negative pressure breathing increases respiratory work by a factor of 2.5. In the present study 
endo-esophageal pressure and lung volume were measured simultaneously and continuously. From 

o™ mea!Tinent^re8SUre‘V?lume loops have been constructed for three conditions of the 
in mnírShí1!!1™ ^ B ^ ^ ^ **** within a looP is thc work Performed during that cycle 
in moving the air and expanding the lung. Table XVHI is a tabulation of this work performed during 

wnrwLrt8Slratl0n andKp081^e and negative pressure breathing. In this series of experiments this 
worn (on a per minute basis) during positive pressure breathing increased by a factor of 5. 5, during 

,n™?HPre8!U.r! eatîingJby a fact0r of 3-5- These changes appear to be related mainly to 
increased ventilation inckiced by pressure breathing. 

Airway Resistance 

Figure 17 is ï plot of instantaneous volume flow and the transpulmonary pressure which 
produced it. Airway resistance did not change during expiration. This finding is to be expected 
from the changes observed in anatomical dead space. Anatomical dead space increased during 
pressure breathing. The results are not identical during inspiration as indicated in the upper right 
quadrant of figure 19. The values obtained during negative pressure breathing are significantly 
different from those obtained during normal respiration. The work necessary to expand the lung as 
well as the work required to move the respired air is included in the pressure-volume loops as 
determined in these experiments. Since anatomical dead space increased and expiratory airway 
resistance did not change during negative pressure breathing, it is untikely that inspiratory airway 
resistance increased during negative pressure breathing as has been previously suggested (ref. 77). 

Functiona! residual volume decreased (66 percent of normal) during negative pressure 
breathing and it is possible that alveoli in some regions of the lungs collapsed. The higher pressure 
required for inspiratory airflow during negative pressure breathing may have resulted from 
increased non-elastic tissue resistance due to regions of atelectasis produced by a small functional 
residual volume and negative transalveolar pressures. The flat portion of the loop at beginning 
inspiration in figures 16(B) and 16(C) may be due to build-up of an opening pressure to overcome 
cohesive forces in atelectatic regions. 

Changes in the Volume of the Respiratory Tree 

„i ** Jigure \8/S a Rraph. of anatontical dead space observed during each experimental condition 
plotted against transmural pressure (mouth pressure minus endo-esophageal pressure). Anatomical 
dead space increased significantly during both positive and negative pressure breathing. To find out 
if these changes in anatomical dead space were simply mechanical results of the changes in lung 
volume, subjects voluntarily breathed at lung volumes comparable to those induced by pressure 
breathing. Under these conditions anatomical dead space was unchanged (table XDÍ). Determinations 
of dead space under all conditions were plotted against transmural pressure (figure 18) and dead 
space was proportional to distending pressure at end inspiration except for the anomalous value 
obtained during negative pressure breathing. 
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Figure 16A, B, and C. Work of Respiration 

The area within the loop la the aechanlcal work 
performed in moving the lung and air during a 
single breath. 

Each figure Is a plot of the typical responses 
of a single subject. 

16(C) 
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(Right) 
Figure 18. Anatomical Dead Space and Transmural 

Pressure 

The vertical bars indicate plus and minus one 
standard deviation of the sample from the mean. 

(Left) 
Figure 17. Instantaneous Volume Flow Versus 

Transpulmonar; Pressure 

Two inspiratory values obtained during positive 
pressure breathing did not fall within the 
limits of the graph but are included In the 
mean value. Data are from table XVIII. 

IT h f rn?cnvgSuare j* variance with published data. The data of Shepard, Campbell, Martin 
watr Moí61' 75 ? 0W ?ead SPaCe WaS essentially unchanged at a transmural pressure of 10 cm 
ílfíró H K at greater pressures dead space increased. Further analysis of the work in 
reference 75, shows a compliance of approximately 3 cc/cm water. Analysis of the right side of 
figure 18 of the present paper shows a compliance of 10 to 35 cc/cm water. g 

The increase in anatomical dead space observed during negative pressure breathing is also in 
apparent disagreement with the report of Haab and Cimeno (ref. 38), who found that anatomical 
dead space decreased in three supine subjects during negative pressure breathing. 
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r.^'S.Ï^ÆTÆ^reS bTaS^"““” ^118 U ^ 

incrpa«pHe!Î!Ü P0"^® Pre88ure breathing causes increased anatomical dead space due to 

“on“ cc/cm^ater rI) " ^ ^ ** 

TZZ^:Z:XTe8 thr0Ugh refIeX ÍnhÜ>ÍtÍOn 0Í tonus nor maUypresenf in 

Pulmonary Ventilation 

ventjkMnnâ'1aT»lT!ü1H°ïi"8 f .explrc<1 carbon provided a means of assessing alveolar 
îrë^ id ln ,nht V deternunmg anatomical dead space. Percent carbon dioxide in alveolar air Is 
presented in table X. Alveolar carbon dioxide was significantly reduced during both oeriods of 
p essure breathing and remained at a fairly constant level throughout each period At the end of the 
final control period alveolar carbon dioxide was significantly different fromme ü^fcontroí value. 

(refs ^ToÍTheSr8 hypeirventilation accompanied positive pressure breathing 
ater'oaDer if! y lndlcated hyperventilation was a transient phenomenon but a 
of!!/.? ? saT Moratory states it was maintained (ref. 66). During a 10-minute oeriod 
of pressure breathing (30 cm water), alveolar carbon dioxide was reduced to 34 mm whPn min„tD 
vo ume increased 60 percent. In the present study alveolar carbon dioxide decreased to 26 mm He 

,n Splle 0t mlS degrM ot none oMbe liecs 8 
experienced ill effects. The discrepancy in the two sets of data may result from untrained subjects 

the Present study hyperventilating more than trained subjects. This is indicated by the slieht 

DuwfrnP^H °n exhibltedduring contro1 P61"1008 when alveolar carbon dioxide was 36 mm Ilf 
vpnHlaH egat ® P1"6®8^6 breathing alveolar carbon dioxide decreased to 31 mm Hg when alveolar 

Ät ™s su8h, hipe"mu“»is u.« “b°y 

Hll . TabletXI shows the elimination of carbon dioxide increased 47 percent or 159 cc oer minute 
during positive pressure breathing. The source of this additional carbon dioxide poses an intereftine 
problem. Using the figures provided by Otis, Fenn,andRahn (ref. 64) (5 percent efficiency 40 - g 

LK1,Cm,*¿rUte WOrk 0f breathing)the energy requirement for respiration is 3^7 Kcal Per 
movP^lnf gHCm per0Ti?Ute (table XVin) the energy requirement calculated to be necessffv to 
S ¿a U al '’T Whe"the “V” ,m r=Spira.rr8SS„«yd'° 
inn L ' 1 f Íth 1 7 hters 0f 0XyRen were utiüzed for respiratory work per day or about 
30° cc of oxygen per hour, i.e., 5 cc per minute. During the present seHes of experiments the 
work on the lung and air increased by a factor of 5. 5 during positive pressure breS Using this 

„nor rr: req“irernt would increase to 25 cc aIs^Tr.^ g 

343 « (iite xT) to°M?cr°?hCU°Hav°”M^ 25 “ per minute’ or t™m the VMtr'» 
pressure brealbing cannol be due lo increased »“ k dl,rl"S P0SUiVe 
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with a new limitpH vninmo nr M i *u ^ aeternuned from studies in which subjects equilibrated 

p oducecl from body stores in five minutes. Lipskv Tomashevski anH Parfnr cc\ u 

r£eTr¿rr=“ untrained subjects emotional responses to unusual respiratory requirements (2) stimnlatinn 

2 ÄSÄCi,ed ^ 

Peripheral Circulation 

Early investigation (refs. 4, 65) showed peripheral venous pressure increased durinc uositive 

Síessníp hrea Jlng a2jthe. authors of one Paper (ref. 65) postulated it decreased during negative 
Slotted in ngeS Ín peripheral venous Pressure observed in the present study are 
plotted in figure 8. Venous pressure increased significantly during positive pressure breathiL 
ut there was no significant change during negative pressure breathing. In figure 9 the change 

a SciafedwtihT Th fSn.°US ^ the Chan^n intra^ulmonary Sure 
nr!« * K ? U' ! ! lure 0f PeriPheral venous pressure to intrease directly with intrapulmonarv 
pressure has been said (refs. 4, 47, 65) to result from incomplete transmission^ intrapulmonarv Y 
fo iürann m mtrathoracic vasculature. As explained before, intrathoracic pressure is o^ly equal 
to intrapulmonic pressure under specific conditions, since intrathoracic pressure may be changed 
by tension which develops in the lung as lung volume changes. 

wh„n Jhe. fa!lure of peripheral venous pressure to decrease during negative pressure breathing 
when central venous pressure decreases has been attributed to collapse of the veins before 
entering the thoracic cavity (ref. 78) and has been proposed by Brecher (ref. 8) to occur when the 
venous gradient is increased. Holt (ref. 43) had shown thin rubber tubing collapsed when the 
pressure gradient increased sufficiently. 

. th® Preftnt 8erieS 0fLeXperiinent8 subiects voluntarily breathed at lung volumes comparable 
to those induced by pressure breathing. The results are shown in table XX. The increase in 
peripheral venous pressure observed at increased lung volume is unexpected. Since at voluntarily 
increased lung volumes intrathoracic pressure decreases, no change or a slight decrease in Y 

LTr VerTeSSUre WaS expected- Closer analysis of the records of peripheral venous 
«!! ^8°108^ a surprising result. During negative pressure breathing the fluctuations in 
venous pressure due to respiration were in a direction opposite to that anticipated, i. e. venous 
pressure inc reased during inspiration. The venous pressure fluctuations were in phase with respira¬ 
tory movement rather than intrathoracic pressure. This was also true during approximately 50 
percent of the measurements made while the subjects breathed normally. During positive pressure 
breathing, in all subjects except one, the venous pressure varied directly with endo-esophaeeal 
pressure. In the single exception the relationship changed during vital capactiy detrmTnfins 
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. . ®!?ri uSe 0f h®8® flndi"gs a Physical experiment was set up. The gradient through a collapsible 
í nnni b® v.a.ried hJ rai/ ”g or lowering inlet or outlet or by changing the pressure surrounding 

DecîeasL SSfhn g ^ t0 that °f the ÍOrearm vein in the 8eated subject 
rniianofíi fh Jn^athofaclc Pres8ure increased flow, decreased peripheral pressure slightly and 
colläpsed the tubing at a point corresponding to the shoulder of a seated subject. Increased 
..i"Í¡’at.horaf.ic. Pf,eu88urre decreased flow, increased peripheral pressure and distended the tubing 
throughout its length. Varying "intrathoracic" pressure cyclically resulted in a cyclic variation8 
n Ä Pr®8SU,ye al^ays in Phase with "intrathoracic" pressure. SUght pinching or raising 
of the tubing at the shoulder increased peripheral pressure. 

These experiments lead to the conclusion that, in the seated subject, peripheral venous 
pressure reflects central venous pressure only when respiratory variations are in phase with 
intrathoracic pressure. When pheripheral venous pressure varies in phase with respiratory move¬ 
ment, i.e., increases during inspiration, it cannot truly reflect central venous pressure. This 
may occur under normal conditions in the seated human subject. There may also be some mechanical 
restriction to venous return since angiograms (ref. 76) show venous pooling in the subclavian vein 
outside the thoracic cavity. * 

In the seated subject during negative pressure breathing, the measurement of peripheral 
venous pressure appears to be only a measure of the height of the column of blood from the point 
of venipuncture to the point of collapse of the veins of the upper arm. Respiratory variations of 
venous pressure during negative pressure breathing are caused by respiratory movement raising 
the column of blood in the vein or pinching the vein and not by variation in the intrathoracic pres¬ 
sure. The increased venous pressure registered in figure 14 when the subject held his breath at 
inspiration was probably caused by elevation of the shoulder girdle or pinching of the subclavian 
vein. 

Increased intrathoracic pressure which occurs during positive pressure breathing induces 
increased right atrial pressure. This increased right atrial pressure is reflected by increased 
peripheral venous pressure (ref. 47). 

These findings show the importance of critical evaluation of results of even the simplest 
techniques. Changes in peripheral venous pressure are a measure of changes in central venous 
pressure only when the lumen of the vein is open and filled from the point of measurement to the 
right atrium. 

Forearm Blood Flow 

Most studies designed to show evidence for peripheral venomotor activity during pressure 
breathing have been concerned with determination of skin blood flow (refs. 15, 26, 62) and have 
indicated that peripheral vasoconstriction occurs during both positive and negative pressure 
breathing. Authors of a recent study (ref. 78) concluded peripheral blood flow was reduced because 
of decreased arterial inflow. These conclusions were based on the observation that finger volume 
decreased under both conditions. In the present study forearm blood flow decreased significantlv 
only during positive pressure breathing (figure 10) but forearm volume increased during positive 
pressure breathing and decreased during negative pressure breathing. These results indicate a 
significant difference in the responses of the circulation of skin (finger) and that of muscle (forearm). 
A plot of the raw data is presented in figure 11. Figure 19 is a plot of the same data corrected for 
the initial passive change in volume, which occurred at onset of pressure breathing (figure 10). 

*Dr. C.jr Martin, Firland Sanatorium, Seattle, Washington, has mentioned in private conversa 
tion, this restriction to venous return has appeared in angiograms he has made. 
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Picure 19. CoBplUnce oí the Porearn Vasculature 

The increase observed in Toreara voluae ( A V) 
corrected for the initial laaediate change 
occurring at the onset of pressure breathing 
(V) is plotted on the vertical axis. The 
pressure in the occluding cuff is plotted on the 
horizontal axis. Open circles indicate noraal 
respiration. Circled dots indicate negative 
pressure breathing (sinus 15.5 ca water). 
Solid circles indicate positive pressure 
breathing (18.5 ca water). Line l is the cob- 
pllance during positive pressure breathing, 
line 2 during noraal respiration and line 3 
during negative pressure breathing. 

There seems no significant difference in the determinations. Although the slope of the line 
representing the pressure-volume relationship during positive pressure breathing differs from 
control by 0.27 cc/100 cc/mm Hg, this is due mainly to the final determination made during positive 
pressure breathing. For this reason it is thought the change in slope is not significant. This is 
interpreted to mean venous tone was unchanged during both positive and negative pressure breathing 
and the decreased blood flow observed must have been due to some factor other than venoconstric- 
tion, perhaps the decreased cardiac output (26 percent reduction at 20 cm water breathing pressure) 
reported (ref. 4) or an arterial vasoconstriction not shown by the technique employed in the present 
study. 

The slope of the lines plotted in figure 19 is the compliance of the veins of the forearm. The 
mean value, 1.12 cc/100 cc/10 mm Hg, allows a rough calculation of the volume of blood that 
might be pooled peripherally during positive pressure breathing. 

In the present work peripheral venous pressure was 23.0 cm water during positive pressure 
breathing. From figure 19 a mean value of 2.5 cc/100 cc tissue is obtained for the volume of blood 
in the forearm vasculature at 23 cm water venous pressure. The reported weight of the arm is 
6.38 percent of body weight and the leg is reported to be 18.6 percent of body weight (ref. 50). 
Specific gravity of the body is approximately 1.0 and in a 70 kg man, the arms have a volume of 
8932 cc and the legs 26, 040 cc. The distensibility of the vessels of the arms has been reported to 
be 2. 5 times that of the vessels of the legs (ref. 22). These data are sufficient to calculate the 
volume of blood pooled peripherally, 223 cc in the arms and 260 cc in the legs. An objection may be 
raised that normal pooling which occurs in the lower limbs due to the force of gravity may 
invalidate this calculation. Henry (ref. 42) has determined the volume of blood pooled in the legs of 
a human subject during pressure breathing. At a peripheral venous pressure of 22 cm water this 
volume was 275 cc as compared to 260 calculated above. Henry's finding, when peripheral venous 
pressure was 15 cm water, was 175 cc as compared to 177 cc calculated by the method presented 
above. Each of Henry's determinations were after three minutes of pressure breathing. 

Summarizing: Peripheral venous pressure increases during positive pressure breathing by a 
factor which is proportional to the increase in right atrial pressure. The portion of the increase in 
intrapulmonic pressure which is transmitted to the right atrium and intrathoracic veins is determined 
by the distention of the lung. The measurement of peripheral venous pressure in the seated subject 
during negative pressure breathing is only a measure of the height of the column of venous blood 
from the venipuncture to the point of collapse of the vein. Forearm blood flow decreases during 
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*p”8fI“re breathing;but since the compUance of the forearm vasculature does not chanee 

artíníÂ there 18 n° evidence for venoconstriction. Simultaneous measurement of peripheral 
ven0“s Pressures would show whether the reduction in blood flow is causedb/arterial 

^tCed ïerlal pr®8Sure- The knowledge of compUance allows a calcularon at thl 
Äeris^^h« MK* eX^ted ï P001 ^Pb^y dnring positive pressure breathi^ 
fM^m ciSinn 6 ^ fTlî0 verify the Terences observed between the responses of 
forearm circulation in the present study and the responses of finger circulation previously reported. 

SUMMARY 

i„«nwJPiry re,8erve !olume chan«es in direct relation to transpulmonary pressure and 
reí8erKeJ0lU^« changes in an oposite manner during pressure breathing. Tidal volume 

n b0th po®itive negative pressure breathing. Vital capacity does not change 
significantly during positive pressure breathing but decreases significantly during negative pressure 

th7nÏÏ2\PJteHU,,îabj1L^Uef t0feng0rgement 01 intrathoracic vasculature. There is no evidence in 
the present study to indicate these changes are not passive. 

Th® Pressure-volume characteristics of the lung have been determined during pressure 

nr!«Í^K P?8eníd graphically- The ela8tic Properties of the lung do not change during positive 
p essure breathing. During negative pressure breathing pulmonary compUance decreases signifi¬ 
cantly, presumably due to engorgement of intrathoracic vasculature. * 

™D4h3' WOrí Porformed in expanding the lung and moving respired air increases during both 
positive and negative pressure breathing. There is some evidence that inspiratory resistance 
increases during negative pressure breathing. 

4. Pulmonary ventilation increases greatly during positive pressure breathing through some 
unknown mechamsm. In spite of markedly lowered alveolar carbon dioxide and the distended lung 

f™raVentll^^iC0!,tinUe8 UnChanged during the Pre8Sure breathing period. Pulmonary ventilation 
increases sUghtly during negative pressure breathing. 

, Anatomical dead space increases significantly during both positive and negative pressure 
br®fth!ng-The response during positive pressure breathing is thought to be primarily passive 
while that during negative pressure must be reflex. y P 

6. During positive pressure breathing peripheral venous pressure increases because right 
atrial pressure increases. During negative pressure breathing, peripheral venous pressure 
measured at the antecubital fossa, has no significance. P 

7. Forearm blood flow decreases during positive pressure breathing and is unchanged during 
negative pressure breathing. There is no evidence for peripheral venoconstriction. 

nf Z'® ? theLforearm vasculature has been determined. From this an estimate 
of the volume of blood that might be pooled peripherally as the result of an acute increase in 
venous pressure was calculated. 

9. Further experimentation is necessary to resolve the differences between the data 
in experiments on untrained seated subjects and reported here and that in the published 

literature from trained supine subjects. 

gathered 
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APPENDIX I 

DATA COLLECTED CN SK HEALTHY 

SEATED MALE SUBJECTS 

yhe experimental condition is indicated across the top of the table. C indicates control P 
ndicates positive pressure breathing (18. 5 cm water) and N indicates ^^Tor^re bre^in. 

ÄVacS,er)- A“ Were tiVe mlnutes “d da,a coÄ'itrCS 



ASD TR 61-742 

SUBJECT 

Iß 
UC 
Aß 
DF 
JS 
TH 

LB 
MS 
Mût (f) 

TABLE I 
SUBJECT CHARACTERISTICS 

ASE 

43 
35 
30 
29 
25 
22 

WEIGHT 

l60 lb. 
170 
160 
155 
180 
190 

38 155 
22 160 
2k 127 

HEIGHT 

72.5' 
71.5 
69.0 
70.5 
71.0 
69*0 

72.0 
70.0 
66.0 
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TABLE VTI 

RELAXATION PRESSURES cm WATER 

7/23 JS 

7/23 DP 
7/28 DP 

7/23 TH 
7/28 TH 

+19 -4tO +2.0 
+19 8.0 9.0 
+19 6.5 7.5 
+20 8.5 8.5 
+19 7.5 9.0 

+4.0 -15 
9.0 -15 
6.5 
6.5 -16 

10.5 

-8.5 -8.5 -8.5 
-11.5 -11.5 -12.5 

- 6.5 - 5.5 - 9.5 

Mean 
+6.6 - 9.16 

RELAXATION VOLUMES cc ates 

7/23 JS +19 1100 
7/¾ DP +19 800 
7/28 DP +19 1200 
7/23 TH +20 6OO 

7/28 TH +19 1300 

Mean 

Above end expiratory 

800 1050 .15 
700 800 -15 

1000 900 
TOO 675 -16 

1100 1100 

9a 

lass than end expiratory 

-100 -200 -250 
-200 -150 -I67 

-200 -300 -250 

-200 

41 
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LC 

WK 

AG 

DF 

JS 

TH 

TABLE XVIII 
RESPIRATORS WOK (Kg om/breath) 

C P N 

4.6 9.6 2.2 
(8.5) (14.7) (9.9) 

1.5 12.4 4.8 
(6.2) (17.7) (8.8) 

0.6 1.5 2.5 
(6.9) (13.5) (12.7) 

1.1 6.1 8.4 
(10.3) (22.2) (12.4) 

1.5 2.7 4.8 
(8.8) (12.9) (18.5) 

4.2 22 10.2 
(17.9) (38.6) (13.6) 

Mean 2.3 9.1 5.5 
(9.8) (19.9) (11.2) 

Mean rate 
(Table 12) 15 20 20 

Kg cm/min. 32 182 110 

In parentheses: mean volume flow, llters/min. 
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TABLE XDC 
ANATOMICAL DEAD SPACE, 00 BTPS 

(doad spaoa/tidal toIum) 

Voluntarily inoreas»d 
lung Toluiae 

Voluntarily decreased 
lung volume 

1 3 4 

11/18 2000 279/933 800 134/603 
12/19 700 99/345 800 125/344 

11/19 1100 69/393 400 
12/26 700 69/222 1000 

108/310 
61/289 

AC 12/9 800 83/188 

DF 1/17 800 102/220 

JS 6/19 1200 56/198 

SH 6/23 1000 242/668 

850 63/215 

800 125/575 

600 138/355 

6oo 260/823 

Mean 
S.D. 
t 

Signif• 

900 125/396 
82 

0.0957 
No 

721 127/464 
56 

0.0900 
No 

1. Inorease above normal end expiratory volume 
2. Dead spaoe/tidal volume 
3* Deorease below normal end expiratory volume 
4* Dead space/tidal volume 
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APPENDIX n 

DATA COLLECTED ON ALL SUBJECTS WHO PARTICIPATED 

IN THE EXPERIMENTS 

C indicates control, P indicates positive pressure breathing (18. 5 cm water) and N indicates 
negative pressure breathing (minus 15.5 cm water). The data for MW, the only female subject 
are presented at the bottom of each table. In tables XXVI and XXVII, the abnormal responses of 
subject LB are presented at the bottom of the sheet. As a child he had ingested a caustic 
substance. The failure of endb-esophageal pressure to follow the normal pattern established 
by the other subjects is due to scarring of the esophagus. 

tNDO-I«OPHAGIAL PRIHURI 
VARIA T10M 

Figure 20. Maximum Excursions of Endo-Esophageal 
Pressure 

Vertical Bars Indicate Plus and Minus One 
Standard Deviation. Data for Plot Is From 
Tables XXVI and XXVII. Pressures are Referred to 
Atmospheric. 
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