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ABSTRACT 

This thesis provides the first systematic measurements of 

resp i ratory mechdn ics in humans anestheti zed wi th ha l othane . 

Measurements were made both in anesthetized and 

anesthetized-paralyzed states. Bath act ive and pass ive 

elastance and f low res istance values of the total 

respiratory system are presented. Next, the pass ive 

mechanlcs data are partitloned into lung and chest wall 

components. As this partitionlng is based on meas urements 

of esophageal pressure, a simple method for validating the 

esophageal baIl oon-ca the ter technique for indirect 

measurement of pleura l sur face pressure has also been 

developed, and appl j ed to anesthetized sub j ects . In 

add i t ion, l ung mechanics has been studied in awake normal 

subjects in different body postures (sitting, supine, right 

and le ft la teral decub i tus) . The present appr oach can be 

read i ly extended ta i nves t igate the e f fects of other 

anes thet ics and d r ugs used in conj unct ion wi th anesthes ia on 

respiratory me::hanics. 



R ~SU'1 ~ 

Cette thèse rapporte pour la premi~re fois llnl~ éln,11yc;p 

systématl'lue (les propriétés mécanique:, respiratoires cl1f",~ 

l' homme ùnes thés ié à l' héllotùne. Les lUC-SU res on tété 

effectuées sous anesthésie seule élLlssi 'lue sous ,lnr~',th6si{~-

paralysie. Les valeurs n'i§lA.stclncn A.ctive et p'-issive, ,~t de 

résistance du système respir::Itoir-e tottll sont préscnt6C",. 

Les c10nnées mécanif"'Jucs pa'lsives sont en'lllitc~ répéirtics ,>don 

leurs composant8s 

répartition étant 

pulmonaires et thorac i.ques. 

btlséc sur la mesure (le pres',ion 

Cet t,~ 

oec;oph,l-

gienne selon la tech nique Il u ha lIonne t-cé\th(~ tr~r • Ilne 

méthode si'1lple permettant de vali(ler cett(~ ter.hniqllc COl\lln{~ 

méthone (le mesure ne la pression pleural,~ de sur(rice " t?t6 

developpé, et son application vériEiée sur lr!s siliets 

anesthésiés. I)e plus les propriétés mécaniques flulmorhlÏ r(!', 

ont été etudiées chez nes slljets nOrm<lllX à l'état '11CJile Cil 

(li f féren te pos i t ions corporelles (pos i t ion Fl:1S i s, dc 

supination, 

L'approche 

et rie rlécul)jtllS ]atér;ü qal1ch(~ et rlr:-oit). 

uti l isée pour déterminer. les propriét6~, 

mécani'1ues respiratoires peut rlès 10r:-5 êtrc étr~nr111e .1 

l'étLlde Iles effets (l'autres anesLhésiques ou ilCJcnts ph<lr 11d­

cologiques utilisés en anesthésie C)énérale. 
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PREFACE 

'l'hj s thesis describes a series of experiments WhlCh were 

des 19ned te study the effects of anesthesla on respiratory 

mechanics in hurnans. The research was performed under the 

supervIsIon of Dr. J. Mllic-Emill. The the81s 18 presented 

tdk Ing ad vantagE: of the opt 10n prov ided by Sect Ion of the 

gu Idellnes concernlng thes 1 s preparat ion. Chapter II has 

appeared ln the Journal of Appl1ed PhYSIOlogy, Vol. 55, 

pp. 1 Oti5-1 U9 2, 1 9tj.L Chapter III has been publ ished in the 

Journal of Applled PhyslOlogy, Vol. 54, pp.1477-14Bl, 19B3. 

Chapter lV has appeared in the Arnerican ReVlew of 

Respl ratory Disease, Vol. 126, pp. 7l:S8-7 91, 19B2. Chapter V 

hdS been publlshed in Chest, Vol. 83, pp.64J-646, l~BJ. 

Chapter VI has appeared in Anesthesiology, Vol. 5~, pp.340-

343, l~Hn, whlle Chapter VI! was pr1nted in the Journal of 

Applled PhyslOlogy, Vol. ~8, pp. ~85-2B9, 19B5. 

The or 19 lnal 1deas deve loped in th lS thes i s stem from unique 

collaborat1on between the wrlter, as fellow, and Dr. J. 

Mille-Emill as protessor-supervlsor. 

The wrlter has been in charge of the planning and execution 

ot all experlments deScrlbed. He has also analyzed aIl 

exper lillental results and has prepared all manuscripts, 

except for Chapter IV whose data were analyzed in part by 

Dr. A. Baydur. 'l'he latter has aiso prov ided technical 

asslstance ln the experlments descrlbed ln Chapters Il, Ill, 
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IV and V. T~chnlcdl asslstance ln chapter:., Il, III and IV 

was also provlded by Dr. W. A. Zln. 

Dr. B. D. HlggS, Assistant Professor of Anesthesl.d, was 

rE:sponslble for the cl in 1 cal management of the subj ects 

durlng anesthesia (Chapters II, Ill, VI and VU) and aiso 

provided technicai aSSIstance in the experlments of chapter 

VI. Dr. D. Bevan, Professor of Anes thes la, prov Ided the 

patients of hlS Department and also usefu 1 adv iCE= tor 

chapters VI and VIL Dr. M. Jaeger, Vlslting Professor at 

McGl.ll UnIversIty, provided useful gUIdance and technlcai 

advl.ce to chapters IV and V. 

Bach of the above investlgators WélS a co-author of SOlOe 01 

the six publlshed papers encompassl.ng thlS theslS whl.ch 

describes only a part of the writer's work during tllS stay 

at CVlcGill UnIversIty (Two additional papers are in press in 

the Journal ot Appiled Physl.ology). 

In the present thesls, 

resplratory phySI0logy 

unl.ts are expressed 

terms. 'rhe only 

in cO!"lventlonal 

un 1. tus ed wh le h 

dl ft ers from SI (internat ional system of met rie unlts) 15 

that for pressure, where crnH 20 is used instead of kllo­

Pascal, kP (1 cmH 2 0 = O.O~~l kP). 
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A. INTRODUCTION 

General anesthesia is lia drug induced absence of percep­

tion of all sensaHons" (Marshall and Wollman. 1980) usually 

appned for the purpose of analgesh during surgical proced­

ures. Al though the primary target organ of anesthetic drugs ; s 

the central nervous system. these agents have a multitude of 

additional effects on other organs too. 

Th'.! respiratory system is known ta be affected by general 

anesthesia since the early report of Snow (1858) who assessed 

the depth of anesthesia on the basis of al terations in the 

pattern of thoracoabdomi nal moti on. Si nce then, the effects of 

general anesthesia on pulmonary gas e.<change, control of 

breathing, tlistribution of ventilation within the lungs, 

pulmonary circulation and respiratory defence mechanisms have 

b e e n ex te n s ive 1 y s tu die d (f 0 r 9 e n e ra 1re vie w s s e e Se ver i n 9 ila u s 

and Larson. 1969; Rehder et al., 1975; Kafer, 1977; Hickey and 

Severinghaus, 1981). 

This Thesis focuses on the effects of general anesth.esia 

on respiratory mechanics. This tapie has been the object of 

previous extensive rev;ews (Rehder et al., 1975; Kafer, 1977.) 

This chapter provides an updated general account of the present 

knowledge of the effects of general anesthesia on thfl passive 

mechanical properties of the respiratory system, the functional 

residual capacity and the active mechanical properties of the 

2 



respiratory system. A more specifie account is provided in 

each individual chapter. Finally, a brief review on the 

pharmacological effects of halothane and nitrous oxide (N20) is 

provided here because these agents were used in the experiments 

described in this Thesis. 

For the purposes of this Thesis, general anesthesia with 

spontaneous breathing will be denoted "anesthesia" while 

anesthesia with drug-induced muscle paralysis and mechanical 

ventilation will be deno1ed lIanesthesia-paralysis". in line 

with Howell and Peckett (1957). 

3 
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B. EFFECTS OF ANESTHESIA ON RESPIRATORY MECHANICS 

1. PASSIVE MECHANICAL PROPERTIES OF THE RESPIRATORY SYSTEM 

DURING ANESTHESIA 

Total respiratory system elastance. Ers 

The static pressure-volume relationship of the total 

respiratory system in humans has been studied during anesthesia 

and anesthesia-paralysis using various anesthetic agents. The 

e 1 a s tic r e c 0 il pre s sur e 0 f th l' r e spi rat 0 r y s ys te min cre a ses 

aftet' induction of anesthesia in humans (Westbrook et al., 

1973; Rehder et a1., 1974). i.e. at comparable lung volumes, a 

greater inflating pressure is required during anesthesia than 

awake. 

Available evidence indicates that anesthesia and anesthes-

ia-paralysis result in increased elastance of the total respir­

atory system, as fi rst reported by Nims et al. (1955). Duri n9 

anesthesia-paralysis with thiopental, N20, cyclopropane and 

succinylcholine, they found that Ers measured in four females 

increased from 5.6 cm H20.l-1 before anesthesia-paralysis to 

9.0 cm H20.l-1 during anesthesia-paralysis. The resul ts of 

Nims et al. (1955) were confirmed by most subsequent investi­

gations (Brownlee et al., 1956; Van Lith et al., 1967; 

Westbrook et al •• 1973; Margaria et al •• 1973; Rehder et al., 

1974). As shown in Table 1.1 there is a variable increase in 

Ers during both anesthesia and anesthesia-paralysis, except for 

the study of Van Lith et al. (1967) in which Ers decreased 

4 
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TABLE 1.1 

Passive elastance of the total respiratory system (Ers) 
dur;ng anesthes;a and anesthes;a-paralysis, compared to the awake state 

in supine humans 
F ---=========-T =========T=========================~============================================ 

Reference 

Nims et al. 
(1955) 

IBrownlee et al. 
1 (1956) 

Van Lith et al. 
1 (1967) 

Westbrook et a1'1 
(197.3) 

Margari a et al. 
(1°73) 

Rehder et al. 
(lq74) 

No. of 
Subjects 

4* 

11* 

26 

5 

3 

4 

Anesthetic agents Awake 
Ers(CIIH20.1-1) 

Anesthesia Anesthesia-
Paralysis 

Thiopental, N20, 5.6 9.0 
Cyclolpropane, 
Succinylcholine 

Thiopental, 6.8 22.4 
Cyclopropane 
Diethylether, 
Sucd nyl chal i ne. 
Curare 

Thiopental, 11.8 9.4 
Succinylcholine 

Thiopenta1, 8.4 11.1 10.7 
Meperidine, 
(Succinylcholine)** 

Thiopenta1 11. 9 18.5 

Isoflurane 9.1 12.1 
Succinylcholine 

.1 
* Var;ous combinations of these anesthetic agents were used 
**Orug used on1y during anesthesia-paralysis 



follo~dng anesthesia-paralysis. ln this connection it should 

be noted, however. that it is very difficult to measure Ers in 

awake subjects (Agostoni and Mead, 1964) because complete 

relaxation of the respiratory muscles is difficult to ascer­

tain. The study of Westbrook et al. (I973) is of particular 

interest because it showed that Ers is similar during both 

anesthesia and anesthesia-paralysis. The increase in Ers is 

not progressive with time and cannot be prevented by repeated 

large inflations of the lungs (Westbrook et al., 1973). 

Increasing the depth of anesthesia does not result in further 

increase of Ers (Rehder et al., 1974) 

Pulmonary El ast41nce. El 

Induction of anesthesia in supine subjects eWestbrook et 

a1., 1973; Rehder et al., 1974) results in a rigthward shift of 

the static pressure-volume relationship of the lung, indicating 

an increase in pu1monary elastic recoil pressure. Elastic 

recoil pressure of the lungs after induction is not altered by 

addition of muscle para1ysis but appears to be related to the 

magnitude of the reduction in functional residual capacity 

(FRC) (Westbrook et al •• 1973). 

Most evidence suggests that El increases by a variable 

extent during anesthesia as compared to the awake state (Table 

1.2). However, sorne authors found no change (Foster et al., 

1957; Van Lith et al.. 1967). The increase in El is not pro-

6 
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TABLE 1.2 

Pass;ve elaatances (cm "2°.1- 1) of the 1ungs (El) and the chest wall (Ew) 
durlng anesthes1a, anesthes1a-paralys1s and awake state 

-=================================r=========r==================1==============1==================1=================1-

Reference 1 No. of 1 Anesthetic Awake 1 Anesthesia 1 Anesthesia 
Subj. 1 Agent* 1 Paralysis 

El Ew f El Ew El Ew 

Wu et al. (1956) 10 C.D. 
18 ~ 0 

14.9 
Butler and Smith (1957) 33 T. Ca l . 6.5 3.7 

1 Foster et al. (1957) 10 T. S. 6.9 6.3 

Howell and Peckett(19S7) 15 T. 12.9 6.8 
4 T . S . Tu b. Ca 1 • 15.0 6.5 

Van Lith et al. (1967) 26 T. S. 5.7 5.9 5.6 3.7 
Westbrook et al. (1973) 5 T. M. S. 4.9 4.1 7.4 3.8 7.8 2.9 
Rehder et al. (1974) 5 1. S. 4.7 4.2 6.4 5.7 
Gdmby et al. (1975) 6 T.Dr.F. 13.5 3.9 
H e den s t i e )' n a e t al. (1 9 7 5 ) 9 LP.Ha 

1
5

.
7 111. 1 

Dohi and Gold (1979) Il T. r·1. H 9.4 
1

14
.
0 

* T = thiopental; 5 = succinylcholine; M = morphine; 1 = isoflurane; 
C = cyclophropane; 0 = diethylether; Tub = tubocurarine; Cal = 
callamine triethiodine; Dr = droperidrol; H2 = halothane; P = 
pancuronium; H = hydroxyzide. 



gr~ssive with time (Westbrook et al., 1973), is not affected by 

depth of anesthesia (Rehder et al., 1974) and cannot be 

prevented by large inflations of the lungs (Westbrook et al .• 

1973). 

The static pressure-volume relationship of the lungs may 

be altered by several mechanisms. Lung elastic recoil pressure 

may be ;ncreased by a deformation of the thorac;c cavity wh;ch 

di storts the 1 ung Scheidt et al., 1981). 1 f the 1 ung i s 

distorted from its natural shape, a larger transpulmonary 

pressure is needed to distend the lung to a given volume. Lung 

elastance can be increased by the effect of anesthetic agents 

on airway smooth muscle, of interstitial pulmonary edema. 

pulmonary vascular congestion, airway clos'Jre, atelectasis and 

changes in surfactant function. 

Anesthetic agents, muscle relaxants, and other drugs 

administered during anesthesia could reduce lung compliance by 

causing contraction of smooth muscle in alveolar ducts and 

respiratory bronchioles, possibly through release of hista­

mine. Sorne drugs which are used in association with anesthes­

ia, e.g. morphine and d-tubocurarine. release histamine; in 

dogs, d-tubocurarine reduces lung compliance, an effect that 

can be partly blocked by antihistaminics (Safar and Bachman, 

1956). This effect is not present when relaxants other than 

d-tubocurarine are used. 

seen in dogs subjected 

Increase in lung elastance is not 

to gallamine triethiodide, succinyl-

8 
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choline ch1oride, and decamethonium brom;de (Safar and Bachman. 

1956). Furthermore, this mechanism is unlike1y to ~e active in 

anesthetized humans because subjects anesthetized in the sitt-

ing position do not experience an increase in lung elastance 

(Rehder et al., 1972), whereas supine subjects do (Westbrook et 

al., 1973). The effects of smooth muscle contraction should be 

present and equal in both sitting and supine subjects, if this 

mechanism were important. 

Accumulation of pulmonary extravascular water or vascular 

congestion can increase El (Frank, 1959), but comparative 

measurements of pulmonary extravascular water in consc;ous and 

anesthetized states have not been made. No evidence exists for 

pu1monary congestion during anesthesia. 

Lung elastance may increase as a result of a drecrease in 

the number of lung units with open airways (gas trapping) or 

atelectasis. Simultaneous measurements of FRC by body plethys-

mography and N2 clearance give similar results (Westbrook et 

al., 1973). This provides evidence against a significant 

amount of gas trapping during anesthesia. As inflation of the 

lungs ta high airway pressures does not reverse the increase in 

lung elastance. atelectasis seems also unlikely as a major 

factor in the increase of El (Westbrook et al., 1973). This 

notion is also supported by the very small increase in right­

to-1eft shunt (Rehder et al., 1979) which occurs during anesth-

esia in supine normal humans. Additional evidence against 

9 
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ate1ectasis as an important mechanism for increased El is 

provided by the lack of correspondence between the decrease in 

FRC and the ;rcrease in El (Mead and Collier. 1959; Collier and 

Mead. 1964). 

One of the most 1 ike1y factors wh;ch rnay cause a1terations 

in El is a change in the surface tension exerted by the film 

lining the a1veoli. Anesthetic agents affect the surface 

lining layer in excised, unperfused, ventilated dog lungs (Woo 

et al •• 1969). In intact animals, however. this effect appears 

to be sma11 (Woo et al •• 1970). Surfactant function a1so can 

be altered by breathing at low lung volumes. Since anesthesia 

in supine humans reduces the FRC, this mechanism is like1y to 

operate. A simi1ar hypothesis has been advanced to exp1ain the 

increase in El seen when breathing at a low lung volume as a 

resu1t of chest strapping (Stubbs et al., 1972; Scheidt et a1., 

1981; Klineberg et al •• 1981). 

ln conclusion, the most important mechanism causing the 

reduction in El during anesthesia is an alteration in surfact­

ant function. Other factors, however. cannat be ruled out. 

Elastance of the chest wall, Ew 

Few measurements of Ew during anesthesia have been 

reported (Table 1.2). In the se studies neither Ew nor elastic 

recoil of the chest wall changes significant1y (We~tbrook et 

al., 1973; Rehder et a1., 1974) but at low lung volume there 

- 10 



was a tendency for a reduction in the outward recoil of the 

chest wall after induction of anesthesia. This may be one of 

the causes of reduction of FRC during anesthesia (Westbrook et 

al., 1973). 

In all studies of Table 1.2. pleural pressure was estimat­

ed indirectly, from esophageal pressure. Esophageal pressure 

may not give an accurate estimate of pleural pressure with 

subjects lying supine (Knowles et al •• 1959; Mead and Gaensler. 

1959). and thi s may expl ai n in par t the var; abl e resul ts of Ew 

and El found in the literature. 

Pressure-flow relat10nships 

Pulmonary (Rl) and total respiratory (Rrs) resistances 

have been examined during anesthesia and anesthesia-paralysis 

using various anesthetic agents, although no estimates have 

been made of the effect of anesthesia on the ti ssue resistance 

of chest wall (Rw). 

Few comparative measurements of pulmonary resistance 

before and during anesthesia have been reported (Table 1.3). 

From these studies. it appears that pulmonary resistance is 

increased after induction of anesthesia and placement of an 

endotracheal tube. This conclusion is supported by the finding 

of abnormally high total respiratory system resistances in 

anesthetized subjects (Don and Robson. 1965; Crago et aL, 

1972; Bergman and Waltemath. 1974). Sorne authors (Gold et al .• 

] l -
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1966), however, found a decrease in pulmonary resistance with 

induction of anesthesia, but in these studies the control 

va 1 ues for the awake state, whi ch were obta i ned from premed­

icated patients, were abnormally high. In considering the data 

in Table 1.3, it should be noted that in on1y two of the 

studies was Rl corrected for the resistance offered by the 

endotracheal tube. Furthermore, Rl was in most instances 

measured at only one flow rate (varying between 0.5 and 

The Si'me is also valid in terms of the measurements 

of Rrs. Accordingly, it appears that up to the present time 

there have not been any comprehensive measurements of Rrs and 

Rl during anesthesia. In this connection it should also be 

noted that in the studies of Table 1.3, pleural pressure was 

estimated from esophageal pressure. Therefore, the reserva-

tions mentioned above regarding the estimation of pleural from 

esophageal pressure, al 50 apply to the estimation of pulmonary 

resistance. 

Two major sets of mechanisms can contribute to alterations 

in pulmon,3ry resistance after induction of anesthesia. These 

mechanisms are changes in the physica1 properties of the 

inspired gas mixture and changes in the diameters of the 

airways. Even in the absence of changes in airway geometry, 

changes in densit.y or vhcosity will alter resistance to gas 

flow. Densities and viscosities of common anesthetic gases and 

vapors vary qreat1y from those of air and oxygen lRadford, 1964). 

12 
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TABLE 1.3 

Lunq resistance (Rl) during anesthesia and anesthesia-paralysis, co.pared to the awake 
state in supine hu.ans 

No. of Anesthetic RI (cIIH 2O.1-1.s) Anesthes1a-Reference Subj. Agent Awake Anesthesia Paralysfs 

Wu et al. 10 Cyclopropane 3.7 5.6** --
(1956) Diethylether 

Gold and Helrich 13 Thiopental 7. 7* 6.3 --
(1965) Halothane 

Gold et al. 9 Thiopental 9.0* 4.4 7.7 
(1968) NZO 

Halothane 

Rehder et al. 5 Isoflurane 2.8 --- 3.9** 
(1974) Succiny1choline 

Hedenstierna 9 rt'liopental 2.5 --- 5.3** 
and McCarthy (1975) Halothane 

Dobi and Gol d 19 Morphine 3.8 --- 5.5 
(1979) Thicpental 

Hydroxyzide 
Tubocurarine 
Succinylcholine 

* Measurements done during inspiring high oxygen concentration through a mask. 
** Resistance of the endotracheal tube was subtracted. 

! 

-



~-------------------------------------------------------- .----

Nitrous oxide is used in high concentrations which alter the 

density and viscosity of the mixture; potent volatile anesthet-

ic agents are used in low concentrations and hence have 

neglibible effects on density and viscosity of gas mixtures 

(Table 1.4). The overall change in resistance resulting from 

inhalation of mixtures of N20 and 02, however, cannot be 

predicted without knowledge of the relative extents of turbu-

lent. transitional, and laminar flow. 

The diameters of airways are affected by alterations in 

transmural ai rway pressure or in bronchomotor tone caused by 

anesthesia. The transmural pressure is the difference between 

the external and intraluminal pressure. The external pressure 

is related to pleural pressure. which changes with lung 

volume. Even in the absence of alterations in bronchomotor 

tone, airway resistance would be predicted to be larger in 

supine anesthetized man than in erect awake man because of the 

reduction in FRC associated with change from the erect to the 

supine postion and the further reduction in FRC associated with 

induction of anesthesia. 

Inhalational anesthetic agents are generally considered to 

be bronchodilators (Hickey et al., 1969; Aviado, 1975). 

Bronchomotor tone can be altered by direct action of the 

anesthetic agent on airway smooth muscle or by reflex modula­

tion (De Jong et al., 1967). Bronchomotor tone may be increas­

ed by agents such as d-tubocurarine, which release histamine, 

14 
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TABLE 1.4 

Physical characteristics of commonly used carrier gases during anesthesia 
(values refer to 37·Cl 

-----------------------=============;===================~=================:============================ ----------------------------
Dens1ty Yiscosity Kfnematic Yiscosity 

Gas (9/1 ) (mfcropo1ses) (relative to air) 

Air 1.13 193 1.00 

Oxygen 1. 26 217 1. 01 

Nitrogen 1.10 188 1. 01 

N2 0 1. 73 152 0.52 
j 

- ---- - --- - ----
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even though the effect of histamine on the airway smooth muscle 

is reduced during anesthesia (Hickey et al., 1969). Tt:~ 

presence of an endotracheal tube al so may contribute to al tered 

bronchomotor tone (Gal, 1980). As discussed above. the 

changes in elastance and resistance associated with anesthesia 

may be linked in part to the concomitant changes in FRC. 

Accordingly, the effects of anesthesia on FRC need to be con­

sidered. 

Functional residual capacity 

FRC is reduced in supine humans after induction of anesth­

esia (Howell and Peckett, 1957; Bergman et al., 1963; Don et 

al., 1970; Rehder et a1., 1971, Don et al., 1972; Oobbinson et 

al., 1973; Hickey et al., 1973; Westbrook et al., 1973; Hewlett 

et al., 1974a; Hewlett et al., 1974b; Rehder et al., 1974; 

Rehder et al., 1977; Juno et al., 1978; Rehder et al., 1978). 

The reduction in FRC occurs soon after induction of 

anesthesia. is not progressive with time (Westbrook et al., 

1973; Hewlett et al., 1974a) and is not affected by muscle 

paralysis (Howell and Peckett, 1957; Westbrook et al., 1973). 

FRC is reduced by many anesthetic agents su ch as thiopental­

meperidine (Howell and Peckett, 1957; Westbrook et al., 1973; 

Rehder et al., 1977), methoxyflurane and isof1 urane (Rehder et 

al., 1974), halothane (Don et al., 1970; Don et al., 1972; 

Hickey et al., 1973; Hewlett et a1., 1974a; Hewlett et a1., 

16 
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1974b) and occurs both with low and high inspired 02 concentra­

tions (Don et al •• 1972). 

The mechanisms causing the reduction of FRC are not 

clear. Increased thoracic blood volume. increased intra-abdom­

inal pressure with consequent cephalad displacement of the 

diaphragm, atelectasis. increased recoil of the lung. decreased 

recoil of the chest wall, or any combination of these factors 

could contribute to the reduced FRC. 

Conditions favoring atelectasis frequently exist during 

anesthesh. because the inspired gas mixture may contain high 

02 concentrations and very soluble anesthetic gases or vapors. 

Atelectasis as a major factor for reduction of FRC is favored 

by some authors (Dery, et al., 1965) but not others (Don et 

al., 1970; Hewlett et al., 1974a). Gas trapping di stal to 

closed airways does not appear to be a major cause for the 

reduction of FRe. because concomitant measurements of FRC using 

N2 clearance and body plethysmography show comparable results 

(Westbrook et al., 1973). 

No systematic studies of the effect of anesthesia on 

thoracic blood volume fiave been published. This mechanism, 

therefore, remains unproven. 

Abdominal volume increases after induction of anesthesia 

(Jones et al., 1979) possibly as a result of blood shifting 

from the lower extremities. Thi s addi ti on al abdomi na 1 blood 

volume should increase intra-abdominal pressure, causing a 

17 
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cephalad shift of the diaphragm whieh then reduees the FRC. 

Abdominal b100d volume may also inerease during anestÎlesia 

because the smooth muscle of blood vessel walls or the autonom­

ie regulation of blood flow distribution (or both) may be 

affected by anestheties. 

At FRC, the e1astie reeoil of the lung is balanced by the 

outward reeoil of the chest. Henee. the increase in reeoil of 

the lung and the decrease in outward reeoi1 of the chest wall, 

both of which are induced by anesthesia (Westbrook et al., 

1973; Rehder et al., 1974), could reduce FRC. Whether these 

effects occur eoncurrently during anesthesia or one is the 

resul t of the other i s not cl ear. Whatever the eause of the 

reduction in FRC during anesthesia, a direct pharmacologie 

effect of anesthetie agents can be excluded by the failure to 

demonstrate a reduction in FRC in sitting subjeets fOllowing 

induction of anesthesia (Rehder et al., 1972). This observa­

tion supports the notion that reduction in FRC in supine humans 

resu1ts from a shift of blood from the lower extremities into 

the abdomen. 

2. ACTIVE MECHANICAL PROPERTIES OF THE RESPIRATORY SYSTEM 

When the respiratory muscles are relaxed the impedanee of 

the respiratory system is simp1y due to the volume-elastic and 

flow-resistive impedances offered by the passive mechanical 

properties of the airways, lung and chest wall. Inertance is 

18 
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normally negligible. When the respiratory muscles contract 

agonistical1y. their active force-length and force-velocHy 

properties add to the internal impedance: the force-length 

properties to the volume-elastic impedance (e1astance) and the 

force-velocity properties ta the flow-resistive impedance (flow 

resistance). In addition to pressure l~sses within the respir­

atory muscles themse1ves. active breathing may alc;o involve 

pressure losses due to distortion of the respiratory system 

from its re1axed (passive) configuration (Goldman et al.. 

1978). As a result. during active breathing the resriratory 

system behaves as if its impedance is greater than its passive 

value. 

Assessment of the active impedance of the respiratory 

system is difficu1t. It has been first attempted by Marshall 

(1962) in anesthetized cats and dogs subjected to electrophren­

ic respiration. This techique has subsequently been applied by 

Pengelly et al. (1971) to both anesthetized cats and awake 

humans. Such data. however. cannot be readily app1 ied to 

spontaneous breathing. Recently, the active and passive 

inspiratory impedance of the respiratory system has been deter­

mined in cats anesthetized with pentobarbital by Siafakas et 

al. (1981) and Zin et al. (1982). In these studies, the over­

all impedance of the respiratory system during active breathing 

could be approximated by a constant resistance (R'rs) and 

elastance (E'rs). which henceforth will be referred to as 

19 
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"active" values. R'rs includes both the passive f1ow-resist-

ance of the total respiratory system (Rrs) and the flow-related 

press ure losses resulting from for ce - ve 1 0 city 

properties, whne E'rs includes the passive elastance (Ers) and 

the volume-related pressure losses resulting from force-length 

properties and geometrical arrangement of the inspiratory 

muscles. as well as those resulting from distortion of the 

respiratory system. In both studies E'rs was markedly greater 

than Ers wh;le R'rs exceeded Rrs on1y slightly. The results of 

Zin et al., (1982) are given in Table 1.5. 

50 far, no measurements of E' rs and R' rs have been report­

ed for an..:stheti zed humans or for animal species other than 

cats. 

20 
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TABLE 1.5 

Values of passive and active elastance. flow resistance and t1.e 
constant of the total respiratory system in 6 cats anesthetized 

with pentobarbital sodiu. (35 mg/kg).* (lin et al., 1982b) 

t!- ~. 

====;====;====;====;================================================================================~I 
1 

Passive Active 

Ers Rrs 'Grs Elrs Rlrs "Z'" 1 r s 

(crnH20.rnl- 1) -1 (crnH 20.rnl .5) ( 5 ) ( -1 cmH20.rnl ) (crnH 20.rnl- 1 .5) ( s ) 

0.20 0.05 0.25 0.32 0.06 0.18 

* Flow resistance of equipment amounted to 0.025 cmH 20.ml- 1.s. 
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C. PHARMACOlOGICAl CONSIDERATIONS OF HAlOTHANE AND NITROUS 

OXIDE ANESTHESIA 

1. HAlOTHANE (2-Bromo-2-chloro-1,l,l-trifluorethane). 

Halothane i s a potent vol ati l e anes theti c agent wi del y 

used for inhalation anesthesia. The minimum alveolar concen-

tration (MAC) is 0.75%, the vapor pressure amounts to 243 mm 

Hg. [MAC is the minimum alveolar concentration of anesthetic at 1 atmosphere 

that produces immobi1ity in 50% of patients exposed to a noxious stimulus 

(Eger et al., 1965.)]. 
Side effects 

The main side effects of halothane are related to circu1a-

tory disturbances. Deutsch et al. (1962) reported a dose-

dependent reduction in arteria1 b100d pressure during ha10thane 

anesthesia, accompanied by a reduction in cardiac output and 

stroke volume. During halothane anaesthesia at concentrations 

of 1 MAC, cardiac output falls by 20-50% (Marshall et al., 

1969) • The halothane-induced reduction of cardiac output has 

been attributed to depression of myocardia1 contractil ity 

(Priee, 1960; Sungai et al., 1968; Sonntag et al., 1978) and to 

inhibition of the baroreceptor control system (Pdce et al, 

1960; Biscoe and Mil1ar, 1964). Cerebral b100d flow and 

cerebrospina1 f1uid pressure, however, increase during ha1o­

thane anesthesia (Wol1man et al., 1964; Lassen and Christensen. 

1976) • 

Renal b100d flow and glomeru1ar filtration rate falls by 

50t with ha10thane anesthesia at concentration of 1 MAC (Mazze 
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et al., 1963) but blood flow distribution within the renal 

cortex and medull a does not change (Lei ghton and Bruce, 1975). 

Hepati c blood flow ; s al so reduced, but there i s no 

evidence of halothane induced ischemic liver dysfunction. 

Halothane and res~iratory function 

Spontaneous breathing during halothane 

associated witt, increased arterial partial 

(PaC02L indicating alveolar hypoventilation. 

anesthesia is 

pressure of C02 

Characteristic-

ally, tidal volume decreases, frequency of breathing increases 

and the ventilatory response to C02 decreases as a result of 

central nervous system depression dur'ing halothane anesthesia 

(Burnap et al., 1958: Devine et al., 1958; Fink et al •• 1962; 

Ngai et al., 1965; Brandstater et. al., 1965; Severinghaus and 

Larson, 1965; Munson et al., 1966). At high 1eve1s of ha1o­

thane anesthesia a1veo1ar ventilation is little changed from 

awake normal values (Devine et al.. 1958; Deutsch et al .• 1962; 

Hornbein et al., 1969). The response to inhaled C02 1s flear 

1inear at concentrations that provide minimal surgical anesth­

esia. As halothane concentration is increased, the response to 

inhaled C02 is not only decreased. but the tension at which C02 

ceases to stimulate ventilation ;s reduced (Brandstater et al., 

1965). Changes in the relative movements of rib cage and 

diaphragm have been shown by Tusiewich et al. (1977). 

These authors have al so shown that a major component of 
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the ventilatory depression associated with ha10thane anesthesia 

is due to preferential suppression of intercostal muscle 

function with relative sparing of diaphragmatic activity. 

Nunn et al. (1964) studied the effects of ha10thane 

anesthesia on the arterial oxygen partial pressure (Pa02) and 

found that alveolare-arterhl P02 gradient was increased, 

probably as a result of uneven ventilation-perfusion ratios. 

These results were confirmed by Bjprtnaes et al. (l976) who 

showed the inhibitory effects of halothane on hypoxic pulmonary 

vascular constriction. and landmark et al. (1977) who reported 

increased right-to-left shunt and ventilation prefusion mis-

matching during halothane anesthesia. 

Fin a l l Y , h a lot han e h a s b e e n pro v e d t 0 b e a b r 0 n c ho d i 1 a t 0 r 

agent (Coon and Kampine, 1975) and to depress mucociliary 

a ct i vi ty (F 0 r b es, 1 976 ) • 

2. NITROUS OXIDE (dinitrogen monox1de. N20 

Nitrous oxide is a co1orless gas without appreciable odor 

or tastp. It is heavier than the air (density 1.73 g/1, Table 
/' 

1. 4 ) and is not flammable. N20 is chararterized by very low 

sol u b il i ty i n b l 00 d (b 1 00 dl 9 as par t i t ion co e f fic i en t 0 f 0 .47 % 

very hi gh mi nimal a1veo1ar concentration 

(lMAC=105%), (Winter et al., 1972), thus it cannot be used 

alone as an anesthetic except under hyperbaric conditions. 

Hence N20 is used in anesthesia as an adjuvant. 1 n the 

24 



presence of 70% N20 in 02, the concentration of potent inhala-

tional anesthetic agents can be markedly reduced. The MAC of 

halothane, for example, fal1s from 0.75% to 0.29'1" resulting in 

less circulatory or respiratory side-effects (Marshall and 

Wollman, 1980). N20 is rapidly and predominantly eHminated 

via the expired gas. 

Side effects 

The role of N20 in anesthes;a is to reduce the side 

eff~cts of potent inha1 ational agents. When added to halothane 

in combine~ concentrations, arterial blood pressure, total 

peripheral vascu1ar resistance and cardiac output rise (Horbein 

et al., 1969; Smith et al., 1970). N20 does not have any 

effect on cerebral b100d flow. The liver, kidneys, and 

gastrointestinal organs show no marked effects of N20 and there 

is no evidence of toxicity (Larson et al., 1984). Nausea and 

vomiting. however, are not uncommon in the recovery period 

(Mar~shall and Wollman, 1980). Lassen et al. (1956) have 

provided evidence of interference with production of white and 

r e d b l 00 d ce 11 s but 0 III Y a ft e r pro l on 9 e d a dm i ni s t rat i on of 

N2 0 • 

N20 and respiratory function 

The effects of N20 on venti1atory drive are sma11. Slight 

or no depression of the ventilatery response to C02 has been 

reported wi th 50% N20; however, when N20 i s added to ether 
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anesthetic agents further depression is uniqivocal (Hornbein et 

al.,1969). The response to hypoxia ;5 reduced when 50' N20 ;s 

9 ive n Il 1 0 n 9 (y a c u mb et al., 1975). 

The main effects of N20 on respiratory functfon are relat­

ed to its physica1 properties and to its high alveo1ar concentra­

tion. During anesthesia with 70% N20, approx;mate1y 10 1 of 

the gas are absorbed by the body of a normal adult. and this 

large uptake has two main effects (Smith et al., 1980): 

a) The second gas effect: As N20 is removed from the a1veoli, 

sorne additiona1 fresh gas must f10w in from the airways. this 

augments the ventilatory volume and increases the delivery of 

all the gases to the al veo1 i. 

b) The concentration effect: At the same time, the f10w of 

N20 into t~e blood stream reduces the total gas volume, so that 

the rem a in in 9 gases a re concentra ted. 
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D. CONCLUSIONS AND RESEARCH PLAN 

The above review of the literature indicates that (a) 

while there are several reports on Ers during anesthesia. no 

systematic measurements of the pressure-flow relationship of 

the total respiratory system during anesthesia have been 

reported; (b) no measurements of E'rs and R'rs for anesthetized 

humans are as yet avail able; (c) there is uncertainty as to the 

reliability of the use of esophageal pressure as an index of 

pleura' pressure in su pi ne posi ti on in both awake and 

anesthetized subjects; and (d) there is no systematic study in 

the literature in which the passive mechanical properties of the 

total respiratory system (both elastance and flow resistance) 

have been partitioned into lung and chest wall components. 

Chapter II of th; s thesi s provi des the fi rst deta il ed 

analysis of the passive pressure-flow relationship of the total 

respiratory system together with the values of Ers in anesthet­

ized humans. Chapter III gives the first information concern-

ing active impedance in anesthetized humans. Chapter IV 

describes a simple method ("occlusion test") for validating the 

esophageal pressure measurements in awake humans in di fferemt 

body positions, while chapter V provides resul ts of pulmonary 

mechanics obtained in awake humans in different positions us;ng 

the "validated" esophogeal balloon technique. In Chapter VI 

the "occlusion test" is applied to supine anesthetized humans. 

showing that with appropriate precautions the esophageal 
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pressure measured with the 

provide a valid measure of 

supine anesthet;zed humans. 

first data of partitioning 

balloon-catheter technique can 

changes in pleural pressure in 

Finally, Chapter VII provides the 

of respiratory mechanics between 

lung and chest wall in anesthetized humans, b~sed on "validat­

ed" esophangeal pressure measurements. 

28 



'--

REFERENCES 

1. Agostoni, E., and J. Mead. Statics of the respiratory 

system. In: Handbook of Physiology. Respiration. 

Washington, D.C. Am Physiol. Soc., Sect. 3, Vol. l, 

Chapt. 13, p. 387-409, 1964. 

2. Aukburg, B.E., P.J. Cohen, C.H. Klingenmaier, and S. 

Aukburg. Pulmonary venous admixture before, during and 

after halothane anesthesia in man. J. Appl. Physiol. 

27:653-657, 1969. 

3. Aviado, D.M. Regulation of bronchomotor tone during 

anesthesia. Anesthesiology 42:68-80, 1975. 

4. Bergman, N.A. Distribution of inspired gas during 

a ne s the s i a and art i fic i a l ven t i lat ion. J. A p pl. P hy s i 0 l . 

18:1085-1089, 1963. 

5. Bergman, N.A., and C.L. Walltemath. A comparisonofsome 

methods for measuring total respiratory res;stance. J. 

Appl. Physiol. 36:131-134, 1974. 

6. Biscoe, T.J., and R.A. Millar. Eff~cts of inhalation 

anaesthetics on carotic body chemoreceptor activ;ty. Br. 

J. Anaesth. 40:2-12, 1968. 

7. Bjertnaes, L.J., A. Hauge. K.F. Nakken, and J.E. 

Bredeson. Hypoxic pulmonary vasoconstr;ction:inhibition 

due to anesthesia. Acta Physiol.Scand. 96:283-289,1976. 

29 

1 



{ 

8. Brandstater, B., E.I. Eger, and G. Edelist. Con stant-

depth halothane anesthesia in respiratory studies. 

App1. Physiol. 20:171-174, 1965. 

9. Brownlee, W.E., and F.F. Allbritten, Jr. The significance 

of the lung-thorax compl iance in ventilation during 

thoracic surgery. J.'1'bor!l.oic Surg. 32:454-463, 1956. 

10. Burnap, T.K., J. Galla, and T.D. Vandam. Anesthetic, 

circulatory and respiratory effects of fluothane. 

Anesthesiology 19:307-320, 1958. 

11. Collier~ C.R .• and J. Mead. Pulmonary exchange as related 

to altered pulmonary mechanics is anesthetized dogs. J. 

Appl. Physiol. 19:659-664. 1964. 

12. Coon, R.l .• and J.P. Kampine. Hypocapnic bro n c hocon-

striction ~nd inhalation anesthetics. Anesthesiology 

43:635-641, 1975. 

13. Crago, R.R., A.C. Bryan, A.K. Laws, and A.E. Winestock. 

14. 

Respiratory flow resistance after curare and pancuronium. 

measured by forced oscillations. Cano Anaesth. Soc. J. 

19:607-614, 1972. 

Cullen, D., and L.B. Kadis. The cardiovascular and 

sympathomimetic responses to the addition of nitrousoxide 

to hdlothane in man. Anesthesiology 32:410-421, 1970. 

30 



-,./> 

15. De Jong, R.H., W.N. Hershey, and 1 .H. Wagman. Measurement 

of a spinal reflex response (H-reflex) during general 

anesthesia in man. Association between reflex depression 

and muscular relaxation. Anesthesiology 28:382-389,1967. 

16. Dery, R., J. Pelletier, A. Jacques, M. Clavet, and J. 

Houde. Alveolar collapse induced by denitrogenation. 

Cano Anaesth. Soc. J. 12:531-544, 1965. 

17. Deutsch, S., H.W. Linde, R.D. Dripps, and H.l. Priee. 

Cireulatory and respiratory actions of halothane in 

normal man. Anesthesiology 23:631-638, 1962. 

18. Devine, J.C., W.K. Hamilton, and C.B. Pittinger. Respira-

tory studies in man during fluothane anethesia. 

Anesthesiology 19:11-18, 1958. 

19. Dobbinson, R.l., H.LA. Nisbet, C.A. Pelton, and H. 

Levinson. Functional residual capacity (FRC) and compli­

ance in anesthetized paralysed children. Part II. 

Clinical results. Can.Anaesth. Soc. J. 20:322-333,1973. 

20. Don, H.F., and J.G. Robson. The mechanics of t:'e respira­

tory system during anesthesia. The effects of atropine 

and carbon dioxide. Anesthesiology 26:168-178, 1965. 

21. Don, H.F., M. Wahba, l. Cuadrado, and K. Kelkar. The 

effects of anesthesia and 100 per cent oxygen on the 

funetional residual capacity of the lungs. Anesthesiology 

32:521-529, 1970. 

31 

1 



,.. 
i 

--- ----- - -----

22. Don, H.F., W.M. Wahba, and O.B. Craig. Airway closure, 

gas trapping, and the functional residual capacity during 

anesthesia. Anesthesiology 36:533-539, 1972. 

2 3 . Eck e n ho f f, J. E ., and M. Hel ri ch. The e f f e ct of na r c 0 tic s , 

thiopental and nitrous oxide upon respiration and respira-

tory response tohypercapnia. Anesthesiology 19:240-253, 

1958. 

24. Eger, LL, II, L.l.l. Saidman, and B. Brandstater. Minimum 

alveolar anesthetic concentration:a standardof anesthe-

tic potency. Anesthesiology 26:756-763, 1965. 

25. Frank, N.R. Influence of pulmonar} vascular congestion 

on recoiling force of excised cat lung. J. Appl. Physiol. 

14:905-908, 1959. 

'~6. Frank, N.R., J. Mead, and B.J. Ferris. The mechanical 

behavior of the lungs in healthy elderly persans. J. 

Clin. Invest. 36:1680-1687. 

27. Forbes, A.R. Halothane depresses mucociliary flow in 

the trachea. Anesthesiology 45:590-63,1976. 

28. Foster, C.A., P.J.O. Heaf, and S.J.G. Semple. Compliance 

of the lung in anesthetized paralyzed subjects. J. Appl. 

Physiol. 11:383-384,1957. 

32 



r 

l 

~------ -- ~-

29. Gal, T.J. Pulmonary mechanics in normal subjects follow­

ing endotracheal intubation. Anesthesiology 52:27 - 35, 

1980. 

30. Gold, M.L, V.H. Han, and M. Helrich. Pulmonary mechanics 

during anesthesia: Ill. Infuence of intermittent 

positive pressure and relation to blood gases. Anesth. 

Analg. 45:631-640, 1966. 

31. Goldman, M.D., A. Grassino, J. Mead, and LA. Sears. 

Mechanics of the human diaphragm during voluntary 

contraction: dynamics. J. Appl. Physiol.: Respirèt. 

Environ. Exercise Physiol. 44:840-848. 1978. 

32. Hewlett, A.M., G.H. Hulands, J.F. Nunn, and J.F. Heath. 

Functional residual capac; ty duri ng anaesthesia. II: 

Spontaneous respiration. Br. J. Anaesth. 46:486-494, 

1974a. 

33. Hewlett, A.M q G.H. Hulands, J.F. Nunn, and J.S. 

Milledge. Functional residual capacityduring anaesthes­

ia. III: Artificial ventilation. Br. J. Anaesth. 

46 :495-503, 1974 b. 

34. Hickey, R.F., P.O. Graf, J.A. Nadel, and C.P. Larson, 

Jr. The effects of halothane and cyclopropane on total 

pulmonary resistance in the dog. Anesthesiology 31:334-

343,1969. 

33 

1 



,( 

, 
'" 

3b. Hickey, R.F., and J.W. Severinghaus. Regulation ofbreathing: 

Drug effects. In: Regulation of Breathing. New York: 

Marcel Dekker Inc., Part II, chapt. 21, p. 1251-1312, 

1981. 

36. Hickey, R.F., W.D. Visick, H.B. Fairley, and H. E. 

Fourcade. Effects of halothane anesthesia on functional 

residual capacity and alveolar-arterial oxygen tension 

difference. Anesthesiology 38:20-24, 1973. 

37 . Ho r n b e in, T. F., W. E. Ma rt in, J. J. Bon i ca, F. G . Fr eu n dan d 

P. Parmentier. Nitrous oxide effects on thecirculatory 

and ventilatory responses to halothane. Anesthesiology 

31: 50-260, 1969. 

38. Hornbein, T.F., W.E. Martin, J.J. Bonica, et al. Nitrous 

oxide effects on the circulatory and ventil atory responses 

to halothane. Anesthesiology 31:250-260, 1969. 

39 . Ho W e l 1 , J. B . L., and B. W. Pee k e t t . S tu die s 0 f the el a st; c 
.; 

properties of the thorax of supine anaesthetized paralyzed 

h u ma n su b j e c t s . J. Ph ys i 0 1. ( Lon don) 136: 1-19, 1957. 

40. Jones, J.G., D. FaithfulL C. Jordan, and B. Minty. Rib 

cage movement during halothane anaesthesia in man. Br. 

J. Anaesth.51:399-406, 1979. 

34 



41. Juno, P., H.M. Marsh, T.J. Knopp, and K. Rehder. Closing 

capacity in awake and anesthetized-paralyzed man. J. 

Appl. Physiol. 44:238-244, 1978. 

42. Kafer, E.R. Anesthesia and respiratory function. 

Boston. International Anesthesiology Clinics, 1977. 

43. Klinesberg, P.L., K. Rehder, and R.E. Hyatt. Pulmonary 

mec han i cs and 9 a s ex cha n 9 e in se a te d no r m â 1 men wit h che s t 

restriction. J. Appl. Physiol :Respirat. Environ. Exer­

cise Physiol. 51:26-32, 1981. 

44. Knowles, J.H., S.K. Hong, and H. Rahn. Possible errors 

using esophageal ba 1 oon in determination of 

pressure-volume characteristics of the lung and thoracic 

ca g e. J. A pp1. P hy s i 01. 14: 525 - 5 30, 1959. 

45. Landmark, S.J., T.J. Knopp, K. Rehder, and A.D. Sessler. 

Regional pulmonary perfusion and ~/Ô in awake and anesthe­

tized-paralyzed man. J. Appl. Physiol. 43:993-11)00, 1977. 

46. Lassen, H.C.A., E. Henriksen, F. Neukirch. and H.S. 

Kri stensen. Treatment of tetanus: severe 

depression after prolonged nitrous-oxide 

Lancet 1:527-530, 1956. 

bone-marrow 

anesthesia. 

47. Leighton, K., and C. Bruce. Distribution of kidney blond 

flow:a comparison of methoxyflurane and halothane effects 

as measured by heated thermocouple. Cano Anesth. Soc.J. 

22:125-137, 1975. 

35 

1 



'" f 

48. Ma')aria, C.E., S. Iseoe, L.O. Pengelly, J. Couture, H. 

Don, and J. Milie-Emili. Immediate ventilatory response 

to elastie loads and positive pressure in man. Respir. 

Physiol. 18:347-369, 1973. 

49. Marshall, R. Relationships between stimulus and \'/ork of 

breathing at different lung volumes. J. Appl. Physiol. 

17:917-927, 1962. 

50. Marshall, B.E., and H. Wollman. General Anestheties. In: 

Goodman and Gi1man ' s the Pharmaeo10giea1 Basis of 

Therapeut i es. New York: McMi 11 an Pub1; shi ng Co. Inc., 

1980, Chapt. 14, p. 276-299. 

51. Mazze, R.!., F.D. Schwartz, H.C. Slocum, and K.G. Barry. 

Renal funetion during anesthesia and surgery. 1. The 

effects of ha10thane anesthesia. Anesthesio1ogy 24:279-

284, 1963. 

52. Mead, J., and C. Collier. Relation of volume history of 

1 un 9 s t 0 r es p ira t 0 r y me cha n i c sin an est h et i z e d do 9 s. J . 

Appl. Physiol. 14:669-678, 1959. 

53. Nims, R.G., E.H. Conner, and J.H.Comroe, Jr. The comrli-

ance of the human thorax in anesthetized patients. J. 

Clin. Invest. 34:744-750,1955. 

54. Mead, J., and E.A. Gaensler. Esophageal and pl(~ural 

pressure in man, upright and supine. J. Appl. Physio1. 

14:81-83, 1959. 

36 



. , 

-'-.ft 

55. Munson, E.S., C.P. Larson, Jr., A.A. Babad, M.J. Regan, 

D.R. Buechel, and E.I. Eger, II. The effects of halothane • 

fluroxene, and cyclopropane on ventilation:a comparative 

study in man. Anesthesiology 27:716-728,1966. 

56. Ngai, S.H., R.L. Katz, and S.E. Farhie. Respiratory 

effects of trichloroethylene, halothane,and methoxyflur­

a ne in the ca t . J. P ha rm a col. Exp. The r. 148: 123 - 130. , 

1965. 

57. Nunn, J.F. and R.L. Mattews. Gaseous exchange during 

halothane anesthesia: the steady respiratory state. 

Br. J. Anaesth. 1:330-340, 1959. 

5 8 . Pen gel l y, L. D., A . M. Al der son , and ,1 . Mil i c - E mil i . 

Mechanics of the diaphragme J. Appl. Physiol. 30:797-805. 

1971. 

59. Radford, E.P., Jr. The physics of gases. In: Handbook of 

Physiology. Respiration. Washington, D.C. Am. Physiol. 

Soc., Sect. 3, Vol. l, Chapt. 3, p. 125-152, 1964. 

60. Rehder, K., D.J. Hatch. A.D. Sessler, and W.S. Fowler. 

Effects of general anesthesia, muscle paralysis and 

mechanical ventilation on pulmonary nitr0gen clearance. 

Anesthesiology 35:591-601, 1971. 

- 37 

1 



61. Rehder, K., T.J. Knopp, A.D. Sessler, and E.P. Dider. 

Ventilation-perfusion relationship in young heal thy awake 

and anesthetized-paralyzed man. J. Appl. Physiol.: 

Respirat. Environ. Exercise Physiol. 47:745-753. 1959. 

62. Rehder. K., T.J. Knopp. and A.D. Sessler. Regional intra-

pulmonary gas distribution in awake and anesthetized-

paralyzed prone man. J. Appl. Physiol. Respirat. 

Environ. Exercise Physiol. 45:528-535. 1978. 

63. Rehder, K., J.E. Mallow, E.E. Fibuch, D.R. Krabill. and 

A.D. Sessler. Effects of isoflurane anaesthesia and 

muscle paralysis on respiratory mechanics in normal man. 

Anesthesiology 41:477-485. 1974. 

A.D. Sessler. and H.M. Marsh. General 64. Rehder. K., 

Anesthesia and the Lung. Am. Rev. Respirat. Dis. 

112:541-563,1975. 

65. Rehder, K .• A.D. Sessler. and J.R. Rodarte. Regional 

intrapulmonary gas distribution in awake anesthetized-

paralyzed man. J. Appl. Physiol: Respirat. Environ. 

Exercise Physiol. 42:391-402. 1977. 

66. Rehde r • K., R. Sittipong, and A.D. Sessler. The effects 

of thiopental-meperidine anesthesia with succinylcholine 

paralys;s on funtional residual capacity anddynamic lung 

compliance in normal sitting man. Anestnesiology37:395-

398, 1972. 

38 



r 
1 67. Safar, P., and L. Bachman. Compliance of the lungs and 

thorax in dogs under the influence of muscle relaxants. 

Anesthesiology 17:334-346, 1956. 

68. Scheidt, M., R.E. Hyatt, and K. Rehder. Effects of rib 

cage or abdominal restriction on lung mechanics. J. 

Appl. Physiol :Respirat. Environ. Exercise Physiol., 51: 

1115-1121, 1981. 

69. Severinghaus, J.W., and C.P. Larson, Jr. Respiration in 

Anesthesia. In: Handbook of Physiology. Respiration. 

Washington, D.C.: Am. Physiol. Soc. 1964, Sect.3, Vol. 

II, Chapt. 49, 1219-1264. 

70. Siafakas, N.M., R. Peslin, M. Bonora, H. Gautier. B. 

Duron, and J. Milie-Emili. Phrenie activity, respiratory 

pressures, and volume changes in cats. J. Appl.Physiol.: 

Respirat, Environ. Exerc;se Physiol. 51:109-121,1981. 

71. Smith, C.S., L.H. Cooperman, and H. Wollman. Hîstory and 

principles of anesthesiology. In: Goodman and Gilman 

the Pharmacological Basis of Therapeutics. New York: 

McMillan Publishing Co. Inc., Chapt. 13, p.258-275.,1980. 

72. Snow, J. On chloroform and other anaesthetics: Their 

action and administration. London: Churchill, 1858. 

73. Sonl1ta~hH., U. Donath, W. Hillebrand, R.G. Merin,and J. 

Radke. Left ventricular funetion in conscious man and 

during halothane anesthesia. Anesthesiology48:320-324, 

1978. 

39 

1 



74. Stubbs, S.E., and R.E. Hyatt. Effect of increased lung 

recoil pressure on maximal expiratory flow in normal 

subjects. J. Appl. Physiol. 32:325-331, 1972. 

75. Sugai, N., S. Shimosato, and B.E. Etsten. Effect of 

halothane on force-velocity relations and dynamic 

stiffness of isolated heart muscle. Anesthesiology 

29:267-274, 1968. 

76. Summary of the National Halothane Study. J.A.M.A. 

lY7:775-788, 1966. 

77. Tusiewicz, Kot A.C. BryanJand A.B. Froese. Contributions 

of changing rib cage-diaphragm interactions to the 

ventilatory depression of halothane anesthesia.Anethes-

io10gy 47:327-337, 1977. 

78. Van Lith, P., F.N. Johnson, and J.T. Sharp. Respiratory 

elastances in relaxed and paralyzed states in normal and 

abnormal men. J. Appl. Physiol. 23:475-486, 1967. 

79. Westbrook, P.R., S.E. Stubbs, A.D. Sessler, K. Rehder, 

and R.E. Hyatt. Effects of anesthesia and muscle paralysis 

on respiratory mechanics in normal man. J. Appl.Physiol. 

34 : 81- 86, 1973. 

80. Winter, P.M., T.F. Hornbein, G. Smith, et al. Hyperbaric 

nitrous oxide anesthesia in man.: determination of 

anesthetic potency (MAC) and cardiorespiratory effects. 

Abstracts of Scientific Papers, ASA Annual Ueeting 103,1972. 

40 



r 
,.' 

,"" 

81. Wollman, H., s.e. Alexander, P.J. Cohen, P.E. Chase E. 

Melman, and M.G. Behar. Celebral circulation of man 

during halothane anesthesia: effects of hypocarbia and 

d-tubocurarine. Anesthesiology 25:180-184. 1964. 

82. Woo, S.W., D. Berlin, and J. Hedley-Whyte. Surfactant 

function and anesthetic agents. J. Appl. Physiol. 

26:571-577, 1969. 

83. Woo, S.W., D. Berlin, U. Buch, and J. Hedley-Whyte. 

Altered perfusion, ventilation, anesthesia and lung 

surface forces in dogs. Anesthesiology 33:411-418.1970. 

84. Yacoub, O., Doell, O., Dryger,M.H., and N.R. Anthonisen. 

Depression of hypoxic ventilatory response by nitrous 

oxide. Anesthesiology 45:385-389. 1976. 

85. Zin, W.A .• l.D. Pengelly, and J. Milic-Emili. Active 

impedance of respiratory system in anesthetized cats. 

J. Appl. Physiol.:Respirat. Environ. Exercise Physiol. 

53:149-157. 1982. 

41 

1 



'f , 

CHAPTER Il 

RESPIRATORY MECHANICS DURI"G HAlOTHANE 

ANESTHESIA AND ANESTHESIA PARAlYSIS 

IN HUMANS 
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ABSTRACT 

In six spontaneously breathing anesthetized subjects 

(halothane ~ 1 minimum anesthetic concentration. MAC, 70't 

N20-30% 02), flow (V), volume (V), and tracheal pressure (Ptrl 

were mea su red. With airway occluded at end-inspiration, Ptr 

was measured wh en the su~jects relaxed their respiratory 

muscl es. Dividing relaxed rtr by tidal volume (Vr), total 

respiratory system elastance (Ers) was obtained. While the 

subjects were still relaxed, the occlusion was released to 

obtain the v-v relatior~ship during the ensuing relaxed expi ra-

tian. Under these condi tians. the expi ratory driving pressure 

is V x Ers, and thus the pressure-flow relationship of thf' 

system can be obtained. By subtracting the flow resi stance of 

equipment, the intrinsic respiratory flow resistance (Rrs) is 

obtained. Similar measurements were repeated during anesth-

esia-paralysis (succinylcholine). Ers averaged 23.9 ± 4 (±SO) 

during anesthesia and 21 ± 1.8 cm H20.1-1 dl/ring anesthesia­

paralysis. The corresponding values of intrinsic Rrs were 1.6 

± 0.7 and 1.9 ± 0.8 cm H20.1-1.s, respectively. These results 

indicate that Ers increases substantial1y during anesthesia, 

whereas Rrs remains within the normal limits. Muscle paralysit; 

has no significant effect on Ers and Rrs. The first measure­

ments of inspiratory muscle activity and related negative work 

during spontaneous expiration in anesthetized humans is also 
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provided. These show that 36-74% of the elastic energy stored 

during inspiration is wasted in terms of negative inspiratory 

muscle work. 
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A. INTRODUCTION 

There is ample evidence indicating that anesthesia results 

in increased elastance of the total respiratory system (Ers) 

(Nims et al., 1955; Brownlee and Allbritten, 1956; Opic et aL, 

1959; Don and Robson, 1965; Bergman, 1966; Bergman, 1969; 

Westbrook et al., 1973; Bergman and Haltemath, 1974; Rehdcr et 

al., 1974). An increase of total Flow resistance (Rrs) has 

also been reported. but the number of pa pers on this topie is 

relatively sma". Bergman (1966) and [3el'gman (1969) hdS 

measured Rrs in anesthetized-paralyzed subjects hy analysis of 

volume-flow curves obtained during relaxed expirations, () 

met h 0 d f i r s t des cri b e d b y NeIl r 0 y e t al. (1 9 fi 3) 'oJ hou s ccli ton 

conscious humans. This approach has recently been appl ierl tn 

spontaneously breathing anesthetized cats l>y Zin et al. 

(1982). In this study a new method for determining the 

pressure exerted by the i nspi ratory muscl es dur; ng spontancou5 

expiration (PmusI) is proposed. 

In the present investigation, a modification of the mcthod 

of McI1roy et al. (1963) to determine the elastic and flow-

resistive properties of the total respiratory system in six 

subjects during both anesthesia and anesthesia-paralysi S WilS 

utilized. In addition, using the approach of Zin et al. (1982) 

the f i r s t ln e a sur e men t s 0 f the t i 1nE.~ cou r seo f Pmu 5 l dur i n 9 

spontaneous expirations in anesthetized nonparalyzed humans 
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were provided. Knowledge of this may sometimes be important, 

'iince PmusI rnodulates the time course of expiratory flow 

during spontaneous breathing CAgostoni, 1979). 

B. MATERIAlS AND METHODS 

Six patients (two males and four females, aged 21-49 

yrs.), undergoing standard general anesthesia as practiced in 

our institution for minor plastic or orthopedie surgery, were 

studied prior to the operation. None had a history or clinical 

evidence of cardiopulmonary disease. The research was approved 

by the institutional ethics committee and informed consent was 

obtained from al' subjects. 

Flow CV) was recorded with a Fleisch no. 2 pneumotacho­

graph connected to the breathing circuit via a cone and a 

Validyne MP45 differential pressure transducer. Volume (V) was 

obtained by integration of the flow signal (Hewlett-Packard 

881SA integrator). Tracheal pressure (Ptr) was rneasured 

through a side port on the connector between the anesthesia 

circuit and the endotracheal tube using a Validyne r'1p45-2 

differential pressure transducer. The equipment dead space was 

70 ml (endotracheal tubes not i ncl uded). 

End-tidal C02 and halothane concentrations were monitor­

ed by a Beckman lB-2 infrared gas analyzer. A three-way tap 

"las used to occlude the airway opening or to connect the 

tracheal tube either to the anesthesia circuit or to the room. 
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Al1 signals were amplified (Hewlett-Packard S80SA amplifier) 

and recorded on a Gould "Brush 2600 six-channel recorder, as 

well as on tape (Hewlett-Packard 3968A tapE' recorder). Flow­

vol ume cu r v es we r e ab ta i ne don a n X - Y plo t ter (H ew 1 et t - P a c k a rd 

7046A) by playing back at slow speed the signals stored on 

magnetic tape. 

Flow Resistance of Equipment 

The flow resistance of the equipment included two compon-

ents: 1) the pneumotachograph with the tllp, which was lineat" 

and amounted ta 0.4 cm H20.1-I.s for flows up to 3.1.s-1; and 

2) the endotracheal tube with its connector, which was curvi-

linear and depended on the size of the tuhe used (Figut'e 

• 
11.1). Flow resistance constants of Rohrer's equation (P :;: K1V 

+ K2V2) of three endotracheal tubes commonly used durin9 

anesthesia are given in Table 11.1. Bath components described 

immediately above were determined for the same gas mixture used 

dur i n 9 a ne s the s ; a ( 70% tJ 2 0 - 3 0 ~~ 02)' These ""'easurements were 

made with f10\'1 of the gas mixture directed in the experimcntcll 

expiratory direction. To obtain KI and K2, we divided both 

sides of Rohrer's equation by V te obtain a linear function, 

P/~ = KI + K2i, and used regression analysis on our experiment-. . 
al values of PlV vs. V. 
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Figure 11.1: Pressure-flow curves of 3 commonly used endotrach­
eal tubes. Measurements pertain ta gas mixture of 
70% N20-30% 02. Broken 1 i ne represents average 
intrinsic total flow resistance of 6 anesthetized 
nonparalyzed subjects (upper airways excluded). 
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TABLE 11.1 

Values of KI and K2 of three endotracheal tubes 
(including connectors) 

Tube No. Kl.cmH20.1-1.s K2.cmH20.1-2.s2 
=========--========r=================r-=======================l-

8.0 1.2 8.6 

8.5 

9.0 

1.0 

0.6 

7.8 

5.9 

Values pertain to 70% N20-30% 02. KI and K2, 
flow- resistance constants. Tube no. indicates 
internal diameter in millimeters. Length of all 
tubes was 35 cm. 
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Procedure 

Patients were premedicated with atropine CO.3-0.6 mg) and 

meperidine (1 mg/kg) 45 min prior to anesthesia. Anesthesia 

was induced with thiopental sodium (4-6 mg/kg); succinylcholine 

( 1 • 5 mg / kg) "1 as 9 ive n t 0 fa cil i ta te i nt u bat ion wi th cu f f e d 

endotracheal tubes. Anesthesia was maintained with halothane 

[ 1 minimum anesthetic concentration CNAC)] in 70~ N20-JO% 

02. Whil e the subjects were paralyzed they were passively 

ventilated with tidal volumes of approximately 0.4 liter. 

starting From 1 un!} volume at zero appl ied pressure C re1axed 

functional resi dual capacity) • The artificia1 breathing 

pattern was chosen to mimic spontaneous breathing. Paralysis 

"las assessed with a peripheral nerve stimulator applied both ta 

fa c i a 1 and u 1 n d r ne r v es; na mus c 1 e r es p 0 n s e wa s 0 b s e rv e d i n a ny 

of the subj ects. Since during this paralytic period there "las 

absence of respiratory movements ""ithout assisted ventilation. 

it is likely that the respiratory muscles were also paralyzed. 

A few minutes after the start of the passive ventilation 

and while the subject "las still paralyzed, the airway was 

occlurled at the end of a tidal inspiration (tidal volume = 0.4 

liter). Immediately after a stable Ptr was achieved the 

occlusion was suddenly released to obtain a relaxed expiration. 

In this case the three-way tap "las turned 50 that the subject 

exhaled into the room (and not into the anesthesia circuit). 

This maneuver was performed several times under paralyzed 
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conditions, and repeated no earlier than 15-20 min after the 

subjects had established a steady spontaneous breathing pdttern 

to allow for recovery from the effect~ of succinylcholine (Katz 

and Ryan, 1969). Airway occlusions during spontaneous breathing 

were performed at the end of tidal inspirations and held until 

the subjects relaxed their respiratory muscles, as evidenced by 

a plateau on the tracheal pressure traci ng (Figure II.2A). The> 

occlusion was then rapidly released, and thè subjects were 

allowed to exhale passively ta functional residual capacity 

(FRC). To avoid active inspiration before the passive expiril-

tion was completed, the airway occlusions at end expiration 

were held as short as possible (usually about 1.5 s). The 

latter sufficed ta obtain a plateau in Ptr. No sighs WQre 

present for at least 10 breaths bcfare each maneuver. 

During spontaneous breathing, each subject exhibiterl iln 

expiratory pause (i.e., a period of zero flo\I/ towdrd the end of 

expiration, as shown by the example in Figure rI.2A), indicat-

ing that the end-expiratory volume was pt'obably the elastic 

e qui 1 i br; u m p 0 i n t 0 f the r e S f) ira t 0 r y s y ste ln ( Z i n f' t al., 

1982). Tnis was further supported by the fact that when in the 

same subjects the airways were occluded at end expiration, Ptr 

during the occluded expiration returned to zero (atmosphcric) 

pressure (Zin et al •• 1982). The measurements during spontan-

eous breathing were made Qver a period of less than 20 min. 
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Fig u re 1 1 .2 A: T ra ci n 9 0 f f 1 0 W ( V ). vol ume ( V ). and t r a che al 
pressure (Ptr) in a spontaneously breathing 
anesthetized subject. Airway occlusion at end 
inspiration was performed at point indicated by 
first arrow. After relaxation of respiratory 
muscles indicated by plateau in Ptr tracing, 
occlusion was released (second arrow) and subject 
exhaled freely. 
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Figure Il.28: Volume-flow and pressure-flow relationships 
corresponding to passive expirations of same 
subject under anesthetized and anesthetized­
paralyzed conditions. 
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II.2e: Graphical computation of KI and K2 by plotting 
Pst,rs/V vs. V. Filled circles, paralyzed. Open 
circl es, nonparalyzed. 
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Data Anal ysi s 

El astance. 

system (Ers) was 

The passive elastance of the total respiratory 

determined as previously described (Zin et 

al., 1982) by dil/iding vdlues of relaxed Ptr, representing the 

el asti c recoi l pressure of the total respi ratory system 

(Pst,rs) by the corresponding volume above FRC (Figure 

II.2A). Ten occlusions at end inspiration were analyzec1 in 

each subject under bath paralyzed and nonparillyzed condit.ions. 

The average coefficient of variation of Ers in the six 5uhjects 

amounted ta 1 ess than 5% under both anesthetized and anc<;the-

tized-paralyzed conditions. The constancy of Ers over the 

experimental range of lung volumes was l..onfirmed by occluding 

the airway at intermediate volumes between FHC and FRC t 0.4 

liter. 

Flow resistance. The method used vias hased on the 

technique first described by r'lcI1roy et al. (1963) on consciou~ 

hlJmans and subsequently appl ied by nergman (1966) and nergmdn 

(1969) ta anesthetized-par"alyzed subjects. Volume-Flow (V-V) 

curves obtained during relaxed expirations werc 

measurement of the flow-resistive properties 

analyzed for 

of the total 

respiratory system (Figure 11.2B). Far su ch analysis. volume 

was translated into elastic recoi1 pressure according to the 

equation 

Pst,rs = Ers.V (1) 
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· Thus the Pst,rs vs. V relationships obtained during relaxed 

expirati ons under anesthe-sia and anesthesia-paralysis (Figure 

II.2B) provide the pressure-flo~1 chardcteristics of the lower 

respiratory system plus that of the tracl-Ieal tube and breathing 

equipment. This relationship was curvilinear in all subjects 

and closely fitted Rohrerls equation 

(2) 

The constants KI and K2 were obtained by regression 

anal.Ysis of a modification of equation 2 namely 

(3) 

E qua t i 0 Il 3 i s a 1 i ne il r fun ct ion 0 f the 9 en e r a 1 ty pey = a 

+ bx, with intercept equal to KI and slope equal to K2 (Figure 

IL2e). The correlation coefficients (r) of these linear 

functions ranged between 0.960 and 0.999. 

Analysis according to equations 1-3 is based on the 

assumption that the static elastic recoil of the respiratory 

system represents the driving pressure during dynamic relaxed 

expiration. This has been validated in anesthetized cats by 

Zin et al. (1982). They computed Ers by adding a series of 

linear resistances (,~R) during relaxed expirations and found 

that in spite of the reduction of expiratory flows caused by 

the Ris, Ers was constant. 
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Under both anesthetized and anesthetized - paralyzed 

conditions. the repeated relaxed expiratory volume-Flow curves 

were superimposed in each of the six sUbjects, sliggesting that 

the flo\'l-resistive properties of the respiratory system wer(' 

constant over the measurement periode 

Inspiratory muscle activity during spontaneous expira-

ti on. In the absence of expiratory muscle activity. the 

pressure exerted by the inspiratory muscles during spontaneolls 

exp; ration, (PmusI) is given by: 

. 
\'1here V is volume and Vis flow at any instant t. Since Ers, 

KI, and K2 are known (see élbove). the decay of Pmusi durin!) 

spontaneous expiration can bû complltec1 From instdntdncollS 
. 

measurements of V and V (Zi n et al .• 1982). For such m(l(lsure-

ments the spontaneous expirations \o.Iere marte witll the three-\'1ay 

tap connected to the room. 

The negative work done by the inspiratory muscles during 

spontaneous expiration was compllted according to Rahn's diagralll 

as the di fference bet',rIeen the expi ratory fl ow-resi stive work 

O~res) and the total elastic work n~el) available in the system 

for expiration (Figure 11.3). In th;5 analysis, the flow-

resistive pressure drop at any instant t during the spontdncoU5 

expiration, Pres,rs(t) was obtained according to 

rJ 7 
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Figure 11.3: Volume-pressure relationship (Rahnls diagram) 
show;ng flow-resistive work (Wres) during a 
spontaneous expiration (hatched area). Area A B 
C represents total el astic work available for 
expiration (Wel). Difference between Wel and 
Wres represents negative work done by inspiratory 
muscles during expiration (WmusI). 
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Pres,rs(t) = KIVet) + K2y2et) (5) 

The values of Pres,rs were determined at intervals of 0.15 

after the onset of spontaneous expiration and plotted against 

the correspondi ng vol urnes; the enclosed area represents Wres 

(Figure IL3). 

Statistical analysis of the data was made by the pillr'cd t 

test. 

C. RESULTS 

In the anesthetized nonparalyzed state. the average tidal 

volume (VT) was 0.34 ± 0.04 (±SD) liter. As indicated in 

the methods, measurernents of Ers in this <;tate were made-> over 

the range of 1 ung vol urne between FRC and the <lbove valups of 

VT' During anesthesia-pllralysis, Ers was studiecl over a 

similar volume range (FRC + about 0.4 liter). The Incan values 

of Ers amounted to 21 ± 1.8 (±SD) cm H20.1-1 in the paralyzed 

and 23.9 ± 4 cm H20.1-1 in the nonparalyzed state (Table 

I1.2). There was a tendency for Ers to be sl i ghtly grcater 

under nonparalyzed candi tions, but the di fference WclS not 

statistically significant. 

Total flo\ll-resistance constants of Rohr~r's efluation (Ki 

and K2) obtained under paralyzed and nonparalyzed condl tions 

are given in Tahle 11.3. 8y subtraction of Kl of the cquipment 
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!Subj. No. 

1 
1 , 

1 

1 

2 

1 3 
1 
1 

1 
4 

1 
5 

1 6 

Mean 
±SD 

TABLE Il.2 

Physical characteristics and values of passive elastance 
in six subjects anesthetized and anesthetized-paralyzed 

~" 

========== -----------~===========T===========================i -----------
1 

Elastance, cmH20.1-1 1 

i 
Sex Age,yr VC, li ters 

1 

Anesthetized Anesthetized-
paralyzed 

1 
1 

F 24 3.9 19. a±l. 9 2l.3±1.2 

M 21 5.2 27.0±2.5 23.4±2.1 
1 

M 22 4.9 24.8±2.6 18.1±2.4 1 

1 F 25 4.1 26.7±2.1 20.2±1.9 
1 

F 49 3.8 18.6±2.0 21.6±1.7 

F 38 4.0 27.1±1.9 21.5±1.4 

29.8 4.3 23.9 21.0 
±l!. 2 ±O.6 ±4.0 ±l.S 

- - - - - - -~ ----

Values are for 10 measurements. VC. vital capacity. 



r (including the endotracheal tube) from the total values of Ki, 

the Kl values of the lower respiratory system (lower airways, 

pulmonary. and chest wall tissues) were obtained. These 

averaged 1.9 ± 0.9 (±SD) and 1.6 ± 0.7 cm H20.1-1.s in paralyz-

ed and nonparalyzed states, respectively. The differencl'> 

between the two conditions was not signi ficant. 1 n both 

anesthetized and anesthetized-paralyzed conditions, thp expcr­

imental values of K2 were not signi Ficantly di ffet'ent Frolll the 

K2 values of the endotracheal tubes (Table 11.3). lndeed, this 

di fference was very small; expressed as a percentage ft'action 

of the K2 of the tubes, it averaged -1.8 ± 3,3% (±SD) during 

anesthesia and -2.1 ± 4,61~ during anesthesia-paralysis. This 

suggests that the flow resistance of the lowcr respi ratory 

system was essentially linear and could be quantified in terms 

of difference between total and equipment Kl.-l.1 For fu,-ther 

validation of the method for deriving intrinsic Flow resistance 

see APPENDIX. 

Results of PmusI decay, measured at interva-Is of U.1 Ci 

during spontaneous expiration, are depicted in Figure Il.4. On 

the average, PmusI lasted about 1.5 s, but after O."' s it 

amounted to less than 1 cm H20. Total expi ratory durdtion 

(TE) of the spontaneous breaths averaged 2.1 ± 0.5 s, and 

accordingly PmusI persisted on the average for about 7ü'ru of 

TE (range 54 to 81'h). 

Flow-resistive work and negative work donc by the inspira-

Because the base 1 ine values of K
2 

for the endotracheal tubes \<Jcre ~o high 

(Table Il.1) and the limitations inherent in curve fitting of cxperirncntù\ 
• -2 data to Rohrer's equation (p & KIV" K

2
V ), curvilinearities in thc intrin-

sic pressure-Flow relationship of the respiratory system \<JÏth upper ain/ay 

excluded may have been missed. 
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5 

TABLE 11.3 

-1 (-2 2 Values of KI (cmH 20.1 .s) and K2 cmH20.1 .S1 on 
sfx anesthet1zed and anesthet1zed-paralyzed subjects 

wfth correspondfng values of equfpment used. 

------ -------------------- ---------~------------ -----------------1 
ubj. Anes~hesfa Anesthesia- Equip.ent 
10. Paralysis 

Kt '2 't '2 '1 '2 
. 

1 2.8 5.9 4.1 5.9 1.0 5.9 

2 2.6 7.3 2.6 7.5 1.4 7.8 

3 2.0 5.9 2.0 5.8 1.0 5.9 

4 3.9 6.2 3.5 6.1 1.0 5.9 

5 2.8 7.3 2.4 7.3 1.4 7.8 

6 2.6 7.4 4.0 7.6 1.4 7.8 

K1 and K2 flow-resistance constants. 

Equipment used included endotracheal tube. 

- 62 



0 ... 
% 
E 
~ 

lit 
~ 

E ca. 

-

l TE:: 2.0' ~ 0.51 S 

l 
f 
t l f 1 l t f t f ! ! 1 • 

, , 

0 0.5 1.0 15 

E)CPIRATORY TIME il' 

Figure II.4: Average time course (±SO) of pressure dcvelopcd 
by inspiratory muscles (PmuSI) during spontaneous 
expiration in 6 anesthetized sUhjccts. Averilge 
(±SD) total duration of expiration (TE) is also 
indicated. 
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tory muscles (WmusI) during spontaneous expiration is given 

in Table 4. Average values for ~~res were 0.072 ± 0.020 (tSD) J 

and for WmusI 0.078 ± 0.032 J, the latter corresponding to 

52% of the total available expiratory work (Wel = 0.149 0.039 

J) • 

D. DISCUSSION 

In normal nonanesthetized sitting subjects, in the resting 

ti da 1 vol ume range, Ers amounts to about 0.45 cm H20 per per­

cent change of vital capacity (VC) (Agostoni and r~ead, 1964), 

and it does not change appreciably when shifting to the supine 

position (Berger and Burki, 1982). Present values of Ers 

obtained during halothane anesthesia (1.03 cm H20/%VC) and 

anesthesia-paralysis (0.91 cm H20/%VC) were considerably high-

er. This is in agreement with previous studies on paralyzed 
, 

subjects (succinylcholine) anestheized with either thiopental 

(Nims et al., 1955; Brownlee and Allbritten, 1956; Westbrook et 

al.» 1973) Ot' isoflurane (Rehder et al., 1974). Also in dgree­

ment with Westbrook et al. (1973) Ers was found to be similar 

in anesthetized and anesthetized-paralyzed states, and this 

p ravi des di rect evi dence that the subj ects in th i s study were 

relaxed when Ers and flow resistance were measured in the non-

paralyzed state. The increase of Ers during anesthesia has 

been attributed to alterations in static pressure-volume 

characteristics of the chest wall associated with an increase 
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TABLE 11.4 

Resistive work and negative inspiratory muscle work during 
spontaneous expirations in 6 anesthetized subjects with 

elastic work available for expiration. 

I================F===========; ~=====:========== 
Wel, Wres. 

Subj. No. J J 

:=============~=l 
WmusI,Negative, 

J 

1 0.127 

2 0.120 

3 0.132 

4 0.220 

5 0.167 

6 0.128 

Mean 0.149 
±SO ±O.O39 

0.071 

0.071 

0.034 

0.095 

0.076 

0.082 

0.072 
±O.020 

0.056 

0.049 

0.098 

O. 125 

0.091 

0.046 

0.078 
±O .on 

We l, t 0 t ale 1 a s tic W 0 r k; Vre s. exp ira t 0 r y 
flow-r2sistive work; WmusI, negative work 
done by inspiratory muscles. 
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in elastic recoil of the lung (Westbrook et al., 1973). 

Although the nature of these changes is not fully understood, 

altered lung surfactant function during anesthesia has been 

postulated as a major contributory factor. In this connection 

it should be noted that lung cornpliance is known to decrease 

substantially in halothane-anesthetized supine sUbjects (Gold 

and Helrich. 1965; Hedenstierna and ~lcCarthYJ PHS). 

The present resu1 ts show that in both anestheti zed and 

anesthetized-paralyzed subject, Rrs (excluding the equipment 

and endotrachea1 tube resistance) was within the normal l irnits 

of awake state. Indeed, the ViSCOIlS resistance of the chest 

wa1l in humans ranges bet~.,een 0.5 and 1 :m H20.1-1.s (Opie et 

aL, 1959), and the lower pulmonary f10w resistance in young 

awake supine subjects following atropine amounts to 0.6-1.0 cm 

Thus. excluding the upper 

airways. flow resistance should range between 1.1 and 2.0 cm 

Corresponding values of Rrs averaged 1.6 cm 

H20.1-1.s in anesthetized state and 1.9 cm H20.1-1.s during 

anesthesia-paralysis. 

There are few previous reports ct'ncerning total f10"l 

resistance of the respiratory system during anesthesia (Don and 

Robson, 1965; Bergman, 1966; Bergman, 1969;; Crago et a1., 

1972; Bergman and Haltemath, 1974; I.ehane et al., 1980). These 

i n d i c a te h i 9 h e r r e 5 i 5 tan ce val u est han i n the pre sen t s tu dy , 

but in sorne cases no correction was made for the resistance of 

- G6 



the endotrachea1 tube (Bergman and Wa1termath, 1974; Crago et 

al., 1974). Using the method of constant Flow rate inflation, 

Don and Robson (l965) measured the inspiratory flow resistance 

of the lower total respiratory system in subjects anesthetized 

w i t h ~J 20 and par a l d Y z e d w i th suc c i n y 1 c h 0 lin e bot h b e for e (l!HI 

after administration of atropine (0.012 mg/kg). Refore 

atropine, Rrs averaged 6.2 + 2.5 cm H20.1-1.s and decreascd by 

40% fol10wing atropine. The i r val li e son a t r 0 p ; n i z e d s u b j (~ c t <; 

are twice as large as those found in the present study. Thi 'i 

m ay r e f 1 e ct the fa ct th a t the i r su b je ct s we r e 01 ci e r [ me an t1 g e 

47.6 ± 12.7 (±SD) yr] than those in the present study (TdblcU. 

2). Indeed, older' individual have a marked tendency to devclop 

small airway cl05ure in the dependent lung zonee; in sllpine 

posture, particularly during anesthesia (Juno et al., 1978). 

This should result in increased pulmonary flovi rcsistance and 

hence a1so in Rrs. Bergman (1966) dnd Ber_man (1969) IJsed a 

similar i.J-lproach ta the present one, but his ana1ysis oF the 

da ta wa s no t val i d (s e e b e , 0 w) • i~ 0 r e r e c en t 1 y, le Il a ne et al. 

(1980) have studied the influence of halothane on respirdtory 

airflow resistance in anesthetized-paralyzed man usin!] the 

forced airf10w oscillation technique. Their values of intrin­

sic resistance are on the average higher than the present ones 

(3.7 vs. 1.9 cm H20.1-1.s). Their subjects, however, were 

older than the present ones (42.9 vs. 29.8 yr). and furthermore 

they were not premedicated with atropine. This. apart From a 
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different methodology. may explain the discrepancy between the 

present resul ts and those of Lehane et al. (1980). In this 

connection it should also be noted that in younger individuals 

the changes in FRC during anesthesia are apparently much small­

er than in older subjects (Juno et al., 1979). 

While in the present study the intrinsic Rrs was deduced 

to he linear or nearly so, the pressure-flow relationships of 

the endotracheal tubes were highly curvilinear. It should be 

noted that the K2 constants of the three tubes shawn in Table 

ILl were markedly greater than the values of KZ for total 

respiratory system found in nonanesthetized normal subjects 

during both mouth (0.26 cm H20.1-2.s2) or nose breathing (0.79 

cm 112°.1- 2 .5 2 ) (Ferris et al., 1964). The high K2 values of 

the tubes have important implications. First, because the 

overall pressure-flow relationship {including tubes} is curvi­

linear, the volume-Flow curves during passive expirations are 

by necessity also curvilinear (Figure 11.28), and hence the 

respiratory system \'/ith the endotracheal tubes cannat be 

characterized in terms of a single time constant as was the 

case in anesthetized cats (Zin et al., 1982). In this connec­

tion it should be noted that Bergman (1966) derhed the time 

constant of the respiratory system by fitting straight lines to 

expiratory volume-flow curves obtained in paralyzed subjects 

anesthetized with N20 and halothane. His own data (Figure 

4, in Reference 4), however, show that the volume-flow 



.' 

curves were curvil inear as in the present stud.' (Figure 

II.2B). Thus his derived time con~~ants are questionable. 

Bergman, (1969) further noted (and the present data confirml 

that during relaxed expiration in anesthetized-paf'alyzed 

subjects, the time course of volume cannot be describ('d by a 

single exponential function as would be the case in a sy'>telll 

consisting of constant Rrs and Ers (McI1roy et al., 1963). ln 

the latter case, the time constant is givcn by Rrs/Ers. 
~ 

However, when the Pst,rs vs. V relationship is cUfvilincar, no 

single time constant value applies. Second, the hi ahpr K2 

values of the endotracheal tubes impose increased WOt'k of 

breathing, as shown in Figure IL5 where the mechaniclll work 

rate do ne by the inspiratory muscles in overcoming flow 

resistance (Q!,res) is plotted against minute ventilation 

(~I). This was computed according to the following equation 

(6) 

wh e r e ban d car e con s tan t s, and cor r e s p 0 n d t 0 O. 25 'n 2 . K 1 and 

o • 6 7 il 2 K 2, r e s pee t ive 1 y (0 t i 5 e t al., 1 9 5 0; r~ i 1 i c - E' m il i e t al. 

1969) . Equation 6 has been deduced by Otï 5 et al. (1c}56) on 

the assumption that the velocity pattern of air flo\'1 during 

respiration is a sinusoïdal function of time. Althou~h this 

assumption is not entirely valid, (Read et al., 197tl),t/"tc 

relationships in Figure 11.5 provide a useful approximation of 
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figure Il.5: Inspiratory resistive work rate (WI~r~s) plotted 
ilS a function of minute v.entilation (VI). Solid 
curves indicate total WI,res in anesthetized 
nonparalyzed subjects intubated with 3 different 
tubes. Ootted curve indicates ~~I,res required 
to overcome their intrinsic 'ow resistance. Also 
shown by broken line is relationship for conscious 
normal seated men during mouth breathing computed 
according to Ferris et al. (1964). For further 
explanation see texte 

- 70 



the inspiratory flow-resistive work rate required in nonpara­

lyzed anesthetized subjects to overcome the intrinsic Rrs 

( dot te d cu r v e ) a s we 1 1 as the 0 ver a l 1 f1 0 w ,'e sis t d ne û, i. e • , 

including that offered by the endotracheùl tubes (solid 

curves). The dotted curve was computed using average value of 

intrinsic Rrs obtained in the nonparalyzed state (1.6 cm 

H20.1-l.s), whereas in the case of the solid curves the KI and 

K2 values of the endotracheal tubes (Table II.1) were tlddpd. 

Figure II.5 shows that at any given value of VI, totdl 
. . 
WI.res is considerably greater than the ~~I.res required to 

overcome the intrinsic flo\'1 resistance, the difference bcing 

particularly striking with increase VI' Clearly the cndo-

tracheal tubes impose a considerable bUt'den on the inspiratory 

muscles. In this connection it should he noted thùt nart'owcr 

tubes than those in Table 11.1 are often used in transndsal 

patient i ntubati on. These slloul d provide even grC'dtc,' addecl 

loads to the respiratory system. In this context it should 

a150 be noted that the increased Ers during anesthesia Cill/SeS a 

fur t Il e r i n cre a seo fin spi rat a r y w 0 ,'k • Also shown in Figure 
. . 

11.5 is the relationship between ~!I.res and VI for normal 

conscious seated men during mouth breathing (broken line). 

These were computed according to Ferris et al. (1964). Since 

in this case the upper airway resistance is relatively small. 

these values are close to those pertaining to the intrinsic 

resistance of our anesthetized sUbjects. Third, the high flow 
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rrsistance due to endotracheal tubes considerably retards 

expiration. This, however, is in part compensated by the 

stiffer respiratory system during anesthesia, which provides 

increased recoil pressures during expiration. When the elastic 

recoil of the respiratory system is reduced and/or the intrin-

sic flow resistance is increased Ce.g. pulmonary emphysema or 

old age}, expiration will be further impeded so that the 

equilibrium volume of the respiratory system may nct be achiev-

ed at end expiration. A shorter duration of expiration, which 

is found with some anesthetics (e.g., thiopental and alpha-

diane) (Gautier and Gaudy, 1978) should have the same effect. 

However, the subjects of present work were normal and 

relatively young, so that the end-expiratory volume during 

spontaneous breathing was in all instance:. at or very near ta 

the elastic equilibrium point. This was in spite of the 

substantial inspiratory muscle activity ob served during 

spontaneous expiration (Figure II.4). 

The data of inspiratory muscle activity during expiration 

(Figure 11.4) show a prolongation of PmusI in cornparison with 

previous results obtained in anesthetized cats (Zin et al., 

1982) and conscious humans (Agostoni and Citter;o, 1979). In 

the cats, however, a different anesthetic agent was administer-

ed (nentobarbital SOdium), whereas in the human experiments of 

Agostoni and Citteri a (1979), a di fferent method for measure-

ment of PmusI was used. The latter authors reported that in 
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consc i ous seated humans, the decay of Pmus 1 to ?5'X, of i ts 

i nit i a 1 val u e i s rel a t ive· fa s t (~O • 5 s), and th i sis i n a 9 r' e e -

ment with the current data (Figure II.4). Agostoni and 

Citterio (1979) however, did not observe the late slow decay of 

PmusI which has been found in the anesthetized subjects in 

this study. The nature of this phenomenon is not clear. 

although altered inspiratory muscle activity has been observed 

during halothane anesthesia (Tusie\-I;cz et al., 1977; Jones et 

al., 1979). 

The inspiratory muscle activity during expiration involved 

negative work and energy expenditure of the inspiratory 

muscles. The mechanfcal efficiency of pliomctric work (work 

done while the muscles are lengthened) is, however, consirler­

ably greater than during miometric work (work done with mu~cle 

shortening) (Margaria, 1979). Accordingly, in terl!ls of cner9Y 

expenditure, the negative inspiratory work during expiration 

should involve relatively little extra energy expcnditure. 
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E. APPENOIX 

Chang and Mortola (1981) have recently suggested that the 

resistance of the tracheal tube in isolation may exceed the 

resistance of the respiratory system and tube in situ because 

of the sudden reduetion of cross-sectional area at the transi­

tion from the trachea ta the tube. Since this phenomenon could 

invalidate the method in this study for deriving the intrinsic 

resistance of the respiratory system (see the results), the 

following in vitro experiments were performed. The flow­

resistive properties of the equipment (including the endotrach­

eal tube) were measured separately, using airflow instead of 

the anesthetic gas mixture. In addition, similar measurements 

were made on a tube (internal diarneter 1.85 cm, length 12 cm) 

eonnected in series to a linear resistor consisting of a 

multiple-wire sheet sereen. The total resistance of the tube 

and resistor amounted to 1.7 cm H20.1-1s, and was mainly due to 

the resistor (85%). The dimensions of the tube were chosen ta 

simulate the trachea, and the resistor was seleeted ta repre­

sent the resistance of the total respiratory system (excluding 

upper ai rways and trachea). Next, the endotracheal tube was 

insertpd into the larger tube represEiit1iig the trachea, the 

cuff was inflated, and the flow-resistive properties of the 

total system were determined. Measurements were made at air­

flows of 0.25, 0.5, 0.75, and 1 los-l, the flow being direct-
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ed ta si mul ate in vi va ex~i rati on. 1 n a11 instances the f10w 

resistive properties of the combined system were almost 

identical to the sum of the flow-resistive properties of the 

two compartments measured separately. For example, the KI and 

K2 for equipment wi th tube 8 amounted to 2.0 cm H20.1-1. sand 

4.7 cm H20.l-2.s2, respectively. For the combined system, KI 

and K2 amounted to 3.6 cm H20.l-2.s and 4.6 cm H20.ml- 2 .s 2 • 

respectively. The di fference in KI between the total system 

and separate equ;pment (including tube 8) closely reflected the 

resistance of the resistor and tube simulating the trachea (l.n 

vs. 1.7 cm H20.1-1.s). As in the in vivo experiments, the K2 

of the combi ned system was vi rtua 11y the same as the K2 0 f the 

equipment (inc1uding tube 8) measured separately. Thuc; it 

appears that ~he subtraction method for deriving the illtrillS1C 

resistance of the respirator'y system is vc.llid. This is alc;o 

supported by the fact that when the dH'ection of Flow WitC; 

inverted (simulating inspiration). the flow-resistance proper-

ties of the combined system were not appreciilbly diFferent to 

those found with Flow directed to simulate expiration. Indeert, 

ace 0 rd i n 9 the Cha n 9 and r4 0 r t 0 1 a ( 1 98 1 ) • a d i f fer e n t b e h a v i 0 r 

should be observed if the sudden reduction of cross-section,ll 

area between the endotracheal tube and the "trachea" pltlyerl an 

important rol e • This does not imply that the study of Chanq 

and i~ 0 r t 0 1 a ( 1 9 8 l) w a s n 0 t val id. Present model analyc;is 

simply sho\'/s that if the resistances of two compartments are 

relatively high, the local phenomena el icited by an abrupt 
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change in cross-sectional area become unimportant. Stated 

otherwise. if two long tubesofdifferentdiameter are joined 

together, the sum of the separate resistances will be much 

closer to the combined resistance than if the tubes are short 

(and hence offer little resistance). 
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CHAPTER III 

ACTIVE INSPIRATORY IMPEDANCE IN HALOTHAHE 

ANESTHETIZEO HUMAHS 
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ABSTRACT 

The method of Siafakas et al. (1981b) for determin­

ing activE' elastance (E'rs) and flow resistance (R'rs) of the 

respiratory system was applied in eight spont.Jneously breath­

ing humans anesthetized with halothane. From measurements of 

(a) flow (V) and volume CV) durinq unoccludeJ inspirations. 

and (b) of tracheal pressure (pOtr) during subsequent inspira­

tions ... dth the airways occluded at end-expiration. E'rs and 

R'rs were computed as slopes and intercé!pts of the f~)llO\>ling 

function: -POtr/V: R'rs + E'rs V/V. These measurements were 

repeated during inspirations loaded with a series of linear 

flow resistances (t.R). Neither ['rs nor R'rs were signif-

i c a n t 1 Y a f f e ete d b Y 11 R. 0 n the a ver age E 1 r san d RI r s we re. 

respectively, 34.4% and 16.7% higher than the corresponding 

passive elastance and flow resistance of the respiratory 

system, indicating that during ac.tive breathing the internal 

impedance of the respi ratory system increases. This provides 

an internal mechanism by which passive loads are compensated. 
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A. INTRODUCTION 

With relaxed respiratory muscles~ the impedance of the 

respi ratory system i s represented by the vol ume-el astl c anct 

flow-resistive impedances offered by the passive mE'chanicill 

propertie~ of the ai rways. 1 ungs and chest wall. Inertance is 

normally negligible. \'Ihen the respiratory muscles contract. 

their active force-length and force-velocity properties adct to 

the internal impedance: the force-length nropf'rties to th!' 

volume-ela~tic impedance (elastance) and the force-vploclty 

properties to the flow-resistive impedancE' (flow-reslstancp) 

(r1arsha11, 1962; ~engelly et al .• lq71). Conc;equentl Y. c1u r inq 

active breathing the impedance of the re~piriltory syc;U'm 15 

higher than its passive value. 

Recently~ Siafak3s et al. (1981b) have determined tlll' 

active respiratory elastance (E'rs) and resistance (R'rs) ln 

spontaneously breathing anesthetized cats. Their analysis w~c; 

based on the fol10wing equation of ~otion: 

- pOtr = R'rs.V + E'rs.V ( l ) 

where pOtr is tracheal ~ressure during an inspiratory effort 

with the airways occluded at functional residual capacity 

(representing the inspirator'y drivlng pressure) and V and V 

are, respectively. the instantaneous flow and volume chanqr') 

during a control breath. immedlately preceding the occluded 

effort. 
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The analysis dccording to Equation 1 involves several 

a~sumptions (e.g., that the inspiratory neural drive ;s the 

same during the occluded and corresponding unoccluded inspira­

tion; that pOtr represents the driving pressure potentially 

a valla b 1 e for pro duc i n 9 cha n 9 es i n 1 un q vol ume; and th a t R' r s 

and E'rs are constant), and Siafakas et al. (198lb) recoqnized 

that justification of their approach required further investi­

gation. Accordingly, Zin et al. (1982a) tested the val;dity 

of the above élpproach by adding linear resistive loads during 

i n s p ; rat ion i n an est h e t i z e d ca t s, and c om par i n 9 the 0 b s e r v e d 

inspirograms with those predicted according ta the analysis of 

Siafakas et al. (198lb). The good agreement between observed 

and predi cted i nspi rograms provi ded support for the val i di ty 

of this analysis, at 1east in a~esthetized cats. 

In the present study the analysis of Siafakas et al. 

(l9Alb) was applied in human subjeets anesth€tized with halo­

thane and breathing a mixture of 70% N20-30% 02. Measurements 

of aet; ve impedance were done both wi th and wi thout 1 i near 

resistanees added to inspiration. 

8. MATERIALS AND METHODS 

Eight subjects (three males and five females, aged 

21-49 years) undergoing general anesthesia for minor plastic 

or orthopedie surgery were studied prior ta operation. None 

had a history or clinical evidence of cardiopulmonary 
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disease. The researclt was a'Jproved by the institutional 

Ethics Committee~ and informed consent was obtaineJ from a11 

patients. 

Flow (V) was recorded wi th a Fl ei sch No. 2 pnpulnotacho-

graph connected ta a Val i dyne MP 45 di fferentlal pre>sc:,urp 

transducer. Volume (V) was obtained by inteqration of the' 

flow signal (HP 8815 A inteqrator). Tracheal occlu'don 

pressure (pOtr) was meJsured throuqh a side port of the> 

connector between the anesthesia circuit and the endotrachE'al 

tube using a Validyne r~p-45-2 dlfferential pressurf> triln<;­

ducer. End-tidal C02 and halothane concentration~ \'Iprf> 

monitored by a Beckman LB2 infrarerl 

\'/ere amplified (HP 8805 A amplifier) 

analyzer. All c;ifJnals 

and recordC'd on a GOIIl d 

Brush 2600 si x channel recorder as describerl in Chapter Il. 

A three-way tap was used to occlude the dirway opcning or 

to have the subjects breathe through three cil fferent PX tf>rnal 

flow resistances (t.R). 

H20.1-1.s, respectively. 

tory line via a cane, 

amountinq to 4.8, 8.8 and 16.4 cm 

These were connecter! to the inc;plra--

and 

screens. All were linear 

consisted of multiple wire 

with flows up ta 31.s- 1 • Thp 

resistance of the pneumotachograph assemblv amounted to O.4cm 

H20.1-1.s and was linear within the experlmental ranqp of 

flows. The pressure-flow characterlstlcs of the thrrc endo­

tracheal tubes (internal diameter: 13.0, 8.5 and 9.0 mm) were> 

curvilinear, fittinq Rohrer's eQUiltion (p= K1V + K2V2). The 
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Kl and K2 constants of th~ tubes have been previously describ­

ed (Table l, Chapter II)'- All resistance values pertain to a 

qas ml~ture of 70% "20-30% 02. 

Procedure 

Patients were premedicated with atropine (0.3-0.6 mg, i.m.) 

and meperidine (Demerol, 1 mg/kg) 45 minutes prier to anesth­

esia. Anesthesia was induced with thiopentone (4-6 mg/kg) and 

succinylcho1ine (1.5 mg/kg) was given to facilitate intuba­

tion. Anesthesia was maintained witJ"l halothane (""'1 MAC) in 

A11 measurements were made at 1east 20 

mi nutes after the subjects had establ i shed a steady spontan­

eous breathing pattern, to al10w for recovery from the effects 

of succiny1choline (Stanski and Sheiner, 1979). Oepending on 

the size of the subjects. endotrétchea1 tubes of size 8.0, 8.5 

and 9.0 were used. 

The f10w resistances were added randomly at end-expira­

t.ion and maintained for one breath. Following each load. the 

subjects were allowed to breathe free1y for about 10 breaths, 

and then the airway opening was occluded at end-expiratory 

lung volume to obtain trachea1 occlusion pressure (pOtr). 

Records il1ustrating the procedure are shown in Figure 111.1. 

Data Analysis 

From records such as shown in Figure 111.1 E'rs and R'rs 

we~e computed by a modification of the approach used by Zin et 
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Figure III.1: Tracing of flow (V). volume (V) and trachC'al 
occlusion pressure (pOtr) in il spontaneo\Jsly 
breathing anestnetized subj~ct. OCclusl0n of 
external airways 'v/as performed at enrl-f>Xplrd­
tian, as indicated by arrow and maint,l1ned 
during a v/hale respiratory cycle. Ourin(j thlS 
oeriod the patient performed an in<;n1rdtory 
effort as indicated by ncgative trachp"l 
occlusion pressure which was measureo at 
intervals of O.l.s after the onset of occludrd 
inspiration. V and V of the precedinq hreath 
were al so measured in the same waYt and thE' 
data plotted according to Equation 2. 
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al. (1982a). This consist.ed in subtracting from - pOtr in 

Equation 1 the resistive ~ressure drop (peq) due to the equip­

ment (includ1ng the endotracheal tube) and dividing both s"ides 

of the equation by V: 

( - il 0 t r - K 1 V - K 2 V 2 ) 1 V ::: R 1 r 5 + [1 r 5 V /V ( 2 ) 

where the constant K, lS the sum of the Kl of the pertinent 

endotracheiJl tube (Table 1, Chapter II) and of the linear 

resistdnce offered by the pneumotachograph assembly (0.4 cm 

H20.l-1.s); and the constant 1(2 aga;n pertains to the aplirop­

riate endotracheal tube. 

Equati on 2 i s a 1 i npar function of the general type y = a 

+ bx, where Elrs is the slooe and Rlrs is the intercept on the 

y-axis. 

pOtr, V and V were measured at 0.1 s interva1s after the 

onset of insp1ration, the former during the occl:.Jded inspira­

tory effort, and V and V from the i mmedi ately precedi ng 

spontaneous un10aded inspiration (Figure IIL1). Dnset of 

inspiration was assessed in terms of beginning of inspiratory 

flow and/or of a negative deflection of pOtr. For bE'tter 

resolution, pOtr wélS also recorded on a separate channel at 

high gain. 

~/hen breathing against the added Flow resistance (t.Rl 

Equation 2 becomes: 

(-POtr - Peq)/V = R1rs + R + [ars V/V (3 ) 

where peq corresponds to KIV + K2V2 in Equation 2, and the sum 

of R'rs and t.R is the intercept of the line on the y-axis. 
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Th€: intercepts during loaded breaths will be defined by the 

symb/)l ARlrs (R 1 rs + t.R). 

Three control and three loaded breaths (one fOr' each 

added resistance) were ana1yzed per 5uhject. 

In all individuals the pJsc;ive eldst"nce (Ers) and 

passive resistance (Rrs) of the rpspiratory '>y'item, WdS ,1150 

determined using the method descnbcd in ChélptPf II. Briefly. 

this consisted of occludlnC) the ain/ay at cnd-lnspi ratlon 

(VT) and measuri ng the tracheal preSSllt'l', Ptr wh!'n thE"' 

subjects relaxed thelr resDiratory muscles. F. r s loi li <; 0 h t .1 Ir, P li 

by dividing relaxed Ptr by Vr. \>lhi1e th(> 'lubjeetc; Wf'rf' 

still relaxed the airways were reopenec1, and .lnalyc;is of thp 

ensuing relaxed expiratory volume-Flow relationship allowpd 

computation of the flow resistanee (for d'i'tails <;ee Ch"rtpr 

II, Methods). 

c. RESUl TS 

Figure 111.2 shows a plot of (-pOtr-PeCJ)/V ver'<;uc; v/v 

obtained in a subject dUflnq an unloaded (flllpd cHeles) rlnd 

a loaded inspiration (open Clrcles).l Lin e li r rp 1 li t l 0 n <; h i p <; 

are obtained in bath instances, the correlation coeff,cient,; 

(r) being greater than 0.99. \-lhile the lines art> vlrtuillly 

parallel. the intercept on the y-ax'is is hiqher with thr> dflc1flr1 

external load, by an ar.lount close to t.R. <),milar c;tral'Jht 

lines. with correlation coefficients ranqinq hetween 0.960 iln~ 

0.999, were obtained in al' subjects hoth wlth and v/lthout 

The duration of loaded inspirations was in general slightly longer th<ln 

that of control breaths, in li'1e VJith previous result..., (Whitcl.Jvl ct .11., 

1976). This explains 10 data points for the loaded breath and only 9 

for the unloaded inspiration in Figure 111,2, 
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Figure 111.2: Exampl es of graphi cal sol ut; ons of Equati ons 2 
and 3 for a loaded (l\R = 8.8 cm H20.1-1.s; open 
circles) and an unloaded (t.R "" 0; filled 
circ1es) breath. The two 1ines are almost 
para 11 el, ; n d ; ca tin 9 th a t il R ha s no e f f e c t on 
El rs. The i ntercepts of the 1 i nes wi th and 
without l\R are, respectivel.v, 10.8 and 2.3 cm 
H20.m1-1.s, the difference (8.5 cm H20.1-1.s) 
corresponding close1y to the added resistance. 
Correlation coefficients Cr) are shown. 
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liR • Act; ve val u e s 0 f el as tan c e and r e sis t il ne e 0 f the e i q h t 

subjects olJtained under unload~d conditions are presented 'in 

Table 111.1, together with the correspondinq passive value~. 

Figure 111.3 illustrates the relationshlD hetween F'rs 

and L\R in the 8 subjects. Althoug" there WJS a slight tendpn­

cy for E'rs to increase with lncreased 10dd<;, the dlffC'rencp 

b e t w e e n E 1 r s me a sur e ct und e r u n 1 0 a d e dan d 1 0 a d e d con dit l 0 n S \'1 d <; 

not statistically significant (paired t-test). As shown ln 

Fig.III4,RLrs increascd linearly with added resistanc~<> (r 

0.994; p < 0.001). This increase (.c1RL rs ) was pquill ta AR, 

the me a n val u e 0 b ta i n e d f r 0 ln a 1 1 e i q h t su h j e c t <; 1 yin 9 0 n t Ill' 

identity 1ine of the qraphLlRL rs vs • .t.R (riqht ordlnêltfl ln 

Figure II!.4). 

D. DISCUSSIO~I 

I n the pre 5 e n t s t li d y, E 1 r san d R' ... S \01 a <; cl ete r ni i n (l (1 l n 

anesthetized humans, using the approach of SiaFakas et al. 

(1981b) and Zin et al. (1982a). The linedrity in the qrdl'hlC 

solution of Equation 2, found in all instances, suqqest<; th"t 

thi5 approach i5 appllcable in anesthetiz~d human~, and 

implies that R'rs and E'rs were constant withln the experlmpn­

tal range of volumes (up to 0.43 1 above FRC) and flows (up to 

0.7 1.5-1 ). In addition, the validity of tl--);5 approrlch 1<; 

supported by the fact that after addition of llnei1r rp5\<;t­

ances (liR), the intercepts of the relationships defined hy 
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TABLE II!.1 

Physical Characteristics and Respiratory Mechanics of Subjects 

1 

I=======-T-===-J==================~=================~==================================================i j l 1 1 
l ' '1 1 

SUbjectl1 Sex Age l' Height IWeight i vc ! ERs, cmH20.1-1 1 Rrs, crnH 20.1-1.s 1 , i [Yrs~ (m) 1 (Kg) i (1) 1 PasslYe "etlYe i Passive Act,v. 

1.0 
l...' 

VC, vital capacity; Ers, respiratory system elastance; Rrs, respiratory system resistance. 
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Equation 3 increased by virtually the same ilmount as ~R 

(Figure 111.4), while the slope (E'rs) did not change signifi­

cantly (Figure 111.3) • 

In the present analysis the non-linear equipment f10w 

resistance (including the endotracheal tUbe) was subtracted. 

so that values of RI rs do not include the upper airway resist-

ance. The values of R'rs were 16.7~r, hiqher (p<O.O'>, paired 

t-test) than the corresponding passive values (Table 111.2). 

Similarly, E'rs was higher than Ers, the percentage diffcrence 

averagi ng 34.4% and being stati stl cally si Qn i fi<..ant 

(p<O.OOl). These data are qual i tatlvely in étgreempnt wi th the 

results obtained by Siafa!<as et al. (l9Rlb) and lin et al. 

(1982a) in anesthetized cats. Quanti tati vely, howevpr, the 

average increase in e1astance found by thes(' authors hptwe(~n 

passive and active conditions was greater, amountinQ to 90'}" 

and 52% respective1y.2 Similarly, according to the data of 

Zin et al. (1982a) the average increase of intrinsic resist­

ance (ReQ subtracted) during active breathing over its paSSlve 

value was greater in the cats (365;) than in the human suhjects 

of the present study (16.7%). These discrepancie" cou1c1 

reflect differences in species or anesthetic used. In this 

connection it should be noted that, whereas in humans the pas-

sive elastance is substantially greater during anesthesld than 

in the awal<e state (Nims et al., 1951); Hestbrook et al., 

1973), this does not appear to be the case in experimenta1 

animal s (Rich et al., 1979). Thus, the smaller relativp 

2 It is important tonote that the activeeJastancc (E'rs), as measurcd in 
this paper, differs From the "effective" eJastance previously describcd 
in studies deal ing with tidal volume defense against eJastic Joad,>, 
(Lynne-Davies et al., 197J). The latter is measured as ratio of peak 
airway occlusion pressure to tidaJ volume, and hence depends on the 
strength of the Breuer-Hering inflation reflex, vJhi le E'rs is independ­
ent of such a reflex. 
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increase of elastic impedance observed during active breathlng 

in anesthetized humans may sirnply reflect the fact that their 

passive elastance is already high. Indeed, during unilateral 

electrophrenic stimul ation in seated awake subjects, Pengelly 

et al. (1971) reported a 70% increase in elastance between 

passive and active states, the absolute difference amounting 

ta 5.4 cmH20.1-1. This difference, however, is still somewhat 

smaller than that found in the anesthetized subjects of the 

present work (8 cm H20.1-1). Similarly, contrary to the pres­

ent results, Pengelly et al. (1971) found that R'rs was not 

con s tan t but var i e d w i th 1 un 9 vol ume. Oata obtained with 

unilateral electrophrenic stimulation however, are not readily 

comparabl e to those observed duri ng spontaneous breathi ng, as 

previous1y pointed out by Younes and his group (Riddle and 

Younes, 1981; Younes and Riddle 1981; Younes et al., 1981). 

In a series of e1egant reports these authors also attempted to 

determine the active properties of the respi ratory system in 

anestheti zed subjects. They did not, however, take into 

account the non-1inear equipment flow resistance, and hence 

thei r resul ts cannat readi ly be cOf11pared to the present ones. 

The nature of the increased impedance during active 

breathing has been extensively di scussed by previous authors 

(Marshall, 1962; Pengelly, et al., 1971; Siafakas et al., 

1981b; Riddle and Younes, 1981; Younes and Riddle, 1981; 

Younes et a1., 1981; Zln et al., 1982a). It is generally 
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accepted that the force-length and foree-veloei ty properties of 

the contrac ti ng respi ra tory musc 1 es add. re specti ve l v. an 

elastic-like and a resistive-like component to the intC'rntll 

impedance of the respi ratory system. In addition, activf' 

breathing may also involve pressure losses due to distortion 

of the respiratory system from its relaxed (passivp) configur­

ation (Zin et al., 1982a). It should be noted. however, that 

the values of E'rs and R'rs obtained aecordlng to Equation 7 

neglect the pressure lasses that may oecur during the occluded 

inspiratory effort. Although there is sorne evidence suqqest-

ing that during the occluded inspirations the ~ontraction of 

the diaphragm may be nearly isom~tric (Siafal<as et al •• 

1981 a), the occ1 uded efforts may per se. 1 nvol ve sorne pressure 

losses due to force-length and farce-velocity properties of 

the inspiratory muscles. Thus, strictly speakinQ, the present 

results and those of Siafakas et al (198lb) and Zin et al. 

(1982a) may simply indicate that during unoccluded inspira-

tions, relative to the occluded ones, additional flow-relilted 

pressure losses are minimal, whereas addltional volume-related 

pressure losses are substantial. 

By addinq to the internal impedance, the intrinsic 

properties of the contracting muscl es render the respi ratory 

system more stabl e ln the face of i ncreased mechanical load-

ing. In this connection, it should be noted that in the 

anestheti zed sUbjects of the present work, Ers averaged 23.2 
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cm H20.1-1, a value substantial1y highe~ than that obtained in 

awake individua1s (about 10 cm H20.1-1) (Agostoni et al., 

1964). This increase of Ers during anesthesia, which has been 

extensive1y documented in humans (Nims et al., 1955; Westbrool< 

et al •• 1973; Rich et al., 1979), results in increased intern­

al impedance of the respiratory system, and hence is load 

compensatory. Similar1y, a1though in the anes thet i zed 

subjects of this study, the intrinsic Rrs was within normal 

1imits (Ferris et al., 1964). the overall resistance increased 

as a result of the high added resistance provided by the en do-

trachea1 tubes (Table 1, Chapter II). fhis further increased 

the overall respiratory ifllpedance. This high passive 

impedance, though costly in terms of enerÇly expenditure for 

unloaded breathing, may a1so be regarded as a mechanism by 

which externa1 loads are compensated. 

Finally, it sholJld be noted that as a result of a propor­

t';onally greater increase of e1astance {34.4%} than intrinsic 

resistance (16.7%) during active breathing, the active intrin­

sic time constant was, on averaqe, somewhat shorter (0.067 -t 

0.018 s) than the corresDonding passive values (0.079 ~ 0.033 

s). These values were computed, respectively, as ratios of 

RI rs and El rs and Rrs and Ers from Tabl e II 1.1. However, 

because of the higl'ly curvilinear flow resistance offered by 

the endotracheal tubes, the overall (tubes included) behaviour 

of ei ther passive or active respi ratory system cannot be 
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characteri zed by si ng1 e ti me cons tants (see Chapter Il). as 

was the case in the cats studled by Siafakas et al. (19Rlh). 

and Zin et al. i1982a) and lin et al. (1982b), in which thp 

equipment resistance was linear within the experimental range 

of flows. 

In conclusion. the present results indicate that the 

approach for determining active elastance and flow resistance 

introduced by Siafakas et al. (19Rlb) is valid. at least ilS ,1 

useful first approximation, in anesthetized humans. 
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CHAPTER IV 

A SIMPLE METHOD FOR ASSESSING THE VALIDITY OF 

THE ESOPHAGEAl BAllOON TECHNIQUE 
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ABSTRACT 

The validity of the conventional esohaqeal balloon tech­

nique as a measure of pleural pressure (Milie-Emili et al., 

1964) was tested in ten subjects ln sitting, supine and 

lateral positions by occluding the airways at end-pxpiriltioll 

and measur;nq the ratio of changes in esophageal (ôPes) dnn 

mouth pressure (LlPm) during the ensuing spontaneous occludp(j 

inspiratory efforts. Similar measurements were <11so manp 

dur i n 9 s t a tic t1 u e 1 1 e r man e u ver s . l n bot h tes t s Ô P e s / Ô P 111 

values were close to unit y in sitting and lateral positlons, 

whereas in sup;ne position, substantial d0,iations from unit y 

were found in sorne instances. However, by repositioninq the 

balloon to different levels in the esophagus, even in thesf' 

instances a locus could be found where the ~Pes/~Pm ratio was 

close to unity. No appreciable phase differenee between ôPes 

and LlPm was found. It;s concluded that by positioniny tht-· 

balloon according to the "occlusion test" procedure, valid 

measurements of pleural pressure can be obtained in all the 

tested body positions. 
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A. INTROOUCTION 

The conventional approach used to validate the esophageal 

balloon technique as a measure of pleural surface pressure 

consists of having subjects perform static voluntary efforts 

(glottis open) aqainst a closed airway, and comparing the 

changes in esophageal pressure (f1 Pes) with the corresponding 

chanqes in mouth pressure (f1 Pm) (Milic-Emili et al., 1964). 

A concordance between Pes and Pm is taken to indicate that 

the esophageal pressure provides a valid measure of changes in 

pleural surface pressure. This maneuver. however, can not be 

readily performed by many untrained subjects because of 

glottal closure. poor coordination, etc. Furthermore,it can 

not be used in children, during anesthesia or in very sick 

patients. A possible alternative is ta compare LlPes and 

l':l Pm dur i n g s po n tan e 0 us r es p ira ta r y e f far t s ma de a gai n s t a 

closed airway. This lIocclusion test ll has been used by Milner 

et al. (1978) and Beardsmore et al. (1980) in neonates.Asher 

et al. (1982) have recently used it in order ta verify the 

validity of the esophageal water-filled catheter technique in 

neanates. 

In the present investigation the "occlusion test" was 

used for testing the esophageal balloon technique in 10 normal 

adults, in sitting, supine and lateral positions. 
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B. MATERIAlS AND METHODS 

Studies were 

teers wi th a mean 

performed 

age (t SO) 

in 10 young healthy male 

of 31.4 t 3.5 yrs, mean 

volun­

(+ SO) 

vital capacity of 5.34 + 0.38 1 (105 + 9.5 t of prerlictpd) and 

mean (+ SD) forced expiratory volume in one second (FEV1) 4.2H 

+ 0.41 1 (106.!. 11.4 % of predicted) (Go1dman and Becklakc, 

1959). A1l ~ubjects were experienced in respiratory studiec.. 

Esophageal pressure was measured with a 5 cm long ba1lonn 

whose circumference was 3.2 cm, sealed over one end of a poly­

ethylene catheter (interna1 diameter: 1.4 mm; length: 94 

cm). The other end of the catheter was connected to a Sanborn 

267 differential pressure transducer (Sanborn Co .• Waltham 

MA). The volume-pressure curve of the balloon was flat within 

a range of volumes between 0.2 and 5 ml. Mouth pressure was 

measured with a similar catheter connected ta another Sanborn 

267 transducer. The Pes and Pm systems were tested with a 

sine-wave pressure generator and found to have a flat frequen­

cy response up to 10 Hz. Volume changes were measured by 

integration of the flow signal obtained with a Fleisch Ho. 2 

pneumotachograph. A tap attached to the pneumotachograph was 

used to occlude the airway opening. All signals were ampli­

fied (No. 8805 amplifier, Hewlett-Packard, Wa1tham MA) and 

recorded on a six-channel chart recorder (Hewlett-Packard No. 

7700). Transpulmonary pressure (Ptp) was abtained by electr;-
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cal subtraction of Pes from Pm, and was recorder! on a separate 

chanrlel. The signals were a150 stored on tape (Hewlett­

Packard No. 3968A) and were later played back on an X-Y 

recorder (lfewlett-Packard ~Io. 7046A) in order to obtain the 

changes of Pes versus Pm durinq the "occlusion tests". Phase 

di fference between Jj Pes and Jj Pm "las computed from these 

loops by dividing the vertical width of each 100p at mid-point 

of horizontal (Jj Pm) deflection by the total swing in Pes 

(Ja~ger and Bouhuys. 1969). This ana1ysis makes no allowance 

for the influence of cardiogenic changes on esophagea1 

pressure, the cardiac artifact contributing ta the measured 

phase differences. 

Procedure 

After topica1 anesthesia of the nasal mucosa and pharynx 

with lidocaine, the balloon was passed transnasal1y into the 

stomach and then gradually withdrawn until a negative deflec­

tion was present during inspiration. The bal100n was then 

w;thdrawn another 10 cm and secured at that level (a distance 

varying between 37 and 40 cm from the nase ta the tfp of the 

balloon. depending on the subject). The balloon volume during 

measurements was 0.5 ml. Each subject, with his glottis open. 

was instructed to develop a constant negative pressure (-10 to 

-20 cm "20) against the closed airway (static Huel1er 

maneuver) (Milic-Emi1'1 et al., 1964).This maneuver was repeat-
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ed several times. The subject next breathed quietly throuqh 

the pneumotachograph and a series of two to threE' "occlusion 

tests" were performed. These consisted of occluding th(l 

airway opening at end-expiration and allowing the suh.iect to 

perform a seri es of three to fi ve spontaneo\Js (dynami c) 

occluded inspiratory efforts. The tests were performed in all 

10 subjects in sitting, right and left lateral, and supinp 

positions with the balloon top placed 10 cm above the cardia 

in sitting position. In four of the ten subjects the balloon 

was reposi tioned at 5 and 15 cm from ball oon top to the 

cardia, and tne same procedure was repeated in all postures. 

The volume of air in the balloon was checked after each 

change in balloon level or body position. 

c. RESUl TS 

Measurements with balloon top 10 cm from cardia. 

Figure IV.1A illustrates the changes in Pes, Pm and Ptp 

during an "occlusion test" in a seated subject. Apart from 

small oscillations reflecting cardiac artifacts, Ptp was 

constant throughout the three occluded inspiratory efforts. 

Figure IV.1B shows a representative plot of occluded Pes 

versus Pm in the same sUbject in sitting posture. The slope 

of the relationship (f). pes/f). Pm) is close to the identity line 

and there is minimal loop formation. Table IV.1 shows the 
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in a seated subject. Balloon top placed 10 cm 
from cardia. 
B: Plot of 11 Pes versus /). Pm for the t;rst 
occluded inspiratory effort in A. 
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1 TAULE IV.I 

API'5/APm ratio measured during ·occlusion test­
in ten subjects, four body positions with 
esophageal bal100n top 10 cm from cardia. Each 
Number ;s the mean of ten measurements. 

l 

F: ==~===-============-=======================;=~-========~====== 

SUBJECT SITTING R. LATERAL L. LATERAL SUPINE 
--

l 1 .08 l .00 1.04 0.77 (O.87)A 

2 0.99 l .00 0.91 0.61 (1.09) 

3 l .01 l .03 1.08 1.04 

4 l .08 0.99 1.03 0.89 

5 1 .08 1 .03 1.00 1.00 

6 1 .00 0.94 0.86 0.87 

7 1 .00 1 .04 0.99 1.10 

8 1 .05 l .00 0.99 0.88 

9 1 .10 1 .10 1.07 0.86 

10 1 .05 1 .06 0.86 0.97 

Meen 1.04 t 0.04 1.02 t 0.04 

1 

0.98 t 0.08 0.90 t 0.14 
± SO (0.96 :t 0.095 ) 

* Values in parenthesis indicate IIbest values" obtained by 
changing bal100n position to 15 cm from cardia in subject l 
and 5 cm from cardia in subject 2. 
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ratio", betwecn the swings in esophageal and mouth pressure 

(~ Pes/ 11 Pm) during the "occl usion test" for each body 

position for ten subjects. Each individual value is the mean 

of 10 measurements. In sitting and lateral positions the 

group average I1Pes/11 Pm was close to unit y, the individual 

ratios not deviating from unit y by more than 14% in any 

subject. On the other hand, in supine position the I1pes/I1Pm 

was less than unit y in seven out of ten subjects, with two 

values amounting to 0.77 and 0.61 (subjects 1 and 2, respec­

tively). The phase difference between 11 Pes and 11 Pm during 

the "occlusion tests" was c'lose to zero, exceeding + 3 

de gr e es i non 1 y six i n s ta n c es (i n su b j e ct 5 i n a 11 body 

positions, and subjects 2 and 9 in right 1atera1 posture). In 

all body positions studied there was no significant difference :1 

between results obtained with the "occlusion test" and the 

Muel1er maneuvers. The average values (+ SO) of I1Pes/I1Pm 

during the static Mueller maneuvers amounted to 1.06 + 0.05 in 

sitting, 1.00 .! 0.06 in right lateral posture, 0.98 + 0.09 in 

left latera1 position, and 0.95 ! 0.09 in supine posture. 

Changes of esophagea1 pressure due to car'di ac art; fact 

averaged (mean .! SO) 1.3 ..:!: 0.8 cm H20 in sitting, 2.0 + 1.1 cm 

H20 in right lateral, 1.8.! 0.9 cm H20 in left lateral and 3.5 

.! 1.8 cm H20 in supine position. The difference between the 

supine position with a11 other postures was statistically 

significant (p < 0.01). The phase difference between Pes and 
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Pm and the magnitude of the cardiac artifact were siqnifi-

cantly correlated (r = 0.96). 

~'easurements with balloon top S, lOand 15 cmfrom cardia. 

Figure IV.2 shows the dPes/ Ô Pm ratios durinq the 

"occlusion tests" in four subjects studied in four body 

positions, with the esophaqeal balloon placed at three differ-

ent levels. In sitting and lateral positions there is only 

one point deviating appreciably from unity. ln suri nt' 

position, the points are more scattered, with four values out 

of the + 15% range, the Ô Pes/ 8 Pm ratio tending to be higher 

with the esophageal balloon placed in the lower esophagus. 

Figure IV.2 also shows that even in supine position there is 

at least one esophageal balloon level at which the ilPes/ilPm 

ratio during the "occlusion test" was close to unity. 

Phase di fferences between Il Pes and Il Pm of these four 

subjects are close to zero in all instances (rangi nq between 

+5 and -5 degrees). and there ar'e no systematic changes with 

balloon position. 

Figure IV.3 shows the relationship between the mean 

values (+ SE) of il Pes/1lPm obtained with static (Meuller 

maneuvers) and the correspondi n9 val ues obta; ned wi th the 

"occlusion test". In all instances there is a close agreement 

between the two tests. As were the val ues obtai ned wi th the 

"occlusion test", the il Pes/ 1l Pm values obtained with the 
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Mueller maneuvers in supine position also tended to be higher 

with the balloon placed in the lower esophagus. 

The size of the eardiac artifact on the average did not 

vary substantially with balloon position in any of the body 

postures. but its magnitude was greatest in the supi ne 

position. In an.v given subject, how~ver, the magnitude of the 

cardiac artifact varied substantially with different balloon 

positions. 

D. DISCUSSION 

In the present study the val idity of the esophageal 

balloon technique as a measure of pleural surface pressure was 

assessed in young adults in different body positions. Results 

of ôPes/ôPm ratios obtained with the Mueller maneuvers support 

the validity of the technique, at least in sitting and lateral 

positions, and are in agreement with previous results reported 

by Milie-Emili et al (l964). They used Mueller and Valsalva 

maneuvers but only in sitting position. Such static 

maneuvers, however. eannot readily be performed by patients 

who are not experienced in respiratory experiments, as many 

among them find it difficult to keep the glottis open during 

the test or are unabl e to hol d a steady ai rway pressure. 

Aceordingly, in the present study the "occlusion test" was 

used, whieh reQuires no active cooperation from the subjects 

and in all instances did not in\lolve any problems due to 

closure of the glottis. 
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Individual values of llPes/ Il Pm obtainec1 with th(' 

"occlusion test" in sitting and lateral postures with the 

esophageal balloon in the conventional position (bal1oon top 

10 cm above cardia) were close to unit y (Table IV.I)l. On the 

other hand, in supine position D. Pesl D.Pm tended to he less 

than one in most subjects. In this connection, it should be 

noted that in supine position, the llPes/ llPm values ohtained 

during the Mueller maneuvers corresponded closely wlth thosp 

obtained with the "occlusion test". Hence, the low llPes/l\Pm 

values obtained in supine position can not be attrlbuted ta 

problems in transmission of alveolar pressure to the mouth. 

Indeed, in normal individuals this transmission is very quick, 

the relevant time constant amolJnting to only a few milli­

seconds (Milic-Emi1i et al., 1981). Consistent with this, no 

appreciable phase lag between Pes and Pm was ohserved 

during the "occlusion tests". The sma11 loop formation which 

was found in some instances can probab1y be attributed to 

cardiac artifacts. Indeed, the tendency of both the phase 

di fferences and the magni tude of the cardi ae arti facts to 

; ncrease in supi ne posi ti on supports the not; on that eardi ae 

artifacts were responsib1e for the observed loop formation. 

The correlation coefficient between the magnitude of cardiog­

enic oscillations and phase difference between llPes and 11 Pm 

in different body positions was 0.96 (p <0.05). 

Resu 1 ts of D.Pes / D.Pm obta i ned wi th the ba 11 oon pos i t i oned 

at three di fferent 1 evel sin the esophagus showed no sye; tem-

On theoretical grounds (Pimmel et al., 1979; Asher et a1., 1982), becau,>c 

of decompression of alveolar gas during the "occlusion test", the APes/ 

APm ratio should be sI ightly greater than one (about 1.02). 
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atic changes (Figure IV.2), except in supine position where 

the ôPes/ôPm ratio tended to increase as the balloon was moved 

towards the cardia. This suggests that in supine position 

there is a horizontal gradient in changes of pleural surface 

pressure, with the greater values towards the lung base. This 

is in agreement with Sybrecht et al. (1976) who, on the basis 

of indirect evidence obtained using 133Xe, postulated that in 

supine subjects there may be an arex-to-base gradient of 

changes in pleural surface pressure, with the greater pressure 

swings at the lung base. The present results suggest that in 

left and right lateral positions such apex-to-base gradient is 

not present (Figure IV.2). This is in agreement with Kaneko 

et al. (1966) who found no difference in ventilation distribu-

tion along the hori zontal ax i s of the lung in 

subjects studied in lateral positions. 

The present results indicate that in sorne supine subjects 

the esophageal pressure rneasured with the bal100n positioned 

conventiona"y does not reflect the presumed overall change in 

pleural surface pressure, as reflectead by Pm. With reposi­

tioning of the bal100n at a different level, however, a locus 

can be found where ~Pes/ôPrn ratio is close to unit y, and hence 

rneasurernents of lung mechanics based on ec;ophageal pressure 

ch~nges from this locus are presumably valide In the other 

positions, the conventional balloon technique appears valid, 

at least in normal subjects. ln this connection it should be 
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noted that in sorne patients w1th sel/ere airways obstruction 

this transmission of dynamic changes in alveo1ar pressure to 

the mouth may be impaired because of lncreased relevant ti"ll~ 

constant. i.e •• the product of airways flow-resistancp anc1 

upper airway comp1;ance (Marazzin; et al •• 1978; Musciano t:'t 

al., 1982). According1y, in such patients the Pes/ Pm ratio 

during the dynamic "occlusion test" shou1d be greater than 

unit y, while during the Mue11er and Valsalva maneuvers therc 

should be a better concordance between static values of Pes 

and f).Pm. Thus, in patients with obstructive lung dic;cdse such 

combined static and dynamic measurements should povide uspful 

information concerning transmission of alvealar pressure ta 

the mouth. 
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CHAPTER V 

lUNG MECHANICS IN SITTING AND 

HORIZONTAL BODY POSITIONS 
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ABSTRACT 

Lung compliance, pulmonary flow-resistance, and expiratory 

reserve volume (ERV) were measured in ten healthy younq adul ts 

in sitting, supine, and lateral positions. Average lung 

compliance was 0.21 in sitting, 0.19 in lateral and 0.16 1.em 

H20- 1 in supine positions. The change was significant (p<O.Ol) 

between sitting and supine position. Flow-resistance increased 

from 1.78 in sitting to 2.5 cm H20.l-1.s (p<O.OOl) in lateral 

positions, and did not increase further in the supine posture 

in spite of a 35 percent decrease in ERV (p<O.OOl). Since it 

is known that lower airways resistance increases with decreas­

ing lung volume, the lack of change in flow-resistance when 

shifting from lateral to supine posture suggests that upper 

airways flow-resistance (larynx and oropharynx) is greater in 

the lateral decubitus than in the supine positions. The 

decrease of lung compliance in horizontal postures probably 

reflects increased pulmonary blood volume and small airways 

closure. 
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A. INTROOUCTION 

Several studies (Attinger et al., 1956; Cherniack et al., 

1957; lim and Luft,1959; ,-, ~nathy et al., 1959; Linderhàlm, 

1963; Sasaki et al., 1977) have shown that when shifting from 

the sitting to suoine position, dynamic lung compliancp 

(Cdyn,ll decreases while pulmonary flow-reslstance (Rl) 

increases. This has been attributed mainly to the reduction in 

fun ct; 0 n a 1 r e s i du ale a p a c i t Y ( FR C ) i n the s Il pin e po s t Il r (' , 

although the lung mec~anics data obtained in this position havp 

been questioned on the grounds that in supine subjects the 

esophageal balloon technique may not be valid (Mead and 

Gaensler, 1959). However, as 1t was shown in Chapter IV by 

using the "occlusion test", reliable measurements of changes in 

pleural pressure can be obtained with th(' esophageal balloon 

technique not only in the upright but also in the horizontal 

postures (supine and lateral). The occlusion test consists in 

c om par i n 9 the cha n 9 es i n es 0 p h age al (il P es) and mou th (il Pm) 

pressure duri n9 spontaneous i nspi ratory effects made aga; nst il 

closed airway. A concordance between ilPes and llPm indicates 

that the esophageal pressure is a valid measure of changes in 

pleural pressure. 

In the present investigation we have measured the static 

and dynamic lung compliance~ Cdyn,l togetner with pulmonary 

flow-resistance in ten normal subjects in the sitting, right 

and left lateral, and supine positions. In all instances the 

1 



measurements of esophageal pressure were val; dated using the 

occlusion test. 

8. MATERIAlS AND METHODS 

The study was performed on ten healthy male volunteers 

with a mean age (±SD) of 31.4±3.5 years, mean vital capacity of 

5.34±0.38 1 (105±9.5 percent predicted), and mean FEVI of 

4.28±0.41 l (106:tl1.4 percent predicted) (Goldman and Becklake, 

1959). Measurements were made in the sitting, supine and right 

and left latera1 positions. in a random sequence. A pillow was 

used when subjects were tested in 1 ateral postures to keep the 

head hori zontal • 

E s 0 P h age a 1 pre s sur e (P es) wa s me a sur e d w i ttl the e s 0 p h age a 1 

balloon technique previously described (Milie-Emil i et al., 

1964 ) • The balloon was 5 cm long and 3.5 cm across. 1 t was 

made of 0.06 mm thick Latex (Young Rubber Corp.) and was sealed 

over one end of a 240 PE polyethylene catheter. The catheter 

was 94 cm long wi th an ; nner diameter of 1.4 mm. The ball oon-

catheter system had a pressure-volume curve flat over a volume 

range between 0.2 and 5 ml. It was connected to a port of a 

Sanborn 267 differential pressure transducer. The other port 

was connected to the mouthpiece via a similar catheter. The 

frequency response of the system was flat up to 10 Hz. 

Flow (V) was measured with a No. 2 Fleisch pneumotacho-

graph and a Validyne MP 45 pressure transducer. The signal of 
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the transducer was integrated to obtain volume. The pneumo-

tachograph-mouthpiece assembly had a resistance' of 0.64 

cmH20.1-1.s for flows up to 1 1.s- 1 • All signals were ampli­

fie dan d r e C 0 - d e don a H ew let t - P a c k a rd 7 70 0 6 - cha n ne 1 r e cor der. 

Procedure 

The bal100n was introduced via the nose into the stomach, 

withdrawn a further 10 cm, and inflated with 0.5 ml of air. 

The val id; ty 0 f the te ch n i que a sam e a sur e 0 f pl eu ra 1 pre s sur e 

was tested in al1 positions with the "occlusion test" previolls-

ly described (see Chapter IV). In sitting and latera1 posit-

ions, the ratio of Pes to Pm during this test was in a11 

instances close to unity. The average value of IJPes/ilPm (±SE) 

for the ten subjects amounted to 1.04±O.Ol in sitting position, 

1.02±O.01 right 1atera1, and 0.98±O.02 left lateral. 1 n the 

supine position, the l\Pes/ilPm rltio was close to unit y in eight 

subjects, but in the other two it amounted ta only 0.61 and 

0.77, respectively. In these two individuals the balloon was 

repos; ti oned in the esophagus 50 that acceptabl e il Pes/l\ Pm 

ratios were obtained (0.87 and 1.09, respectively). With 

repositioning of the esophageal ba1100n in these two intfivid-· 

uals, the average CiSE) ilPes/ilPm ratio in the ten subjects 

amounted to 0.96tO.03. 

For measurement of static 1ung compliance (Cst,1) the 

subject was asked to inspire dpproximately 1 1 of air from FRC 



and ho1d his breath with glottis open for about five seconds. 

est,l was computed as a mean of three measurements in each 

position. Afterward, five minutes of Quiet breathing was 

recorded for measurement of dynamic lung compliance and pu1mon-

ary f1 ow-resi stance. Cdyn,l was computed by di vi di n9 the 

volume changes between points of zero f10w by the corresponding 

changes of transpulmonary pressure. The average 

pu1monary flow resistance Le., the ratio of pressure differ­

ence ta the sum of inspi ratory and expiratory flow rates of 

isovolume points (mid-tida1 volume) was calculated after the 

method of Frank et al. (1957). Values of Cdyn,l and Rl were 

derived from at least ten breaths in each position. The time 

constant of l ungs, 1, was computed as the product of Rl and 

Cdyn,l. Three vital capacities (VC) and expiratory reserve 

vol urnes (ERV) were measured in each position. 

Significance was determined by analysis of variance. 

c. RESUl TS 

Average values CiSE) of VC and ERV in the ten subjects in 

four body positions are presented in Table V.l. v C dec rea sed 

by about 5 percent from sitting to latera1 positions, the 

d i f fer en c e b e i n 9 s ta t i s tic a l lys i g nif i c a n t (p< 0 • 05 ) • The r e wa s 

no significant difference between right and left lateral or 

between the sitting and supine positions. 

The ERV decreased by about 22 percent when moving from 
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sitting to lateral positions and by 50 percent from sitting to 

supine. These differences were statistically significant 

(p<O.OOl). Equally significant (p<O.OOll were the observed 

differences of ERV between lateral and supine position amount­

i n9 to about 35 percent, whereas val ues obtai ncd in ri ght and 

left lateral positions were very close. 

lung Co.plianee, Flow Resistance, and lime Constant 

Average values (±SE) of est,l. Cdyn,l, and Rl are 

summarized in Table V.l. est,l and Cdyn.l were essentially the 

same in each position studied. Both decreased fram sitting ta 

supine position by 24 percent (p<O.Ol). Equal1y significant 

(p<O.Ol) were the differences between values of campliances 

obtained in the supine and bath lateral positions. There was 

no significant difference between sitting and lateral or 

between the two lateral positions. although there was a tenden­

cy for compliance to decrease when shifting from sitting to the 

right or left lateral posture. 

Rl increased by 40 percent when moving from sitting ta 

either the lateral or supine position. These differences were 

statistically significant (p<O.OOl). There were no differences 

between the two lateral or between the supine and both lateral 

positions. 

Figure V.l depfcts changes of Cdyn, land Rl as a functian 

of ERV in four body positions. There was an approximately 
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TABLE V.I 

Average values (iSE) of lung volumes and lung mechanics 
of ten subjects in four body positions 

f~~~~==~=-==~-====-~~~==~F~=--===============-==-~===========, 

Measurement Sitting R Lateral L Lateral Supine 

VC 5.24 4.96 4.97 5.14 
(1) iO.12 iO.14 tO.l1 tO.13 

ERV 1.84 1. 45 1. 41 0.92 
(1) to .11 tO .12 tD.12 tD.lO 

Cst,l 0.21 0.19 D.21 0.16 
(1. cmH20-1 ) tO.D2 tO.02 tD.02 tO.01 

Cdyn,l 0.21 0.19 D.19 0.16 
(1.cmH20-1) tO.D2 tD.D2 tD.D2 tO.DI 

Rl 1. 78 2.52 2.48 2.50 
( cm" 20. 1-1 • s) tO.13 ±O.25 tO.20 tO.20 

't"1 0.39 0.49 0.47 0.40 
( s) 0.D4 0.08 0.06 0.04 

-
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Figure V.l: Mean values (tSE) of Cdyn,l and Rl as a function 
of ERV in ten subjects in four body positions. 
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linear relationship between Cdyn,l, and ERV, whereas Rl was 

essentially the same in supine and lateral positions, although 

ERV differed significantly. 

The pulmonary time constant was approximately the same 

in the sitting and supine positions, reflecting nearly rro­

portionate decrease in Cdyn, 1, and increase in Rl. On the 

other hand, was significantly higher in the lateral posit­

ion relative to both the sitting and supine posture (p<O.Ol). 

D. DISCUSS ION 

In açJreement with previous (Moreno and Lyons 1961; 

Milie-Emili et al, 1964; Milie-Emili et al, 1964) we found a 

small reduetion of VC in the horizontal postures, whieh ean 

probably be attributed to inereased thoraeic blood volume 

(Sasaki et al, 1977). 

Also in agreement with previous reports, (Moreno and Lyons, 

1961; Milie-Emili et al, 1964; Milie-Emili et al, 1964; Sa­

saki et al, 1977), the ERV decreased progressively when 

shifting to lateral and then to supine position. This refleets 

mainly gravitational effeets, whieh eause a cephalad displaee­

ment of the horizontal postures, although changes in thora-

cie blood volume also contribute to this reduetion in ERV 

(Sasaki et al, 1977). 

Both statie and dynamie lung eomplianee decreased in 

the supine position. in line with previous reports(Attingeret 
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al., 1956; Cherniack et al., 1957; Lim and Luft, 1959; Granath 

e t al., 1 9 5 9; ,_ ; n der h 0 1 m • 1 9 6 3 ; Sas a k i e t al.. 1 9 77) ( T a b l e 

V.2), while in the lateral positions intermediate values wcrc 

obtained. The latter is in agreement with Linderholm (1963). 

The reduction in ll·ng compliance in the horizontal postures can 

probably be attributed ta: (1) increased pulmondry blood 

vol ume, wh i ch de cre as est he r e coi lof the l un 9 a t l 0 w vol ume c; 

(Ag05toni and Mead, 1964), and (2) to sma" airways closure 

(Sutherland et al., 1968). Consistent with our ERV data. the 

FRC i5 smaller in the supine th an in the lateral positions 

( Agoston; and r1ea d, 1964) , a greater reduction of 

lung compliance would be expected in the former position due ta 

both mechanisms (1) and (2). 

While the mean values of static and dynamic lung compli­

ance in the four body positions studied were related approx­

imately 1 i nearly wi th the correspond; ng ERV, thi s was not the 

case of Rl (Figure V.l). Indeed, pulmonary flow-resistance 

increased about 40 percent when shifting from sitting to the 

lateral positions. and no further change was found when shift­

ing from the latera1 positions to the supine posture. This is 

contrary to the resu1ts of Linderhëlm (1963), who in four 

subjects found that Rl averaged 1.64 sitting, 2.21 rig~t 

1atera1, and 3.07 cmH20.1-1.s supine. These results, however, 

were obtained during panting. Furthermore. he u5ed a 15 cm 

long esophageal bal100n whose upper end may have extended into 
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TABLE '1.2 

Summary of literature on Cdyn.l and Rl measurements. 
sitting and supine 

r l====================~~ Cdyn,l (1.cmH20-1) Rl(1.cmH20-1).S} 
No. of 

Reference Subjects Sitting Supine Sitting Supine 

Attinger et al 8 0.195 0.137 2.40 3.44 

L-

(1956) 

Cherniack et a1* 5 0.185 0.118 1. 90 2.95 
(1956) 

Granath et al 6 0.190 0.120 1.40 
(1959) 

Linderholm 6 0.230 0.200 1.44 
(1963) 

Lim and Luft 6 0.190 0.138 --
(1959) 

Sasaki et a1** 6 0.155 0.122 --

Present resu1ts la 0.210 0.160 1. 78 
- - -----~ --

*Data of pu1monary f10w resistance obtained by averaging the 
inspiratory and expiratory values, which are given separately. 
**Values obtained from a graph, since no table 15 provided in 
the publication. 

2.00 

2.17 

--

--

2.50 

1 

1 
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the upper part of the esophagus, where the esophageal pressure 

;s not re1;ab1e (Milie-Emil; et al., 1964). 

Sinee lower pulrnonary flow-resistance is known to increase 

progressively with decreasing lung volume (Vincent et al., 

1970). present fi ndi ng of the same val ue of Rl in supi nc and 

lateral positions in spite of substantial differences in EHV 

suggests that other factors must be i nvol ved in determi ni n9 tilt' 

postural changes of Rl. Thus, it is likely that posture is 

associated with changes in upper airways flow-resistance. 

Whatever the nature of the postural changes in Rl (eg. changes 

in geometry of the upper airways and/or aperture of the 

glottis) and in Cst,l the present results probab1y provlde the 

first reliable measurements of these variables in the horizont-

al positions. Furthel~rnore, we al sa show that the pulmonary 

time constant does not change between the sitting and supine 

positions, and increases only slightly in 1ateral postures. It 

is also of interest that a1though the sma'l airways closure in 

dependent 1 ung zones was probably present in at least sorne of 

our subjects when supine (Leblanc et al •• 1970). Cst,l and 

Cdyn,l did not differ in this position. This indicates absence 

of frequency-dependence of lung compliance, at least up to 

eupneic respiratory frequencies. The same was true in all the 

other positions studied. 
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CHAPTER VI 

MEASUREMENT OF PLEURAL PRESSURE WITH 

ESOPHAGEAl BALLOON IN ANESTHETIZED HUMANS 
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ABSTRACT 

Simul taneous measurement of tracheal and esophageal 

pressures during occluded inspiratory efforts (occlusion test) 

was used to assess the validity of the esophageal balloon 

technique in anesthetized supine subjects. Ten ASA 1 patients 1 

undergoing general anesthesia (halothane""'l MAC, 70% N2 0 - 30% 

for minor surgery were studied. Esophageal pressure (Pes) was 

measured using a 5 cm long balloon and was plotted against 

tracheal pressure (Ptr). Occl usion tests were performed at end 

expiration with the balloon top positioned 5, 10,15, and 20 cm 

above the cardia. The resul ts show that wi th the balloon 

positioned at the classical level of 10 cm above the cardia, 

the di fference between Pes and Ptr did not exceed 8% in seven 

of ten subjects. In the remaining three, however, the differ-

ence between Pes and Ptr ranged between +20% and -40%. By 

repositioning the balloon ta 5 or 15 cm above the cardia. a 

locus was found in all subjects where the difference is less 

than 10%. We conclude that the esophageal balloon technique 

can be used in anesthetized supine subjects to give reliable 

measurements of changes in pleural pressure, provided that it 

is validated with the occlusion test • 

141 -



A. INTRODUCTION 

The esophageal balloon technique is used widely in the 

measurement of lung mechanics (Milie-Emili et al.. 1964). In 

the supine position. however. the validity of the pressure 

measurements from the balloon has been questioned (Knowles et 

aL. 1959; Mead and Gaensler. 1959). Static inspiratory and 

expiratory efforts with an open glottis and a closed external 

airway (Mueller and Valsava maneuvers) have been proposcd to 

validate the technique (Milic-Emili et al •• 1964; MacklC'm ct 

al., 1974). Equal changes in esophageal ( Pes) and in tracheal 

( Ptr) pressures during the se maneuvers indicate that changes 

in esophagedl pressures prov;de a valid estimate of changes in 

pl eu ra 1 sur f ace pre s s LI r e • Th i sap pro a c h r e q Il ire scoop c rat ion 

from the subject and cannot be applied in anesthetized 

subjects. An alternative is to compare Pes and Ptr duri ng 

spontaneous respiratory efforts made against a closed external 

airway. This "occlusion test" has been used by Milner et al. 

(1978) and Beardsmore et al. (1980) in neonates. Asher et al. 

(1982) have used it to verify the aceuracy of the esophageal 

water-filled catheter technique in neonates. The "occlusion 

test" in awake adults in different body positions (sitting. 

lateral, and supine) has been discussed previously in Chaptcr 

IV. It was found that in sorne supine subjects, repositioning 

of the esophageal balloon was necessary to obtain satisfactory 

Pesl Ptr ratios during occluded inspiratory efforts. 
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During anesthesia. the esophageal ba1loon technique has 

been used by many authors (Howell and Peckett. 1957; Gold et 

al., 1966; Van Lith et a1., 1967; Westbrook et al., 1973; 

Rehder et al •• 1974), who have followed the conventiona1 method 

of positioning the ba1100n (balloon top 10 cm above the 

cardia). but the validity of the technique in anesthetized 

supine subjects has not been assessed previously, except for 

Westbrook et al. (1973) and Rehder et al. (1974). In anesthet­

ized. paralyzed subjects, they manual1y compressed the chest 

for detection of recording arti facts. They stated that Pes 

and Ptr were "rather similar", but did not provide quantita-

tive data. 

The purpose of this study was to test the accuracy of the 

conventional balloon technique in estimating pleural pressure 

in subjects anesthetized while in the supine position, using 

the occ1 usion test. 

B. MATERIAlS AND METHODS 

Ten subjects undergoing general anesthesia for a variety 

of surgi cal procedures were studied. Their average age (tSO) 

was 33.7i12.7 yr and body surface area 1.7iO.15 m2 • All 

subjects were ASA 1. The study was approved by the hospital 

Ethics Committee, and informed consent was obtained from all 

individuals. 

Esophageal pressure (Pes) was recorded using a 5 cm long 
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balloon with a circumference of 3.2 cm. The balloon was sealed 

over one end of a polyethylene catheter (internal diameter 1.4 

mm; length 94 cml with several side holes within the balloon. 

The other end of the catheter was connected to a Val idyne MP 45 

differential pressure transducer. The volume-pressure curve of 

the balloon was flat within a range of volume between 0.2 tlnd 5 

ml. Using a similar catheter (but without balloon) and another 

Validyne MP 45 transducer, tracheal pressure (lJtr) was measured 

at the proximal end of the endotracheal tube. The Pes and Ptr 

systems were tested with a sinewave pressure generator ëlnd 

found to have a fl at frequency response up to 10 Hz. Trans-

pulmonary pressure (Ptp) was obtained by electronic subtraction 

of Pes from the Pt signal. Flow (V) was measured wi th a 

Fleisch No. 2 pneumotachograph, connected to a Validyne MP 45 

(t 2 cm H20) differential pressure transducer, and volume (V) 

was obtained by integrating the flow signal (HP 8815A integrat­

or). All signals were amplified (Hp 8805A amplifiersl and 

recorded on a Gould Brush 2600 6-channel recorder and on tape 

(HP 3968A tape recorder). Tracheal versus esophageal pressure 

was displayed on a Tektronix sl.."rage-oscilloscope (Tektronix 

LC-5) and photographs were taken using a Tektronix polaroid 

camera. 

Procedure 

Anesthesia was induced in a11 subjects with halothane in a 
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mixture of 70% N20-30% 02. and tracheal intubation was perform-

ed without the use of a muscle relaxant. Anesthesia was main-

tained with halothane (N1 MAC) and nitrous oxide and oxygene 

The subjects breathed spontaneously throughout the experiment. 

The esophageal balloon was emptied of air and introduced trans­

orally under direct vision into the esophagus. The balloon was 

fillpd with 0.5 ml air and passed into the stomach. The 

balloon then was withdrawn until a negati ve pressure deflection 

was recorded duri n9 inspiration. Subsequently~ the balloon was 

withdrawn into the esophagus and positioned with the top 5 CIlI 

from the cardia. The bal 1 00 n 9 a s vol ume w a s che c k e d a t 

frequent intervals. 

The "occlusion test" was performed by occluding the 

external ai rway at end expiration (functional residual 

capacity-FRC) and simultaneously recording the esophageal and 

tracheal pressure changes during the following two or three 

occluded inC"piratory efforts. The records of Pes versus Ptr 

also were displayed on the storage oscilloscope and photograph-

ed, allowing on line measurement of the slope. The balloon 

then was withdrawn ta la, 15, and 20 cm from the cardia, and 

the occlusion tests were repeated. 

Movements of the heart cause changes in Peso The magni-

tude of this cardiac artifact was measured at each balloon 

position, and analysis of variance was applied to these data. 
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c. RESUlTS 

Figure VI.l shows a tracing of an occlusion test. It can 

be seen that during the occluded inspiratory effort, apart from 

the cardiac artifact, Ptp remained nearly constant, indicating 

that the changes in esophageal pressure were close to the 

corresponding changes in Ptr, i.e. in this case the l1Pes/l\Ptr' 

ratio was near to unity. A similar result also is shown in 

FigureVf,2, which is a tracing of l1Pes versus LlPtr obtained on 

the oscilloscope during an occlusion test. It can be seen thrlt 

the relationship is linear with the slope close to unit y, the 

deviations from the line of identity representing cardiac 

artifacts. In each subject and at all balloon levels, the 8Pes 

versus LlPtr relationship virtually was sUlJerimposed on a 

breath-by-breath basis. However, the l1Pes/l1Ptr ratio was not 

always close to unit y, as indicated in TableV'I.1"which summariz­

ed the results obtained in all ten subjects, at the four 

balloon positions studied. 

Fhe subjects had their optimum l1Pes/l1Ptr ratio (0.98, 

0.99,0.96,1.0,1.0) wh en the balloon top was 5 cm from the 

cardia. 

w; th the balloon 10 cm from the cardi a, four i ndi vi dual s 

had their optimum LlPes/LlPtr ratios (0.96, 1.0, 1.0,0.96), and 

three had acceptable ratios of 0.92. 1.07, and 0.95, respect­

ively. The remaining three subjects had LlPes/LlPtr ratios far 

from the ideal (1.2.0.6,0.75). 
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Figure VI.I: Represenative tracing of flow (V). volume (V). 
tracheal (Ptr). esophageal (Pes). and transpulmo­
nary (Ptp) pressures during an occlusion test. 
Dotted lines indicate variations of Ptp resulting 
from the cardi ac arti facto Balloon 1 evel: 10 cm 
above cardia; Subject 2. 
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Figure VI.2: Tradng of esophageal (flpes) versus tracheal 
pr~ssure ~Ptr) during an occlusion test. Pes of 
the same magnitude as Pt and in phase with it. 
Deviations fram the line of identity (broken line) 
result from cardiac artifacts. Balloon level: 10 
cm above cardia; Subject 6. 
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TABLE VI.1 

nPes/8Ptr ratios for 10 supine anesthetized subjects 
at four balloon levels 

p====~=======~==============================================~=-

Balloon level (cm from the cardia) 
Subject 

No. 5 10 15 20 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Mean 
tSD 

0.73 

0.98* 

0.99* 

0.96* 

0.84 

0.70 

0.70 

1.00* 

0.80 

1.00* 

0.87 
±O .13 

0.92 

1. 07 

0.95 

0.96* 

1.00* 

1.00* 

0.96* 

1. 20 

0.60 

0.75 

0.94 
±0.16 

1.00* 

0.94 

0.77 

0.64 

0.84 

0.99 

0.60 

0.60 

0.90* 

0.75 

0.80 
tO .15 

0.74 

0.55 

0.74 

0.72 

0.36 

0.80 

0.50 

0.80 

0.80 

0.62 

0.66 
tO.15 

The mean and standard deviation (50) of the ratio at 
each level is shown. The optimum for each subject is 
marked with an asterisk (*) • 

149 -



1 
On1y two subjects had their optimim ~Pes/~Ptr ratios at 15 

cm from the cardia. One of these (Subject 1) al 50 had an 

acceptable ratio at 10 cm from the cardia (0.92), while the 

other one (Subject 9) had an acceptable ~Pes/~Ptr ratio only at 

this balloon position. 

No subject had an acceptable ~Pes/ 8Ptr ratio with the 

balloon 20 cm from the cardia. 

TableVl.2 lists the magnitude of the cardiac artifact in 

all subjects at each balloon l evel. Statistical analysis 

showed that the car'diac artifact did not change signlficantly 

with balloan position, although individually there wcrc 

substantial changes with balloon level. 

D. DISCUSSION 

Esophageal pressure generally is used as a measure of 

pleural pressure. The balloon top conventiona11y is positioned 

10 cm from the cardia. 

The measurement of llPes/IlPtr ratio during an occluded 

inspiratory effort allows the reliability of the esophageal 

balloon techni que ta be tested. Duri ng such a ma neuver, the 

changes in pleural pressure should be identical to changes in 

tracheal pressure, apart fram a negligible difference resulting 

from thoraeic gas rarefication (Mead and Milie-Emili, 1964). 

If the esophageal pressure changes are close to those in 

tracheal pressure, then esaphageal balloon measurements are a 
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TABLE VI.2 

Changes in esophageal pressure (cmH20) due to cardiac 
artifact in 10 subjects at four bal100n levels 

======:::=======-=====::::::===========~~~===::::::========================== 

Balloon Level (cm trom the cardia) 
Subject --

No. 5 10 15 20 

1 2.0 1.0 1.0 2.0 

2 4.0 1 .0 4.0 3.0 

3 3.5 7.0 5.0 1.7 

4 1 .0 3.0 3.0 5.0 

5 2.2 1.0 2.5 2.0 

6 3.0 1.0 2.0 2.0 

7 2.0 3.0 3.5 2.0 

8 3.0 4.0 3.0 2.0 

9 4. 7 3.5 3.5 3.0 

10 3.0 5.5 3.0 1.0 

Mean 2.8 3.0 3.1 2.2 
tSD il. 1 i2.l il.l iO.7 
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valid measure of the changes in pleural surface pressure. 

It has been found that in awake subjects rel iable estimate 

of pleural pressure were obtained with an esophageal balloon 

(10 cm from the cardia) in the sitting and lateral positions. 

but in the supine position, two out of ten suhjects hdO 

unacceptable ô.Pes/ô.Ptrratios. ln these two subjects, tlowever. 

they were able to obtain acceptahle L\Pes/l'iPtr ratios wcrc 

obtained by repositioning the balloon in the esophagus. 

The LlPes/LlPtr ratio was measured ln anesthetized 511p1np 

subjects using the occlusion test with the balloon positioncrl 

5, 10, 15, 20 cm from the cardia. Present results show that 

with the balloon conventionally positioned (10 cm from cardia), 

the difference between l'iPes and l'IPtr was less than lO'%. in most 

(seven out of ten) of the subjects. In the remaining three 

individuals, the l'IPes/l'iPtr ratios were unacceptahle. Howcvcr. 

by repositioning the balloon, acceptable ratios were obtalned 

also in the se three subjects (i .e. the difference between l'iPes 

and LlPtr was within 101,). 

With the balloon optimally positioned in each sUbject, the 

average ô.Pes/ô.Ptr ratio (±SD) amounted to D.98(iO.03}. 

Measurement of the mechanical properties of the lung<; may 

become problematic in the presence of large cardiac artifact!".. 

In the subjects of the present study, the optimum l.>alloon 

positions did not always correspond to the locus of minimum 

cardiac artifact. The same was true for the conventlonal 
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balloon position (10 cm from the cardia). Indeed, in the 

latter position, the cardiac artifact ranged between 4 and 7 cm 

H20 in three individuals. In all of these subjects, however, 

by repositioning the balloon, a smal1er cardiac artifact could 

be ohtained while maintaining an acceptable LlPes/8Ptr ratio. 
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CHAPTER VII 

PARTlTlONlHG OF RESPIRATIORY MECHANles IN 

HAlOTHANE ANESTHETIZED HUMANS 



• 

... 

ABSTRACT 

In five spontaneously breathing anesthetized subjects 

(halothane --iMAC; N20:70%; °2:30%), the elastance (Ers) and 

flow-resistance (Rrs) of the total respiratory system were 

par t i t ion e d i n t 0 the l u n g and che s t wa l 1. c om p 0 n e nt s • Ers 

averaged (iSO) 23.0±4.9 cm H20.l-1, while the corresponding 

values of pulmonary (El) and chest wall (Ew) elastance were 

14.3±3.2 and 8.7i3.0 cm H20.l-1. respectively. Intrinsic Rrs 

(upper airways excluded) averaged 2.3±0.2 cm H20.l-1.s. the 

corresponding values for pulmonary (Rl) and chest wall (Rw) 

flow-resistance amounting to 0.8±0.4 and 1.5±0.5 cm H20.l-1.s, 

respectively. Ers was increased relative to normal values in 

awake state, mainly reflecting increased El. Rw was s 1 i ghtly 

higher than previous estimates on awake subjects (0.5-1.0 cm 

Rl was relatively low, reflecting the fact that 

the subjects had received atropine (0.3-0.6 mg) and were 

breathing N2 0 • This is the first study in which both respira-

tory elastic and flow-resistive properties have been partition-

ed in anesthetized humans . 
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A. INTRODUCTION 

There is ample evidence i.,dicating that anesthesia in 

general results in increased elastance of the total respiratory 

system. Apart from a few studies (Van Lith et a1., 1967; 

Westbrook. et al., 1973; Rehder et al., 1974; Grimby et al., 

1975), however, total respiratory elastance has not been 

partitioned into lung and chest wall components, whereas 

partitioning of the flow-resistive properties of the respira­

tory system has not yet been performed in anesthetized humans. 

Furthermore, the feasib;1ity of such partitioning has been 

questioned in the past on the grounds that in supine position 

the esophageal balloon technique may not be val id. As it was 

shown in supine subjects, both awake (Chapter IV) and anesthe­

tized (Chapter VI), the esophageal balloon technique can be 

validated using the "occlusion test". 

In the present study the esophageal balloon technique was 

used to determine the elastic and flow-resistive properties of 

the total respiratory system, lung and chest wall in subjects 

anesthetized with halothane. In addition, the mechanical work 

of brea~hing was measured in anesthetized humans. 

B. MATERIAlS AND METHODS 

Five subjects undergoing general anesthesia for minor 

plastic or orthopedie surgery were studied. None had a history 

or clinical evidence of cardiopulmonary disease. Their anthro-
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pometric data are given in Table VILl. The research was 

approved by our institutional Ethics Committee and informed 

constent was obtai ned from all subjects. 

Flow (\'1 was recorded with a Fleisch No. 2 pneumotacho­

graph connected to a Validyne MP 45 differentia1 pressure 

transducer. The flow calibration was made witl the gas mlxture 

used during anesthesia. Volume (V) was obtained by integration 

of the flow signal (HP 8815 A lntegratorl. Esophagea1 pressure 

!Pes) was recorded using a 5 cm long balloon with circumfer­

.:oces of 3.2 cm. The balloon was made of latex (0.06 thick) 

~ea1ed over the end of a polyethylene catheter (Ld.: 1.4 mm; 

l ength: 94 cm) wi th several hol es wi thi n the ba11 Don. The 

other end of the catheter was connected to a Validyne MP 45-2 

differential pressure transducer. The volume-pressure curve of 

the balloon was flat within a range of volume between 0.2 and 5 

ml • A 11 mea surements of Pes were made wi th ba 11 oon vol ume of 

0.5 ml. Using a similar catheter and another Va1idyne MP 45-2 

differential pressure transducer, the airway opening (tracheal) 

pressure (Ptr) was measured at the proximal end of the endo­

tracheal tube. The Pes and Ptr systems were tested with a 

sinewave generator and found to be flat up to at least 10 Hz. 

Transpu1monary prEssure (Ptp) was obtained by electronic 

subtraction of Pes from the Ptr signal. End tidal C02 and 

halothane concentrations were monitored by a Beckman lB2 infra­

red analyzer. A11 signals were amp1ified (HP 8805 A amplifier) 
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TABLE VII.1 

Physfcal characterfstfcs, balloon position and APes/APtr ratio 
obtained during ·occlusion tests· in five anesthetized subjects. 

F~-----====-~=F: ====F==~--===r===========?========-~===========~ ---===~==: 

Subjects Sex Age Height Veight Balloon l'l Pes/l'l Ptr 
(yrs) (Cil) (kg) Level 

(c. above 
cardial) 

1 F 49 157 58.1 la 0.99 

2 F 22 170 63.5 5 0.99 

3 F 42 155 59.9 la 1.08 

4 M 50 173 67.9 10 1.00 1 

5 F 42 169 83.1 10 0.98 

Mean 40.8 164.6 67.3 1.00 

±SD ±ll.! ±a.! il!.7 J iO.OS 
--



and recorded on a Gould Brush 2600 six channel recorder dnd on 

tape (HP 3968 A tape recorder). Ptr vs. Pes pressure was 

displayed on a storage-oscilloscope (Tektronix LC-5) and photo-

graphs were taken using a Tektronix polaroïd camera. A three 

way tap was used to occlude the alrway opening. Volume-flow 

tv-V) and volume-transpulmonary pressure curves were obtained 

on an X-y plotter (HP 7046 A) by playïng back at slow speed the 

signals stored on magnetic tape. The equipment dead space was 

70 ml (endotracheal tube not included); the fiovi resistance of 

the tap and the pneumotachograph amounted to 0.4 cm 

-1 and was linear for flow rates up to 3 1.5. . 

All patients were intubated with a Portex 8.5 cuffed endo-

tracheal tube. The pressure-flow curve of the tube was curVl-

• ·2 
linear, fitting Rohrer's equation: P = K1V + K2 V • with Ki = 

-1 2 2 1.0 cm H2 0.1 .s and K2 = 7.8 cm H20.1- .5 for the gas mixture 

used during anesthesia (70% N
2

0-30'X, O
2

) as discrâbed in Chapter 

II. 

Procedure and data analysis. 

All measurements were performed prior to surgery. Patients 

were premedicated with atropine (0.3 - 0.6 mg i .m.) and mepe-

ridine (Demerol 1 mg/kg) 45 minutes prior to anesthesia. 

Anesthesia was induced with thiopentone (4-6 mg/kg), and 

succinylcholine (1.5 mg/kg) was given to facilitate intubat­

ion. Anesthesia was maintained with halothane (1 MAC) in 

nitrous oxide (70%) and oxygen (30%). 
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The esophageal balloon was introduced transorally under direct 

vision into the esophagus. "Oc.clusion tests" were performed 

with the balloon top positioned 5, 10 and 15 cm above the 

cardia. The "occlusion test" as described in Chapters IV and 

VI, consists of occluding the external airway at end-expiration 

and recording on the oscillùscope the simul"taneous changes of 

Pes and Ptr during the ensuing spontaneous insp;ratory 

e f for t s • The rat i 0 0 f 11 P e s / 11 Pt r , i san i n d e x 0 f the a cc u ra cy 

of pleural pressure measurements. The balloon was positioned 

at a point where llPes/llPtr ratio was closest to unit y (Table 

VILl). In the five subjects, the ratio ranged between 0.95 

and 1.08, indicating that the measurement of Pes was a satis­

factory index of the changes in pleural surface pressure, 

according to Chapters IV and VI. 

All measurements of respiratory mechanics were made at 

least 20 minutes after the subjects had established a steady 

spontaneous breathing pattern, ta allow for recovery from the 

effects of succinylcholine (Katz and Ryan, 1969). 

The procedure for obtaining the passive mechanical proper­

ties of the total respiratory system has been described in 

detail in Chapter II. Briefly, the airway opening was occluded 

at end inspiration. After a plateau in Ptr was achieved, the 

occlusion was released to obtain a relaxed expiration. The 

passive elastance of the total respiratory system (Ers) was 

computed by di vi di ng the Ptr obtai ned after rel axati on of the 
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respiratory muscles during occlusion at end expiration (i.e., 

the plateau Ptr pressure) by the corresponding tidal volume 

( VT) • The lung (El) and chest wall (Ew) static elastances 

were computed by dividing, respectively, D. Ptp and 1\ Pes 

(measured under the same relaxation conditions described above) 

by VT. 

The flow-resistive properties of the total respiratory 

system (including equipment and endotracheal tube) were de ter-. 
mined by analysis of the v-v curves obtained during relaxed 

inspiration, as previously described in detail (Chapter II). 

8y subtracting the flow-resistance of the equipment and endo­

tracheal tube, the intrinsic flow-resistances (Rrs) of the 

respiratory system (upper airways not included) was obtained. 

The above measurements of elastance and flow-resistance were 

repeateô several times. 

The pulmonary flow-resistance, including endotracheal 

tube, was obtained from measurements of Ptp, V and V during 

spontaneous breaths using the iso-volume method of Frank et 

al. (1957). By subtracting the flow-resistive pressure due to 

the endotracheal tube, the intrinsic pulmonary flow-resistance 

(RI) was obtained. 1 During the unoccluded inspirations we also 

determined the dynamic lung elastance (Edyn,I). This was 

obtained by dividing changes in Ptp at points of zero flow by 

the correspondi ng changes in volume. Twenty breaths were 

averaged per subject in order to minimize errors in measurement 

of Ptp due to cardiac artifact. 

ln such computations, the total resistive pressure drop duc to the cndo­
tracheal tube was obtained~by determining separately its inspir~tory ~nd 

expiratory components. The inspiratory Lompone~t was ~2lculatcd from the 
pressure-flow relationship of the tube (p ~ I.av 7.8v) using the per­
tinent inspiratory flow 'tlhile the expiratory pressure cornponent vJas 
similarly derived using the pertinent expiratory flow. 
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Inspiratory resistive work per breath (Wres) was obtained 

from plots of volume vs. transpulmonary pressure as described 

previously (M;1ic-Em;1i and Tyler. 1963). This included work 

done in overcoming the pulmonary flow-resistance and that of 

the endotracheal tube. The inspiratory elastic work per breath 

(Wel) was computed according to the followir.'g equation: Wel = 

0.5 (Edyn,l + Ew) X VT Z• Byadding Wres and Wel, total work 

per breath (Wtot) was obtained. Inspiratory work per minute 
• (Wtot) was obtained by multiplying work per breath by respira-

tory frequency. For measurement of work of breathing five 

breaths were analyzed per subject. The measurements of resist­

ive and total mechanical work of breathing did not include the 

resistive work done on the chest wall. Mi nute ventil ati on 

(VE) and breathing pattern were also determined as average 

values of the same five breaths used for m~asurements of work. 

In this connection it should be noted that there was little 

breath-by-breath variability in all of the subjects. 

C. RESUl TS 

The values of static elastances of the total respiratory 

system, lung and chest wall of the five anesthe\..ized subjects 

are given in Tab1e VIL2. Static El averaged about 62% of 

Ers. Dynamic lung elastance averaged 15.5 cm HZO.l-l ± 3.7 

(50), and was slightly higher th an static El (p<O.05). All 

elastance values were highest in subject 5 who was mOderately 

overwei ght. 
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TABLE VII.2 

Values of static elastances and flow-resistances of total respiratory system, lung 
and chest wall of five anesthetized sUbjects. 

F~-=====~-===========-============~=====~========~==============~==========--====-==============: 

Subject 

1 

2 

3 

4 

5 

Mean 

±SD 

Ers El Ew Rrs Rl Rw 
(cm2 HO.l-l) (cmH20.l-1) (cmH20.l-1) (cmH20.1-1.s) (cmH20.l-1.s) (cmH20.l.-1s) 

20.6 10.9 9.7 2. 1 1.4 

19.0 14.0 5.0 2.6 1.0 

23.9 17.0 6.9 2.5 0.5 

20.4 11.6 8.8 2.1 0.5 

31.2 18.2 13.0 2.2 0.7 

23.0 14.3 8.7 2.3 0.8 

±4.9 ±3.2 ±3.0 ±0.2 ±0.4 
-- - -- - - -_._- - -

Ers, El and Ew; static elastance of total respiratory system, lung and 
chest wall, respectively; Rrs, Rl and Rw: flow-resistances of total 
respiratory system, lung and chest wall, respectively. 
Resistance offered by endotracheal tube and equipment was subtracted in 
al' instances. 

0.7 

1.6 

2.0 

1.6 

1.5 

1.5 

iO.S 



The values of intdnsic flow-resistances of the total 

respiratory system, lung and chest wall are provided in Table 

VII.2. On the average, Rl and Rw amounted to 35'.t and 65'.t of 

~rs. respectively. 

The ventilatory variables and the data of mechanical work 

of breathing are given in Table VII.3. 

D. DISCUSSION 

Part1t1on1ng of resp1rltory elastances 

In normal awake sitting sUbjects. in the resting tidal 

volume range, Ers amounts to about 0.45 cm H20 per 1 per cent 

of vital capacity. VC (Agostoni and Mead, 1964) and its does 

not change aporeciably when shifting to the supine position 

(Berger and Burki. 1982). Values of Ers in the present study 

were considerab1y higher (mean +SO: 0.81 ± 0.18 cm H20/%VC), in 

line with reports on su!1jects ancsthetized with halothane-N20 

(Chapters II and III). For such normalization, vital capacity 

of the subjects was predicted from anthropometric data accord­

ing to Go1 dman and Beck1ake (1959). 

Most of the increase in Ers was due to increased static 

lung elastance which averaged 0.51 ± 0.12 cm H20/%VC. On the 

other hand, static chest wall e1astance CO.30 ± 0.10 cm 

H20/'.tVC) was c10ser to the values which are obtained in awake 

subjects (about one-ha1f of awake Ers). 

Table VII.4 provides the values of Ers and El for anesthe-

lS, 



l-' 
CI 
0: 

TABLE VII.3 

Ventilatory variables and inspiratory vork data 
of five anesthetized subjects. 

F=~---==~===========~=======~========~=====~====~=========~~==========F==============: 
Subject 

1 

2 

3 

4 

5 

lMean 

±so 

• • v[ li) f Wel Wres* Wtot* Wtot* 
(l.mi n-1 ) (min- l ) (Joules) (Joules) (Joules) (Joules •• in-1) 

8.21 0.31 26.6 0.100 0.023 0.123 3.27 

6.80 0.28 24.7 
1 

0.080 0.045 0.125 3.09 

7.72 0.26 30.3 1 0.083 0.031 0.114 3.45 

9.13 0.32 28.4 0.103 0.032 
1 

0.135 3.83 

7.77 0.32 23.8 1 0.164 0.040 0.204 4.86 

7.93 0.30 26.8 0.106 0.034 0.140 3.70 

iO.8S iO.03 i2.7 tO.034 tO.OOg tO.036 iO.70 
-----~ - - - - - --- - -- - - - - - --~--- - ----. 

V[: minute ventilation; YT: tidal volume; f: respiratory 
f r e que n c y ; W el: i n spi rat 0 r y e 1 a s tic W 0 r k p e r b r e a th; " re s : 
1nspiratory res;stive work per breath; Wtot: inspiratory work • per breath; Wtot: total inspiratory work per min. 

* These data include wGrk done in overcoming flow resistance 
of the lung and endotracheal tube. 
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TABLE VII.4 

Elastance of total respiratory system (Ers) and lung (El) in anesthetized 
subjects. 

==;=: - r=: == --_. - ==r=:--========--=== l Age Reference No. of VC Anesthetic Agents Ers El El/Ers 
Subjects (Yrs) (1) (cmH20.1-1) (% ) 

11 6 47 3.99* Thiopental,droperidol 22.3 13.5 67 
fentanyl 

22 5 26 5.33 Isoflurane (%), 11.6 6.2 54 
succinylcholine 

25 26 47 4.98 Th i 0 pen ta l,su cci ny 1 - 9.4 5.6 60 
choline 

27 5 26 4.98 Thiopental,mepeddine 11. 2 7.4 67 

Present Study 5 41 3.52* Thiopental, meperidine 23.0 14.3 62 
halothane,N20 . 

----

*vc (vital capacity) predicted according to Goldman and Beck1ake (1959). 



tized humans reported in the literature. Apart from Grimby et 

al. (1975), the val ues of both Ers and Elof the present study 

was about twi ce as large as those found by the other authors. 

Thi s may refl ect the fact that in the previ ous studi es the 

subjPcts breathed air while in the present investigation a 

mixture of 70% N20-30%02 was inhaled. .The latter should 

promote atelectasis, and hence result in increased El. On the 

other hand, the subjects of Grimby et al. (1975) inhaled alr, 

and yet they exhibited values of Ers and El comparable to those 

of the present study. Differences in body size could not 

explain the discrepancies in Table VII.4 because mo~t of the 

differences persisted after the val ues of Ers and El were 

normalized for different VC's. 

The percentage ratio of El to Ers in the different studies 

shown in Table VII.4 ranged between 54 to 72%. In awake supine 

individua1s this ratio tends to be lower than 50'f, , indicating 

that in anesthetized subjects El tends to increase proportion­

ate1y more than Ew (Westbrook et al., 1973; Rehder et al., 

1974). By contrast, Van Lith et al. (1967) found that Ew 

decreased during anesthesia while El did not change at all. 

Their study is the only one in which Ers was found to decrease 

during anesthesia. This can not be attributed to respiratory 

muscle paralysis. since Westbrook et ~1. (1973) have shown that 

Ers, El and Ew do not differ appreciably between anesthesia and 

anesthesia-paralysis. In halothane-N20 anesthetized subjectc; 
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Ers a1so does not di ffer appreci ab1y between the anesthetized 

and anesthetized-para1yzed states, as it was shown in Chapter 

II. 

The increase of El during anesthesia has been attributed 

to increased el astic recoil of the lung due either to al tered 

lung surfactant function. anesthesia-induceEl a1veo1ar duct and 

terminal airway constriction. ate1ectasis associated with the 

fa 11 i n f u ne t i 0 na 1 r es i du ale a p a ci ty • and i ne r e as e d th 0 r a ci c 

b 1 00 d vol ume (Van Lit h et al.. 1967; We s t br 0 ok et al., 1973 ; 

Rehder et al., 1974; Grimby et al •• 1975). Present data do flot 

provide further insight into the nature of the increased El 

during anesthesia, except that with ha1othane-tJ20 anesthesia 

rather high values of El are obtained. 

Partitioning of respiratory flow-resistances 

As previously pointed out in Chapters II and III, the 

endotrachea1 tubes offer a high non-linear f1ow-resistance, and 

hence it is axiomatic that overall flow-resistance increases 

during anesthesia. In this connection it shou1d also be noted 

that the f1ow-resi stance offered by the endotrachea1 tubes 

should be greater for 70% N20 and 30% 02 mixture than for air 

bec a use 0 f th e di f fer en t p hy sic al pro p e r t i es (R a d for d, 1964). 

The intrinsic f1ow-resistance of the total respiratory 

system (upper airway excluded) in the subjects of present study 

averaged 2.3 cm H20.,-1.s. This is slightly greater than 
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previous results on halothane anestheU zed subjects (1.6 cm 

H20.l-1.s) (Chapter II). The slightly greater intrinsic Rrs of 

the present subjects probably reflects the fact that they were 

older than the subjects of previous investigation (40.8 vs. 

29.8 yrs) (Frank et al., 1957l. 

Intrinsic Rl averaged 0.8 cm H20.1-1.s, a value that is 

only slightly higher than the lower pulmonary flow-resistance 

(upper airway excluded) found in normal awake subjects br'eath­

ing air following administration of atropine, namely 0.6 cm 

H20.1-1.s (Vincent et al., 1970). In this connection it should 

be noted that since the viscosity of a N20:02 mixture is less 

than that of air (Radford, 1964), the resistance where laminar 

flow is occurring should decrease during nitrous oxide breath­

ing. Since previous studies (Chapters II and III) indicate 

that the intrinsic flow-resistance is constant or nearly 50 

(reflecting laminar flow), it is probable that the relatively 

low values of Rl were due in part to the physical properties of 

the gas mixture breathed. 

Measuremerlts of Rl during anesthesia have been previously 

reported (Wu et al., 1956; Gold and Helrich, 1965; Rehder et 

aL, 1974; Hedenstierna and MeCarthy, 1975; Oobi and Gold. 

1969). In paralyzed subjects anesthetized with isoflurane 

(1%), Rehder et al. (1974) found an average Rl value of 2.8 cm 

H20.l-1.s. This va1ue is higher than the present one. the 

discrepancy probably reflecting at least in part the fact that 
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atropine was not administered to the subjects studied by Rehder 

et al. In subjects anesthetized with halothane and paralyzed 

with pancuronium, breathing a mixture of 02 in air, 

Hedenstierna and McCarthy (1975) found an average value of Rl 

of about 5 cm H20.1-1.s. Their nine subjects, however, includ­

ed four individuals whose age ranged betwee~ 57 and 69 years, 

and Rl is I<nown to increase with age (Frank et al., 1957). 

Furthermore, the se subjects had not received atropine. 

Dynamic lung elastance was slightly higher than static El, 

in line with a previous report indicating frequency-dependence 

of pulmonary compl iance during anesthesia (Hedenstierna and 

McCarthy 1975). 

Present results indicate that Rw amounted, on the average, 

toi. 5 cm ·H 2 O. 1 -1 • s • The s e val u e s are s 1 i 9 h t 1 Y h i 9 h e r th a n 

previous estimates of Rw on awake subjects, namely 0.5-1.0 cm 

H20.l-1.s (Opie et a1., 1959; Mead and Agostoni, 1964; Grmby et 

al,1968). Rw has not been previously measured in anesthetized 

humans. 

In both halothane and enflurane anesthetized dogs breath­

i ng spontaneously, Rich et al. (1979) found that the dynamic 

Ptp vs. V loops were in general reversed, i.e. Ptp was greater 

during expiration than inspiration. We did not find this 

phenomenon in any of our subjects. Normal Ptp vs. V looping 

has also been reported by Grimby et al. (1979) in subjects 

anestheti zed with thiopentone. Th i s may refl ec t di fference s 
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between speci es (more deformabl e chest wa 11 ; n dogs) or in 

techniques. In this connection it should be noted that Rich et 

al. (1979) measured Ptp in the anesthetized dogs with a cathe­

ter inserted into the trachea. This should result in pressure 

artefacts due to convective acceleration of gas at the 

transition between the trachea and the endottacheai tube (Mead, 

1961). 

Breathing pattern and work of breathing 

In line with previous results with halothane (Munson et 

al., 1966), the pattern of breathing in the subjects of present 

study was consistently rapid and shallow (Table VII.3). Minute 

ventilation was within the normal limits for awake subjects at 

reste The el ast i c work per breath (Wel) i s gi ven by 0.5 

(Edyn,l + Ew) x VT 2 • Since Edyn,l was high, this should lead 

to increased Wel. On the other hand, all subjects exhibited a 

low tidal volume, a factor leading to a substantial decrease of 

Wel, since the latter is proportional to VT 2 . As a result, 

Wel was increased much less than would have been the case if 

VT has remained normal. In fact, if VT has equalled 0.5 l, 

the elastic work per breath would amount to about 280% of the 

observed values. On the other hand. all subjects exhi bi ted 

increased respiratory frequency. As a consequence, the elastic 

work per minute was increased. In fact, if the respiratory 

frequency had rema i ned normal (say 15 breaths per mi n), the 
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average elastic work per min shou1d amount to only about 56% of 

the observed value. Thus, as a result of rapid and shallow 

breathing, the elastic work per min amounted to about 164% of 

the corresponding value that would have been obtained had the 

breathing pattern remained normal (VT=O.5 1 and f = 15 

breaths/min). 

In spite of the relatively high flow-resistance offered by 

the endotracheal tube, the inspiratory flow-resistive work 

~mounted to on1y about 241 of the total inspiratory work. This 

reflects the fact that the inspiratory flows were relatively 

low, the peak flows not exceeding 0.5 1.5- 1 • Because of the 

curvilinear nature of the pressure-flow relationship of the 

endotracheal tube, with increasing minute ventilation (and 

hence increased inspiratory flow) the flow-resistive work 

should increase very markedly, as previously pointed out 

(Chapter II). As a resul t t the venti 1 atory response to C02 in 

anesthetized subjects should be reduced even in the absence of 

decreased activity of the 

depression of the output 

respiratory muscles (i.e., without 

of the respi ratory centers). The 

increased respiratory system elastance during anesthesia should 

also contribute to depressed ventilatory response to chemical 

stimulation of breathing. These factors have not been suffic­

iently stressed in the pasto 

The total work per min during anesthesia (Table V~I.3) was 

increased relative to normal, awake adu1ts in whom, according 
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CHAPTER VIII 

CONCLUSIONS AND CLAIM Of ORIGINALITY 
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A. CONCLUSIONS AND CLAIN OF ORIGINAlITY 

This Thesis provides the first systematic study of respir­

atory mechanics in anesthetized humans. Both the passive and 

active mechanical properties of the respiratory system were 

examined. and the post-inspiratory decay of inspiratory muscle 

pressure was quantified. In order to obtain" valid meaSUt'ements 

of pulmonary and chest wall mech~nics, the lIocclusion test ll was 

used. 

The foll owi n9 

contributions to 

anesthesia: 

results specifically represent origindl 

the fields of respiratory mechanics and 

1. A simple method, namely the lIocclusion test". has 

been applied for the first time in bath awake and anesthetized 

human adults in order ta assess the validity of the indirect 

measurement of pleural surface pressure with the esophageal 

balloon technique. Using this test. valid measurements of 

the changes in esophageal pressure coul d be obta i ned in both 

awake and anesthetized supine humans. In the pasto i t was 

~nought that in supine position the esophgeal bal100n technique 

was not valide 

2. Measurements of 1ung mechanics in normal awake 

subjects showed significant changes with body position. The 

increase in pulmonary flow resistance in decubitus positions 

(supine. right and left lateral) is not due salely ta a decrea­

se in lung volume but positional changes in upper airway 

resistance are a1so involve~ 

- Iv _', 
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3. Based on analysis of passive expirations and 

measurements of passive elastance of the total respiratory 

system, it was possible to obtain the first systematic 

measurements of the passive pressure-flow (P-Y) relationship of 

the total respiratory system in anesthetiled humans. A 

curvilinear· P-V relationship was found in- all subjects, the 

curvilinarity being due entirely ta the enotracheal tubes. 

After correction for enotracheal tube resistance, the intri nsic 

P-V lrelationship was found to be liflear, the resistance values 

being close to normal. 

4. This Thesis provides the first systelllatic study of 

partitioning of respiratory mechanics into lung and chest wall 

components in anesthetized humans. 

5. The present results provide the first ~uantification 

of the decay of the pressure developed by the inspiratory 

muscles during expiration (post-inspiratory activity) in 

anesthetized humans. Considerable expiratory braking is caused 

by this activity, and as a result, only about 48'1, of the 

elastic work do ne during total inspiration is used to overcome 

expi ratory flow resistance, the remainder ( 52%) representing 

negative work do ne by the i nspi ratory muscl es during 

expiration. 

6 • The pre sen t r e sul t s r e pre sen t the fi r s t neasurements 

of the active inspiratory impedance in anesthetized humans. 

Durinn active(spontaneous) inspiratior., the respiratory system 
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elastance is 34% greater than its passive value, while active 

flow resistance exceeds the passive intrinsic resistance by 

about 17%. 

7. Apart from the new instrumental and analyti cal 

approaches described in this Thesis, the present results 

provi de a systematic account of the effects of a common 1 

anesthesié. mode (halothane-N20) on respiratory mechanics. In 

the civailable literature ther~ is only one study which gives 

values of pul monary flow resi stance (uncorrec ted for 

endotracheal tube resistance) during halothane-N20 anesthesia. 
1 

8. Most important. the present Thes;s provides the 

kernel for future assessment of respiratory mechanics (both 

active and passive) in humans anesthetized with c1ifferent 

anesthetics. 
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