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• ABSTRACf

This thesis examines changes in the mechanical behaviour of the canine and

human respiratory s)'stems to changes in lung volume below normal functional

residual capacity (FRC). In open chCSled dogs lung elastance (EJ increased and

lung resistance (RJ changed Httle with decreases in positive end-expiratory pressure

(PEEP) of the ventilatory circuit. The dominance of plastoelastic lung tissue

properties at low lung volumes was used to interpret the lack of change in ~.

Computed tomography demonstrated that pleural effusion {PEl created atelectasis

in dependent caudallung regions which contributed to the overalliung volume loss.

PE produced a decrease in only lung vertical height while chest wall dimensions

changed both vertically and horizontally. EL and RL increased while elastance and

rcsistance of the chest wall were Httle affected by these shape and density changes.

In closc-chested, anesthetised, paralysed, ventilated humans a decrease in PEEP

below normal FRC caused an incre:lse in Ru EL and both chest wall elastance and

rcsistance. Median sternotomy caused EL to increase with increasing PEEP while

the negative volume dependence of RL remained. Most of the difference between

open-chested and closed-chested Et. was presumably due to lung collapse in the open­

chested state.
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• ABRÉGÉ

Le but de cette thèse était d'examincr l'cffct du changemcnt du \'Dlumc

pulmonaire, sous la capacité fonctionnelle résiduclle (FRC) nonllalc, sur le

comportement mécanique du s)'stème respiratoire canin ct humain. Chez le chien

à thorax ouvert, une diminution de la pression positive de \in d'expiration (PEE!')

du circuit de ventilation, a provoqué une augmcntation de l'élast:mce pulmouaire

(EJ pendant que la résistance pulmonaire (RJ changeait très peu. La dominance

des propriétés plasto-élastiques des tissues pulmonaires, lorsque les poumons sont

gonnés à de petits volumes, a été utilisée pour interpréter l'absence de chaugcment

de RL• La tomographie infonnatisée a démontré que l'effusion pleunlle (PE)

provoquait l'atélectasie des régions dépendantes caudales des poumons, ce qui

contribuait à la perte de volume pulmonaire. La PE a produit une diminution de la

hauteur verticale du poumon tandis que les dimensions de la cage thoracique ont

changé verticalement et horizontalement. L'~ and la RL ont augmenté tandis que

l'élastance et la résistance de la cage thoracique n'étaient que très peu affc_lées par

ces changements de fonne et de densité. Chez l'humain anesthésié, paralysé,

artificiellement ventilé ct à thorax fenné, une diminution de la PEEl' sous la FRC

nonnale +wcausé une augmentation de la Ru de l'~ et de la résistance et

l'élastance de la cage thoracique. Une sternotomie médiane a provoqué une

augmentation de l'~ avec l'augmentation de la PEEl' pendant que la dépendance

négative entre la RL et le volume était conservée. La majeure partie des différences

entre l'E;. à thorax fenné et à thorax ouvert était probablement causée par le

dégonnement du poumon dans le cas du thorax ouvert•
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• PROLOGUE

This thesis is divided into 7 chaptcrs. Chaptcr 1 providcs b:lck~rollnd

information and a review of the literatllre rele\':lIlt to this thesis. Clmpters 2 to 7

contain material that has been or will be pllblished in peer re\'iewed j ournals. 111is

was done in accordance with Section 2 of the "Guidelines Concerning 1l1esis

Preparation" which states that:

"Candidates lzave tlze option, subject to tlze approl'al oftlzeir Depal11nent. ofirlcluding,

as part of tlzeir tlzesis, copies of tlze text of a paper(s), prol'ided tlzat tlzese copies are

bound as an integral part of tlze tlzesis.

-If tlzis option is clzesen, connecting texts, prol'iding logical bridges betIVeen tlze

different papers, are mandatory.

-The tlzesis must still confonn ta all otlzer requirements oftlze "Guidelines Conceming

77zesis Preparation" and slzould be in a literary fonn tlzat is more tlzan a mere

collection of manuscripts published or to be publislzed. 77le tlzesis must include, as

separate clzapters or sections: (1) a Table ofContents, (2) a general abstract in Englislz

and French, (3) an introduction wlziclz clearly states tlze rationale and objectives ofthe

study, (4) a comprehensive general review oftlze background literature to tlze subject

ofthe tlzesis, when this review is appropriate, and (5) afinal overall conclusion and/or

summary.

-Additional material (procedural and design data, as well as descriptions ofequipment

usel!) must be provided where appropriate and in sufficient detail (eg. appendices) to

Respiratory mechanics be10w oonnal FRC xv



• allow a clear and precise judgement to be made of tIze importance and originality of

tIze researclz reported in tlze tIzesis.

-In tIze case ofmanuscripts co-autlzored by tlze candidate and otlzers, tlze candidate is

required to make an explicit statement in the thesis of who contributed to such work

and to what extent; supervisors must attest to the accuracy of the claims at the Ph.D.

Oral Defense. Since the task of the examiners is made more difficult in these cases,

it is in the candidate's interest to make perfectly clear the responsibilities of the

different authors of co-authored papers".

The work prcsented in Chapter 2 has been published in the Journal of

Applied Physiology 72: 383-388, 1992 and that in Chapter 3 in the European

Respiratory Journal 6: 219-224, 1993. Chapter 4 has been submitted to Respiration

Physiology, reviewed and accepted for publication. Chapter 5 has been accepted,

with minor revisions, for publication in the Journal of Applied Physiology. The

material in Chapter 6 will be submitted to Anesthesiology. Chapter 7 contains the

conclusions and c1aims of originality.

1 have received assistance from several people in completing the work

contained in this thesis. Dr. Jiro Sato taught me the surgical skil15 used in my

e.xperiments and the alveolar capsule technique used in Chapter 2. Anne-Marie

Lauzon, a Ph.D student working under Dr. Bates' supervision, assisted me in the
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1.1 lNTRODUCflON

The lung perfonns many functions. Il filters toxic materials from t11l'

circulation, metabolizes some compound~. plays a role in the body's immunc

responses and acts as a reservoir for blood. But its cardinal function is l:as

exchange. The transfer of carbon dioxide to the alveoli and oxygen to thc circulation

must be a continuous process and requires that the m:\Ïority of the airspaces rcnmin

patent at ail times. Under nonnal circumstances this rcquircment is s:Iti~fied by the

existence of functional residual capacity (FRC). This is the volume of air rcnmining

in the lung at the end of relaxed expiration and is nonmllly abont 40% of the vihll

capacity which is the maximum volume of air that can be exhaled following

maximum inspiration from FRC. FRC may be compromi~ed by ';pace occupying

lesiollS such a pneumothorax or hydrothorax, changes in body posture or induction

of anesthesia. In any case, a decrcase in FRC results in a decrcase in the airspace

distending pressure. If the reduction in distending pressure is grc:lt enough the

intrapleural pressure may become positive in sorne depcndent zones of the lung and

airspace c10sure can occur. The hmg volume at which airspace c10sure begins to

occur is referred to as the c10sing volume which is approximately 10% of the vital

capacity in young healthy individuals. This is below FRC in this population so little

airspace c10sure occurs during nonnal breathing•
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As FRC decreases the diffuse and heterogeneous airspace closure that occurs

produCl's ventilation-perfusion CV/Q) imbalances which lead to arterial h)'poxemia.

The degree of hypoxemia will depend on the amount of blood traversing low V/Q

units and the oxygen content of the pulmonary arterial blood. In this case

supplementa! oxygen ma)' improve the oxygen content of arterial blood. If airspacp.

closure occurs. however, shunt units will be created and the hypoxemia will be less

rcsponsive to supplemental oxygen. Such closure also encourages pulmonary

infcctiOllS bccause it causes pooling of secretions which are rich in nutrients essential

for the growth of bacteria and leads to a reduction in the now of blood and Iymph

to the affccted :lrea. thercby hindering two of the major defense mechanisms

preventing infection.

While dccreases in normal FRC compromise an individual's physiological

~"atus they also affect the mechanical properties of the rcspiratory system. The

compli:mce of the lungs is reduced and inspiration becomes more difficult. Changes

in lung volume below normal FRC will also change the mechanical properties of the

ches1 wall. As the rcspiratory muscles which drive the rcspiratory system act on the

chest wall. changes in its mechanical function may seriously affect the case and

efliciency of ventilation. Breathing is, by definition, a dynamic process. Il is only

very recently that we have come to appreciate that the system's static behaviour is

not neccssarily indicative of its dynamic properties. ObviousJy an understanding of

these dynamic properties is essentiaJ to understanding the breathing process. To

d."lte. characterization of the dynamic behaviour of the respiratory system at Jung

•
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• volumes below normal FRC has not been done and thus our undl'rstandin~ of

respirntor)' s)'~1em behaviour under these conditions is incomplete. Within tlu' past'

ten )'ears there has been a growing appreciation of the si~nilïcant contribution of

lung tissue properties. distinct from those of the airwa)'s. to pnlmonar)' rl'Sist:lIIcl'.

This too is an aspect of the lung's mechanical behaviour which has not been explored

at ver)' low lung volumes. Il is also possible that changes in FRC due to space

occup)'ing lesions ma)' affect the mechanical properties of the lung differentl)' than

those resulting from a decrease in mean lung volume.

The purpose of this thesis is to describe the mechanical behaviour of the

respiratory system in response to a decrease in lung volume below nornml FRC. Il

will examine the dynamic mechanical properties of the lung tissucs and airways as

weil as those of chcst wall in response to a decrease in FRC accomplished either by

inducing a pleural effusion or by changing the end-expiratory pressure the

respiratory system is exposed to. This introduction provides a background for the

reader in the mechanical properties of the lung and chcst wall. methods of asscssing

these properties, mechanisms of airspace c1osure, and techniques for visualizing the

geometrical changcs in the respiratory system structures.

1.2 THE RFSPIRATORY SYSTEM

The respiratory system is composed of two major portions: the lung

(including the upper airways) and chcst wall. These components act in concert to
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• allow gas cxchangc het ween the atmosphere and the "enous blood to occur. To

achicve this goal ox)'gen and carbon dioxide in the Iungs are exposed to the "enous
. -

circulation over an extremely large surface area which allows diffusion of both gases

to occur over a sufliciently short period of time to satisfy the body's metabolic

needs.

Air is conducted from the atmosphere to the gas exchange surface at the

periphery of the lungs via a series of branching airways. Initially gas is directed

into the nose and mouth and passes through the pharynx and larylL'I:, collectively

known as the upper airways, to enter the trachca. The trachca is a large airway

supported by 16 to 20 C-shaped cartilages joined posteriorly by a flat membrane of

smooth muscle. Air then flows distally to the carina which is the junction of the

mainstem bronchi to the left and right lungs. The bronchi then proceed through a

series of bifurcations to fonn lobar, segmental and subsegmental bronchi, cach

becoming narrower, shorter and more numerous as they ~1end toward the

periphery of the Jung. While the walls of the lobar and segmental bronchi contain

sorne c:lrtilaginous support, those of the subsegmental bronchi do not and are

continuous with the lung parenchyma. These large airways comprise the conducting

zone since no gas exchange occurs here. Distal to this point are the peripheral

airways or bronchioles. Because these airways (Jess than 1 mm in diameter) lack

structural support their patency depends on surface tension and the elastic recoil of

the suITounding tissues. Here in the respiratory zone the tenninal bronchioles

divide to fonn respiratory bronchioles. A few alveoli bud fl'om the walls of these
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• tcrminal bronchiolcs, although most gas cxchangc OCCUl"S distally in the acini. An

acinus is composcd of an al"colar duct and thc numerous al\'cllli lining it. Cllursing

through thc "cry thin al"colar waIls is thc cxtcnsi"c network of puhllllllar)'

c.'1pillaries. Gas cxchangc occurs at thc intcrfacc bctwccn thcsc capillaries and thc

alvcoli. Thc hcalthy adult lung contains about 300 million ah'coli. Thc numerous

divisions of the airway trce increase its cros.<-scctional area from 2.54 cm' at the

trachea to 180 cm' at the terminal bronchioles and 11,800 cm' at the tenuination of

airway tree (122). The area of the blood-gas interf'lce is approxinmtcIy 80 m' (147).

The airways and vasculature arc surrounded by and tethered to the lung

parenchyma. These structures thus contribute a small portion of the parenchyma

which consists primarily of the alveolar walls. A fibrous network of collagen and

elastin runs in the plane of each wall and is continuous with the network in

contiguous walls and structures. TIle free edges of the alveolar walls are composed

of thick fibrollS tissue and smooth muscle which fonus the entrance ring to the

alveolar duct. The pulmonary capillaries and the interstitial spacc, containing

ground substance and interstitial nuid, are interlaced with the fibrous network of

the alveolar walls. Although at least 40 different types of cells have becn identified

in the lung only two are unique to the parenchyma (117). These are the alveolar

Type 1 cells which coyer at least 80% of the alveolar surface and the Type il cells

which produce surfactant. Although the exact composition of this phospholipid

remains unknown one of its major constituents, dipalmitoyl phosphatidyl choline

(DPPC), appears to be capable of lowering the surface tension in the film lining the
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• illterior of the alveolar \l'ails. This surface film is considered part of the lung tissue.

This film and the librous net\l'ork of the alveolar \l'ails constitute the major stress

bearillg components of the parenchyma (80).

The lung is surrounded by the chcst \l'ail \l'hich consists of both the rib cage

and diaphragm-abdominal components. It is the muscles of the chcst wall which

generate the force required to pump air into and out of tl,e lung. The large, domed

diaphragm separates the thoracic and abdominal cavities and, under normal

circumstances, performs most of the \l'ork of inspiration. This muscle inserts onto

the lower ribs so that \l'hen it contracts it descends and the abdominal contents are

pushed downward and outward and both the vertic:lI and anterior-posterior (AP)

dimensions of the rib cage incrcase. In addition to the diaphragm the e:dernal

intercostal muscles assist inspiration by lifting the ribs upward and Corward to

incrc:lse the transverse and AP dimensions oC the rib cage. The scalene,

sternomastoid, trapezius and pectoral muscles are reCerred to as the accessory

muscles oC inspiration because they assist inspiration only under circumstances oC

increased demand. Expiration is essentially passive during quiet respiration since

the lung and chest wall expend stored elastic energy to return to their resling

positions. However, when the demands Cor ventilation increase the muscles oC the

abdominal wall and the internai intercostal muscles assist expiration by increasing

intra-abdominal pressure which pushes the diaphragm upward and pulls the ribs

downward and inward. These actions result in a decrease in the volume oC the rib

cage and thus also the lung.
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• The lungs and chest wall arc arranged Illcchanically in series Illcaning that

thcy share the samc \'olume changcs dnring brcathing (cxccpt in pathological

conditions such as pneumothorax or hydrothorax). The)' arc scparatcd b)' the

pleural space which is essentially a potential space bounded b)' t \1'0 continuous serous

membranes. The thin \'isceral pleura is applied to the surface of the lung \l'hile the

thicker parietal pleura lines the rib cage, diaphraglll and mediastinum. The blood

supply to the parietal pleural is from s)'stemic sources \l'hile the \'isceral plcur:I is

supplied by the bronchial circulation (117). The pressure \l'ithin the pleur:l1 space

is negati\'e because of the opposing elastic recoils of the Iung and chest \l'aIl.

Hydrostatic forces, a combination of negative pleur:l1 liquid pressure and positive

capillary pressure, overcome the absorbative forces of plasma oncotic pressure and

fiuid is IïItered into the space. This fiuid is dr:lined by abundant Iymphatic vessels

that supply the space. As a result the pleur:ll space is lilled with a very sn1:111

amount of liquid which fonns a 10-20 J!m IïIm between the two membr:lnes. This

fiuid allows the lungs to mo\'e rapidly and freely with respect to the chest wall and

a150 couples the two structures pennitting the tr:lnsmission of forces between them.

1.3 MECHANICAL BEHAVIOUR OF THE RESPIRATORY

SYSTEM.

1.3.1 Airway properties.

Essential to the process of gas exchange is the movement of air through the
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airways. Wc deline the ratio of the pressure gradient along the airway to the f10w

at sorne reference point as airway resistance. The resistance to gas f10w through any

tube is a function of tube geometry and f10w as weil as the gas density and viscosity

(122). For rnany years investigators have attempted to deline and partition the

resistance of the airways based on these properties (44,104,121,144,150). The

resÏ!.1ance of the upper airways is highly variable because of the variability of airway

geornetry with changes in respiratory rate, rnucosal inflammation and even the

different phases of the breathing cycle (50,51). In general, it is agreed that they

account for about 50% of the total airway resistance (50). Pedley et al. (121) used

their entry-f1ow model based on Weibel's model of the human airway tree to predict

the viscous pressure drop, under conditions of quasi-steady fIow, for each generation

of bronchi distal to the trachea, excluding very small bronchi. They predicted that,

for a variety of f1ows, most of the resistance of the bronchial tree occurred in the

first six generations of bronchi. Jaffrin and Kesic (89) used a more sophisticated

model to obtain similar results to thase of Pedley's group.

A useful way to depict the theoretical results cited above is through the use

of a Moody diagram. Il plots the unique relationship between the degree of

turbulence of fIow at a specified location, indicated by the Reynolds' number (Re),

and the coefficient of friction (CF) which is the ratio of the viscous pressure loss to

gas kinetic energy within the airway
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• (1)

where aP = viscous pressure drop, p = gas density, V = now at a gh'cn cross

section, and A = area at the cross section.

Re = = 4Vp

I11tD
(2)

where p. = gas viscosity and D = aimay diameter. The Re is vcry sensitive to

aimay diameter and thus the smaUer the diameter the greater the Re for a fixed V

and the greater the turbulence. An idealized Moody plot has three zones. In Zone

1 Re is low and now is laminar, C., is high and the slopc of the curve relating the

two is -1. In Zone 2 now is fuUy turbulent, Re is high and C., is low. lIere the

curve slopc is O. In Zone 3, the Transitional zone betwccn the other two, C., and Re

have intermediate values and slope of the curve is -112 (85). A Moody plot

comparing Pedley's predictions with experimental findings from both animais and

humans demonstrates good agreement betwccn the two (122).

Macklem and Mead (104) used the retrograde catheter in open chested dogs

to partition central and peripheral aimay resistance. They reported that peripheral

resistance (Rp), in airways less than 3 mm diameter, was at most 15% of the total

pulmonary resistance. Drazen et al. (45) used gases of different viscosities and
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• densities at different flows to partition lung resistance. Their results agreed with

those of Macklem and Mead (104) and the predictions of Pedley et al. (121). Wood

et al. (150), on the other hand, reported qualitatively similar findings but suggested

that peripheral airways include branches larger than the generally accepted 2 mm

diameter.

The elastance of the airways is considered to be negligible compared to that

of the lung tissues (111) and so will not be considered in this discussion of the

mechanical properties of the respiratory system.

1.3.2 Long Û'iSUe properties.

The elastic properties of the lung are embodied in the relationship between

a given lung volume (V) and the transpuImonary pressure (Ptp) required to inflate

the lung to that volume. For over 100 years quasi-static measurements of this

relationship have been used to characterize the tissue properties of the lung.

Starting at sorne reference volume, often FRC, the lung is inflated with a known

volume of air, the airway opening obstructed, and the pressure allowed to stabilize

for several seconds before being measured. After the pressure is measured another

increment of volume is added and the measurement process repeated. Usually both

the inflation and deflation limbs of the breathing cycle are characterized in this

manner. Because the pressure-volume (P-V) behaviour of the lung during inflation

depends on the volume at which inflation is initiated, P-V curves are usually

measured during deflation from total lung capacity (TLC). The slope of the
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• rcsulting curve reprcsents the compliance (C) of the lung; cOlllpli:mce bcing the

inverse of elastance (E). In the range of nonnal brcathing frcqucncics and tidal

,'olumcs the relationship between pressure and mlullle is cssentially linear and

therefore E is S:lid to be independent of "olulllc. Ilowe,'cr if thc "olullle rangc is

extended to include the entire vital capacit), the shape of the P-V cur\'e becomes

sigmoidal. Several mathematical models have bcen im'oked to describe the nonlinear

shape of the P-V curve but the best), own is the one by Salazar and Knowles (82):

v = A - Bexp (-kPtp) (3)

where A is the volume asymptote as pressure increases toward infinity, B is the

volume decrement below A at which P is zero, and k uniquely dcscribes the shape

of the curve. This equation does not accurately describe the curve below 50% TLC

and so several other more complic:l.ted models have been generated in an attempt to

deal with this problem. However, as Hoppin et al. (82) explain, the constants of

these equations do not have directly interpretable physiological signilicance and

therefore have not gained widespread popularity.

Today we realize that dynamic measurements are more relevant to bre:l.thing

than static or quasi-static ones. Work from Mitzner's group (68) has pointed out

that changes in dynamic elastance may not be inferred from the b(:l:aviour of the

static P-V curve since they observcd an increasc in dynamic elastance without a

change in the P-V curve. This is not altogether surprising since static curves are
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perfomled after a great deal of stress adaptation is complete. Thus changes in the

visoelastic properties of the tissues can not be fully appreciated using the quasi-static

P-V curve. Furthermore, the very act of increasing Jung volume to TLC when

constructing a P-V curve may alter the tissue properties, such as those associated

with surface film behaviour (see below). Therefore it is important to bear in mind

the potential difference between quasi-static and dynamic estimates of the elastic

behaviour of the tissue when comparing results from various investigations.

Bayliss and Robertson (24) were the first to hypothesize that Jung tissue, Iike

muscle, shouJd demonstrate the "iscoelastic properties of stress-relaxation, dynamic

hy~1eresis of the P-V curve, and frequency dependence of e.xternal work e.xpended.

If this were the case energy would be dissipated by the tissues themselves as weIl as

by gas flowing through the airways during breathing. They thus defined the

resistance of the lung as viscance, composed of an airway component, Va, and a

structu:-al or tissue component, Vs. The fact that resistance to laminar flow of gas

in a tube is affected by gas viscosity and the resistance of tissues to movement is not

allowed them to distinguish these two components. In 1939 their experiments on

open chested cats demonstrated that the pressure required to overcome the elastic

forces of the lungs was 80% of the total while the pressures required to overcome

the viscous forces of the tissues and airways were 15% and 5% respeetively. Bayliss

and Robertson also noted the influence of frequency on their measurements and

attributed it to an effeet on Vs. In 1955 Mount (118) assigned the term tissue

deformation r~istance to what we today refer to as tissue resistance (Rtis). Mount

•
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• reaffinned Ba)'Iiss and Robertson's obsenation of frcquenc)' dependence of Rtis.

Using gases of different viscosities and densities he showed that Rtis dominated RI.

at low frequencies while airwa)' resistance (Raw) constituted the lIIajorit)' of lung

resistance (RJ at high frequencies. 1\lount also obsened stress relaxation in the

lung tissues in these experiments.

Both the lung's structural components and the forces at the air Iiquid

interface appear to be responsible for the viscoelastic properties of lung tissne :L~

indicated by the shape of the P-V cun'e under air- and Iiquid-filled conditiOlL~. In

1929 Von Neergard filled excised hmgs with 5.1line and noted that the slope of the

p-V curve increased, the size of the h)'steresis loop decreased. and lIIuch of its

sigmoidal shape dis.1ppeared compared to the air-filled situation (82). He concluded

that surface tension must be responsible for a great deal of the lung's elastic

properties. Bachofen's (7) work supported this theor)' by demonstrntïng that the nat

portion of the P-V curve seen at high lung volumes occurs at volullles 15-20% higher

in the Iiquid-filled lung as compared to the air-filled one. In addition, Horie and

Hildebrandt (83) showed that stress adaptation is eight times grcater in the <lir-mled

versus the Iiquid-filled lung. The strong volume dependence of lung elastancc is

renective of the surfactant component of the surface mm. As the mm expands the

surfactant molecules move farther apart and repel cach other less strongly. When

tbis happens surface tension incrcases. The nat portion of the p.V curve at low

lung volumes is harder to explain on the basis of surface mm properties, but

Hildebran et al. (75) hypothesised that at very low lung volumes the surface film
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starts to collapse thereby increasing surface tension•

Saline filling does not completely eliminate either the hysteresis loop or the

lung retractive forces demonstrating that elements of the lung parenchyma also play

a role in the resistive and elastic properties of the tissues. The collagen and elastin

networks of the pleura and the aJveolar walls are assumed to play a major part in

detennining E. In addition, a substantial proportion of the elastic properties of the

parenchyma may reside in the fibromuscular bands that fonn the alveolar entrance

rings at the mouths of the alveolar duets (82). Fukaya et al. (56) have shown that

dnring uniaxial loading individual alveolar walls exhibit length-tension propertip"

that are qualitatively similar to the features of the P-V hysteresis loop of the saline­

filled lung. This suggests that they eontribute to both the elastic and resistive

properties of the Jung tissue. The work of Colbateh et al. (38) and later Colbateh

and Mitchell (37) indicates alveolar duet smooth muscle also eontributes to Rtis.

They found that stress-recovery and hysteresis in the saline-filled lung inereased

when histamine was added to the filling liquid and argued that the changes in lung

volume and therefore mechanical properties were anatomically Iimited to the

alveolar duct. On the other hand Lauzon et al. (95) and Mitzner's group (116) both

believe that airway constriction may distort the lung parenchyma and lead to an

increase in Rtis. Kllpanci et al. (91) have identified contractile elements in the lung

parenchyma itself whieh may also account for sorne of the change in tissue resistance

induced by contractile agonists. A small amount of energy may also be dissipated

in the tissues of the pulmonary vascular and its smooth muscle constriction may lead

•

• Chapter 1 15



to changes in Rtis (80). Finall)', although not strictl)' a ti....'ul' propl'rt)', opl'nillg and

c10sillg of airspaces at low lung \'olumes may cOlllributc to non Oow-n'SistiH'

properties of the lungs since thl' size of the h)'steresi.' loop Î1lcrl'asl'S subst:\11liall)'

when inOation from the degassed state occurs (80). Thus it appe:lrs Ihal thl'

mechanical properties of the lung tissues are attributabll' to componl'nts at allll'H'ls

of stmctural complexity. Furthenllore it seems reasonable to assert that sinCl' thl'

structural and liquid Iining components of the lung ti....'ue are intinmtl'Iy n'Iatcd,

changes in surface forces lIIay affect the luug's structural elemeuts and VÎCl' versa,

thereby Hnking their contributions to the lung's IIIcchanical properties (8).

Following the early reports of B:lyliss and Robertson (24) and Mount (118)

a great deal of effort was dirccted toward defining Rti., 1II0re prcci.'Cly. Olle

important issue bccame the extent to which Rtis contributed to the total R,., As

noted eartier, Bayliss and Robertson (24) estinmted Rtis to be responsible for

approximately 15% of RI. white Mount (118) assigned it a lIIuch I:lrger percentage

of the total. Jaeger et al. (88) and Mcllroy and associates (112), working in

humans, also noted that Rtis accounted for a large portion of R,., However,

contradictory results were published by Ferris et al. (50) who estimated Rti., w:L,2%

of RL in humans. Macklem and Mead (104), using the retrog.....de catheter in dogs,

stated Rtis was a negligible portion of lung resistance. Bachofen (6) suspccted that

much of this controversy arose as a consequence of the different breathing patterns

employed in these investigations, bccause frequency is such a strong determinant of

viscoelastic behaviour. Since that time a plethora of experiments have examined the

•

• Chapter 1 16



• frcqucncy and ,"olume dependence of the lung's mechanical properties and a

sUllllllary of their rcsulls is prcscnted below.

1.3.2.1 Freqllency dependellce ofplilmonary resistance

It was apparent from Mount's (118) inyestigations that the frequency of

volume cycling was an important delenninant of the relative importances ofRtis and

Raw. His im'cstigations indicated that airway properties would dominate RLat high

frequencies while tissue properties would goyern ilS beha"iour at low frequencies.

Since lhat time numerous studies ha,'e looked al this issue in more detail. Bachofen

(6), as noted aboye, used gases with different physical properties and Hildebrandt

(73) used air-filled lungs in a Iiquid pleth)'smograph to demonstrate that tissue

properties cease to innuence RLto any great extent at frequencies above 2 Hz. More

recently Bates el al. (21) using both the interrupter and forced oscillation techniques

at the ain\'ay opening confinned these earlier findings. This dependence applies to

both animaIs (21,74,101) and humans (6,108,130).

Work by Jackson's group (87) has characterized the high frequency (4-64 Hz)

dependence of canine respiratory system mechanics. They reported a rather

complex frcquency dependence of both resistance, the real part of impedance, and

re:lctance, the imaginary part of impedance, for the respiratory system and lung.

At frequencies aboye 22 Hz the system's frequency dependence was attributable to

that of the lung while below this frequency the chest wall's behaviour predominated.

Resistance of the respiratory system feII with frcquency below 22 Hz and rose again
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• above 22 Hz \\'hile reactance of the system increased at ail freqllencies. G~n~r:llly,

they noted positive frequency dependence of re;lct;llICe and rcsistance of the 11In~

although, for rcsistance, this disappearcd at lo\\' freqllencies. As ail the work

reported in this thesis \\'as donc at normal breathing freqllencies, below A Hz, no

more will be said about high freqllency properties.

Below 1-2 Hz the resistance of the respiratory system shows marked negativc

frequency dependence (66). Hildebrandt's (73) c1assic experiments using Iiqllid

plethysmography showed that this was not duc to movement of gases in the :lirw;lYs

but to dissipation of energy by the lung tissues. Bates ct al. have used data from

regular ventilation (18), relaxed expiration (18), airway occ1nsion (19) and forced

oscillation (131) in dogs to demonstrate similar results in air cyc1ed lungs. Peslin's

group (124) has shown an analogous frequency dependence of RI. in young rabbits

using low amplitude forced oscillations between 0.01 and 0.65 Hz. Brusasco ct al.

(30) used c1osed-chcsted dogs and isolated canine 11Ings with alveolar t.1pSllles to

directly iIIustrate the negative frequency dependence of the lung tissues below 1 Hz.

The story is the same in humans. Recent studies (66,139) using forced oscillations

at the airway opening have been able to stringently control frequency and amplitude

ranges thus avoiding the connicting influence of volume dependence present in

earlier studies (6,130).

1.3.2.2 Volume dependence ofpulmonary resistance.

The volume dependence of both the airways and tissues must be considercd
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when assessing the volume dependence of Jung resistance.

Il has long been accepted that both airll'ay size and puJmonary resistance

vary as a function of Jung volume (107) and that the small airways do not contribute

mllch to estimates of RI. under baseline conditions (121). Macklem and Mead's (104)

work with the retrograde catheter supports this. TheJ used the retrograde eatheter

to asscss changes in RI. with changes in mean lung volume in a variety of animais

and reported an increase in RI. at both volume ex1remes. The change at high

"olumes was due to changes in the central airways possibly due to narrowing as they

lengthened with increasing volume. In contrast, although not unexpectedJy, low

volume changes included the small as weil as large airways. Vincent et al. (l44)

reported that atropine decreased RI. at high Jung volumes and attributed this to a

decrease in bronchomotor tone in large airways. Hoppin, Green and Morgan (SI)

used a very elegant experimentaJ design to show that peripheral resistance changed

at le:lst as much as central resistance in response to changes in meal) lung volume.

They used the pressure measured by parenchymal needles to estimate Rtis and

subtracted this from peripheral resistance obtained using a retrograde eatheter. The

resulting quantity represented peripheral airway resistance. Their results

demonstrated that central airway resistance, at any volume, was responsible for

about two thirds of the total Raw in open chested dogs during airway oscillation at

1 Hz. Ludwig ct al. (l00) presented results confiicting with these findings when they

showed that increasing mean lung volume caused a decrcase in Raw due to a

decre:lse in peripheral airway resistance. The work of Inoue et al. (S6), using a

•
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• retrograde catheter and ah'eolar capsnlcs, supports this conclusion as thl')' notl'd

peripheral resistance incrcased at low mcan lung ,'olumcs and is minimal at a P1p

of 30 cm Hp.

There seems to be litt le if an)' VT dcpcndence of Rtis (18,30,139,140). Snki

ct al. (139) did not Iind eyidence of VT dependence of human Jung tLo;sucs du ring

oscillation at the airway opening at frequencies bet ween 0.01 and 0.1 Hz.

Inyestigations in dogs during regular yentilation also failed to show changes in RtL~,

asscssed with alyeolar capsules, with alterations in cyc1ing amplitudc (30). ThL~

work coyered a larger VT and frequency range than that used by Suki's group (140).

On the other hand Hildebrandt (74) did note negatiyc V" dependence of Rtis but

only at elevated mean lung volumes.

Most inycstigations of the effect of changes in mean lung volume have showu

that, for a given tidal volume, Rtis and hence RI. increase with an increase in l\Ieau

lung volume above FRC (103,148). Therefore it was perhaps uot unexpected that

Hantos' group (67) using forced oscillations found that Rtis decreased at mean lung

volumes below FRC. On the other hand Hahn ct al. (63) noted a decrease in RI. in

excised dog lungs when Ptp was changed from 0 to 10 cm H:O and attributed this

to the increase in airway diameter they observed. SimiL'Irily, Inoue ct al. (86) found

RL reached a minimum at 10 cm H:O and increased at higher and lower volumes.

Mead and Collier (109) al50 reported that RL increa';ed at very low lung volumes.

It is ÙDportant to note that the last thrce studies cited were perfonned in dogs who

have much larger airways than humans. This may be the rcason Raw and not Rtis
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• seems to dorninate the volume dependence in these studies.

ln conclusion the contribution of Rtis to RI. is a variable quantity the value

of which depends on the measurement conditions it is assessed under. Frequency,

rnean lung volume and V,. ail innuence C!>1imates of Rtis and Raw and thus RI.'

Generally speaking, at nonnal breathing frequencies and volumes Rtis comprises 50­

80% of RI. in healthy lungs (30,103,101).

1.3.2.3 Frequellcy dependence of Elastance

Initially interest in the frequency dependence of E arose from the observation

that it decre:lsed with increasing breathing frequency in patients with emphysema.

80th Otis et al. (119) and Mead (111) presented models based on ventilation

inhomogeneity to account for this phenomenon. In healthy lungs such

inhomogeneity was not predicted to occur. However, if disease altered the time

constants (the product of Rand C) of sorne of the ventilation pathways in the lung,

regional dynamic hyperinnation and thus an increase in E could be expected. For

sorne time this was a popular theory because it was able to account for c1inical

observations. However, as interest in the tissue properties of the lungs increased it

bec.'\me c1ear that the tissues and not the airways were the primary detenninants of

the frequency dependence of E at low frequencies. In fact, most investigations using

nonnal bre.'\thing frequencies and amplitudes of oscillation have reported little ifany

frequency dependence of E (18,74,101). This does not exclude that possibility that

at higher frequencies (87) or under pathological conditions such as
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• bronchoconstriction (22) wntilation inequalitÎl'S ma)' phi)' a roll' in tl\l' chan~l' in E

observed with a change in frequency.

1.3.2.4 Volume dependence of elastance.

Changes in mean lung volume as weil as Vl' both seem to effcct l'Stimatl's of

E. Each of these innuences will be considered in the followiug di~c;Is.~ion.

Great disparity exists in the Iite.....ture on how changes iu V,. affl'Ct E. SllIlle

studies have reported an incre'lse in E with an incrense in V,. (49,52,15\). Others

report a negative V,. dependence (18,74), another reported no depcudence at ail (30),

and yet another reported an increase in E with V,. when V,. was snmll but no ch;\II~e

when V,. was large (68). One reason for the different results may be tlmt those

studies that reported an incre.'l5e in E with an increase in V,. used V,. 40-75% of

TLC. It is certainly conceivable that this changed the length-tension relationship in

the elastic network of the parenchyma, or disrupted the continuity of the surface

film. Those studies which reported an increase in E at low V,. did not attempt to

discern changes in intrinsic tissue properties from the effccts of 'Iirspace c1osure.

while those which reported the opposite findings believed that the changes in E were

due solely to changes in surface tension. Oyarzun and Clements (120) reported that

increascs in VT stimulated the release of surface active material which may account

for the decrease in E that Bates et al. (18) and Hildeb.....ndt (73) both noted. The

study of Huang et al. (68) is intercsting because they observed a biphasic increase

in E with small VT of 13% of TLC that was not present when VT was increased to
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• 33% of TLC. At law VT there \Vas a rapid increase in E in the first 10 minutes

fallawing a change in VT \Vhich \Vas falla\Ved by a much sla\Ver decline that did not

seem ta be complete by the end of the 60 minute recording period. The second,

slawer incrcasc in E was not sccn \Vhcn thc animais \Vcrc vcntilated at the higher VT•

Caincidcntally, thcir \Vork \Vith stress rclaxation in lung tissue strips demonstrated

changes in E similar ta those seen at the high VT- The suggestion from these results

was that thc initial changc in E was due to changes in parenchymal pr(jperties while

thase at thc low VT \Vcre due to a combination of surface liIm and parenchymal

changes. This is an intriguing idca, ho\Vcver the assessmcnt of tissue properties was

not wcll cantrollcd and thc theory remains speculative.

Reported changes in E in rcsponse to changes in mean lung volume are a150

diverse. Most work has examined the effect of increasing volume above normal FRC

(7,73,101,148) and consistently reports an increase in E. Therefore one might expect

to find a decre:lse in E as mean volume moves below FRC. That is, in fact, what

Hantos ct al. (67) reported when they decreased mean Ptp from 0.8 to 0.2 kPa in

dogs. The situation becomes more complicated when the work of Mead and Collier

(109) and Young ct al. (152) is considcrcd. Both of these investigations found an

increase in E at low Ptp. To complicate matters further the existence of airway

c10sure which could explain the increase in E at low lung volumes was an

inconsistcnt linding. Young et al. (152) and William's group (148) both reported

sorne focal atelectasis but did not lind evidence of changes in alveolar duct

configuration or ainvay occlusion on morphological examination. Both groups felt
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• that surface tension changes 'l'cre primaril)' responsible for their results. l\lead and

Collier noted atelectasis in the lungs in 'l'hich the)' had measured an increase in E.

The)' proposed that changes in surface tension ma)' have caused airspaces to become

unstable at lo'l' \'olumes and led to the airspace c\osure the)' obsen'ed. Il seenL~

likel)' that changes in tissue properties arc respOlL~iblefor changes in E at high mean

Jung volumes. Clements (36) has suggested that extreme expansion of the surface

film at high volumes may separate the DPPC molecules, thereby interfering 'l'ith its

ability to decrease surface tension, although the 'l'ork of Bachofen et al. (8) in

e.'l:cised cat lungs argues against this scenario. Thus it appe:lrs that the complex

interplay bet'l'een surface and tissue forces, particularly at lo'l' lung volume.~, with

or 'l'ithout ensuing airspace c1osure, is responsible for the variable volume

dependencies in E that have been reported.

1.3.3 Chcst wall propcrties

As might be cxpected from the discussion of the mechanical properties of the

lung, the tissues of the chcst wall, which include the rcspiratory muscles, exhibit

both elastic and rcsistive behaviour. The chcst wall can be considered as consisting

of two parulleJ compartments, the rib cage and the diaphragm-abdomen. Barnas

et al. (9) have shown that at normal brcathing frequencies such as the ones uscd in

the cxperiments reported in this thesis the compartments behave synchronously and

therefore reflett intrinsic tissue properties and not nonuniformities of displacement.

While Barnas' group (11) has shown that sustained muscle activity during Valsalva
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• :md Muller maneuvers affects chest wall mechanies, Hantos ct al. (66) indicated that

it is the propcrties of tissues other than muscles that are responsible for chest wall

properties during e)'elie volume oscillation at low frequencies. As is the case for

lung parench)'ma, the tissues of the chest wall e:..:hibit strong negative frequency

dependenee of resistance (Rcw) below 2 Hz (9,13,66). The frequency dependence of

chest wall elastance (Ecw) is more complicated than Rcw. Barnas et al. (10) did not

find evidence of frequency dependence of Ecw when the human respiratory system

was oscillated at the airway opening at 0.2-0.6 Hz. In another report that same year

(11) they reported a strong positive frequency dependence of Ecw measured during

oscillation at 1-10 Hz. E:lrlier work from this group described an increase in Ecw

from 1-3 Hz and a rather sudden reduction in Ecw at higher frequencies (9). Data

from Hantos et al. (66), Albright and Bondurant (3) and Barnas et al. (13) ail report

a consistent positive frequency dependence oi Ecw although Albright and Bondurant

(3) noted almost no frequency dependence at normal spontaneous breathing

frequencies. Less attention has becn paid to the volume dependence of chest wall

mechaniC:11 properties. Barnas et al. (11,13) have shown that increasing lung VT

from 250 to 750 ml caused a 40% decrease in Ecw. Such an inerease in VT may

have becn accompanied by an increase in mean lung volume but the authors did not

comment on this aspect of their work. Work from this same group reported

negative VT dependence for Rew (13)•
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1.3.4 Vi<;coplasticity of respiratory system ~es

Thus far we have assumed the mechanical behaviour of the respimtoQ' s)'stem

tissues occurs as a result of their viscoelastic properties. Vi~coelastic or Maxwell

elements are composed of an elastic element (spring) in series with a mte-dependent

vi<;cous element (dashpot) ail in pamllel with another spring. The relative simplicit),

of Iinear viscoelasticity and the fact that it can explain two of the major featnres of

tissue behaviour, ie. stress adaptation and hysteresis, have made it a popular model.

However, even as Bayliss and Robertson (24) proposed vi~oelasticity as a major

feature of the mechanicll1 behaviour of lung tissues they noted that the hysteresîs of

the P-V loop increased with VT and was independent of the mte of expansion.

features incompatible with linear vi<;coelastic behaviour. This feature of ti'i.~ue

behaviour remained relatively unexplored until Hildebrandt's (74) work witll exci~ed

cat lungs. He too found the area of the hysteresis loop to be independent of cyclillg

rate and noted a negative volume dependence of Etis and Rtis. Hildebmndt

proposed that plasticity couId explain the nonlinear aspects of the behaviour he

described. A plastoelastic element or Prandtl body consists of a spring in series with

a dry friction (Coulomb) element ail in parallel with a second elastic clement. When

a force is applied to the Prandtl body it will behave elastically until the yield stress

of the Coulomb element is reached. At that moment the coulomb element will begin

to move which produces an opposing force that is independent of its velocity. Thus

snch behaviour could explain the rate independent behaviour Hildebrandt observed.

Since Hildebrandt's experiments, other investigators have aIso noted evidence of
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plastoelastie beha,'iour in the lungs (4,135) and ehest wall (10,11,133). Allen (3) et

al. (4) dcmonstrated ncgative volume dependence of E in isolated dog lungs and

Smith and Stamenovic (135) found that, in eontrast to predictions based on

viseoelastic models, a small degree of h)'steresis remained when the period of volume

eycling of exeised rabbit lungs was extended as long as one hour. Barnas et al.

(10,11) reported that human Re\\' fell h)'perbolieall)' with increases in frequeney up

to 2 Hz. This is equivalent to hysteresis being insensitive to eycling rate (137). They

also found a negative volume dependenee of Eew and Rew. Sharp and eo-workers

(133) also found evidenee of plastoelastic behaviour in the human respirator)' system

when they obsen'ed a positive volume dependence of human chcst wall stress

relaxation on inspiration but not expiration. Similar behaviour has been noted in

dog and rabbit rib cages (27,97).

Hildebrandt (74) proposed that a model incorporating both viscoelastic and

plastoelastic clements could explain the rate- and amplitude-dependent behaviour of

the lung he had obsen'ed. Twenty )'ears later Stamenovic ct al. (137) published

work which tcsted quantitatively the strength of Hildebrandt's model. Their model

used Hildebrandt's parallel arrangement of viscoelastic and plastoelastic elements

but added an inertial clement in series. They fit this model to data obtained from

oscillating viscous and viscoplastic materiaIs as weil as excised dog rib cage and

rabbit abdominal viscera. They aIso computed stress relaxation, based on

Hildebrant's data from isolated cat lungs, using parameters from their model. Their

rcsults demonstrated good qualitative and quantitative agreement between the model

•
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• and the data. Some discrepancics betwccn modcl and data wcrc sccn and assllllll'd

to be due to the parallel arrangemcnt of thc \'isco- and plastoclastic clcmcnts

requiring their behaviour be indcpendent of cach othcr. The authors concludcd that

both viscoelasticity and plastoelasticit), are important dctennin:mts of the mechanical

behaviour of respiratory s)'stem tLo;sucs and that the two processcs :\re not

independent.

1.4 ASSESSMENT OF RFSPIRATORY MECIIANICS

The estimates of E and R discussed above are based on the measurements of

pressure (P), now (V), and volume (V) at various sites in the respimtory s)'stem.

These data are then fit to some model of the respir:ltory system in order to estimate

its mechanical properties. The simplest and most popular model of the respimtory

system in use today consists of a balloon on the end of a pipe. The balloon embodies

the elastic properties of the system and the pipe its now resistive properties. This

is an intuitively appealing model of the system because the balloon can be seen to

represent the lungs and the pipe the airways. In this model the now resistive

properties of the system arc assigned to the pipe and the elastic properties to the

balloon, although these structures do not have precise physiological analogues as the

tissues themselves have a signific.lmt resistance during normal brc.'1thing (sec Section

1.3). This is a linear model and if the small inertia of the system is neglected, the

equation governing its behaviour is
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where K is a constant reprcsenting baseline pressure. These assumptions are only

reasonable under normal breathing conditions since the respiratory system and its

components are known to exhibit nonlincar behayiour at ,'olume cx1remes and at

nows and frequencies outside those encountered during spontaneous brc..'lthing.

The desire to understand the more detailed mechanical behayiour of the

sy~1em, including that occurring in pathologieal states, has prompted the

development of more complicated models. For many years arrays of springs and

dashpots haye been used to model the multicompartment viscoelastie properties of

the lung. In 1970, Hildebrandt (74) included plastoelastie elements along with

traditional viscoelastic elements in an attempt to describe nonlincar aspects of tissue

behaviour and a paper by Stamenovic et al. (137), in 1990, further developed this

concept. In 1956 Otis et al. (I19) presented a two compartment model of the lungs,

arranged in parallel to explain the frequency dependence of Rand E. A few years

later Mead (II0) introduced a series model also capable of describing the lung's

frequency dependence. More complex models have been developed since that time

(46,47,65,126,137). These models are able to describe the mechanical behaviour of

the respiratory system and its components with a greater degree of accuracy than

the single compartment model; however, Similowski and Bates (134) pointed out that

in pathological conditions a model capable of accounting for both ventilation

inhomogeneity and viscoelasticity is necessary. Such a model has not been developed

•
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as )'et. l\'e\'ertheless. Peslin et al. (115) demonstrated Eqnation .t \l'as a good

l'l'presentation of the mechanical beh:n'iour of the system in a numher of patil'nts

with acute respiratory failure. For thesc l'casons the single compartment modl'l of

the respiratory system has been used to estimate Rand E of the s)'stem and ils

components, the lungs and chest \l'aIl. in lhis lhesis. and other more compll'x modl'b

will not be discussed here. Methods of partitioning the s)'stem into its componl'nt

parts will be addressed in Section 1.4.2.

Equation 4 indicates that the pressures \l'e Illeasure l'an he separated into :m

elastic and a resisth'e component. In order to estimate E :\IId R it is necessar)' to be

able to distinguish between these t\l'O components. In 1927 Von Neergaard and Wirr.

realized that this couId be done by measuring the P at points of zero-no\\' in the

breathing c)'cle (end of inspiration and end of expiration) (4). At these points they

assumed that the P was pnrely elastic and so obtained E as the ratio of the

differences in pressure to differences in volume. Knowing E. the difference in the

elastic pressure components betwecn any two volume points in a breatll conld be

evaluated. The resistive pressure component at each point COli Id then be obtailled by

subtracting the elastic component from the total P. R was c:llclllated as the r:ltio of

the changes in resistive pressure and now between the two points. The iso-volume

technique is a variation of this technique in that it uses points of l'quai volume to

eliminate the elastic pressures when cstimating R (5).

Von Neergaard and Wirz's method of parameter estimation was extremely

labour intensive and prone to l'l'l'or as it was performcd graphically. Me.'1d and

•
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• Whittcnhcr~cr (5) impro\'cd the tcchnique b)' de\'eloping its clectrical

implcmcnlation. Thc)' plottcd the electrical analogue of \' on the x-axis and the

analll~lIc of P-VE on the )'-axis of an oscilloscope. The result was a loop whose area

cOllld he decreased to zero b)' adjusting the gain on the E component of the )'-axis

signal. When this was donc and the elastic pressure component was remo\'ed the

siope of the resulting line was an estimate of R.

A variet)' of refinements in these two techniques ha\'e been made o\'er the

)'ears since their inccption. The main feature of ail the changes \l'as an increase in

the case and speed of parametcr estimation. Howe\'er, it was not until 1969 that a

new approach to estimating respirator)' parameters was established. In that )'ear

Wald et al. (145) used multiple linear regrcssion (MLR) to obtain Rand E of the

rcspiratory s)'stcm. The parameters estimated using this technique are more precise

and robust than those obtained from the other two previously mentioned techniques

bec:lUsc it uses ail the data points in the sampied bre:lth to calculate Rand E rather

thanjust two points. The objective of multiple Iinear regression is to find parameter

values for which the sum of the squared residuals between the measured and

o1imated pressures is minimized. Wald et al. (145) reported good consistency

between Rand E estimated with MLR and those obtained using the iso-volume

technique. Today MLR is the technique of choice for estimation of parameters of

rcspiratory mechanics•

• Chapter 1 31



• 1.4.1 Sites of pressure, now and volume mea.'illrement~

The simplest and most common site to measure pres.~ure and no\\' in thl'

respirator)' s)'stem is the ain"a)' opening. Thi~ may be at the mouth in a

spontaneously breathing human or it may be at the opening of a tracheostolll)' or

endotracheal tube in ventilated humans or animal~. Pres.~ure is measured dirl'CtI)'

using a pressure transducer ",hile now is normally measured by a differenti:11

pressure transducer positioned across the two ports of a pneumotachogmph. The

pneumotachograph is used to make the now laminaI' and incorporates a he:ltiug

device for warming the air passing in and out of the subject.

When using a pneumotachograph V,. is obtained by integration of V. If the

measurement apparatus does not include a pneumotachograph then Vl' :lIId other

volumes displaced from the lungs can be measured with a spirometer. Measuremcnt

of volumes which remain in the lung, such as FRe or residual volume (the volumc

of air remaining in the lung at the end of a vital cap.'1city maneuver), mu~1 be

obtained using indirect techniques such as Helium and Nitrogen dilution (5).

Volume measurements obtained using dilution methods do not include the volume

of poorly or nonventilated areas. In healthy individuals thi~ in not usually a

problem. In patients with obstructive lung disease the volume of "trapped gas" may

be substantial and result in a significant underestimation of the volume of interest.

Although sorne discrepancy in estimation of lung volume with the 20 min nitrogen

dilution and plethysmographic techniques exists in most cases, including in patients

with emphysema, the agreement is quite good.
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• 1.4.2 1'·.1I1itionin~ the rcspir-dtOry system into lung and ch~1 wall components

In order to discern the mechanical behaviour of the lungs and ehest wall

separately from that of the respiratory system as a whole it is necessary to know the

pressure which each of these eomponents is exposed to. Therefore we need sorne

measure of pleural surface pressure (l'pl). This gives the pressure across the lungs

(l'pt=transpulmonary pressure) as ppl- Pao where Pao is airway opening pressure

and the pressure across the chest wall (Pcw) is Prs - l'pl, where Prs is the pressure

across the entire respiratory system. In animais, pleural catheters, needles,

cannulas, and wicks have been used to measure local l'pl (2). These methods ail

rneasure l'pl directly but have been criticised because they disrupt the pleural space

and therefore may give erroneous values. To avoid this problem Agostoni et al. (1)

developed a pleural capsule and Lai-Fook's group (146) the rib capsule technique

both of which avoid the problem of entering the pleural space. Interestingly, their

results are in general agreement with those obtained \Vith carefully performed

catheter studies (2). Obviously these methods of rneasuring l'pl are not generally

appropriate in humans. Furthermore, they give a very local pressure mcasurement

which may be useful in measuring the vertical gradient of l'pl but have limited value

for assessing the overall mechanical behaviour of the respiratory system or its

components.

In humans l'pl must be inferred indirectly from measurement of esophagcal

pressure (l'es). These same measures are commonly used in animais because they

are relatively noninvasive and technically simple. Here Iiquid filled catheters (98),
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• esophageal pressure transdncers (3-1,35) and balloon-cathctcr systl'ms (23,11-1) h:,,·c

ail been used to either estimate l'pl or the change in l'pl with n'spirator)' m:lIll'nH'rs

in animais (60), adult humans (23,11-1) and childrcn (25,98). As cxplaincd ab()\"c

there are inherent difficulties in using a relativcly localmcasure of l'pl to n'presl'nt

the mean l'pl of the sy·stem. A further prob!l'm encountercd when using pl'S as a

measure of l'pl is that, to a certain extent, it will refiect the mech:lIlÏcal properties

of the esophagus itself and the surrounding tissue (114).

1'0 date the esophageal balloon is the devÏce most widely used to me:lsure l'l'S.

Milic-Emili et al. (114) investigated the effects of balloon size. volume. :lIld position

as weil as body posture on the accuracy of l'es a5 a measure of l'pl. They

recommended using a thin walled balloon with a perimctcr close to thc internaI

perimeter of the esophagus, 5-10 cm long, filled with less than 1 ml of air. Tbe

balloon should be as long as possible in order to obtain an "average l'es" but short

enough to avoid the problem of trapping gas in the most distal region of the balloon

thus obtaining a spuriously negative value. U1timately the length of the balloon was

Iimited because they round measurements rrom the middle third of the esophagus

were most reliable (114). Artifacts related to head movement and bowing of the

trachea were noted when l'es was obtained from the upper third of the esophagus.

When l'es was measured in the lower third of the esophagus it varied significlmtly

with body position possibly renecting local mediastinal pressure changes. The study

round variable agreement between l'es and l'pl (sec below) when l'cs was recorded

in the supine posture. Severallatcr investigations have noted similar rcsults (23,72)
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• and attributed this to increased esophageal compression b)' the mediastinal contents

and cardiac artifacls in this position. D'Angelo et al. (39) pointed out that the

movement of the rib cage and abdomen must be s)'nchronized for Pes to reliably

represent Ppl. Finally, Beardsmore et al. (25) stressed the importance of a low

volume, low compliance pressure measuring s)'stem to maximize the frequency

response of the system. The frequency response of the average balloon-cath'!ter

s)'stem is nat to about 10 Hz. This is adequate for nonnal breathing frequencies but

may not be suflicient for infants or small animais. The frequency response of the

system can be increased by increasing the internai diameter of the c.'ltheter or using

a Iiquid Iilled catheter. Alternatively, Chartrand et al. (34) have demonstrated that

the frequency responses of modern esophageal pressure transducers mounted at the

distal tip of the catheter are adequate to 50 Hz.

ln dogs, under weil controlled conditions, Gillespie et al. (60) have shown that

Pes accurately renects direct measures of Ppl. In this study Pes measured with an

esophageal balloon and extrapolated to zero balloon volume was compared to ppl

measured by bilateral pleural catheters placed in close proximity to the balloon.

They found no signilicant differences between Pes and Ppl in either the prone or

supine postures. However, there was a difference between the two in the lateral

dccubitus position. Here the value of Pes was appropriately intennediate between

the two measures of Ppl. As noted above other investigators have not demonstrated

such good agreement between the two values particularly in the supine position.

Gillispie et al. (60) credited their superior results to the care they took placing the
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balloon, extrapolating the balloon mlume to zero, and to positioning t11l' l'all1l'tl'rs

and balloon close together. They were "el")' carefnl to stress that thl' prt'S.~nrt'S thl')'

measured were not necCS&"lrîly a valicl index of the overallmel'hanical beha,'iour of

the lung but that they faithfully renected regionaJ pleural prl'S.~nrc l'hangl'S.

A Jess invasÎ\'e el>1imate of the accur:lcy of l'es as :\11 estimate of l'pl l':\11 hl'

obtained in the following m:mner (2), The balloon is positioned in the l'SopJmgns

and the subject asked to make static respir:ltory efforts (VaLo;;l1va and Mnller

maneuvers) against an obstructed airway, keeping the glottis open. BCC:lUse there

is no movement of gas in the airways, if Pao-Pes accur:lteJy renects Ptp it shonld

remain unchanged during the testing procedure. This techniqne is diflicnlt to

perform properJy in untrnined subjects and can not be nsed with children or very

sick or anesthetised individuals. As a result the technique was modilied to overcome

these difliculties (23,25). The modification is known as the "occlusion tel>1" :md

involves occluding the airway at the end of expirntion and rccording the changes in

Pao and Pes during the subsequent respirntory efforts. If Pes provides an accurate

estimate of ppl, then the sJope of Pes vs. Pao should be close to 1.0. Beard~more

et al. (25) suggested that APes!APao should not be less than 94% or greater th:1II

103% to ensure Pes reliably reneets ppl. If this standard can not be al'.hieved

Baydur et al. (23), working with spontaneously breathing humans, and Higgs et al.

(72), using anesthetised subjeets, have both shown that an acceptable result can be

obtained by repositioning the balloon. Alternatively, l'ven if the relationship between

Pes and Pao is not close enough to 1.0, provided the relationship is Iincar a

•
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• correction factor may be applied ta the measured Pes by dividing it by the siope

obtained from the occlusion test. (17,35)

1.4.3 P..lrtitionin~ lun~ into airway and tissue components.

1.4.3.1 All'eolar capsule techtlique

Over the last 10 years the alveolar capsule technique has become a popular

methad for measuring the pressure in a few dishll alveoli. Knowing alveolar

pressure (P:llv) 'l'e arc able to estimate the pressure across the lung parenchyma

exclusive of the :lir'l'ays. This pressure is then used to estimate Rand E of the

tissues, Rtis and Etis, and subtract these values from those obtained for the system

as a 'l'hole to obtain parameters for the air'l'a)'s, Raw and Eaw. A small plastic

capsule, used to support the pressure transducer, is glued to the pleural surface of

the lung of an open chested animal. Several small holes arc made in the pleura

under the capsule before the transducer is inserted into it. In this way the

transducer senses the pressure in the alveoli directly under the pleural surface.

Fredberg ct al. (54) have documented the validity of the capsule technique as a

means of me.'1suring alveolar pressure. They demonstrated that neither the number

of holes in the pleura or the 'l'eight of the capsule-transducer assembly infiuenced

the ah'eolar pressure measurement. Furthermore the frequency response of the

assembly, in situ, was fiat to at 1e.'Ist 40 Hz and therefore should not be a concem

at normal breathing frequencies. In a later paper they used Lissajous figures of
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• Palv "s. Pao. to dctermine propcr fnnctioning of 1I11' cap~nll'~ (55). If l'ah' wa~ in

phase with Pao only minimal looping occnrn'd and Pao wa~ n'pn'~l'ntatin' of l'ah'.

When Palv lagged behind Pao an obvions loop in the Lissajons ligm"l' occnrn'd and

represented an increase in the time COlLst;mt of the s:ullplcd pathway comparcd to

other parallel pathwa)'s. Finally, in sOllle cases l'ah' decrcasl'd as Pao incl"l'asl'd

which created looping in the oppositc direction to that prcvionsly notcd. Snch

looping snggested airway c\osnre and interdependcnce of snch regiolLs with ,'cntilatcd

neighbours. Alternath'ely, pressure may l'l'main unchangcd if thc tr;msdnccr is

measuring from an area behind a c\osed airway. Plugging of the capsulc with nuid

will dampen the pressure signal. Generally, du ring nonnal vcutilation, ah'colar

pressure should lead volume with peak-to-peak pressures matching those at the

airway opening. Boppin et al. (SI) used parenchymal needlcs to obtaiu

measurements analogous to those obtained with alveolar capsules. l'resumably their

technique has not enjoyed the same popularity as the capsule technique because it

is technically more diflïcult to use.

Important technical considerations may limit the usefulncs.s of the alvcolar

capsule technique. As was the case for l'es measurelllents the capsule mcthod

assesses onlya very local value of Palv. Fredberg ct al. (54) have shown that under

nonnal brcathing conditions the Itmg behaves very homogeneously and Palv

represents the overall behaviour of the lung. However if the c:lpsule technique is

used in bronchoconstricted states when the behaviour of the Jung is not homogeneous

a few alveolar pressure mcasurements may not be reprcsentative of behaviour of the
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• Jung as a \l'halc (55,96). Sato ct al. (131) cantion that resistance estimated from

alvcolar capsulc IIlCaSUrClllcnts lIlay be erroneously high since the sampled alveoli

arc in the lIlost peripher:11 parts of the Jung and undoubtedly connected to the

airway opcning by pathways of greater than average length. Similar concerns were

:llso expressed by Fredberg and co-workers (54) \l'ho noted that the pleural region

may not be structurally or dynamically tj'pical of the lung as a whole due to pleural

surface elasticity, interdependence and atypical distribulion of path lengths from

:dveoJus to air\l'ay opening for such units. An even more critical concern is that now

lIleasured at the airway opening is used to estimate tissue parameters. Vnder

nonnal breathing conditions, when the lung behaves homogeneously, Fredberg et al.

(54) have shown this to be a reasonable assumption. In nonhomogeneous states this

assumption is most Iikely not satisfied (55,96). Recently Davey and Bates (41)

developed a method for obtaining alveolar input impedance by applying forced

oscillations in now through an alveolar c.'1psule. This technique overcame the

difficuIty of not knowing local alveolar now.

In summary the alveolar capsule technique allows us a more precise

examination of the lung's mechanical properties than was previously possible. It

would appear to provide representative measurements of overall Palv under normal

breathing conditions. In pathological states, however, the validity of these

mcasurements should be stringently assessed before they are used to evaluate the

lung's mcchanic.'11 behaviour. When regional inhomogeneity develops the capsules

c.'1n no longer be used to partition between airway and tissue mechanics•
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• 1.4.3.2 Plct/zysllIographic tcchniquc

Obviousl)' the al\'eolar capsule technique can not he used in hUIII:ms excl'pt

perhaps on lung lobes that are to be resected. The IIIl'thod of Dubois l'I al. (46).

using a constant-\'olullle-\'ariable-pressure plelh)'slllogl·aph. has been used to

estimate l'ah' in hUlllans in order to obtain Raw. The subjl'ct sits i/1.~idc the air-light

body box and pants through a pneulllotachogr:/ph 'l'hile the box pressure (l'box).

Pao and V arc measured. Under these condition l'box i~ assulllcd to be proportional

to Palv. The airway is then suddenly obstructed :md the subjcct coutinucs to pant

against the occlusion. Undcr this circulIIst:mce there is no now of gas in the airw:/ys

and Pao equals Palv. l'box is plotted against V in the unoccluded staIl' :md l'ao

(Palv} against l'box when the airway is oecluded. Using l'box as a calibr:rlion factor,

Paw is estimated by plotting the siopes of these two relationships against one

another. Panting is used to minimize the effeels of telllper:rture variations, ch:mges

in the respiratory exchange ratio, leaks in box pressnre and glottic-I:/ryngeal

resistance. Using an esophage:lI balloon to obtain pullllonary resÏl.1ance :lIId

subtracting Raw from it, Rtis l'an be estilllated. Unfortunately this subtr:rclion

method provides qu:te variable results and therefore is not gener:rlly used (5)

I.S ASSESSMENT OF RFSPIRATORY MECHANICS IN

PATIENTS

Most of the measurement techniques described in the preccding discussion are
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• appropriatc for usc with human subjccts but quite a few are not useful in acutely

ill patients or patients undergoing surgery. For example it is not possible to place

such paticnts in a boay box and they may also be unable pant as is required for this

tcclwique. Furthennore eihical considerations may limit the use of esophageal

balloons. Despite this, several measurement techniques have been developed for use

with this population. Each has its advantages and rl:-awbacks which will be

discussed below.

The innuence of the upper airways must be considered in any asscssment of

respiratory system mechanics in nonintubated patients. Because these structures are

highly compliant they may create a shunt.

1.5.1 The Interrupter Technique.

Von Neergaard and Win introduced the technique of now interruption at the

airway opening as a method of assessing respiratory system mechanics in 1927 (20)

They modeled the system as a balloon with an elastance on the end of a pipe with

a resistance and reasoned that as gas moved through the airways, represented by the

pipe, resistance to V created a pressure difference between the proximal end of the

pipe and the balloon which represented the lung and chest waU tissues. IfV at the

proximal end of the pipe was abruptly interrupted during expiration the pressure

measured at the occ\uded end wouId rise rapidly and eliminate the pressure

difference betwecn the two ends of the system. P mcasured just distal to the

interruption would then cqual the elastic recoil pressure of the balloon. In this case
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• the resistance of the pipe should equal the pressure difrerence betwel'n the

interrupted and unobstructed states divided by the \' just prior to interruption.

Flow interruption in tracheostomized animais and hUlllans presents a more

complicated prcssure response than prcdieted above and the physiologieal mc:miug

of the response has become clear only in the last 10 years (20). ln:m open-chested

subject there is an initial, illlmcdiate change in prcssure tenned .:lPinit which is duc

to the resistive prcssure drop across the airways, Raw. This i~ followcd by a scries

of rapid and highly damped oscillations due to ringing of gas in the ccntr:ll airways

which die out over a period of about 50 milliseconds (123). Thcn thcrc is a slowcr

change in prcssure, in the same direction as that of .:lPinit. The differcncc betwccn

.:lPinit and the apparent plateau of thc slowcr prcssurc changc i~ tcnncd .:lPdif•

.:lPdif can bc cxplaincd in tenllS of gas redistribution as proposed by Otis ct al. (119)

and Mead (111) or by the strcss adaptation in viscoclastic tissues. Alveolar capsule

experiments demonstrated that under normal brcathing conditions no gas

redistribution occurred in the period delined by .:lPdif showing that .:lPdif was dne

to the viscoelastic properties of tissues (16). When, however, the system was cxposed

to histamine aerosols ventilation inhomogeneity became responsible, in part, for

.:lPdif (103,128). The exact contribution of tissue properties and ventilation

inhomogeneity to .:lPdif in this pathological state has not yet been resolved. TIle

dynamic elastance of the system is Pao immediately following interruption divided

by the VT a1Jd Pao several seconds after interruption divided by VT yields the static

elastance. In contras! to canine subjects (19), the chcs! wall does not appcar to
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• contriblltc to .1.l'init in cIosed-chested humans (40) •

Inilially the intermpter technique 'l'as qllile poplllar because of ils relative

C:ISC of application. IIowever, it has becollle evident that high precision equipment

including rapidly responding pressure transducers and a valve capable of fully

occluding the airway in 10 msec arc necessary to obtain reliable estimates of

respiratory parameters using the intermpter technique (14). Furthermore, sorne

lIIethod of determining .1.Pinit from the initial high frequency oscillations is required

for accurate parameter estimation (15). Finally, it should be noted that this

technique provides information about the respiratory system at a single point in time

and is not easily adapted to monitoring mechanies continuously.

1.5.2 Forced Oscillation Technique

This technique was first described by Dubois et al. (46) in 1956 and consists

of applying externally produced pressure oscillations to the respiratory system. In

most cases the oscillations are produced by a loudspeaker and applied to the airway

opening. Alternatively reciprocating pumps have been used in conjunction with a

plethysmograph or chest wall vest to crcate pressure oscillations over the body

surface. Oscillation frequencies tend to be much greater than those of spontaneous

breathing (6,12,67,87,130) but a few studies have cycled oscillations at frequencies

much lower than this (18,123,139,140).

Van de Woestijne (142) explained the principles of FO in a recent review of

the technique. The applied pressure oscillations produce corresponding oscillations
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in airflow which allows the direct measurement of the complex impt'd:\IIl'l' (Zl

(pressure-flow relationship) in the frequenc)' domain of tlw s)'stem or its

components. Z can be resolved into a real part known as rl'SL'tance (Rl and :\11

imaginary part. the reactance (X). The reactance consL'ts of elastic (El and illl'rti\'l'

<n components. At low frequencies the ela~1ic properties of the s)'stem dominate thl'

reactance while at high frequencies inertia is its chief detennin:\IIt. At the S)'stl'm's

resonant frequency the E and 1components of reactance are equal and opposite :\IId

the flow that is produced reflects only the resb.1ive properties of the sy~1em. R too

varies with frequency. Therefore a complex signal COIL'L'ting of the sum of seve",1

sinusoids. each with a different frequency, is employed as the input sil:n:J1 to

characterize the mechanical properties of the system (93.113). The fast Fourier

Transfonn (FFI) is used to analyze the multiple frequency P :md V signal, on a

frequency-by-frequency basis. This mathematical ulL,crambling of the signal,

pennits a range of frequencies to be investigated in a short period of lime and al,o

allows signal components at uninteresting or troublesome frequencies (eg.

spontaneous breathing frequency) to be filtered out.

As was the case for the interrupter technique sever:l1 technical aspecl, of the

FO method must be considered in order to obtain valid C!>1imates of respir:ltory

parameters. Z of the upper airways must be minimized so that the applied input

signal will not be significantly altered by the large compliance of these structures or

the high Z of the glottis before actually exciting the tissues of interC!>1 in the lower

respiratory tract (I23). Panting decreases the Z of the glottis while supporting the

•
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• checks can sllhstanlially limit that of the extrathoracic airways and gas in the oral

ravit y'. Furthermore. this technique demands high precision instrumentation and

compnter generated input signais and data analysis. The dynamic characteristics of

the equipment arc critically important and the responses of all measuring devices

must he perfectly matched or compensated (123).

1.5.3 Model fitting by multiple lincar regrcssion

ln essence this technique has been reviewed in Section 1.4. howe\'er its

:Ipplic:lbility' to patient assessment was not discussed. i\lultiple Iinear regrcssion

(MLR) is the time domain equivalent of FO but presents two ad\'antages o\'er the

latter technique. Firstly. i\ILR can track respiratory parameters in real time when

it is implemented recursively (9~). The second strength of MLR is that the

parameters it generates can be easily applied to nonlinear, lumped parameter models

of the respiratory system while data supplied by FO cannot. Usually, like the

interrupter technique, data from MLR arc most easily interpreted when the patient

is totally relaxed which limits its use to anesthetised and paralysed patients.

Howe\'er in 1992 Peslin ct al. (125) reported its use in unsedated patients ventilated

in control mode. They reasoned that muscular activity would decrease the quality

of the fit to the model and used this criteria as a basis for excluding data sampled

during spontaneous breathing. Se\'enty percent of the brcaths sampIed were useable

and fit the single compartment model of the respiratory system as weil as any of the

more complex models tested. Surprisingly none of the models performed weil when

• Ch:lplcr 1 45



• there was e\'idence of expirator)' flow limitation. So i\lLR appt'ars 10 Ill' ab Il' 10

provide useful information aboul low frequency \'olume cycli!ll: but ils applicabilil)'

to pathological conditions requires further inv~1igation.

1.5.4 Effect of the endotracheal tube

Critically iII patients who require ventilator)' support are connected to the

ventilator by an ETT. One obvious advantage of the tube is that it bypasses Ihe

large and unpredictably variable Z of the upper airways. Unfortlllmtely llu~

rcsistance of the tube itself is quite substantial and depend~ markedly on V. The

most common way of managing this problem is to estimate the pres.~ure drop acros.~

the tube in vitro and subtract this from the measured Pao. 1'0 do this the ETT i~

placed inside a larger tube simulating the trachea. The pres.~ure drop. du ring flow

in the experimental range, is measured from the proximal end of the tube to a point

several centimetrcs from its distal end in order to avoid spurious currents assoei:lted

with entrance/e.xit effects (33). The measured data are then characterized by an

appropriate model, orten Rohrer's equation, and correction coefficients obtained.

Thcse coefficients and the model cquation are used to correct ail subscquently

measured in vivo data. There are drawbacks to this approach though. Fil"!>11y

bccause the rcsistance of the tube is quite large compared to that of the sy~1em as

a whole tl:~ correction must be very accurate. Several factors will change the

prcssure-!1ow relationship of the tube from that measured in vitro. Once the tube

is positioned in the patient its diameter may change due shape change or to mucus
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• accumulation (29). Il is impossible to predict the influence of these factors on the

tube resb1ance. Peslin et al. (126) encountered another interesting complication

which occurs when using a multiple frequency input with FO. They were forced to

inves1igate single frequencies to avoid cross-talk between harmonies induced by the

nonlinearities of the ETT. Low frequency measurements are Jess affected by this

probJem. Aiso. Chang and MortoJa (33) showed that the actuaJ resistance of an

ETT depends on the geometry of the conduit (ie. trachea) into which it connects.

Thus while the presence of an ETT bypasses the resistance of the upper airways

accurate correction for its resistance in situ cannot be assured.

1.6 AIRSPACE CLOSURE

During normal breathing FRC is about 2 to 2.5 1 in humans. However, a

chronic decrease in FRC, from this expected value, may occur as a result of

abnormalities within the lung itself such as chronic bronchitis or asthma or it may

result from processes such as pleural effusion and pneumothorax which are external

to the Jung proper. There is no doubt that many airspaces do remain open when

Ptp is 0 (32,148.151,152), however nitrogen washout (31,99) studies also confirm the

presence of airspace c10sure when lung volume drops below normal FRC. In these

!o1udies the subject's chest wall was strapped to reduce the end-expiratory lung

volume. When the strapping was removed a very small volume of nitrogen was

e.xhaled, presumably having been released from behind previously c10sed airways•
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• Hughes et al. (84) presented direct e\'idence for c10sure b)' r:lpidl)' fn'ezinl: IlInl:S at

low lung volumes. They identitied the site of airspace c10SIIrt' as the Il'rminal

bronchioles. This is similar to Burger and Macklem's (28) estinl:lte dedllCl'd from

the minimum pressure required to open airways c10sed by liqllid menisci.

Two mechanisms have becn proposed to explain db1al airw<lY c1oslIre. Thl'

tirst is the traditional cornpliant collapse theor)' and the second is the more recent

Iiquid liIm hypothesis. Whether an airspace remains open or not depends on the

balance of surface tension and structural forces acros.s the airway wall.

1.6.1 The compliant collapse theory

The compliant collapse theory states that transmur:t\ pressure (Ptm) is

balanced by a combination of surface forces at the interior of the airway wall which

aet to deerease its surface diameter and the tension in the wall itself (106). When

the airspace is open the wall tension is sufficient 10 resÏ!>1 the surface forces and

CA1ernai pressure. As the diameter of the aiJ'space is reduced the wall telLs;;m

resisting collapse will increase. If, at the same time, surface tension dcereases, as

due to the effeet of surfactant, the space may remain patent. However, if the

surface tension increases as the lumen of the space dcereases then c10sure may ensue.

Clements (36) has suggested that at very low lung volumes crumpling of the surface

layer may diminish the ability of surfactant to deerease surface tension, lending

credibility to this theory•
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• 1.6.2 The liquid film theor"y

The Iiquid film theory was first proposed by Macklem et al. (28,105) who

discusscd the possibility that plugging by a liquid film bridging the airway lumen

could explain airspace c1osure. Since that time other authors have refined and

quantitated the proccss (53,90). The theory docs not exclude the possibility of

compliant collapse. Instcad, it appears the two proccsscs may be a continuum of

events as c.1n be noticed in the following explanation. On the basis of a theoretical

model of Iiquid film c10sure Fraser and Khoshnood (53) stated that two conditions

must be met for a Iiquid film to obstruct an airway lumen: 1) the length of the

airway must exceed 2n the radius, and 2) a sufficient volume of nuid must be

prl:Sent to form a meniscus across the lumen. This proccss can occur in a rigid tube

but will be promoted if the lumen of the tube is cornpliant so that its cross-sectional

arca can decrease compared to sorne baseline state.

When lung volume decreascs during regular breathing or if, as a result of

sorne pathological proccss the amount of Iiquid present in each airway increascs, the

ratio of Iiquid volu.ne to airway luminai volume will increase. Kamm and Schroter

(90) have demonstrated that surface tension and gravity tend to distribute Iiquid into

a stable "axisymmetric configuration" on the walls of a rigid tube. Dcspite this

apparently stable configuration they noted that there was a pressure gradient

tending to pull the Iiquid film from the walls toward the center of the tube.

Increments in Iiquid volume tended to increase this tendency until at sorne critical

volume (Vc) the film would suddenly collapse forming a meniscus which obstructed
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• the lum~n. \Yhen the airwa)' is open and the nuid volume is critical a small

perturbation of the airway diameter can produce a rcduction in intcI'facial arca and

an associated dccrease in interfacial energy leading to c1osurc. They dcmonstrated

that Vc/rY was approximately 0.7 and was indcpendent of the physical properties of

the liquid but was innuenced by L\D where Lis airway length :lIld D is its di:uncter.

Closure time was less than 0.1 second and governed primarily by inertial effccts of

the film although viscous forces did exert an innuence under certain conditions.

These experimentallindings were then applied to a morphometric model of the lung

which predicted that airway c10sure would lirst occur in the tcnninal bronchioles at

a lung volume that was 23% of TLC which is close to predicted values for residual

volume. The authors note that this process would reverse as lung volume increased

but did not explain these opening events further.

Given a theoretical airspace with a critical c10sing diameter due to Iiquid film

instability (dO and a second c10sing diameter (dc), smaller than df, which is due to

eompliance (de) of the airways, we can examine the innuence of changes in the

airway properties on one or the other of these closing proeesses. For example, if the

surface tension increased dc would inerease while df would remain unaffected

because physical properties of the film do not signilicantly affect df (64). Similarly,

if the wall stilTness inereased dc would decrease and df would remain unchanged.

In both these cases if the inerease in de was not great enough for it to exceed df the

c10sing diameter would not change from baseline conditions. However, if the

diameter of the lumen was reduced then df would inerease and airway closure would
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• occur more proximally in the airw:IY tree. A situation in which interstitial edema

is present can he used te. :lIustrate these points on a more physiologicalle\'el. Edema

reduces airway diameter and promotes an increase in df. On the other hand the

walls of the airway may become less COolpliant thereby decreasing dc. Ultimately

this situation favours lumen c10sure due to meniscus formation. Just the opposite

would be tnle in the case of airway c10sure in premature infants where surface

tension is increased. In this case we would expect compliant collapse to be the

dominant process. Presumably pathological processes which increase pleural

pressure cause airspace c10sure because they decrease airway diameter and create

Iiquid IiIm instability.

If the lung were a homogeneous substance exposed to uniform stresses the

processes discussed abo\'e could cause simultaneous airspace c10sure throughout the

entire organ. The fact that this does not occur is due to \'ertical gradients in pleural

pressure and nonhomogeneous properties of lung tissue. Kleinman et al. (92)

demonstrated that gas exchange continued to occur between the trachea and the

periphery when Ptp was zero and Cavagna et al. (32) c1aimed that Ptp had to be

negative by 1-2 cmH:O before airspace c10sure would occur. Given the gradient in

pleural pressure that normally exists in the lung, airspace c10sure could occur only

at the base of the lungs or in pathological conditions where the pleural pressure was

abnormally positive. Work with 133Xe has indicated that the dependent parts of the

lungs are underventilated at low lung volumes and c10sure seems to be the best
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• expl:mation for these rcsults (IlS). 1I0llaud et al. (79) caklliated the pkural

pressure over areas of airspace c10sure iu humans and l'stimatl'd that Ptp wouid hl'

approximately 1.25 cm H,O. This was in agrccmcnt with \'allll's in animais n'portl'd

by Cavagna et al. (32). Iuhomogcncitics in airwa)' wall propl'I1ies or in thc :lIlIounl

of liquid present in the airways couId :lccounl for reports of collapse al posili\'c Plp

(42).

1.6.3 Parcnchymal instability

Airway c1osure, no matter whal the mech:ll1ism. may causc gas Irapping

distal to the site of obstnJction which in tum will Icad to volume loss duc to

continuing gas exchange wilh the circulation. This may deplele the c10sed airsp:lcc

of volume so that it becomes airless, a process known as absorblion :Itelectasis.

These events are accentuated by breathing pure oxygen and may be ameliomted by

eollateml ventilation via the pores of Kohn or Canals of Lambert.

This is not the only mechanism that leads to ateleclasis. As was the case for

the airways, high surfaee tension at low lung volume has been suggested as a cause

of parenchymal instability. If the alveolar spaees are viewed as a collection of

balloons arranged in parallel then the Laplace law states that pressure is

proportional to tension divided by its radius of curvature, where tension is due to

both surfaee tension and tension in the stnJctural components of the walls. Wall

tension is a function of the radius of the alveolus so that it decreases as the radius

decreases when alveolar volume is reduced. If surface tension is high and unaffected
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• by the decrease in radius, as it is at very low volumes, the overall tension and

therefore pressure will increase and the slope of the P-V curve will be negative.

Vnder these eïrcullIst:mces the small alveoli wouId empty into larger ones. This does

not occur under normal conditions because surfactant causes surface tension to

decrease with increasing area thereby preventing instability. Stamenovic and Smith

(136) used excised rabbit lungs to assess the validity of the predictions of the Laplace

Law and did not observe negative slopes in the P-V curves of the lungs at low

volullles. The siopes were very small though and they suggested that since pressure

was almost constant at these volumes alveolar collapse could occur as lung volume

decreased. Furthermore, they proposed that any expelled gas came from collapsing

regions while the remainder of the airspaces stayed unchanged. In summary, this

elastic continum model predicts that alveolar collapse at low lung volumes depends

on surface forces being high and remaining constant as the size of the airspace

decreases.

On the other hand the microstructural model as explained by Fung (57,58)

proposes that interdependence prevents alveolar instability. Ali alveoli, except those

adjacent to the pleural surface, are surrounded by and connected to other alveoli.

As the volume of an alveolus decreases the tension in the walls of interconnecting

structures incre.1Ses which stabilizes any tendency for one or a group of alveoli to

increase or decrcase its volume (57,62). Such a mechanism prohibits alveolar

collapse and is independent of surface tension properties.

Recently Stamenovic and Wilson (138) have resolved the controversy between
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• the theories explained above. The)' demonstrated intl'rdcpl'ndence will preH'nt

ah'eolar collapse in a homogeneous Juug eveu if the slope of the P-V cUr\'e is

negati\'e. However, their work a\so sho\l'ed that airspace c10sure was possible in a

nonhomogeneous lung. While surface tension \l'as a source of potential iIL~tabilit)'

such instability required an intrinsic inhomogeneit), for collapse to occur.

Specifically, if the surface area to volume ratio in the inner region exceeded that in

the surrounding region inward radial forces in the central region could exceed the

forces in the surrounding region prollloting expansion and atelectasis could occur.

Since the lung is a nonhomogeneous structure and surface tension appears to be

constant at low transpulmonary pressures this theory l'an explain the alveolar

collapse that has been described at low lung volumes.

1.7 COMPUTED TOMOGRAPIIY

Computed tomography (CT) is a type of cross-sectional tomographic ima~ing

which provides 3-dimensional anatomical information about the object being

scanned. The technique was pioneered by Hounsfield and grew out of his

investigations on pattern recognition techniques in 1967 (I32). He deduced that if

an x-ray bcam was passed through a body from ail directions and if measurements

were made of ail these x-ray transmissions, it would be possible to obtain

information about the internai structure of that body. Hounsfield decided that this

information should be presented to the radiologist in the form of pictures that would

show three-dimensional representations of the part under examination. He went on
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• to develop the fïrst c1inically useful CT head scanner in that same year. Recent

improvemellts in computer technology, inc1uding increased speed, aceuraey and

storal:e c:lpaeity have facilitated refïnement of the original CT technique resulting

in deereased reconstruction times and radiation exposure as weil as improved

imagillillg.

Two of the major advantages of CT as comp".-cd to conventional radiography

are that it provides three-dimensional information about the structure being imaged

and avoids sllperimposition of structures on the mm. 5uperimposition makes it

diffïcult to distinguish structural details of objects or tissues of similar density.

Allother limitation of radiography is that it is a qualitative rather than quantitative

technique and therefore cannot distinguish bctween a homogeneous object of non­

uniform thickness and an object of uniform thickness and varying composition.

Thus CT's ability to distinguish tissue structures with only small contraS!

differences, its dyuamic range and as weil as its three dimensional information that

make it the technique of choice compared to earlier imaging methods (129).

1.7.1 Physical basis of computed tomography

In oroer to cre.'lte a CT image a beam of radiation from the x-ray tube passes

through the object, is attenuated on the basis of the composition of the object and

the transmitted photons are then rcgistered by detectors placed behind the object.

The dctectors convert the information about photon energy to electric current signais

which are subsequently converted from analogue to digital form. The digital data
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• arc nonllalized and logarithms calculated to gl'uerate relative transmission "'lhll'S.

It is these values that arc used by the computer for image rl'constmction.

The amount ofx-ray beam attenuation depends on the atomic deIL~it)· and the

atomic number of the tissues it is passing through as weil as the photon enefl~Y' x­

ra)'s internct with tissue b)' photoelectric and Compton effects. Phot oc1ecl ric

absorption is detenllined mainly by the atomic llumber of the tissue, :lbsorption

being greater for substances with a high atomic number such as bone. Compton

effects arc primaril)' altributable to tissue densil)' differences. The :lttenualion of

the x-ra)' beam follows an exponentiallaw and can be relaled to a Iinear attemJ:ltion

coefficient. The attenuation coeflicient is used to calcnlate the CT number or

Hounslield unit (HU) which is the most common expression of beam attenuation

(26,132). The CT numbel'S arc set on a sc:;le so that the densit)' of air is reprcsenled

by -1000 and thatof pure water by zero. Ali other atlennation values arc based on

these two reference points. Using this scale the HU for bone i~ + 1000. CT nmubcrs

are converted to a gray scale image, where +1000 is white and -1000 i~ black which

helps to visualize the data.

The digital image display is composed ofsquare picture clements called pixels

which are arranged in rows and columns to fonn a matrix. Each image has a linite

thickness detennined at the time the scan is taken. This dimension is added to cach

pixel to obtain a voxel or volume clement thus imp3rting a three-dimensional nature

to the image. The size of the voxels innuences the rcsolution (sec section 1.7.2) of

the image, the smaller the voxel the belter the rcsolution. Image thickness will also
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• affect image detail and artifact formation. In gcncral, thinncr slices gh'e bctter

reso!ntion, howcver rcducing the slice thickness also increases noise. Thus these two

effects must be balanced to obtain the best resolution possible. SC:1I1 time and

5.1mpling frequenc)' will also innuence image resolution. Short scan times will

reducc motion artifact but require a higher x-ray tube output and therefore

increased subject radiation. Data 5.1mpling rates must satisfy the N)'quist Theorem

which requires that sampling must be performcd at a rate at least two times higher

than the maxilllulll spatial frequency present in the object. Failure to do this will

result in aliasing which creates fine streak artifacts on the image.

1.7.2 Image quality

The quality of a CT image is assessed in terms of spatial and contrast

resolution and noise (26). Spatial resolution is the ability to visually separate small

high-contrast structures while contrast resolution is the ability to perceive structures

of slightly different density. Noise can be thought of as a point-to-point variation

in image densit), that does not contain useful information. There are a number of

sources of noise, snch as quantum noise which results from a Iimited number of

photons contributing to the image and electronic and computational noise. Such

noise is accentuated by settings which increase image contrast. Scan factors and

rnatrix characteristies (see above) modify image resolution as do various artifacts

which occur as a result of scanner or operator error, the shape and composition of

the sc.1nned object and motion. The most significant sources of artifacts affecting
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• the work discusscd in this thcsis arc thosc rl'1alcd to structural shape and

composition and motion al1ifact. and thcir affccts on ill1a~l' qualit)' will Ill' disl'us.'cd

below.

The most scrious and perhaps pervasi"e al1ifact is bcam han/cuiug (26.1~9).

Beam hardening occurs because the x-ra)' be:U1I IIsed in CT is pol)'chromatic.

emitting rays over a broad spectrum of cnergics. Photons of lowcr cncr~' arc

preferentially absorbed by tissue leading to an anomalousl)' hi~h avcra~c cncr~' of

the radiation incidcnt upon the detector. The resulling incorl"cctl)' high rcading L'

erroneously taken to mean lower attenuation along that path. Sincc the body L' not

a homogeneous substance of uniform shape the :lIl1ount of hcam h:lI"dl'nin~ of a

pal1icular ray is dependent upon the geometry and tissuc char:lctcristics of the

structure being imaged. For example more bcam hardening will occnr in a structure

that has a high bone content as compared to a high fat content. TIlL' al1if:lct is

manifest as streaking or cupping or areas of dccreased density adjacent to boncs or

thick body parts. Filtering prior to image reconstruction which L' haseù on the

"ideal" patient attempts to decrease the innuence of beam hardcning bnt is

imperfect. In sorne cases a second-order correction can be applicd to lesscn the

artifactual effects (26).

Partial volume effects occur when the structure of interest is measured at a

geographic extreme and so it is present in only part of the slice thickness. Tlle

remainder of the slice thickness provides infonnation not relevant to the structure

and produces an erroneous estimate of its density (26). Tllis problem is especially
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prevalent in slllall structures and those with irregular geometry or sloping edges and

results in vague opacities or margins. Partial v'oIume effects may also result in

streak art ifacts when a structure of high spatial frequency or complex shape projects

into a slice. The influence of these structures will vary depending on the angle of

v'iew of the image and therefore create inconsistencies in data for back projection.

Usually the most effective correction for these artifacts is to repeat the scan using

thinner slices.

Motion alti/aets cause streaking, blurring or ghost images. They are a

manifestation of edge gradient and partial volume effects and may be influenced by

characterislics specific to the scanner. Motion artifact is a particular problem in

thoracic scans since both cardiac and respiratory motion are present. Decreasing

the scan time will attenuate the artifact. Alternatively, synchronization of the scan

to the period of a regular or predictable motion has also been used to limit motion

artifact (26,132). This has becn called "gated CT" to denote that a special

apparatus puts out data in response to specific input data from the cardiac or

rcspiratory cycle. In the case of cardiac motion, infonnation from the

electrocardiogram is used to detennine when a sc:m will be taken. A combination

of both c:lrdiac and rcspiratory gating may be necessary for thoracic scanning since

the cardiac and rcspiratory rhythms are not matched, cspecially in iII individuaIs:

Finally, air-contrast interface artifact generatcs image streaking due to high

spatial frequency at the air-tissue or air-liquid interface. As was the case f(lr motion

artifact it is a combinat ion effect which is accentuated by motion•

•
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o 1.7.3 Application of computed tomogr-dphy tll the rcspiratllry ~)'~1em

Initially the high contrast resolution llf CT madl' tunlOr idl'ntilïcation one of

its most popular uses. 1\Iore recentl)' researchers and cliuicians alikc ha\'c begun tll

examine its usefulness in the carly diagnosis of pathologieal processcs such as

emphysema (61), Iïbrosis (48), and puhnonary edema (70,141), ail of whieh are

characterised by density changes. Furthermore the noninvasi\'e nature and high

spatial resolution of the technique have encouraged ils use to iuvestigate treatment

effecthencss (59). The remainder of this section will focus on the use of CT tll assess

density, volume and shape changes in the respir:ltory s)'stem. Reference will be

made to pathoiogical states only to iIIustrate sr ~cilïc points about these more general

topies. Since CT is an expensive technology and most scanners are in very high

demand for patient related work most of the infonnation available from CT is based

on the human respiratory system. My investigations :Ipplied CT to the canine

respiratory system 50 1 will refer to information specilïc to dogs when possible.

1 ::e unit of measurement for CT (HU) is c10sely related to the density of the

structures being scanned. Therefore an obvious application of CT is to examine

changes in density in response to various interventions. In fact there is an

approximately !inear relationship between tissue density and HU slIch that
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• (5)

p(lung)

where p, lung densily, is exprcssed in g/cm3 and AV is the attenuation coefficient.

This equatioll is applicable to materials of loI\' atomie number with densities ranging

from that of air to I\'ater, I\'hieh includes the lung structures (43,71). Phelps et al.

(127) have reported a 4% error in density estimations using this fonnula and cite

vari:ltions in patient shape and size as the primary source of this error. Hedlund

and his co-I\'orkers (71) reported a Iinear relationship close to 1.0 between CT :md

directly estimated dellsity in excised baboon lungs. Hoffman (77) reported CT

estimates of in vivo canine lung density to be accurate with +/- 7% when compared

to phantolllS of similar density.

ln humans and dogs, the mean density and density gradient for the two lungs

is the same (69,77,129). CT is sensitive enough to be able to detect density

differences between inspiration and expiration (69,70,129,143). Many investigations

using CT have demonstrated that the lung is more dense in dependent areas

(43,59,77,129). Denison et al. (43) commented that there was a continuous

distribution of densities from dependent to nondependent zones and Hedlund et al.

(71) noted a Iinear anterior-posterior lung density gradient for bumans in supine

position. G:tttinoni's group (59) found that tbis vertical density gradient was present
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• in the prone and supine positions and remained eyen in patients with aeute

respirator)' failure. lIoffman (77) reported the slope of the yertical densit), gradient

of supine dogs to be 3.2% per cm lung height. This gradient disappeared in prone.

Interestingl)' he also reportcd a \'entral-dorsal gradient prest'nt in i~ogr:l\'imetric

planes in these dogs when the)' were in later:ll decubitus positions whieh indieates

that not aIl the \'ertical densit)' gradient present in dogs can be attributed to the

effects of gra\'ity. In dog and man the \'ertical densit)' gmdient in supine incrcascs

as absolute lung \'olume decrcases, with the greatest change in \'olume oceurring in

the mos! dependent zones (69,77,129). These studies reconfirm ph)'siological data

previously obtained by other, often more invasi\'e methods. which may di~turb the

quantity of interest or, in the case of patients, be inaccessible.

CT has also been used to estimate lung and tissue vohmles. Hoffman et al.

(76) reported they were able to detect canine hmg volume at TLC with an accuracy

of +/- 3% compared to the volume estimated for the excised Inng5 by water

displacement. Similarly, Denison and co-workers (43) were able to estimate the

volume of lung simulations to within 0.2 ml and stated they obtained a compamble

accuracy for human lungs in vivo when compared to plethysomgrnphic

measurements. They also noted they were able to interpolate lung volume between

alternate slices, using a 10-20 mm slice separation, to within S cm:. In this same

study the group was able to detect SO ml volume changes in the medium surrounding

the lung simulations with an accuracy of +/- S ml. Hoffman's group (76) reported

approximately 1-2% error when estimating 1 1 changes in canine lung volume in
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• ~·ivo. Hoffman and Ritma'~ (78) calclOlated the canine lung tissue volume from lung

weight and volume, less trapped gas, assuming a tissue density of 1.065 g/mI. They

found no differencc in tissue volume between the prone and supine postures. Their

linding is in agreement with the that of Gattinoni et al. (59) for healthy and iII

humans. Denison et al. (43) \Vere able to demonstrate that human lung tissue

volume \Vas conserved from FRC to TLC. Vnder normal conditions we do not

expect the absolute volume of tissue to change \Vith position or lung volume. The

fact that the three studies cited above ail report conservation of tissue volume under

various conditions suggests that they \Vere able to estimate tissue volume \Vith a

certain degree of accuracy.

Fe\V studies have reported information on respiratory system shape using CT.

One reason for this is that the large amount of data required for this type of

reconstruction \VouId expose humans to an unethical amount of radiation. Hoffman

(77) and Hoffman and Ritman (78) have used the Dynamic Spatial Reconstructor,

a very large, special kind of CT scanner with simultaneously operating x-ray tubes

providing high temporal resolution, to reconstruct canine lung and chest wall shape.

Lung shape was displayed using computer-generated shaded surface representations.

These images showed cle"lrly many anatomic..11 structures and shape changes but

couId not be used to quantitate the changes. Instead they used a change in cross­

sectional area plotted against distance from the apex to quantitate a change in lung

shape but did not assess the dimensions of the shape changes. Change in ch~'t wan

shape was viewed from midsagittal sections from reconstructed thoracic volumes.
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• There \l'as a considerable change in cross-sectional area of the chest \l'ail and to a

Jesser extent the Jung bet\l'een the prone and supine postUrl's. In ('ontrast, there was

ahnost no change in the shape of the sloth's respirator)' s)'stl'm \l'hidt b kno\l'n to

be much Iess compliant than that of the dog. The)' extendl'd their cx:unination of

chest wall shape b)' constructing a 3-dimensional "wire mesh" displa)' of the dog :md

sloth diaphragms which showed the dog diaphragms shifted as a Ie\'Cr :tnU Iïxed

about the central itead-to-foot bod)' axis 'l'hile that of the sIoth beha\'Cd "cr)' much

Iike a piston. This work demonstrates that quite precise infonuation about shape

and shape change is availabIe from CT data. the Iimiting factors being thc :tIuount

of data obtainable and the computationaI power avaiIable to m:mipulate that data.
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• 1.8 GLOSSARY OF ABBREVIATIONS USED IN CIIAPfER 1

A :lr~ Pdif pr~.'\urc difTcrcnce {""ilh respect to

AP ;.an tcri(J r·pustcriur the Inlerrupter lc'Chnique for

C cnmpli:.mcc mcasurin:,:: r~pir... lory S)'stcm

C" cuefficient ur friction mc'<hanics)

D di:mletcr

Pcs csophagcal pressure

dc cI()sin~ diamctcr duc to compliant

tuhe elTc'Cl' Pinit initial pressure (wilh respect to the

Interrupler lechnique for measuring

df c1usin;.: di:Ullctcr duc to Iiquid rcspir..ltury system mechanics)

film elTc'Cl'

Ppl plcur.... pressure

DPPC dipalmiloyl phnsphalidyl choline Prs rlSpir..atory system pressure

E clastancc Ptm lrJ.rl.t\mur.l1 pressure

Eaw ain..'aY clastancc Ptp trdnspulmonary pressure

Ecw chesl wall elastance R resistance

Etis tissue cla.'\tance Raw ain\'aY resLl\tance

ETT cnclntr.lchcal tube Rcw chest wall resistance

FFT Fasl Fourier Trdnsform Re Reynnld's number

FO forced oscillalion RL lung resistance

mc functional rcsidual capacity Rp peripheral resistance

Hz Hertz Rtis tissue resistance
HU Hounsfield unit TLC total lung capacity

1 inertance Il viscosity

V volume

MLR multiple lincar rl'l:rcs.,ion V now

density Vc critital volume

V/Q "entilation/perfusion
.o.p pn......'ure change X reactance

P-V pressun."'·olume "'Xe rddiolabled xenon

l'dIv alvenlar prcs.,ure Z impedance

l'dO air.,'U)' opening pressure

POOx box pressure

Pcw chCSl wall pressure
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CIL\PTER2

PLEURAL PRESSURE MEASUREMENT IN DOGS

USING ESOPHAGEAL BALLOON: EFFECf OF

POSTURE, LUNG VOLUME, BALLOON POSmON

AND PARALYSIS



•
2.1 ABSTRACf

Silllultaneous measurement of esophageal pressure (Pes) and tracheal pressure

(Ptr) during all occluded illspiratory effort 'l'as used to assess the accuraq of the

esophageal balloon for measuring pleural pressure (Ppl) in dogs. Esophageal

balloons 'l'ere inserted in five mongrel dogs and an occlusion test performed 'l'ith the

balloon tip at 5, 10, 15,20,25 cm above the esophageal sphincter, at lung volumes

of fUllctional residual capacit), (FRC) and FRC + 600 ml, and in supine and right

and left side Iying postures. The protocol 'l'as repeated in paralysed animais. This

lime the occlusion test was performed by injecting air into a pleth)'smograph in

order to cl\:llIge the body surface pressure, simulating pressure changes produced

by respiratory efforts in a spontaneously breathing animais. In 47% of the tests in

spontaneously breathing dogs the slope of Pes vs Ptr varied more than 10% from

unity. Following paralysis the slope did not vary more than 5% from unity under

any circumstance. These data indicate that the poorer performance of the occlusion

test in nonparalysed dogs is due to active tension in the walls of the esophagus and

stress induced in the intrathoracic soft tissues by the descent of the diaphragm

during a bre:lthing effort.
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• 2.2 INTRODUCTION

Esophageal pressure (Pes). lIleasured U)' esophageal ualloons. has Ul'cn nscd

as an estimate of pleural pressure (Pp!) since 19~9 ",hen Bn)'tcndijk pioneered the

technique (4). Today the "occlusion test" is used to asses.~ ho", accuratcl)' l'cs

renects Ppl (1). This test in\'ol\'es occluding the air",a)' at the end of cxpiration and

recording the changes in air",ay pressure and Pes during the subsequent Ï1L~pirator)'

efforts. If Pes pro\'ides an accurate measure of Ppl then thc slope of Pes \'s. Ptr

should be close to 1.0. Se\'eral in\'estigators ha\'e found this not to be tnlC in supine

posture (1, 8) and suggest that the "'eight of the mediastinal contents may be

responsible for the discrepancy. Mediastinal compression of the esophageal balloon

may also enhance the amplitude of cardiac oscillations in Pes further contributing

to this discrepancy (1). Higgs et al. (8) in\'estigated the innuence of ballion position

in the esophagu~ on the slope of the occlusion test and found that the middle third

of the esophagus most frequently produced a slope close to 1.0. To our knowledge

no one has assessed the effect of lung volume or paralysis on the occlusion test.

Furthermore, most studies of the esophageal balloon technique have been performed

in humans. Consequently we know IittJe about the factors affecting the accuracy of

the occlusion test in dogs despite the fact that we often use dog models to study

respiratory system mechanics. The purpose of the present study was to investigate

the influence of body posture, balloon position and Jung volume on the slope of the

occlusion test in anesthetized, spontaneously breathing dogs and to compare the

results with those obtained in a paralysed state.
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• 2.3 METIIOnS

Five mongrel dogs weighing 18-23 kg were anesthetized with pentobarbital

sodium (25 mg/kg iv) and maintained with an hourly dose of 10-15% of the initial

dose. A jugular venous catheter was inserted for infusion of fluids and drugs. The

dogs were tracheotomized and a cannula (lD 20 mm) was inserted in the airway.

Tracheal pressure (Ptr) Wa~ measured by a piezoresistive pressure transducer (ICS

12 002G 8051610, SPR Control Systems Ltd., Rexdale, Ont.) at a lateral side tap in

the cannula. Pleural pressure (Pes) was measured with a thin latex banoon 5.5 cm

long and sealed over one end of a thin polyethylene catheter (88 cm long, 1.7 mm

ID). The other end of the catheter was connected to an lCS pressure transducer.

The amplitude of the frequeney response of the banoon was me.:lsured and found to

be flat to 15 Hz while Ptr lead Pes by 4 degrees at 10 Hz and 6 degrees at 15 Hz.

The balloon was fined with 0.5 ml of air which placed it on the flat portion of its

volumc-pressure curve. Pressure signais were low-pass filtered at 10 Hz (8-pole

Bessel 902LPF, Frequency Deviees, Haverhill, MA.), sampIed at 40 Hz with a 12-bit

analog-to-digital converter (DT2801-A, Data Translation, Marlborough, MA.) and

stored on computer.

Placement of the esophageal banoon was achieved by first passing it into the

dog's stomach where it was exposed to abdominal pressure. This caused the balloon

pressure to increase during an inspiratory effort. The banoon was then withdrawn

to the point where the pressure swings produced by an inspiratory effort suddenly

reversed direction. This point was designated the pressure inversion point (PlP) and
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• indicated the balloon had just entered the thoracic cavit)' aud hl'collle l'xposl'd to

pleural pressure. The catheter \l'as \l'ithdra\l'u a furthl'r 5 l'Ill aud thl' positiou

marked on the catheter at the dog's iucisor. Ail f1ll1111~r balloou positions \l'erl'

referenced to PIP in the same manner.

Occlusion Test in Spolllaneously Breathing Dogs. Dogs \l'cre plal'cd supine in

a V-shaped \l'ooden l'radie. The l'radie could be tilted 90 degrees left or right

putting the dog in side I)'ing position. A threc-way valve \l'as connected bet\l'een the

tracheostomy l'annula and the ventilator to allow occlusion of the airway. The

esophageal balloon was positioned 5 cm above PIP. The threc-\I'ay valve \l'as nsed

to occlude the airway at the end of expiration and the occlusion t~1 \l'as then

performed by recording three consecutive respiratory efforts at functional rcsidU:11

capacity (FRC). Follo\l'ing a short recovery period of mechanical ventilation the

procedure was repeated. This time, however, 600 ml of air were injected into the

lungs with a plexiglass syringe immediately prior to occlusion of the airway. The

balloon was then withdrawn from the csophagus in 5 cm intervals and the occlusion

test performed at FRC and FRC + 600 ml at each interval. The balloon was

withdrawn in this manner until Pcs appe:lred to be unrelated to ppl. Ali

measurements were repcated with the dogs in left and right side Iying positions.

Occlusion Test in Paralysed Dogs. The dogs were placed in a 200 litre body

plethysmograph and paralysed with a bolus of pancuronium bromide (2 mg).

Paralysis was maintained by 2 mg hourly doses thercafter. A Harvard ventilator

(model 618, Harvard Apparatus, Southnatick, MA.) was connected to the threc-way
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• valve and the dogs mechanically ventilated with a tidal volume of 15 ml/kg at 20

bpm.

As the paralysed dogs were unable to generate respiratory efforts the

occlusion test was performed by applying external pressure changes around the

animal as follows. A two litre syringe was connected to the plethysmograph and its

volume injected and withdrawn, by hand, in a quasi sinusoidal manner at a rate of

0.08-0.28 Hz. This oscillated the plethysmograph pressure by approximately 1.0

kPa. As with spontaneous!y breathing dogs, the airway was occluded and Pes and

Ptr recorded in ail three postures, at ail balloon positions and at both lung volumes.

Two complete pressure oscillations were recorded under each condition.

LABDAT software (RHT-InfoData Inc., Montreal, Quebec) was used for ail

data collection.

Data Analysis. Figure 2.1a shows a typical plot of Pes (dashed line) and Ptr

(solid line) vs. time during an occluded, spontaneous breathing effort. Both Pes and

Ptr decrease quite linearly àuring inspiration with some cardiogenic oscillations

visible on Pes, and then return to baseline more rapidly during expiration. In Fig.

2.lb the same Pes and Ptr are plotted against each other. The loop forrned suggests

that there was a frequency response problem somewhere in the system coupling Pes

to Ptr. Since the frequency response of the balloon was virtually fiat to 15 Hz it is

likely the problem arose in the transmission of Ppl across the soft tissues and

esophageal wall to the esophageal balloon. As inspiration occurs more
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slowly than expiration (Fig. 2.la) we would expect Pes to renect Ppl more accurately

during inspiration than du ring expiration.

Figure 2.2 shows another phenomenon we frequently noted. Specifically, Pes

decreases linearly with Ptr at the beginning of an occluded inspiratory effort, but

curves toward a less rapid .-ate of change as the effort proceeds. It seems reasonable

to suppose that this represcnts an effort related distortion of the respiratory system

which in sorne way effects the transmission of pressure between the pleura and the

esophagus. DlIring spontaneolls respiration Pes never becomes as negative as it does

toward the end of an occlllded respiratory effort. Therefore we chose to assess the

effic:lcy of Pes as a measure of Ppl by calculating the slope of Pes vs. Ptr during the

first 0.5 kpa pressure drop from baseline. Furthermore, this is similar to· the

pressure drop induced in Pes and Ptr in the paralysed dogs in the plethysmograph,

making comparison between the paralysed and nonparalysed states easier.

Figure 2.3a shows a typical plot of Pes (dashed line) and Ptr (solid line)

against time for an occludeû pressure oscillation in the paralysed state. The

relationship between Pes and Ptr remains linear throughout the entire pressure

oscillation (Fig. 2.3b) unlike the situation for spontaneously breathing dogs. Also

note there is no discernable looping between Pes and Ptr over the complete

oscillatory cycle. Thus we were able to use the entire pressure oscillation in

calcul..ting the slope between Pes and Ptr.

Ali data was analyzed using ANADAT data analysis software (RHT-InfoDat,

Inc., Montreal, Quebec)•

•
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• 2.4 RESULTS

Figure 2.4 shows the slope of Pes ''s. Ptr in e;lch posture, plotted ;lg;lÏll.~t

balloon position in the esophagus in spontaneousl)' breathing dogs. The number of

positions sampIed depended on the size of the dog. Da!;1 in the Icft pand wcre

collected at FRC and those in the right at FRC + 600 1111. CiI'des reprcscnt supine

position, triangles and squares left and right side Iying respectively. Ail points

shown are the means of three individual slopes the standard deviatiOll.~ of which

excceded 0.05 in only 15 of 100 cases.

Figure 2.5 shows the 51ope of Pes "s. Ptr plotted against balloon position in

th~ esophagus for the paralysed state. Data in the left panel \l'cre colleeted :It FRC

and those in the right at FRC + 600 ml. The slopes shown :Ire the me:lIl.~ of two

individual pressure oscillations at each measurement condition. The difference

between the two 51opes obtained under any set of conditions was, on the average,

only 0.8% of the mean value.

The slope of Pes vs. Ptr varied more than 5% from unity in 65% of the

occlusion tests performed in spontaneously breathing dogs. In contrast, none of the

slopcs of occlusion tests performed in paralysed dogs varied more than 5% from

unity. Note that the slopcs tend to be closer to 1.0 for dogs in the paralysed as

compared to the nonparalysed state (Fig. 2.4). 75% of the 51opes obtained from dogs

in the paralysed state had a value greater than 1.0 as compared to only 17.5% from

the nonparalysed state.
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• 2.S DISCUSSION

The esophagcal lumen is separated from the pleural space by the muscular

wall of the csophagus and mcdiastinal soft tissue. If ail these tissues were naecid one

would expect a pressure change in the pleural space to be tnmsmitted unattenuated

to the esophageal lumen so that the siope of Pes vs. Ptr during an oeclusion test

would be 1.0. If, on the other hand, the tissues were under tension they would be

able to support stress and so would attenuate the forces transmitted aeross them.

The slope of Pes vs. Ptr would then be greater or less than 1.0, depending on the

tissue stress gradient.

The most notable feature of our data is that the value of the slope of Pes vs.

Ptr is much closer to unity in the paralysed as compared to the nonparalysed state.

This indicates that Pes more accurately renects Ppl in the paralysed state.

Furthennore the slopes in the nonparalysed state were on average less than 1.0.

One possible explanation for this finding is offered by the fact that the canine

esophagus, unlike the human one, is composed of entirely striated muscle (13). It

therefore becomes naccid on administration of cholinergic, nicotinic blockers (5, 7)

such as pancuronium bromide. The paralysed esophagus thus has less of an

attcnuating effeet on pressures transmitted across its walls than does the

nonparalysed esophagus.

Another e.xplanation for the relatively poor perfonnance of the occlusion test

in nonparal)'Sed animais is suggested by Fig. 2.1a in which the slope of Pes vs. Ptr

tends to decrease towards the peak of the spontaneous breathing effort. During
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• inspiration the diaphragm descends and strl'lchC's the C'sophagus. The tl'nsion thus

created in the esophageal wall pC'rmits the maintl'n:mCl' of a pn'ssure gradil'nt as

described abo\"e. The esophagus and soft tissues of the ml'diastinum an' also

distorted by pleural pressures changes created by the action of respÏl~lhll")' muscll's

on the rib cage. As the elastic fibers of the esophagus and soft tisslll's bl'Cllllll'

increasingly stretched during the inspiratory cff011 thl')' are able to suppOl1 a

progressively greater pressure gradient. Consequentl)' the change in l'es with

respect to Ptr becomes progressively less. Fnrther, it is likel)' that the pil'ural

pressure changes produced dnring inspiration arc not uniform over the lung sm·face.

Therefore the esophageal wall tension .md its ability to snppOl1 pressm'e ma)' be

effected regionally which may expl:lin why the results of the occlusion test wel'e more

variable during spontaneously breathing (Fig. 2.4) as compared to the p'lralysed

state (Fig. 2.5).

Figures 2.4 and 2.5 both show that l'es measured from ceplmlad positions in

the esophagus reflect l'pl less accurately than those from more distal 10catiOlL~.

Milic-Emili et al. noted a similar phenomenon in humans and proposcd that it was

due to esophageal traction or compression resulting from bowing of the trachea (12).

The results of the present study are in accord with this hypothesis since it is

certainly conceivable that the descent of the diaphragm during a spontaneous

breathing effort might exert a force on the trachea by stretching the intervening soft

tissues. This observation is further supported by an observation that the slopes of

l'es vs. Ptr are much doser to unity in the paralysed as compared to the
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nonpardl)ised animais.

Many investigators have suggested that Pes recorded in the supine posture

l:ives the Jea.'1 accumte measure of ppl (l, 6, 10, II). We also found that the slope

of Pes vs. Ptr recorded in supine posture in spontaneously breathing dogs often

differed markedly from 1.0 (Fig. 2.3). This is genemlly attributed to compression

of the esophagus by the mediastinal contents. However, we found the slopes

obtained after pamlysis were consistently very close to 1.0 (Fig.2.4). This indicates

that the weight of the mediastinal contents is not responsible for the poor occlusion

test results during spontaneous breathing. It seems more likely that postural

changes alter the pressures acting on the rib cage and subsequently the pleural

pressure changes distorting the esophagus and mediastinal soft tissues. This would

change the degree of pressure the esophageal couId support and the amount of

pressure attenuation it was capable of. Indeed Jiang et al. suggest such pressure

changes occur with movement from supine to upright postures (9). While it has not

been investigated yet, we feel it is reasonable to expect distorting pressures to change

between supine and side Iying postures. These changes may account for the postural

differences in occlusion test accuracy we found.

The slope of Pes vs. Ptr in the present study varied considerably with changes

in testing conditions. It is therefore important to consider what an acceptable

deviation from unity is and what measures can to be taken to remedy an

unacceptable occlusion test. Higgs et al. arbitrarily choose a 10% deviation from 1.0

as acceptable while Beardsmore et al. states that more stringent constraints are

•
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• necessary (8, 3), Beardsmore based these l?,uidcliues on her wo('k in inf:lIlts that

showed if the slope of Pes vs. Ptr was less than 0.94 or l?,rcater than LU)

unacceptable estimations of pulmonary resist:lIlce and compliancc occurred. Oui)'

52% of the occlusion tests perfonned in the present study lit this criteria. Roth

Ba)'dur et al. and Higgs et al. found that the accuracy of the occlusion test may be

ïrnpro\'ed by repositioning the balloon (1, 8). This ma)' not alw:l~'S be possible,

however, nor may the improvement be enough to produce an acccpt:lbic occlusion

test.

Another method of dealing with an unacceptable occlusion test is to dividc ail

subsequently measured Pes signais by the value of the slope of Pes vs. Ptr obt:lÎncd

during the occlusion test (2). This method assumes that Pes is simply a scaled

version of Ppl and is valid only when the relationship between Pes and Ptr, during

the occlusion test, is Iincar over the pressure range of interest.

In conclusion, the slope of Ptr vs. Pes and thercforc the ability of Pes to

accurately renect Ppl varies inconsistently with balloon position, lung volume and

posture in spontaneously brcathing dogs. Thus when using the occlusion t~t to

assess the accuracy of Pcs as an indicator of Ppl the test should be donc unde!" a set

of mcasurement conditions spanning those to be used in the experiment. The

accuracy of Pcs as a mcasure of Ppl improvcs substantially in the paralysed state.

Therefore it seems safe to assume that it is not neccssary to repe:lt the occlusion test

following paralysis if its rcsult is acceptable in the nonparalysed state.
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• ClIAPTER3

3.1 LINK TO CIIAPTER 3

Chapter2 examined the ability of esophagcal pressure from a balloon-catheter

system to measured changes in pleural pressure. Using the "occlusion test" we

demonstrated that esophageal pressure estimated pleural pressure better in paralysed

than spontaneously breathing dogs regardless of balloon position, dog posture, or

lung volume. Therefore we were confident that we could use an esophagcal balloon,

positioncd under spontaneous breathing conditions, to partition the mechanical

behaviour of respiratory system into its lung and chest wall components following

paralysis of the doge This was essential for the work rcported in Chapter 3 since we

suspccted pleural effusion wouId induce opposing volumc changes in the lung and

chest wall compartmcnts so that thcir individual bchaviour could not be deduced

from that of the system alone.
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• 3.2 ABSTRACf

We studied the effeets of pleur:ll effusiou ou d)'u:unie elast:\Ilec (E) aud

resistancc (R) of thc respir:ltoQ' s)'stem (RS) in 6 supinc. :\Ilcsthctizcd. par:ll)'zcd.

traeheostomizcd, and ,'cntilated dogs. E and R of thc RS. luug (L) :md ehcst wall

(CW) were estimated during saline infusion into thc plcur:ll spaec :\Ild for 2 hours

following fluid loading by fitting the equation Pressurc = E x Volulllc + R x Flow

+ Constant to thc measured data by multiplc \iucar rcgrcssiou. ~. :md RI.

inereased signifieantly during fluid loading and werc partiall)' and only tr:lIL~icntly

reversed by deep inflations. Ecw and Rew werc litt le affcetcd by thesc proecdures.

Thus pleural effusion can have signifieant effects on dyn:lIuie Ers :md Rrs but the

transient nature of the change in lung parameters suggests that ther:lpies based on

periodic lung inflations may be of \ittle benefit to patients with this condition.
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• 3.3 INTRODUCfION

Pleural effusions are a very common clinical entity. To date, investigations

of the effects of pleural effusions on lung function have concentrated on quantifying

the changes in gas exchange, lung volume (1,12,15,24) 01" forced expiratory flows

(12,24). A few studies have examined the alterations in static elastance of the

respiratory system which OCCUI" as a result of pleural effusion (12,15,24). Howevel",

none have assessed changes in dynamic elastance (E) and resistance (R) that

accompany pleural effusion. These dynamic pl"operties of the respiratory system,

which may diffel" mal"kedly from its static pl"operties, are obviously more relevant

during breathing. The purpose of the present study was to investigate the changes

in the dynamic mechanical pl"operties of the canine respiratory system and its

components, the lung and chest wall, produced by the progressive development of

pleural effusion. We also sought to determine the extent to which such changes

could be reversed by deep lung inflations in oroer to discem the therapeutic

effectiveness of such a maneuver•

• Chapter 3 108



• 3.4 METlIons

Experimental:

SLx mongrel dogs weighing 18-25 kg \Vere anesthetized \Vith pentobarbital

sodium (25 mg/kg h') and maintained \Vith an hourly dose of 10-15% of the initial

dose. The dogs \Vere positioned supine, tracheostomized and a cannula \Vas inserted

in the airway (ID 20 mm).

Tracheal pressure (Ptr) was measured by a piezoresistive pressure tr:msducer

(lCS 12 002g 8051610, SPR Control Systems Ltd., Rexdale, Ont.) at a later:11 tap

in the cannula. A heated No. 2 Fleish pneumotachograph was connected to the

cannula for the measurement of tracheal now M. The pressure drop across the

pneumotachograph measured by a piezoresistive pressure transducer (MicroSwitch

163PCOID36, Honeywell, SC:lrborough, Ontario). A three way valve was connected

to the pneumotachograph to allow occlusion of the airway during the occlusion test

(see below). Pleural pressure (Pes) was measured with a thin latex balloon 5.5 cm

long and sealed over one end of a thin polyethylene catheter (88 cm long, 1.7 cm

ID). The other end of the cathet~r was connected to another ICS pressure

transducer. The balloon was filled with 0.7 ml of air which placed it on the nat

portion of its volume pressure curve. Ali signais were passed through 8 pole Bessel

filters (902LPF, Frequency Devices, Haverhill, MA.) with their corner frequencies

set at 30 Hz. They were then sampled at 100 Hz with a 12 bit analog to digital

converter (D1'2801 A, Data Translation, Marlborough, MA.) and stored on

computer. Ali data were collected using LABDAT software (RHT- InfoData Inc.,
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• Montreal, Quebec)

The esophageal balloon was positioned 10 cm abo\'e the esophageal sphincter

and the occlusion test was perforrned at functional residual capacity (FRC) and

FRC+SOO ml (6). The slope of Pes vs Ptr obtained during a spontancous brcathing

effort did not vary more than S% from unity in any dog at either lung volume. We

have previously shown that the changes in Pes and Ptr during an occlusion test are

even c10ser after paralysis than during spontaneous breathing efforts (9). However,

the ability of the esophageal balloon to accurately measure changes in pleural

pressure with an effusion in place is controversial (1S,10,23). Therefore we tested

the accuracy of Pes as a measure of pleural pressure in a similar manner to tha'

described in our previous investigations, in two paralyzed dogs with unilateral

pleural effusion. Specifically, the dogs were tracheostomized and an esophagcal

balloon placed 10 cm above the gastroesophageal junction. Each dog was placed in

a plethysmograph, paralyzed with pancuronium bromide, and ventilated. The

occlusion test was performed by occluding the airway and mcasuring Ptr and Pes

while the pressure around the animal was oscillated by injecting and withdrawing

2 litres of air from the plethysmograph. This caused Ptr and Pes to oscillate quasi-

sinusoidally \Vith an amplitude of 1 kPa and a frequency of 0.08-0.28 Hz. We then

infused saline into the pleural space until we obtained the same maximum volume

per kg used in the dogs reported in this paper. The oscillation test was then

repcated. The slope of Ptr vs Pes did not vary more than 2% between the control
,

and effusion states. Therefore we are confident Pes accurately refiected mcan
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• pleural pressure in the investigations reported here.

Dogs were paralyzed with a bolus of pancuronium bromide (2 mg) and

paralysis maintained by 2 mg hourly doses thereafter. The thrcc way vah'e was

removed from the pneumotachograph anda Harvard ventilator (modeI618. Harvard

Apparatus, Southnatick, MA.) connected in its place. The dogs were mechanicll1ly

ventilated with a tidal volume of 15 ml/kg at a frequency of 20 brcaths li minute.

A polyethylene catheter was inserted into either the right or left pleural space at the

level of the seventh or eighth intercostal space. The catheter was sntnred in place

and air was evacuated from the pleural space nsing an und...rwater scaled snction

apparatus. Three deep innations were given just prior to saline infusion. A decp

innation was accomplished by occluding the expiratory port of the ventilator for

three consecutive breaths which raised transpulmonary pressure to approxinmtely

3 kPa. Saline was then infused into the pleural space in 60 ml incrcments. given

each minute, until an effusion of 60 ml/kg body weight had becn admini!>1ercd. Ptr.

Pes and V were measured continuously for 3 min prior to, during lmd 10 min

following loading of the effnsion. They were also measured for 40 s every 5 min

over the next 2 hrs. Following loading of the effusion, 3 decp innations werc given

every 20 minutes, immediately after a data collection period.

At the tennination of the experiment we opened the chests of two of the dogs

and evacuated the pleural effusion using a 60 ml syringe. In both cases wc

recovered at least 90% of the effusate•
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• Data Analysis:

Forty second segments of Ptr, Pes and V following each increment in effusate

were isolated from the continuous data record. Volume (V) was calculated by

numerical integration of V. A small constant was added to V prior to integration

50 that the resulting V had no baseline drift. The segments were divided into

individual breaths, the breaths superimposed and the data ensemble averaged (5).

Similar ensemble averaging was performed on the data collected in discrete 40 5

s.'1mples in the 2 hr period following nuid loading. We then lit the equation

P = E*V + R*V + K

to each ensemble averaged data set by multiple linear regression in order to calculate

elastance (E) and resistance (R) of the respiratory system (RS), lung (L) and chcst

wall (CW). K is the value of pressure when V and V are both zero. Of course these

model paramcters do not characterize the respiratory system perfectly, but they do

embody the gre.'1t majority of its elastic and dissipative properties during regular

mechanical ventilation (3). P was representcd by Ptr, Pes or Ptr-Pes (PPt), yielding

Ers and Rrs, Ecw and Rcw and EL and RL respectively.

In ail cases the equation P = E*V + R*V + K accounted for at lcast 98%

of the variance in the dependent variable P as indicated by the coefficient of

variation.

Ali data \l'ere analyzed using ANADAT data analysis software (RHT-InfoDat

Inc., Montreal, Qucbec)•
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• 3.5 RFSULTS

Figure 3.1 shows changes in Ers. Ecw and El. during basl'1ine 10 Ihl' l'ud of

effusate loading for each dog ~1udied. Figure 3.2 i1Iuslnlles Ihe changl'S in R for Ihl'

same time period in the same dogs. In ail cases Ihere are slead)' increasl'S in Ers.

~., Rrs and RI.' There are much smaller decreases in Ecw and Rc",. Changl'S in

Ers and Rrs are very similar in shape and amplitude 10 those observed for Ihe lung.

Table 1 presents the percent changes in E and R from baseline values produced by

effusate I(;ading for e.'lch dog. In ail cases the changes in E and R for the RS. L.

and CW were significant at p< 0.05.

Figures 3.1 and 3.2 demonstrate an abrupt decrease in E and R in dog 4 al

15 min after initiation of loading. E.~amination of the corresponding Ptr signal

revealed a sudden increase in the baseline and a decrease in Ihe amplitude of Ihe

pressure swing. This apparent abnormality in pressure measllremenl resolved

spontaneously at the end of the recording period and was not observed at any olher

time. We suspect this may have been due to the formation of a nuid bubble at the

opening to the tracheal cannllia side port. Despite this anomaly in Ptr the patlern.~

of change in E and R were similar to those of the other dogs examined•
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Chapter 3

Ers (filled circles), EL (open squares) and EclY (open triangles) plotted
against time. "0" lime indicates the initiation ofeffusate loading which
is complete at the end of each plot. Points béfore initiation of loading
are baseline data. (ln dogs 3 and 6 the x-axis break is used because
baseline data were measured 8-10 min prior to initiation of loading
which would have unnecessarily extended the graph.)
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• TABLE 3.1. Changes in E and R During Effusare Loading.

DOG Exs El. Ecw RRS RL Re\\'

1 34 64 -52 57 93 -26

2 17 23 -8 66 77 19

3 34 61 -21 91 135 -25

4 32 79 -44 52 114 -25

5 7 56 -52 40 88 -33

6 34 75 -18 -25 133 37

Mean 26 60 -32 47 107 -9

S.O. 12 20 19 39 24 29

Data are expressed as a percentage of baseline values. Ali changes are signilicant at
P<0.05•

• Chapter 3 116



• Figure 3.3 illustrates the changes in E and R which occun'cd 45 to 120 min followin~

Joading of the effusion and includes the effects of 3 deep innations for a representative do~.

These data illustrate the immediate, marked decreases in Ers and El. and thc small

decreases in Ecw resulting from deep innations. These decreases were followed b)' returlL~

toward original values. Rrs and RI. also decreased following deep innations 'l'hile Rcw 'l'as

\ittle affected by them. Again the resistances increased toward original vaines following the

deep innatiollS.

Table 2 presents the percent changes in E and R produccd by dccp innatiOlL~ in ail

dogs studied. The lung rather than the chest wall 'l'as primarily effccted by deep innations

in ail cases.
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• TABLE 2. Changes in E and R lI'ith Deep Inflations.

DOG E"s EL Ec\\' RRs R,. Re\\'

1 29 (1.0) 35 (1.0) 15 (0.1) 17 (6.0) 21 (7.5) 4 (2.6)

2 26 (1.7) 29 (2.1) 13 (1.0) 36 (2.1) 40 (2. I) 17 (3.0)

3 28 (8.5) 31 (9.9) 12 (2.3) 36 (6.4) 47 (6.4) 9 (2.5)

4 38 (3.0) 49 (3.8) 6 (2.0) 50 (3.8) 71 (3.6) 4 (2.7)

5 23 (1.0) 29 (1.5) 2 (0.6) 32 (3.6) 45 (5.3) 2 (1.0)

6 17 (2.1) 24 (2.5) 2 (1.8) 6 (5.5) 14 (6.1) 5 (3.6)

Mean 27 33 8 30 40 7

S.D. 7.0 8.7 5.6 15.6 20.3 5.4

Data are expressed as a percentage of end loading values and are the means
of the data points recorded immediately following 3 Deep Innations given
between 15 and 120 min post-loading. Numbers in parentheses are the
standard deviations of the points.
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• 3.6 DISCUSSION

Effusate loading of the pleural space produced progressive changes in the dynamic

E and R of the lung and chest wall in the animais studied (Fig. 3.1, Table 3.1). Following

the completion of loading the courses of these changes were stable apart from transient

reversais induced by deep innations (Fig. 3.3). This indicates that the changes in E and R

during nuid loading are not due solely to the accrual of atelectasis as a result of regular

ventilation over the recording period. These results therefore demonstrate that pleural

effusion can create significant changes in the dynamic mechanical properties of the

respiratory system, and that the extent of the changes is c10sely related to the volume of the

effusion.

EL increased steadily throughout effusate loading (Fig. 3.1). This is probably due

a combination of parcnchymal distortion which occurs as the Jung rotates around its long

and transverse axes during effusate loading (15,14,21) and to a decrcase in FRC as

dependent Jung rcgions arc displaced by the nuid (1). The decrease in FRC can occur as

a result of airspace c10sure or a uniform decrcase in volume throughout the lungs. For

example, several invcstigators using animal models have reported an incrcase in static Et.

at very low Jung volumes while noting that airspaces remained open even at negative

transpulmonary pressures (7,11,22,25). On the other hand, rescarch on humans has

demonstrated impaired oxygen exchange in the presence of pleural effusion which is

indicative of sorne degree of airspace cIosure (8,20,24). In rcaIity, there is most probably

a combination of the above phenomena, which couId potentially result in significant

regional inhomogenities of ventilation and so cause an increase in dynamic elastance via the
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mechanism described by Otis et al. (19)•

Mead and Collier described a decline in compliance associated with airspace c1osurt'

in dogs ventilated for several hours without periodic deep innations (18). In the prtosent

study we found sudden marked decreases in El. followed by slower returns toward original

values in response to deep innations (Fig. 3.3). Similar results have been described for

quasi-static elastance following a period of low volume breathing (22) and for dymuuic

elastance detennined from nonnal FRC or above (16.17). The decreases in El. l\Iay be

explained either by stress adaptation of the lung tissues. recruitment of previously c10sed

airspaces, or a combination of the two phenomena (14). Although previous work has

demonstrated that the lung and chest wall exhibit a similar degrec of stress adaptati:m in

response to moderate changes in lung volume at nonnal FRC (4) we found deep innations

produced much smaller changes in Ecw than El. (Fig. 3.3). This sugg~1s that airspllce

recruitment may have been responsible for the marked transient deere:\SCS in El. that

occurred in response to deep innations in the present study. On the other hand Ludwig

et al. (17) and Loring et al. (16) observed large changes in El. in response to deep inn:ltions

from nonnal FRC where preexisting air space c10sure is presumed absent. Therefore it is

still possible that our results are a renection of a severe volume dependence of !>1ress

adaptation of lung tissue. In any case, our results (Fig. 3.3) c1early show that the effects

of deep innations on mechanics following nuid loading of the pleural space are only

transitory and that the changes induced by the loading itself are stable over 2 hours.

Figure 3.2 demonstrates a steady increase in RI. as mean lung volume decreases

below nonnal FRC during effusate loading. This is in contrast to the work of Ludwig et

•
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al. who dcmoru.1r.ttcd a positive dependcnce betwccn mean lung volume and RI. (17).

Prcvious work has established that at low ventilation frequencies, such as the one used in

this study, tissue and not airway properties are the principal detenninants of RI. (2,17).

Ilowever ail of these previous measurements were made at mean lung volumes at or above

nonnal FRC. Il is possible that airways contribute significantly more to RI. at volumes

below FRC, thus explaining the contradiction betwccn our work and that of Ludwig et al.

(17). However the decrease in lung volume induced by the effusion in the present study

probably effected the peripheral more than the central airways and thus would not have

significantly incre:lsed airway resistance. We also observed a decrease in RI. in response

to deep inflations which neither Loring et al. (16) nor Ludwig et al. (17), operating at mean

lung volumes at or above nonnal FRC, demonstrated. This supports the notion that the

development of airspace c10sure below nonnal FRC, temporarily removed by deep

inflations, may have contributed significantly to the increase in RI. we observed with

effusate loading.

Figure 3.1 and Table 3.1 show a decrease in Ecw during effusate loading. Krell and

Rodarte also reported decreases in Ecw associated with an increase in chest wall volume

during fluid loading of the pleural space (lS). Their findings are consistent with those of

Barnas et al. who demonstrated a decrease in Ecw with a decrease in mean lung volume

(G. Barnas, personal communication). Such evidence supports our opinion that chest wall

volume increased during effusate loading in the present study.

It is interesting to note that in dogs, unlike humans, the pleural space is incomplete

and communicates bilaterally (13). Therefore it is possible sorne of the effusate could have

•
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• crossed the mediastinum resulting in a bilateral not unilateral effusion in dogs we slndied•

The fact that we were able to reeover at le3!o"l 90% of Ihe effusale b)' e\'al'n:llion via tht'

chest tube suggests that much of the effusion remained unilaler:llly di~tributed. In :my l'liSe

we are interested in the behaviour of the respiratory s)'~"Iem wilh pleur:11 effusion lmd the

exact distribution of the effusion is not pivotai to our findings.

In summary, the results of our study suggest that changes in respimtory system.

lung and chest wall volume during effusate loading of the pleural space a1ler the dymunic

E and R of these structures. It also appears that breathing at mC<'ln hmg volnmes below

normal FRC may change the relative e:dent to which airways :md ti~lIes contribllte to ~.

and RL • In particlliar our data sugg~"1 that airsp.'lce c10sllre may be an import:mt

determinant of the changes in lung mechanics we observed. Deep inflations. which may aet

to dissipate airspace c1osure, were only able to transiently reverse the changes in ~. und

RL we observed. Further it suggests that a measure, such as mask CPAP (continuOlL~

positive airway pressure), which raises mean lung volume over prolonged period~ of lime

may be a more effective treatment for this patient population•
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•

CHAPTER4

MECHANICAL BEHAVIOUR OF THE CANINE RESPIRATORY

SYSTEM AT VERY WW LUNG VOLUMES



• CIIAPI'ER4

4.1 LINK Tû CllAPTER4

Chapter 3 inyestigated the effect of pleural effusion on the dymunic

mechanical behayiour of the canine lung and chest wall. Both the el:L~tance and

resistance of the lung increased during saline loading of the pleural space a$

presumably end-expiratory yolume decreased below nonnal functional rcsidual

capacity. This behayiour was contrary to that predicted by most pre\'ious studies

examining the effects of changes in mean lung volume on the mechanical propertics

of the respiratory system. One expianation for these unexpected rcsults was that

something specific to the pleural effusion caused the respiratory system to behave

in an unpredictable manner. The work in Chapter 4 explores this h)'pothesis

further. In these experiments lung volume was altered by changing the amOllllt of

end-expiratory pressure applied by the ventilatory circuit avoiding the connicting

influence of an effusion.
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• 4.2 ABSTRACf

We studied the changes in dynamic elastance and resistance of the respiratory

system in 6supine, anaesthetized, paralysed, tracheostomised and open-chested dogs.

Tracheal pressure (Ptr), tracheal now (V) and 3 alveolar pressures (Palv by alveolar

capsule) were measured continuously for 20 min at 5 levels of positive end expiratory

pressure (PEEP) between 0.1 and 0.5 kPa. The lungs were innated to total lung

capacity (TLC) at the start of e.'lch recording period. Lung elastance (EL) and

resistance (RL) were estimated by lilting the equation Ptr = RLV + ELV + K to the

me.'lsured data for each breath by multiple Iinear regression (V=volume,

K=constant). Airway resistance (Raw) was obtained from the difference between

Ptr and Palv. El. increased progressively in the 20 min following Jung innations.

The increase in EL over this time was about 45% of its baseline value at a PEEP of

0.1 kPa compared to an increase of only about 10% at a PEEP of 0.5 kPa. In

contrast, RL changed very !ittle over the recording period at allievels of PEEP. At

low levels of PEEP Palv often bore no resemblance to Ptr indicating that signilicant

airway obstruction or closure had occurred. These results suggest that the increase

in EL at low PEEP was primarily due to the accretion of airspace closure, and that

nonlinear tissue mechanical properties were responsible for the lack of change in RL.
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• 4.3 INTRODUCTION

ln a previous study in supine dogs (3) we llIeasured puhnonary c\ast:lllce (El.)

and resistancc (RI.) during regular llIechanical "entilation while instilling saline into

the pleural space. We found that both El. :ll1d RI. increased progressh'cly as thl'

pleural effusion developed, and presumed that this was due to the end-cxpimtory

lung volume being decreased below normal functional residu:11 capacïty (FRC) as the

lung became displaced by the effusate. Unfortunatel)', we were unable to find

convincing evidence in the Iitemture to support this h)'pothesis bec:mse. despite

much recent intercst in the volume dependence of puhnonary mechanics. 1lI0st

studies in this area have focused on the results of raising lung volume above nonnal

leveIs. Furthennore, most of these studies (12, 19) have demonstrated that, for :1

given tidal volume, both EL and RI. increase as mean transpulmonary pressure (Ptp)

is incrcased. One might thus expect EL and RI. to decrease when end-expimtory

lung volume decreases below nonnal FRC. ln support of this view, Hantos et al. (7)

used a forced oscillation technique in dogs and found that El. and RI. were

signifieantly lower at a Ptp of 0.2 kPa than at 0.8 kPa. ln contr:lst, however, :\11

earlier study by Mead and Collier (14) reported both parameters to increase as Jung

volume was decrcased below nonnal FRC.

The current paucity of data about lung mechanics at very low lung volumes,

together with the difficulties of extrapolating the results of studies at higher volumes,

led US to conclude that a detailed study of lung mechanics at volumes below nonnal

FRC is needed. We thus undertook the present study to examine in detail how
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• rcducinl: lung volume bclow its normallevel affects canine El. and RI.. In particular,

wc studicd two complementary situations: how the parameters change with time at

a fixed cnd-expiratory pressure (PEEP), and how they change witl; PEEP without

the innuencc of time•
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• 4.4 MEI'llünS

Experimental:

Si.x mongrel dogs weighing 19-30 kg were anacsthetizcd with pentobarbital

sodium (25 mg/kg iv) and maintained with an hourI)' dose of 10-15% of the iuitial

dose. A venous line was inserted for administmtion of maintenancc nuids :md

drugs. The dogs were positioned supine, tracheostomizcd :md a c:mnul:l was

inserted into the airway (ID 20 mm). Bilateml \':lgotomy was pel'fonncd :md

confinned by the chamcteristic change in respir:ltory pattern (ie. breathing bec:llne

slower and deeper). The dogs were then pamlysed with pancuronium bromide (2

mg) and artificially ventilated (15 ml/kg, 20 brcath/min) with a lIar\':lrd volume

ventilator (model 618, Harvard Appar:ltus, Southnatick, MA). Median sternotomy

was perfonned, the chest widely retmcted, aud 3 alveolar capsules installed on the

nondependent areas of the lungs. Capsules were fixed to the pleur:11 surface using

a cyanoacrylate glue. Communication between the alveoli and capsules was

established by puncturing the pleura enc\osed within the capsule 4-5 times wilh a

cautery needle (2-3mm deep).

Tracheal pressure (Ptr) was mcasured by a piezoresistive pressure transducer

(ICS 12 002g 8051610, SPR Control Systems Ud., Rexdale, Ont.) at a lateral tap

in the tracheal cannula. A heated No. 2 Fleish pneumolachograph was connecled

to the cannula for the mcasurement of tracheal now M. The pressure drop across

the pneumotachograph was mcasured with a piczoresistive pressure trnnsducer

{M:icroswitch 163PCOID36, Honeywell, Scarborough, Ont.). Alveolar pressures were
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• mcasurcd using piezoresistive transducers (ICS) inserted into the alveolar capsules.

Ali signais wcre passcd through 8-pole Bessel lilters (902LPF, Frequency Devices,

Haverhill, MA.) with their corner frequencies set at 30 Hz. The signaIs were then

sampled at 100 Hz with a 12-bit analog-to-digital convertel' (DT2801-A, Data

Translation, Marlborough, MA.) and stored on computer. Ali data were collected

using LABDAT software (RHT-InfoData, Montreal, Quebec).

The six dogs were studied according to the following two protocoIs. The

cxperimental regime for each dog consisted of Protocol #2 followed by Protocol #1

followed again by Protocol #2.

Prolocol #1: Elaslance and Resistance vs Time al Fixed Levels of PEEP.

PEEP was set at 0.5 kPa and three sighs to total lung capacity (TLC) were

givcn (TLC was delined as the lung volume obtained when Ptp was 3 kPa). Ptr, V

and Palv were rccorded continuously during and for approximately 20 min following

the TLC maneuvers. PEEP was then changed to one of 4 randomly assigned levels

(0.4, 0.3, 0.2, and 0.1 kPa), 3 TLC maneuvers given and Ptr, Palv and V recorded

as before. This was then repeated for the three remaining leveIs of PEEP in random

order.

Prolocol #2: Elastance vs Variable PEEP.

PEEP was set at 0.5 kPa and the dogs given three TLC maneuvers. Ptr, Palv

and V were rccordcd continuously for 15 s to establish a baseline, and then for a

• Chapter 4 134



• further lOS s during which time the PEEP was steadily decreased from O.S to 0.\

kPa. Finally, the PEEP was reset at O.S kPa and the dogs allowed to recoyer for 1-2

min before the whole procedure was repeated for a second time.

DaJa Ana/j'sis:

We estimated dynamic c1astance and resistance for the Jung and the lung

tissues by fitting the equation

pet) = EV(t) + RV(t) + K (I)

to the measured data from each individual breath in each entire data record, where

t is time, V was obtained by numerically integrating V, and K is ail estimate of the

level of PEEP. When P was set l'quaI to Ptr we obtained parameters for the Jung

(EL and RL). Similarly, we obtained three sets of parameters for the lung tissue

(Etis and Rtis) by setting P l'quaI to each of the three Palv. TIll' coefficients of

variation for the fits were ail gre:lter than .99, which shows that Eq. 1 fit buth the

Ptr and Pes data a1remely weil. Three estimates of airway resistance (Raw) were

then ca\culated from the three estimates of Rtis as

Chapter 4

Raw = RL - Rtis. (2)
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• 4.5 RESULTS

Figure 4.1a shows El. obtained at each level of PEEP over an 18 min

recording period following the TLC maneuvers for a representative dog (protocol

#1). We deline the value of El. at the start of the recording period to be EI.(O) and

the value at 18 min to be EI.(l8). (In dog #5 the recording period at 0.2 kPa PEEP

was ended prematurely at 14.5 min, and so we use the \'alue of El. at this tùne in

place of EI.(l8).) The percent incrcase in El. over the recording period, oiEI., was

thus 100 x [EI.(l8)-EI.(O)]/EI.(0). oiEI. increased progrcssively as the level of PEEP

decreased. Et.(O) aIso changed with the level of PEEP, although not always in a

consistent manner. In addition, we observed patchy atelectasis over the lung surface

at lower leveIs of PEEP which developed with time. Figure 4.1b shows the Ri.

corrcsponding to the El. in Fig. 4.1a. Again we deline the quantities RI.(O), RI.(18)

and oiRI. as for El. above. Despite the much greater noise level in RI., it is c1ear that

oiRI. is substantiall~' smaller fraction of RI. than oiEI. is of El..

Figure 4.2 shows the mean values of oiEI. and oiRI. for ail dogs at cach level

of PEEP. Paired t-tests showed a signilicant increase in oiEI. between 0.3 and 0.2

and betwecn 0.2 and 0.1 kPa PEEP (p<O.05). The values of oiRI. at 0.1 and 0.2

kPa PEEr ··ere signilicantly different (p < 0.05) while those at 0.1 and 0.5 kPa were

not different•
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Fig. 4.1
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(a) Dynamic elastance oftlze lung plotted against time at tlze 5 different
levels of PEEP as indicated to tlze riglzt of eaclz trace. 71le tlzick line
corresponds to tlze baseline PEEP of0.5 kPa. 71lere is a smalI peak in
EL at tlze beginning oftlze recording periodfora PEEP of0.1 kPa. We
suspect tlzat tlzis may lzave been due to sudden closure ofsome airspace
wlziclz tlzen resolved spontaneously, perlzaps due to interdependence
effects. (b) Dynamic resistance of tlze lung plotted against tùne al 5
different levels of PEEP. Level of PEEP is indicated to tlze riglzt of
eaclz recording. 71le tlzick line corresponds to a baseline PEEP of 0.5
kPa.
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• Figure 4.3 shows how El. varied as PEEP was lowcrcd from 0.5 10 0.1 kPa

over approximaIel)' 105 s in ail dogs (prolocol 112). Initiall)' El. eilhcr hardi)'

changed or decreased as PEEP was lowered. unlil il rcached a nadir al aboul 0.3

kPa. Further decreascs in PEEP caused El. to increase progressi\'el)' a::ain. The

figure shows the cur\'cs oblained at the beginnin:: and al Ihe end of Ihe experimental

regime. The curvcs are quite similar, demonstr:ttin:: mechanic:11 slabilil)' during the

e.'\(lerirnent.

Table 1 gives the mean and standard de\'ialion (S.D.) of thl' Ihree cSlimatcs

of Raw obtained from each dog at both 0.1 and 0.5 kPa PEEP at the end of cach 20

min data collection period in protocol 1. AI 0.1 kPa PEEl) the S.D. of the three

Raw is substantially larger than at 0.5 kPa PEEP in ail but two of Ihe dogs.
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•
Table 4.1 Raw as a percent of RL(20).

OOG# 0.5 kPa 0.1 kPa

Mean S.O. Mean S.O.

1 12.2 3.7 19.2 15.5

2 14.6 3.5 42.9 23.0

3 18.9 2.3 69.6 44.3

4 23.5 12.0 40.1 13.0

5 21.5 1.5 66.1 10.4

6 12.3 2.4 13.8 2.3

1

Mean

1

17.2

1

41.9

1
S.O. 4.8 23.1

Values are the mcan of 3 estimates Raw. Raw was calculated lIsing Palv from one
of three separate capsules and is expressed as a percentage of RL(20). Mean and
S.O. for the group appear at the bottom of the table.
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• 4.6 DISCUSSION

The purpose of this study was to find out how eanine Jung mtchanics

lIleasured du ring regular mechanical \'entilation change as end-expiratory lung

volume is reduccd below nonnal FRe. What is c1early apparent from our results,

however, is that E,. and R,. cannot be eonsidered as functions of lung volume alone.

Rather, the parameters of pulmonaQ' mechanics are also dependent on the length

of time for which a particular lung volume has been maintained. In particular, we

found a progressive increase in EL throughout the 20 min recording pt:"Ïod at ail

le\'els of PEEP invcstigated. Furthennore, the rate of change of EL with time (i.e•

.1.EI.) increased markedly as PEEP was lowered from 0.5 to 0.1 kPa (Fig. 4.1a, and

3).

There are, broadly speaking. two distinct mechanisms for producing an

incrc.:l.se in EL. One is an increase in the intrinsic stiffness of the tissue, and refiects

sorne change in the nature of the tissue itself. The other is a decrease in the amount

of tissue available to receive the imposed tidal volume, such as wouId occu:" with

c10sure of some airways or alveolar regions without there being any change in the

specific tissue properties per se. At the higher leveIs of PEEP the changes wc

obsened in EL occurred earl)' in the recording period and were Iikely just a

refiection of the stress adaptation that occurs arter a deep inspiration. Much of this

stress adaptation can probably be accounted for by surface tension forces (19, 20,

21), which change EL by the first of the two mechanisms given above.

At the lower levels of PEEP, however, the progressive increase in EL with
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• time became markedly :lcceleraled (Fig. 4.1a). One possiblc cxplallalioll for thl' l'

simply that tissue stress adaptation increases at IO\l'cr Inng volllmes. Indl'ed. scn-ral

investigators have noted changes in compliance at a PEEP of about 0.3 kPa \l'hich

they attributed strictly to progressive changes in surface forces as they \l'cre unable

to detect any airspace closure (19, 20, 21). On the other hand. other workers have

concluded that surface tension is constant at low lung volumes (9. 17). Furthenllore.

Stamenovic and Smith (16) found that changes in surface tension .1\one were unable

to predict lung behaviour at very low lung volumes where iunation pressure fell

dramaticallyas lung volume decreased. The results of our protocol #2 also sugg~1

that stress adaptation in the tissues is not the only phenomenon affecting El. at low

PEEP. Specilically, Fig. 4.3 shows that the relationship between E,. and PEEP is

concave upward with a nadir between 0.2 and 0.4 kPa. To the right or the nadir

EL is no doubt detennined by the previously reported volume dependence of tissue

mechanics which causes dynamic elastance to increase with increasing volume (12,

14, 19). The existence of the nadir itself indicates the appearance of a new

phenomenon with decrcasing PEEP, and airspace closure is the obvious clmdidate.

This supposition is further supported by our observations of the appearance of

atelectasis over the lung surface as PEEP was lowered, together with an increascd

variability among alveolar cltpsule measurements (Table 1). We suggest, thercfore,

that Gür results show strong evidence of signilicant airspace c10sure at very low lung

volumes. This leads one to concIude that, as PEEP is reduced, the lung becomes

increasingly unstable and starts to collapse spontaneously, either through the
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devclopment of atelectasis or the c10sure of airways.

The idea that lung parenchyma should become susceptible ta collapse at low

Jung volumes is also supported by the theoretical s!udies of Stamenovic and Wilson

(J 8) who showed that regional inhomogeneities of lung mechanical function could

lead ta diffuse alveolar collapse at low transpulmonary pressures. The fonnation

of Iiquid bridges within the airways has been postulated as an important mechanism

whereby airwa)'s might become c10sed at low lung volumes (2, 11). Indeed, Halpern

and Grotberg (6) showed that c10sure of compliant airwa)'s lined with liquid can

occur suddenly due to Iiquid bridging. They showed that the time required for

bridging to occur from a given starting configuration decreases with increases Iiquid

film thickness and tube compliance, both of which would be expected with a

decrease in lung volume. We thus might imagine a scenario in which the m)'riad

small airways of the lung have a distribution of liquid bridging times that produces

their sequential c1osure, thereby causing EL to increase progressively. As lung

volume is lowered this distribution of bridging times moves toward lower times,

thereby producing a more rapid and pronounced increase in EL.

In contrast to -iEL, we found that -iRL changed very little (Fig. 4.2). This

result seems somewhat curious, especially in light of recent work by Fredberg and

Stamenovic (4) whÏl.h strongly suggests that elastance and resistance are coupled and

always change in concert. In order to explain Our result, therefore, we need to find

sorne mechanism whereby EL can change while RL does not. Consider a model of

the lung consisting of two parallel compartments connected by their individual

•
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• airways to a common airw:l)' with resistance to :Iirnow Rc. Let the two

compartments have equal elastance E. and let their individual airways h:l\'c l'quaI

resistances Rp. RI. for this model is then Rc + Rp/:!. Now assume that airspace

c10sure eliminates one of the compartments, so that RI. increases to Rc + Rp. El.

neccssarily increases from El:! to E by the s:une mechanislIl. 1I0wc\'er, whcreas E,.

doubles, RI. may hardly increase at ail if Rc is much larger than Rp. The

domination of RI. by the resistance of the central airways is thus a lIlech:ll1i~m

whereby we might observe an increase in El. but not R,..

The difliculty with the above hypothesis is that pre\'ious work has shown that,

at the ventilation frequency of 0.3 Hz used in this study, the major detennin:ll1t of

RI. is tissue resistance (Rtis) and not airway resistance (Raw) (13). Indeed, in the

present study we also found Rtis to be the signilicant component of RI. (83%) at a

PEEP of 0.5 kPa. It is quite possible, of course, that duc to airway narrowing, Raw

might become a more important component of RI. as lung volume falls.

Unfortunately, our attempts to measure tissue and airway resistances separately at

low levels of PEEP were confounded by the unreliable function of the alveolar

capsules as shown in Table 1. For example, at a PEEP of 0.1 kPa the standard

deviation of Raw(l8) was about half the mean value for the entire group indicating

a significant degree of peripheral heterogeneity. In contrast, the standard deviation

of Raw(18) at 0.5 kPa was small, indicating the capsules performed in a uniform

and therefore reliable manner.

Even though our capsule measurements did not give us reliable estimates of
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• Raw at low lung volumes, we can estimate how this quantity should ha\'e changed

as lung volume decreased by considering RI. itseIf, as follows. RI. consists of the sum

of Raw and Rtis (Eq. 2), and the mean value of RI.(O) obtained from the dogs at a

PEEP of 0.5 kPa consisted ofa 17% contribution from Raw. Decreasing PEEP from

0.5 to 0.1 kPa caused mean RL(O) to increase by 42%. If we assume this increase

in RL(O) was due entirely to an increase in Raw (i.e. Rtis did not change with Pr:EP)

then the contribution of Raw to RL(O) would have increased to 42% by the time

PEEP had decreased to 0.1 kPa. Now, this increase in Raw must be split between

increases in both Rp and Rc. Thus, aIthough it seems Iikely that Rc should have

increased wilh decreasing PEEP, it seems very doubtful that it couId have come to

ccmpletely dominate Raw when PEEP reached 0.1 kPa. Anolher consideration is

that accrual of atelcctasis du ring the 18 min ventilation period at 0.1 kPa PEEP

incre:lsed mean EL by approximately 40% (Fig. 4.2). This should presumably have

incre:lsed Rtis by the 5.'lme proportion, since elimination of accessible tissue wouId

be expected to affect total tissue resistance and elastance equaIly. Consequently we

wouId e.xpect .<i.Rp to be 40% of Rp(O), thereby making.<i.RI. 23% of RL(O). However

Figure 4.2 shows that mean .<i.RL was only 10% of RL(O) and sorne of this no doubt

consisted of a .<i.Raw component. Thus, our results suggest that .<i.Rtis was

considerably smaller than we wouId have expected based on the model considerations

discussed above. This implies the rather curious result that Rtis was relatively

unaITccted by c10sure of airspaces.

We are compelled therefore to conclude that the relative constancy of RI. in
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• the face of mounting air space closure must be cxplicablc on the basis of somc

nonlincar charactcristic of Rtis. Thus far wc havc assumcd a linear rclationship

between pressure and now in the lung. If this were the case when \'cntilating with

a constant tidal volume then closure of half the :lirspaces would double the now to

the remaining units, thereby doubling the resistive prcssurc drop across the tio;sues.

Flow measured at the airway opening would remain unch:lIlged and consequently RI.

wouId increase. On the other hand if the pressure drop across the tio;sues was

independent of now, then eliminaling some ah'eolar units would not change thc

resistive pressure drop across the remaining units and RI. would remain unch:mged.

Such behaviour is characteristic of a plasloelastic material and has been

ascribed to lung tissue in a number of previous studies. Hildebrandt (lO) observed

that Rtis decreased with increasing tidal volume in excised cat lungs and attributed

this to plastoelastic phenomena which he modelled in tenns of a coulomb clement

and a spring (prandtl body). More recently several illvcstigators have provided

further evidence of plastic behaviour in the lung (1, 15, 16). The site of such

behaviour may weil be in the air-Iiquid interface as most of the rcsistive properties

of the lung reside there. Recruitment and derecruilment of Iipids from the surface

film at very low lung volumes breaks bonds between dipalmitoyllecithin molecules

which does not occur at higher lung volumes (8) and 50 may accentuate the plastic

behaviour of lung tissue below nonnal FRC. Plastic behaviour may a150 be

explained on the basis of substantial alveolar recruitment and derecruitment

occurring at very low volumes (S, IS).
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• In summary, our results indicatc that thcrc is a rclativcly wcll dcfincd critical

PEEP bclow which thc Jung bccomcs unstablc and spontancous air spacc c10sure

bcgins to accruc during rcgular vcntilation. This causes a progressive and marked

incrcasc in El. with timc at low Icvcls of PEEP. Curiously, RI. rcmains essentially

constant with time during vcntilation at low PEEP Icvcls, which wc can explain only

by invoking a plas~oclastic modcl of Jung tissuc mcchanics.
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• CIIAPTER5

5.1 LINK TO CHAPI'ER 5

Previous work in this thesis has described an increase in dynamic elastance

of the canine lung in response to a decrease in functional residual capacity during

pleur.1I effusion. This increase was explained on the basis of the reduction in lung

volume commonly associated with this condition. The volume decrease may have

becn the result of c10sure of sorne, probably dependent, airspaces which wouId be

in keeping with X-ray evidence of atelectasis in pleural effusion. On the other

hand, sorne investigators have reported the lung may experience a unifonn volume

decrease without widespread airspace c1osure. In this chapter the high spatial

resolution and Quantitative power of computed tomography is used to noninvasively

visualize the pattern of volume and associated shape change the respiratory system

undergoes with pleural effusion•
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• 5.2 ABSTRACf

We used computed tomograph)' (cn to examine the effects of infusing 60

ml/kg of s:>.\ine into the pleural spacc of ~ auesthetised. paralysed dogs. \'entilated

with constant tidal volume at a positive end expiratory pressure of 0.5 kPa. The

dogs were positioned supine and the thoracic c:wity sC:lIl11ed from :Ipex to base. prior

to and immediately following effusate loading. Each CT image ",as :lIIal)'sed

semiautomatically on a 486 personal computer with custom dcsigned software. We

found that, despite right sided infusion the effusate was distributed bilaterally due.

no doubt, to the incomplete canine mediastinum. In geneJ~Jlthe volume change of

the lung was 113 and that of the chest wall was 2/3 that of the total volume infused.

Most of the lung volume was contained in the caudal third of the lung pre-effusion

and most of the lung volume loss due to effusion was from this sallie region. Ch~1

wall volume increased and in a more uniform llIanner post-effusion. The decrease

in lung volume J'esulted in a increase in the mean density of the lung and an increase

in its vertical density gradient as the lung was Iifted upward toward the sternum by

the effusate. The lung lost vertical height while the chest wall increased both its

vertical and lateral dimensions following effus:lte loading. TIlese results sugg~1 that

expansion of the chest wall helps preserve lung volume in the presence of acute

pleural effusion. We have also demonstrated that CT is a useful tool for asscssing

volume, shape and density change of the respiratory system.

Chapter 5 155



• 5.3 INrRODUCflON

Pre,'iously wc investigated the effect of pleural effusion on canine respiratory

s)'stelll lIIechanics and found that both dynalllic elastance and resistance of the

respiratory s)'stem and lung increased in response to saline loading of the pleural

space (2). lu contrast, elastance and resistance of the chest wall decreased during

nuid loading. These changes in the mechanical behavior of the system were no

doubt due to opposing volume and associated configurational changes in the lung

and the chest wall in rl'sponse to the accumulation of excess pleural nuid.

The increase in lung elastance we reported can be explained by the decrease

in lung volume commonly associated with pleural effusion. This change in volume

could be accomplished by cIosure of sorne, proba1Jly dependent, airspaces following

the reduction in lung volume. Alternatively, the lung could undergo a uniform

decrease in volume without widespread cIosure of airspaces. X-rays of patients with

pleural effusion often show atelectasis in dependent lung regions supporting the

theory that at least sorne airspace cIosure occurs. However, Anthonsien and Martin

(1) did not find any difference in bilateral regional lung expansion, determined by

133Xe concentration, in patients with unilateral pleural effusions. They suggested

this was because the lung was displaced and not comprl'SSed by the effusion.

Further investigations by this group demonstrated that lung tissue moved frorn more

to less c)mpressed areas when isolated canine lungs were subrnerged in chlorothene

(6, 7). Krell and Rodarte (12) used intraparench)'II1al rnarkers to study in vivo

c.:llline lung shape change with acute pleural effusion and aIso reported evidence of
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• upward displaccmcnt of thc Jung by thc cffusiou but uotl'd that lowcr lobc nllulllc

was morc compromiscd than that of thc uppcr lobc. Thus thc pattl'rn of volulllc and

shapc changc causing thc incrcasc in lung clast:\llCC wc (2) obscn'cd n'lIIains nnclcar.

Krcll and Rodartc (12) :1150 notcd that thc changc in lung "olulllc following

salinc loading of thc caninc plcural spacc was Icss than thc tot:11 volulIIc of nuid

infuscd. Thcy rcasoncd the remaindcr of the "olulllc change was rcalï.'cd by :\ll

increase in the chest wall volume, which wouId explain the dccrcase in chest wall

elaslance we found (2). Several c1inical investigations havc rcvealcd that thc change

in lung volume following thoraccntesis was not cqua: to the volume of cffus:ltc

removed (4, 8, 13). These studies concluded that the renminder of the "olullle

change occurred in the chest wall. t\ .Ithonisen and Martin (I) proposcd that

d.ynamic vectilation in lung rcgions contiguous to an effusion is impaircd by an

increase in chest wall volume causing the inspiratory lIIuscks to work Icss effectively

than they normally would. The extent to which changes in rib cage, diaphragm and

abdominal configuration are responsible for the effusion-induced change in chest

wall volume has yet to be elucidated.

In order to understand the configurational and volume changes that the Jung

and chest wall undergo in response to pleural effusion, and resolve the controversies

discussed above, we required a quantitative technique that \\'ould allo\\' us to directly

visualize these structures in vivo. Computed tomography (CT) was the obvious

candidate. Therefore the purpose of the present investigation was to use CT to

describe the volume and shape changes of the canine Jung and chest wall in response

to fluid loading of the pleural ~pace.
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• 5.4 METIIODS

Experimental

Four mongrel dogs weighing 14-24 kg were ancsthetised with pentobarbital

sodium (25 mgfkg i.v.) and maintained with an hourly dose of 10-15% of the initial

dose. The dogs were positioned in supine, tracheostomised and a snugly fitting

cannula inserted in the airway. A small flexible catheter was'then inserted in the

right pleural space at either the se\'enth or eighth intercostal space. The catheter

was filled with saline and c10sed to the atmosphere at the time of insertion to a\'oid

air entering the pleural space. Following insertion the catheter was sutured in place

and the insertion site surrounded by vaseline to prevent any air leaks. The absence

of pneumothorax was later confirmed on the preliminary computed tomography

(Cn scan (see below). The dogs were then placed on the CT table, ventilated with

a tidal volume of 15 mlfkg at a frequency of 20 breathsfmin, positive end expiratory

pressure (PEEP) of .5 kPa (Harvard Apparatus, model618, Southnatick, MA, USA)

and paralysed with a bolus of pancuronium bromide (2mg). Paralysis was

maintained by 2mg doses hourly thereafter. Once symmetrical positioning of the

dog was verified using a full body, frontal scan the dog was secured in place. We

aIso identified the apices of the lungs on this frontal scan, noted their vertebrallevel

and placed a marker on the skin at this level so we could begin scanning at the same

site in ail expcrimental conditions.

Ali scans were' performed with a Phillips Tomoscan CX whole body scanner,

calibrated to air at the beginning of the scanning procedure and at 3 hour intervals,
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• if neecssary, according to the m:lIIufacture's rccommcndations. Each scan was 0.5

cm thick and the table ad\'allced in 004 cm steps between each scan gi"ing an image

separation of 004 cm. Scan time was 2.8 s per image. Scans were taken with

\'entilation stopped at the end of expiration to minimize motion artefact. We used

the control conditions noted abo\'e for the Iirst scan series. The series began

approximately 1 cm abo\'e the apices of the lungs and ended se"eml slices below the

last level at which we were able to identify aerated lung tissue on the reconstructed

CT images. The scan table was then returned to its original position and the

anatomical starting position verilied. Next we connected the pleuml catheter to a

source of normal saline and infused fluid, over a period of about 15 min, until we

rcached a Iinal loading volume of 60 nJi/kg body weight. The scan series was

repcated and this time completed 2 slices below the last level at which we were able

to detect any saline.

At the termination of the experiment we evacuated the saline from the pleural

spaces of two of the dogs and recovered more than 90% of the volume infused.

Image Analysis

The CT ùnages were stored on magnetic tape and transferred to a 486

personal computer for analysis using cur own, customised software.

Identilication of the CIles! Wall and Lnng.

Identification of the lung and the outer border of the chest wall in cach CT
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image wa~ ba~ed on tissue d~iL~ity differences renected in the CT Hounsfield units

(HU) of the pixels (picture elements) comprising the image. The HU for air is -1000,

for water is 0 and for bone is +1000. For materials with low atomic number

(densities ranging from air to water, which include lung structures) there is an

approximately Iinear relationship between tissue density and HU (3, 9). Thus, for

example, a pixel consisting of SO% air and SO% water would have a HU of -SOO.

The outer border of the chest wall was identified by searching each row of

the image, working from the right and left extremes, until a pixel with a HU greater

than -100 was found. This procedure was repeated on a row-by-row basis until the

whole image had been :malysed and the e.xternal wall of the chest wall outlined.

Identification of the lung was accomplished using the window,

-1000 < HU < -ISO, to distinguish lung from other thoracic and abdominal structures.

The program first identified ail the pixels inside the chest wall with HUs within the

identification window. From these pixels, areas of ISoo contiguous pixels or larger

were identified as lung. Structures with areas 300-1Soo contiguous pixels were be

manually included for analysis while those with smaller areas were not included in

the analysis. In a similar manner large air filled structures, such as the trachea and

esophagus, that were initially identified within the lung window were manually

e.xcluded from further analysis. We did not attempt to identify the right and left

lungs separately.

We set the thresholds for identification of lung and chest wall after analyzing

the frequency distributions of the HUs comprising some of the images. Figures S.la

•
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• and 5.lb demonstrate the effeet of changing the upper threshold of the Jung window

in a representative slice from Dog 4. pre- and post-effusion. Pre-effusion the lungs

should be weil expanded. consist primarily of air. and therefore have a low HU.

Characteristically. the majorit)' of the pixels pre-effusion (Fig. 5.la) have HUs of

-850 to -500. The number of pixels with HU's more positive than -600 deereases

quite sharply. As the threshoJd is increased above -100 the number of pixels begin.~

to increase rapidly while the pixel distribution at low HUs remains almo~1 entirely

unaffeeted. This indicates that new, dense structures, not likely to be lung

parenchyma, are being included within the window. A similar situation occurs po~1­

effusion (Fig. S.lb) although the pixel frequency distribution is natter as the lung

is generally denser after nuid loading. There was little difference betwccn frequency

distributions at HU = -100 and HU =-ISO. Thus we chose the upper limit of the

lung window to be HU = -ISO.

Determination of area. den.~ity and shape parameters.

Following identification of the lung and chest wall the area and maximum

vertical (height) and horizontal (width) dimensions, in pixels, for cach of these

structures were computed. The mcan HU for the lung and the chest wall in cach

image was also calculated. Next the lung was divided into horizontal strips, cach 16

pixels wide, and the mcan HU for cach strip was determined. These parameters
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(a). Frequency distribution ofHUsfor a pre-effusion image, 8 cmfrom
the apex of the Jung, in dog 4. The upper /imil of the Jung
identification window was a HU of-ISOfor the solid circles and +25for
the solid line. (b). Frequency distribution for the post-effusion image
from the same dog, al the same distance from the apex of the Jung as
thal shown in (a). The upper /imil oft.'le Jung identijiœtion window was
a HU of -150 for the solid circles and -40 for the solid line•
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• were calcuJated as part of the Jung/chest wall identilïcation procedure :lIId did uot

require additional computer-user interaction.

The physical dimeusions of each pixel \l'ere 0.0781 cm * 0.0781 cm, gÏ\'ing an

area of .0061 cm:. We calculated the "olume of the lung :lIId chest wall in each

image by summing the number of pixels pel' image, multipl)'ing by the pixel area

and image separation. Lung volume \l'as compnted by summing the "olumes of all

the images.

\Ve tested the accuracy of our volume calculation using a ph:lIItom of known

volume (a 1 1bag of saline tied in the middle to distort its shape) and fonnd that the

calculated volume was within 1.5% of the phantom's actual volume.

Calculation of lung tissue volume

We clilculated lung tissue volume based on the approximately linear

relationship between HU and density for structures composing the lung (9). The

mean HU for the lung pixels in an image was calculated, 1000 added, and the total

divided by 10 to yield the percent tissue volume of the lung. Multiplying by the total

lung volume of the image provided the lung tissue volume in ml.
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• 5.5 RESULTS

The area of the lung decreased in a very consistent manner in ail 4 dogs

following nuid loading of the pleural space (Fig. 5.2). The mean decrease in arca,

for ail dogs, was 27% (23-32%) of the prc-effusion value with the greatcst absolute

decrease occurring in the caudal third of the lung where prc-effusion arca was

greatcst. Table 5.1 presents the changes in Jung and chcst wall volumes for e.1ch dog

in the study. The lung volume change accounted for approximately one third of the

total nuid volume infused into the pleural space. In contrast to the lung, the arca

of the chest wall changed in a more uniform way (Fig. 5.2). The mcan incrcase in

chcst wall area for the dogs 'l'as 8.9% (8.2-9.9%) of the prc-effusion value which

amounted to about two thirds of the total s.1line volume infused (Table 5.l).

The decrease in Jung volume with effusion caused a homogeneous incrcase in

density from the apex to the base of the lung (Fig. 5.3). This increase in mcan Jung

density, in each CT image, could have been accomplished by a uniform incrcase in

density of aIl Jung pixels. However, Fig. 5.4 reveals that the density in the

nondependent areas of the Jung 'l'as little changed by the effusion while the vertical

density gradient incrcased substantiaIly.

Table 5.2 presents the changes in maximum AP height and width of the lung

and chest wall that occurred in response to effusate loading. Pleural fluid caused

a loss of Jung AP height with little change in its width. The change in chest wall

volume was mainly achieved via an incrcase in width and to a lesser extent AP
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T:lble 5.1 Changcs in Jung and chcst wall volumcs induced by effusion.

DOG EFFUSATE VOLUME CHANGE
VOLUME

LUNG CHESTWALL

1 1250 ml -443.8 ml +608.9 ml

2 1440 ml -434.9 ml +646.4 ml

3 1350 ml -419.4 ml +685.8 ml

4 810 ml -261.4 ml +492.7 ml

1 Mean 1 1212.5 ml
1

-389.9 ml 1 +608.4 ml 1
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•

Table 5.2 Changes in maximum Al' height and ",idth of the lnng :md chest "':Ill
following effusate loading.

DOG % CHANGE MAX. Al' HEIGlIT % CHANGE MAX. WIDTH

LUNG CHEST WALL LUNG ClIEST
WALL

1 -28.0 +1.5 -2.6 +1.6

2 -24.5 +2.3 +4.7 +4.1

3 -30.0 +3.1 0.0 +4.9

4 -23.9 0.0 -8.6 +6.8

Data are the change in maximum anterior-posterior (Al') height and width expressed
as percent of pre-effusion values.
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• height.

Figure 5.5 shows the Jung tissne area. per imagl·. pre- and post-effnsion for

ail dogs in the study. The mean decrease in Jnng tissue volume was 48.85 11I1 (41.5­

56.0 ml), mos! of which occnrred in the candal third of the lung where the gre:ltest

Jung volume change also occurred.
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• 5.6 DISCUSSION

Computed tomograph~'allowed us to examine the volume changes of the lunl:

and chest wall \l'ith pleural effusion as weil as the regional pallern of that ,'olume

change. Ob"iously, the accur.lcy of our assessment of these changes was critically

dependent on our ability to accurately distingnish the lung from other structures in

cach CT image. Pixels \l'ith HUs between -1000 and -150 \l'ere identified as lunl:.

\l'hile pixels \l'ith HUs more positi\'e than ·150 \l'ere considered to be airless ti'>5ue.

However, if airspace c10sure occurred \l'ith effusion the densit)' and therefore HUs

of the associated pixels \l'OU Id increase. If the HUs increased above the -150 upper

threshold of the lung identification \l'indow these structnres would no longer be

considered part of the lung. This may explain why we found a smaller lung tissue

volume after effusion (Fig. 5.5).

The fact that the lung lost the most absolute volume and the most tissue

volume in the same region (Fig. 5.2 and 5.5) also suggests that some degree of

atelectasis developed in the caudal third of the lung during effus:lte loading.

Furthenitore the vertical density gradients (Fig. 5.4) indicate that this atelectasis

occurred in the dependent portions of that region. If we ascribe ail the resulting

effusion-induced decrease in lung tissue volume to atelectasis then we can calculate

the upper Iimit to the amount of lung volume lost through atelecta.~is. Assuming a

lung tissue density of 1.065 g/ml (IO) and the air content of c:mine lung tissue to be

1.6 mllg (Il) we estimate that air space c10sure would account for approximately 132

ml of the decrease in lung volume we observed (Table 5.3). The remainder of that
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•

Tab!e 5.3 Volume loss due to post-effusion air space cIosure.

DECREASE IN TISSUE VOLUME LOSS
DOG VOLUME DUETO

WITH EFFUSION ATELECTASIS

1 43.2 116.2

2 56.0 151.4

3 41.5 112.2

4 54.7 147.9

Mean 48.8 131.9

The decrease in both the tissue and air volume induced by effusion are included in
the caIculation of volume 1055. Volume is expressed in ml•
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• dccrcasc must havc bccn accomplishcd by a volumc dl'Crl'aSl' in air spaCl'S which

rcmaincd opcn.

Howc\'cr, atclcctasis is not thc only possiblc explanation for the dl'Cn'aSl' in

lung tissue volume we obsened with effusion. Il is possible we also had a real

decrease in tissue volume since the pulmonary blood volume is also considered part

of the lung tissue. In the dog 10% of the circulating blood volume, about 150 ml,

is contained in the pulmonary circulation (S, l~). Ccrtainly some of this volume

could have been squeezed out of tl:c pulmonary circulation as the lung W:1S

comprcssed by the effusion. Finally, artifacts due to bcam Imrdening and motion

may have increased as fluid accumulated in the pleural space :md contributed to an

error in our tissue volume estimation (9).

The accuraey of our volume calculations were also influenced by the spacing

between our CT images. We were concerned that unders:uupling the rcspir.ltory

system volume, particularly post-effusion when the lung might have a more complex

shape, would lead us to underestimate the volume changes that occurred. In order

to test this we recalculated the volumes using reduced sets of CT images. Table 5.4

demonstrates the effeet of decreasing our sampling rate of 1 image every O.4cm on

the accuracy of our volume estimation. We found that reducing the rate to 1 image

every 2 cm still gave us volume estimates within 1% of the original value. A 5%

change in volume was not aehieved until the rate was reduced to 1 image l'very 4

cm. Thus we are confident that undersampling was not responsible for any

signilicant error in volume calculation.
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•
Table 5.4 The effect of ch:lnging the spacing bet"'een images on the accurncy of

volume estimation.

PRE EFFUSION

% Diff. from
Original Vol. IMAGE SEPARATION

Estimate
Dog 1 Dog2 Dog 3 Dog4

5% -., 3.6 cm 3.6 cm 2.8 cm:>._ cm
(13) (9) (9) (7)

1% 2.0 cm 4.0 cm 1.6 cm 1.6 cm
(5) (10) (4) (4)

POST EFFUSION

% Diff. from
Original Vol. IMAGE SEPARATION

Estimate
Dog 1 Dog2 Dog3 Dog4

5% 4.8 cm 4.0 cm 3.6 cm 4.4 cm
(12) (10) (9) (11)

1% 1.2 cm 1.6 cm 1.6 cm 1.6 cm
(3) (4) (4) (4)

Numbcrs in parenthesis are the intervals between successive scans samples, based
on an original image separation of .4 cm•
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• Our estimates of the combined changes in lung and chest wall ,'olumes should

have been equal to the effusate "olume if :>ur calculated "ohlllle changes were

accurate. Table 5.1 shows that we underestimated the predieted respirator)' s)'stem

volume change in ail the dogs studied. Figure 5.2 suggests that incomplete sampling

of the abdominal portion of the chest wall ma)' be respOlLsible for this

undercstimation. We did not extend our scan series as far caudall)' in Dogs 1 and

2 as we did in Dogs 3 and 4. In these last 2 dogs a signilïcant increase in post­

effusion chest wall volume occurred distal to the Jung base. Figure 5.2 also

demonstrates that the chest wall volume changed \ittle in the cephalad region of the

lungs. This was not the case for the more caudal portions of the chest wall where

post-effusion volume remained signilïcantly greater than it was pre-effusion. If we

had scanned the abdomen far enough to encompass its entire volume change we

would have expected the pre- and post-effusion volumes to he very similar in the

most caudal scans. The faet that they are not again indicates that we have

underestimated the chest wall volume change induced by the effusion. In order to

assess the potential magnitude of this effect we rec:t1culated the chcst wall volumes

using images only as far as the lung base. This reduced the average number of

images used in our chest wall volume calculation by 14 (7-21) and decrcased our

estimate of total respiratory system volume change by a me:m of 10% (5-23%).

Therefore any underestimation of the post-effusion respiratory volume change must

have been due, at least in part, to incomplete chest wall sampling. Any increascd

artifact post-effusion, as mentioned above, may also have contributed to our
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• undercstimation of respiratory system volume.

Table 5.2 reveals that the changes in lung and chcst wall volumes were

accomplished by altering the configuration of these structures. The lung primarily

changed its AP height in the area of greatcst fluid accumulation. Il became flatter

but not much wider as it was comprcssed upward against the sternum by the

effus:lte. These findings combined with the suggestion of airspace closure in the

caudal regions of the lung are evidence of nonunifonn change in lung shape

following fluid loading of the pleural space. Titus, our results support the findings

of Krell and Rodarte who found a greater change in vertical, as opposed to

horizontal or transverse, strain patterns of intraparenchymal markers in upright

dogs following acute pleural effusion (12). A further sign of nonunifonn shape

change is presented in Fig. 5.5 which demonstrates the rostral movement of tissue

into the cardiac region in each dog. Gillett et al. (7) and Ford and his associates (3)

demonstrated movement of tissue from dependent regions of isolated lungs

submersed in chlorothene and water respectively. Both investigations noted

signilicantly more tissue movement than we did in the present study. This is no

doubt due to the presence of an intact chest wall which would have Iimited the space

available for such motion in our animais.

As was the case for the lung, tire chest wall shape change was greatest in the

region where most of the saline had collected post-effusion. Here, distal to the

heart, the width of the chest wall increased to accommodate the effusate (Table 5.2).

However~unlike the lun!.;, the chest wall changed both its width and AP dimensions.
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• Intercstingl)', the increase in yertical height of the thoracic ca\'ity occurred o\'er a

"ery small area coincident \l'ith the position of the heart. lt ilia)' be that. as \l'as the

case \l'ith the Jung, the heart \l'as lifted up by the effusion and that this nlll\'elllent

forced the sternum to rise. We also noted that the diaphragm \l'as depressed b)' the

effusion caus:ng a signilïcant increase in abdominal volullle and \l'idth. Again onr

results conlïrm the suspicions of Krell and Rodarte who, bec:lUse they conld not

detect a change in the orientation of the ribs or the position of lIIediastinal

structures, believed the diaphragm must have been displaced downward by effusion

in upright dogs (12).

In summary, we have used CT to describe the in vivo \'olume, shape :lJld

density changes which occurred in the Jung and chest wall of snpine dogs following

infusion of s,'1line into the pleural space. Our image analysis techniqne allowed us

to identify the lung and chest wall in each CT image and then obtain a wide variety

of physical parameters for the respiratory system by manipulating the image pixel

values, ail of which required a minimum of computer-user interaction. Following

effusion the lung volume decre.'ISed while that of the chest wall increased. The

change in chest wall volume was much grcater than that of the lung. Therefore the

compliance of the rib cage, particularly its abdominal portion, appcars to be an

important factor in the relative preservation of lung volume with effusion. The

effusion caused an increase in the vertical density gradient of the lung and appeared

to induce only a relatively small degree of atelectasis in the dependent portions of

the caudal regions of the lung. We feel our technique has clinical potential since
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• scanning cvcry 3-4 cm will give a reasonably accu rate estimate of Jung volume. This

means that Jung and chest wall ,'olumes can be obtained from onl)' about 7 CT

ÎIll:lges.
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• CIIAPTER6

6.1 LINK Tû CIIAPJ:ER 6

Chapters 3 and 4 in this thesis examined the mechanical bch:n'iour rcspOlL~e

of the canine respiratory s)'stem to decreasing functional rcsidual c:lpacit), below

normal rcsting le\'els. In one case the decrease was accomplished by creating a

pleural effusion and in the other b)' reduction of the end-expiratory pressure in the

ventilatory circuit of open chcsted animais. D)'namic elastance of the lung increased

as lung volume decreased in boUI cases but the change in lung rcsistance was

variable. In contrast to humans, dogs ha\'e very large airwa)'s which contribute

relatively IiUle to pulmonary resistance. Therefore, it was possible that the rcsults

of these previous experiments were not applicable to the human respiratory s)'stem.

It was not feasible to replicate the canine pleural effusion experiments in Immans

since it is not ethical to induce pleural effusions in human subjects and patients with

existing effusions often have other associated lung disease which makes experimental

data diflicult to interpret. Instead, we chose to examine the volume dependence of

the human respiratory system below normal functional residual capacity byaltering

the end-expiratory pressure in the ventilatory circuit of anesthetised, paralysed

subjects intraoperatively.
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• 6.2 ABSTRACf

Background: The dccrease in functionaJ residual capacity (FRC) with anesthesia

may cause it to descend to c10sing volume impairing oxygenation. Positive end­

expiratory pressure (PEEP) has becn shown to reexpand atelectatic areas in

anCl>"thetised, ventilated patients but its effect on pulmonary mechanics is Jess weil

understood.

Methods: We studied the effect of decreasing PEEP on the mechanicaJ behaviour

of the respiratory system in patients undergoing either c10sed (Group 1) or open-chested

(Group 2) surgical procedures. We measured airway opening pressure (Pao), flow M

and esophageal pressure (Pes) (in Group 1 onJy) at PEEP's of 0.0, 0.25, 0.5, 1.0 kPa.

Dynamic elastance (E) and resistance (R) for the respiratory system (RS), the lung (L)

and chest wall (CW) were estimated by fitting the equation P =RV + EV + K to the

measured data by multiple linear regression where P was Pao, Pes or Pao-Pes.

Results: Group 1 Et. decreased with increases in PEEP to 0.5 kPa and then

began to rise with PEEP above this level. In Group 2 &. increased as PEEP increased

at ail values above 0 kPa. ~ decreased with increases in PEEP in both groups of

patients. The magnitudes of RRS and RL were the same in both groups of subjects and

in each group these quantities decreased with increases in PEEP.

Conclusions: Dynamic Et. responded differently to changes in PEEP in open­

chested and closed-chested subjects. We attribute the increase in Et. as PEEP increased

above 0.0 kPa PEEP in open-chested patients to marked atelectasis producing

overdistension of the remaining, ventilable lung tissues•
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• 6.3 INTRODUCTION

Functional residual capacity (FRC) is the \"olume of air remainin~ in the lnl\~

at the end of quiet expiration. It is detenllined by the opposin~ elastic rccoil~ of the

lung and chest wall and the end expiratory pressure applil'd to the respinltory

system. Although FRC is abo\"e c10sing \"olume (CV) in healthy young indi\'idual~.

it decrcases in ancsthetised, paralysed, mechanically \"eutilated patients (7.15.17.37).

Presumably this is due to a decrease in chest wall muscle tone (30.36). an effect

e.""acerbated by the supine position (23,25). CV does not decrease with anesthesia

so the CV/FRC increases (12,22,28). When FRC descends to CV airspace c10sure

occurs creating ventilation-perfusion ev/Q) imbalances which lead to arterial

hypoxemia. Hedenstierna's group has shown that positive end-expinltory pres.~ure

(PEEP) can increase FRe (7) in anesthetised patients, rcsulting in decreased

atelcctasis and irnproved oxygenation (16,29,34). The effects of PEEP on the

mcchanical properties of the respiratory system, however, are less weIl understood,

particularJy in open-chcsted patients in whom the application of PEEP may be mllch

more crucial than in those with c10sed chcsts.

Previously we examined the effect of changes in PEEP on the mechanic;tl

behaviour of the lung in open chcsted dogs (10). We observed an incre:lse in lung

elastance (EJ and airspace c10sure as PEEP was reduced below 0.3 kPa, renecting

a decrease below normal FRe. It occurred to us that a similar situation couJd occur

intraoperatively in open chcsted patients. In the present study, therefore, we lirst

examined the mechanical response of the human respiratory system and its Jung and
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• chC!>1 wall components to decreases in FRe below nonnal levels in intact patients

with nonnal lungs. We then perfonned a similar study in a group of open-chested

patients, in order to establish how removal of the chest wall affected the lung's

tendency to collapse and the ameliorating effects of PEEP•
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• 6.4 MEI'HODS

We studied 2 groups of patients. Group 1 consisted of 9 patients (ASA 1)

undergoing general anaesthesia for lower abdominal or e:l.1remit)' sUI'gery and Group

2 was composed of 8 patients undergoing coronary artery bypass graft (CABG) with

median sternotomy. Patients with a history of smoking were included in the study.

if they did not have a history or c1inical evidence of respiratory di~e.'lSe. their chest

X-ray was normal and their forced expiratory volume in one second/foreed vital

capacity (FEV,IFVC) was over 75% of predicted. Patient demographies :Ire

presented in Table 6.1. The study protocol was approved by the hospit:11 ethies

committee and informed consent was obtained from each patient.

Experimental Protocolfor Group 1.

Preoperatively patients were asked to perform FVC maneuvers (Table 6.1).

They were not premedicated prior to being positioned supine on the operating table.

Anesthesia was then induced using thiopental (5-7mg/kg) and succinylcholine (1

mg/kg). Following this the trachea was intubated with a cuffed endotracheal tube

(Sheridan, 7.5 or 8.5 mm ID and 2S cm long). After induction, anesthesia was

maintained with 1.2% isoflurane in a mixture of 0: and N:O (3:3). Once the patient

had recovered from succinylcholine and was breathing spontaneously an esophageal

balloon, filled with 0.4 ml of air, was placed in the lower third of the esophagus.

This thin walled, 8 cm long latex balloon was sealed over one end of a 100 cm long

polyethylene catheter with a 1.7 mm ID. Optimal placement of the balloon was
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• detennined using the o~clusion test (5). Once this position was detenllined the

catheter ",as fLxed in place. The patient was then paral)'sed with "ecuroniulll (0.08

mg/kg iv) and ventilated with a tidal volullle of 6-7 ud/kg at a rate of 10

breaths/min. Complete paralysis \l'as later maintaiued \l'ith vecuroniullI. Tidal

volume remained constant and patients \l'ere maiutaiued nonllocapuic throughout

the study period. Routine monitoring of blood pressure. arterial 0, saturation. end­

tidal CO" cardiac rhythm and neuromuscular blockade was perfonned throughout

the study period.

Follo\l'ing stabilization of ancsthesia and in the case of patients undergoiug

10\l'er abdominal surgery, laparotomy, \l'e set the positive end cxpiratory pressure

(PEEP) at 0 kPa and recorded 1-2 min of ventilated breathing. The PEEP \l'as then

changed to 0.1, 0.25, 0.35,0.5 or 1 kPa, assigned in random order, and 1-2 min of

breathing \l'as recorded at each level. At the end of the study period PEEP was

returned to 0 kPa and a final breathing record was collected.

Experimental Protocol for Group 2.

As was the case for the patients in Group 1, the patients in Group 2

perfonned FVC maneuvers preoperatively (Table 6.1). These patients were

premedicated with morphine (0.1 mg/kg sc), scopolamine (0.2-0.4 mg im) with or

without diazepam (5-10 mg po). They were positioned supine on the operating table

and anacsthesia was induced using a narcotic (fentanyl or sufentanyl) and

midazolam. Following complete neuromuscular blockade using a nondepolarising
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• a;:ent (pancuronium, vecuronium, or doxacuronium) the trachea was intubated with

a cuffed endotracheal tube (Sheridan, 8.5 mm ID, 25 cm long). Anacsthesia was

maintained wilh repeated injections of narcotics with midazolam and/or a low dose

of a volatile ancsthetic agent (enflurane < 0.5 MAC). Neuromuscular blockade was

maintained with repeated doses of the original paralysing agent. Patients were

ventilated with 100% 0: and a tidal volume of 6-7 ml/kg at a rate of 10 breaths/min.

Vital functions were monitored as noted in the protocol for Group 1. Esophageal

balloons were not used in this group of patients.

Following intubation and insertion of a Swan-Ganz catheter PEEP was set at

okPa, the patient was given one large breath to increase tracheal pressure, and was

then allowed to return to the preset level of PEEP, in this case, 0 kPa. Once

pressure had stabilised we recorded 10 ventilated breaths. The PEEP was then

changed to 0.25, 0.5, or 1.0 kPa, assigned in random order, a sigh given, pressure

aUowed to stabilise at the prcset level of PEEP and 10 ventilated breaths recorded.

Following this period of data acquisition sternotomy was performed and grafts

harvcsted for bypass procedure. Once harvcsting was complete the chcst was

retracted symmetricaUy and we repeated the data acquisition protocol previously

dcscribed. Acquisition was completed prior to beginning extracorporeal circulation.

Ancsthetic gases were provided with a Narkomed 2B. We used an Ohio

Anaesthesia Ventilator connected to a Narkomed machine as it aIIowed us tG

decrease positive end expiratory pressure (PEEP) to almost zero. Tracheal flow M
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• was measured b)' a heated Fleisch no. 1 pneulllotachogr:lph positioncd bctwccn thc

proximal end of thc endotracheal tube and thc \'entilator tubing and conncctcd to

them b)' a snugly fitting hard plastic adaptor. The prcssure drop :lcross the

pneumotachograph was measured by a differential piezoresisti\'e pressure tr:msduccr

(MicroSwitch 163PCOID36, HoneyweIl, Scarborough, Ontario. Canada). Pressure

at the aimay opening (Pao) was measured by a piezoresh.1h'e pressure tr:msduccr

(Fujikura FPM-02PG, Tokyo, Japan) inserted in a lateral tap in the fitting proximal

to the pneumotachograph. An identical trdnsduccr WolS connected to the proxilll:ll

end of the esophageal balloon catheter to measure esophageal pressure (Pes) for the

patients in Group 1.

The signaIs from the three piezoresistive pressure transduccrs were alllplified

by a custom designe~ and built signal conditioner. The signaIs were thcn passed

through S-pole Bessel low-pass filters (902L, Frequency Devices, Haverhill, MA,

USA) with their corner frequencies set at 30 Hz. Finally the signaIs were s:1I11plcd

at 100 Hz by a l2-bit analog-to-digital converter (DT280IA, Data Translation,

Marlborough, MA, USA) installcd in a 386 personal computer. Ali data wcre

collected using LABDAT software (RHT-InfoDat Inc., Montreal, Quebec, Canada).

Data Analysis

We measured the pressure-flow rclationship of the endotrachcal tube (ETT)

by placing its cuffed end in a larger tube to simulate the trachca. A piezoresistive

pressure transduce!" was positioned a several centimeters beyond the end of the ETT
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in order to avoid the zone where the streamlincs separate from the walls of the large

tube. The proximal end of the endotracheal tube was connected to the

pneulllotachograph via the plastic fitting dcscribed abo\'e. AlI but the most proximal

end of this assembly was sealed in a meteorological balloon filled with the

experimental ancsthetic gas mi."1ure. Flow, over the experimental range, was then

directed into and out of the balloon, through the pneumotachograph, in a quasi­

sinusoidal manner, using a 2 1syringe. The pressure drop along the ETT (Pt) was

rneasured as the difference between the pressure measured at the proximal plastic

fitting and that measured in the large tube. The non-Iinear pressure flow

relationship of the tube was characterized by the equation

P, = K,V + K:VIVI (1)

where 1V1 is the absolute value of V. KI and K: were very similar for positive and

negative flow and so we used their mean valucs to characterize Pt which was then

subtracted from the pressure drop rneasured at the airway opening in the patients

to obtain the pressure at the trachea (Ptr). KI and K: for the 7.5 ID tube were 2.13

and 7.52 rcspectively and 1.15 and 4.85, respectively for the 8.5 ID tube.

In Group 1 we tried to position the esophageal balloon so that the slope ofPes

vs. Ptr during the occlusion test wouId be 1.0 (5). However, in sorne eases this was

not possible. As the relationship between Pes and Ptr was nearly Iinear during the

occluded breaths we used the rnethod of Bates et al. (4) to correct Pes measured

during subsequent breathing records. Specifically, we divided the measured Pes by

the slope of Pes vs. Ptr obtained during the occlusion test•

•
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• We estimated the dynamic elastance (E) and resi.~t:llIce (R) of the respirator)'

system (RS)' the lung (J and the chest wall te",) b)' Iilting the equation

Ptt) = EV(t) + R\'(t) + K (2)

to the measured data from each breath in a record. where t is timc. volumc (V) W:L~

obtained by numerical integration of V, and K is an estimate of thc lcvel of PEEP.

A small constant was added to V before integration so that thc resulting V did not

have a baseline drift. When P was represcnted by Ptr wc obtaincd the par:llllctcr.;

Eas and RRS pertaining to the entire respiratory sy~1em. Wc c~1imated par:lIl1cter.;

for the chest wall (Ecw and Rew) using Pes and for the lung (~ and RJ \Ising

transpulmonary pressure (Ptp) obtaincd by subtr:lcting Pes from Ptr.

Computational

We ca\culatcd forced expiratory volume in 1 scc (FEVl) as a percentage of

forced vital capacity (FVC) and compared it to the age, sex, and hcight prcdictcd

values (3). Since ail subjects had FEVlIFVC within normal limits we c:l\culatcd

their specifie eomplianee by dividing the inver.;e of ~. at 0.5 kPa for each paticnt

by their predieted FRC.
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• 6.5 RESULTS

Figure 6.1a demonstrates the change in E of the, respiratory system (E"s), lung

(EJ, and chest wall (Ecw) in response to changes in PEEP for the Group 1 subjects.

Ex. and Ecw contribute almost equally to E..s. AlI three quantities decrease with

increases in PEEP to 0.5 kPa. Above this pressure E"s and Ecw continue to decrease

while EL begins to increase. Changes in resistance of the entire system ~, the lungs

(RJ and the chest wall <Re\\,) in response to changes in PEEP for the Group 1 subjects

are shown in Fig.6.1b. The decrease in RRS as PEEP increases is renective of the

change in and RLas Rc\\' is unaffected by these changes in pressure.

Figure 6.2 presents the changes in respiratory system and lung E and R which

occur as a result of changes in PEEP in the Group 2 subjects. Parameters for the L

were obtained following median sternotomy while those for the RS were recorded under

c10sed chested circumstances. Although there is more variability in ~ in these

subjects the mean value as weil as the direction and magnitude of change with changes

in PEEP are the same as those seen in the Group 1. The same is true for ~ in the

c10sed and open chested situations. E"s in Group 2 is substantially lower than it was

for Group 1 subjects. Despite this, E..s in the two groups of subjects behaves in the

same manner to changes in PEEP. In contrast to the c10sed chested circumstance Ex.

increases with PEEP in open chested subjects.

Table 6.2 presents the calculated and predicted FEVI/FVC%, the predicted

FRC, Ex. at 0.5 kPa PEEP, and the calculated specific compliance for cach subject in

Groups 1 and 2.
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(a) Dynamic e1astance ofthe respiralory system (e), lung (y), and chest
wall (v) plotted against PEEP for the patients in Group J. Values are
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and chest wall (v) plotted against PEEP for the patients in Group J.
Values are the mean ± S.E•



4

• .........
A.....

"-Cil 3p..
~.........

r::l 2
U

~
...z -==:-<: ...

E-c •
rn 1
<:
H
r::l

0
0.0 0.2 0.4 0.6 0.8 1.0

0.6..............

~I"- Brn.
Cil

p..
0.4

.~~~......... l
r::l
u ---... ...z
<: 0.2
E-c
rn-rn
r::l
P:: 0.0

0.0 0.2 0.4 0.6 0.8 1.0

• Chapter li

PEEP (kPa)
(a) Dynamic elastance of the respiralory system (e), and lung (...)
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Table 6.2 l\Ieasured and predicled FEVI/FVC. elasl:lIlce (El eslinmled al 0.5

kPa PEEP and specifie eomplianee (Cl ealculaled on the basi~ of
estimated E and predicted FRC for Group 1 and Group 2 subjecL~.

Pal. FEVIIF\'C<;O Pred. l'n-d. E Spc.....ir.:
FEVIIFVC<;O FRC 0.5 kl'a C

Group 1

1 95.2 8~.2 2.6 2.1 0.18

2 85.5 83.2 3.3 1.8 0.16

3 83.0 86.7 2.6 2.5 0.15

~ 92.8 81.7 2.6 3.2 0.11

5 83.3 82.7 2.$ 3_l 0.11

6 79.7 83.5 3_l 1.6 0.18

7 78.8 79.7 2.9 3.3 0.10

8 8~.1 85.7 2.7 2.9 0.12

9 88.9 83.2 2.8 3.3 0.11

mean 85.7 85.9 2.8 2.7 O.I~

Group 2

1 70.7 78.0 3.7 I.~ 0.19

2 78.1 79.3 '3.4 1.8 0.16

3 78.0 77.~ 3.8 2.1 0.12

4 72.4 77.4 3.8 0.9 0.29

5 75.6 76.5 3.8 1.2 0.22

6 76.5 78.7 3.6 I.~ 0.20

7 78.8 76.5 3.8 1.7 0.15

8 82.4 80.2 3.5 1.5 0.19

mtan 76.6 69.3 3.2 1.3 0.19
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•

6.6 DISCUSSION

RKs and R,. were very similar in Groups 1 and 2 (Fig. 6.1b & 6.2b) and were

within the predicted ranges for anesthetised humans (11,15,31). The decrease in RRS

in response to an increase in PEEP in both groups was presumably due to a decrease

in R,., since Rcw in Group 1 was unaffected by changes in PEEP. Similar changes

in RI. were reported by Barnas et al. (1) in relaxed seated individuals and D'Angelo

et al. (9) in anesthetised paralysed subjects. The change in RL can be explained by

a decrease in airway resistance as airway diameter incr"..ases with increases in lung

volume (9,21,29). It must be remembered, however, that RL is determined by tissue

as weil as airway properties (2,35). In fact tissue properties are a significant

determinant of RL in humans (35). The response of tissue resistance to changes in

lung volume is controversial (10,14,24,27) and affected by the frequency (13) and

possibly by the tidal volume (19) of cyc\ing. Loring et al. (24) found Rtis increased

as FRC increased above normal values while Hantas' group (14), working with

human subjects, reported Rtis decreased with volume. At FRC values below

normal, Mead and Collier (27) reported an increase and Dechman et al. (10) a\most

no change in Rtis. So, the role of Rtis at FRC values below normal remains

unc\ear.

~ in Group 1 (Fig. 6.1a) was more than twice that predicted by other

investigations in anesthetised normal subjects (8,31,37), and paralysis following

induction of anaesthesia has been shown not to affect~ to any great extent (36,37).

Table 6.2 shows that the increase in~ persists following correction for differences

Chapter 6



in age, height and sex among the subjects. The most probable cause for this marked

increase is the Trendelenburg position used in the gynecological procedures. as this

position is known to decrease FRe and so increase El., Indecd. the two patients who

underwent orthopedie ex1remity surgery (2 and 6) were not placed in Trendelenberg

position and had noticeably smaller ERS than m0!>1 of the other subjects in Group 1.

Both Group 1 and Group 2 subjects demonstrated an increase in E..s with a

decrease in PEEP (Fig. 6.1a & 2a). We found an analogous change in Group 1 Ecw

occurred as PEEP was reduced, presumably due to the rib cage moving to a Ics.~

compliant position on its dynamic pressure-volume curve. The magnitude of thi~

change was similar to that reported by D'Angelo et al. (9) who used the internlpter

technique to estimate changes in static Ecw as PEEP was changed from 0.8 to 0.0

kPa. In Group 1 we also found an increase in Es. as PEEP was reduced below 0.5

kPa (Fig. 6.1a). Similar results have been reported in rela"ed seated subjects during

sinusoidal oscillations at the mouth (1) and in anesthetised paralysed humans during

constant flow inflation (9). This increase in Ea,at low lung volumes may have becn

due to airway c10sure which decreases the amount of lung tissue available to accept

a given tidal volume without altering the lung tissue properties per se. Atelectasis

would have the same effect, although Stradberg et al. (32) using computed

tomography demonstrated that lung "densities", which they attributed to atelectasis,

developed only after 10-15 minutes of anaesthesia, while the changes in E measured

in the present study occurred only one minute after a change in PEEP.

Alternatively recruitment and derecruitment of alveoli (20) and changes in surface

•
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• liIm kinetics (18) have also been cited sources of increased ~. at low Jung volume.

ln Group 1 subjects El. began to incre;lse slightly as PEEP was increased

above 0.5 kPa (Fig. 6.la). Barnas et al. (1) noticed similar behaviour in their

subjects. This increase in El. may be explained by nonlinearities in volume

dependence of dynamic~. As mean lung volume is increased the lung probably

moves to a less compliant part of the pressure-volume relationship and volume

cycling from this position may further accentuate the nonlinear tissue properties of

the Jung.

El. in Group 2 increased with each increment in PEEP from 0.0 to 1.0 kPa.

One explanation for this increase is provided by Hoppin et al. (20) who e.xplain that

increased vascular distension, without associated interstitial or alveolar edema, may

stiffen the lung parenchyma enough to cause the small increase in ~ that we

observed. Therefore intraoperative fluid administration may have resulted in mild

vascular congestion in our group of patients with compromised myocardial function.

We reviewed these patients' intraoperative records and found most had normal

pulmonary capillary wedge pressures and that there was no correlation between

wedge pressure and either ~ or the change in ~ with changes in PEEP. Thus,

careful volume loading and fair to good left ventricular function appears to have

prevented vascular congestion.

Alternatively, severe atelectasis may have created overdistension of the

remaining ventilable lung tissue and increased EL by nonlinear elastic effects.

Several factors may have led to such atelectais. Firstly, the subjects in Group 2
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were ventilated with pure oxygen and no PEEP for the hour or so betwren our

initial measurements before sternotomy and the time our second set of data was

recorded prior to initiating cardiopulmonary bypas.~. Il is possible that absorbtion

atelectasis occurred in dependent lung zones where airspace c10sure was created by

ventilating without PEEP following our initial measurements. In addition. the

pleura in these subjects was opened during dissection of the m:mmmry artery :md

any expansile forces applied to the lung by the chcst wall via the pleural space were

lost. As a result the left lung appeared markedly atelectatic comp.'1red to the right

at the time we recorded our open-ehcsted data. Macklem (26) has explained that

atelectatic airspaces are more diflicult to open than those that are c10sed by simple

airway obstruction which leaves a patent airspace on either side of the ob~1ruction.

We gave a deep inflation which increased peak transpulmonary pressure to 2-3 kP:l

for several seconds in order to standardise volume history. During this maneuver

we >l'ere able to observe inflation of the nondependent, ventral Inng zones. If the

dependent, atelectatic tissues remained collapsed during decp inflation, even if

obstructed airspaces were reopened the ventilable lung tissues would be

overdistended relative to those exposed to the same level of PEEP in the close

chcsted subjects.

Previously, we observed in dogs that the lung became atelectatic and ~.

increased when PEEP decreased from 0.0 to 0.5 kPa (IO). Thus, in Iight of our

preceeding discussion, this result suggests that overdistension of the remaining

ventilated lung tissue at low PEEP did not occur in dogS. Since the dogs were

ventilated with room air, absorbtion atelectasis was probably not a significant factor

•
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• in these studies. In addition, prior to making measurements in the dogs we gave 3

deep innations each of whi<:h raised peak pressure to 3 kPa by stacking several

inspirations. These maneuvers were more vigorous than those in the subjeets of the

present study, and had a greater potential to open closed airspaces especially if there

was no significant airspace collapse distal to the closure point. Finally, the open­

chested subjects in the present study were smokers. Although their lung functions,

assessed by simple spirometry, were nonnal, these tests do not assess small airway

function weil. Il is possible that smoking induced small airway damage may have

predisposed these subjects to more airspace closure than occurred in the dogs whose

airways are larger, relative to lung size, than man's.

In conclusion E;. increased as PEEP deereased below 0.5 kPa in closed-chested

subjects. In contrast, EL deereased as PEEP decreased from 1.0 to 0.0 kPa in open­

chested subjects. It appears that ventilation with 100% oxygen may have

predisposed open-chested subjeets to atelectasis at low levels of PEEP. The resulting

overdistension of the remaining ventilable tissue led to the appearance of nonlinear

tissue properties which can explain the increase in E;. we observed in Ibis Group.

Patients undergoing CABG are often ventilated on 100% oxygen to ensure optimal

oxygenation (6). If our hypothesis is correct and high fractions of inspired oxygen

do create significant absorbtion atelectasis which is difficult to remove with deep

inflations, the resulting shunted blood may impair cardiopulmonary function in the

post-operative period•
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• CIlAYfER7

7.1 CONCLUSIONS

The ability of esophageal pressure (Pes) from a balloon-eatheter system to

measure changes in pleural pressure (PPI) in the paralysed state was assessed in dogs

using the "occlusion test". The balloon was positioned so that during an occlusion

APes/APtr (tracheal pressure) was close to 1. Following paralysis, however,

APeslAPtr was even c10ser to 1. Therefore accurate partitioning of the lung and

chest wall components of the paralysed respiratory system at normal breathing

frequencies can be preformed us::Ig estimates of pleural pressure obtained with an

esophageal balloon.

In both canine and c1osed-chested human subjects lung elastance <Et)

increased as functional residual capacity (FRC) was decreased below normal values

by decreasing PEEP or inducing pleural effusion (PE). These changes were

attributed to a volume dependence of~ and to airspace c10sure which decreased the

ventilable volume of lung tissue. Investigations with computed tomography (Cn

confirmed this hypothesis and allowed quantification of the volume and shape

changes that occurred in the canine respiratory system with PE. On average the

lung lost 25% of its vertical height as it was Iifted up toward the sternum by the

effusion. Consequently the lung volume decreased by a third, about 30% of which

was attributed to atelectasis. Most of the volume loss occurred in the dependent
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• dependent caudal regions of the lung where most of the effusion had accnl1lnlatl'd

while the \'olurne in nondependent regions rernained relati\'ely unaffected. In

contrast to closed-chested humans, ~. in open-chested hnl1l:lI1.,~ increased as PEEP

incrcased frorn 0.0 to 1.0 kPa. Il seems likely lhat the l1lechanisl1l respOlL~ible for

this resull is the accrual of alelectasis lhat would ha\'e occurred following \'entilation

wilh pure oxygen. This wouId ha\'e created o\'erdistension of the lung tissue which

remained available to accept the imposed tidal volume, thereby causing ~. to

increase with PEEP on account of the tissues nonlinear elastic properties.

As FRC was decreased below normal le\'el5 canine lnng res~'1ance (R,)

continued to reflect the predominant role of tissue properties in detennining o\'erall

lung resistance at typical spontaneous breathing frequencies. In contrast to tissue

elastance however, the resistive properties of the lung tissues behaved differently

depending on the manner in which lung \'olume was decreased. {RJ was cssentially

unchanged when FRC was decreased by reducing PEEP in open-chested dog:.;. This

behaviour was explained in terms of plastoelastic behaviour of lung tissues as the

relatively small airway rcsistance in the dogs appeared to contribute little to ~

under these circumstances. Curiously, however, RL incre:lsed as lung volume was

decreased by PE possibly due to tissue distortion as suggested by CT investigations

demonstrating marked lung shape change with PE. Shape change was associated

with atelectasis, airway closure and no doubt sorne change in airway geometry.

These changes may al50 have led to an increase in airway rcsistance which could

have contributed to the increase in RL with PE. The behaviour of RL in humans was
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• diffcrcnt than that observcd in dogs under comparable experimental conditions.

Specifically, instead of RL being unaffected by changes in PEEP, it increased as

PEEP was reduced. A decrease in airway caliber with decreasing lung volume may

explain this as airway resistance probably contributes more to RL in humans than

in dogs.

Elastance of the chcst wall <Ecw), like that of the lung, cxhibited negative

volume dependence in both humans and dogs. CT demonstrated that canine chcst

wall volume increased as lung volume decreased with PE. However, the shape

change of the chcst wall was much more uniform than in the lung, so these was Iittle

distortion of chcst wall tissues. Neither canine nor human chcst wall resistance was

significantly affected by changes in mean lung volume below normal FRC.
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• 7.2 ORIGINAL CONTRIBUTIONS 1'0 l'IlE FIELD

The following rcsults eonstitute original eontribution.~ to the field.

(1) In dogs, the ability of esophageal balloon prcssure to renect ch:lIIl:l's ;n Ppl

varies ineonsistently with balloon position, hllll: ,·olnmc. and postnre in

spontaneously breathing dogs. Therefore whcn the "occlusion test" is used to

asscss the aeeuraey of Pes as an indicator of Ppl change the test must be

perfonned under a set of measurement conditions sp:lIIning those to he nscd

in the experiment.

(2) The accuracy of a change in Pes as a measure of a change in Ppl improves

substantially in the paralysed state in dogs. Thus, it is not neccssary to repeat

the "occlusion test" after paralysis if an acceptable result is obtained in the

spontaneously brcathing state.

(3) In supine ventilated dogs, èynamic E;. and RL increased with PE.

(4) Deep innations may act to dissipate airspace closure associated with PE but

are only transiently able to reverse the chauges in E;. and RI. associated with

nuid accumulation.

(5) The alveolar capsule technique is not an effective me:lns of asscssing tissue

properties at very low levels of PEEP because airspace closure obstruets

airways which transmit pressure changes from the airway opening to the

periphery.

(6) In the open-chested dog nonlincar, plastoelastic tissue properties can cxplain

the Jack of change in dynamic RL as me decrcases below nonnal values as
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• (7)

PEEP is decreased.

\Vllen PEEP was decreased continuously over a 2 minute period dynamic Er.

in open-chested dogs either hardly changed or decreased as PEEP was

lowered from 0.5 to 0.3 kPa. Further decreases in PEEP caused Er. to start

to increase again.

(8) In open-chested dogs the increase in dynamic Er. over a 20 min ventilatory

period incrcased as PEEP decreased.

(9) CT Clm be used to quantitate the in vi~'o canine lung and ches! wall shapes

change which occur with PE.

(10) In dogs, CT can be used to estimate the degree to which atelectasis is

responsible for the lung volume change which occurs during acute PE.

(11) In supine ventilated dogs CT revealed that most of the lung volume loss with

PE occurs in the dependent, caudal regions and that atelectasis does not

contribute much to the volume loss.

(12) CT demonstrated that loss of vertical height is the primary lung shape change

that occurs in supine ventilated dogs with PE.

(13) In supine ventilated dogs CT demonstrated PE increases the in vivo, vertical

density gradient of the canine lung.

(14) CT can quantitate the canine chest wall volume increases that occur with PE.

(15) In supine ventilated dogs, CT established that PE induces a larger change in

chest wall volume than it does in lung volume.

(16) CT demonstrated that PE creates a more uniform change in canine chest wall
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• shapc changc than is does in lung shape.

(17) CT pro\'cd that in sllpine, \'elltil:lted dogs the diaphragm i~ displaced

downward by PE.

(18) In anesthctiscd, paralysed, and mechanically \'cntilated humans the beh:l\'iollr

of dynamic E,. with changes in PEEP differs depending on whethcr thc

subject is c1esed-chested or open-chested with the pleura opened. In c1oscd­

chested subjects EL decreased from 0.0-0.5 kPa and began to ri~c Ils PEEP

increased above this level. In open-chested sllbjects, howevcr. El. increased

with each increment in PEEP from 0.0 to 1.0 kPa.

(19) In anesthetised, paralysed, and mechanically \'entilatcd hllmans thc bchaviour

of RLis litUe affected by whether the chest wall or pleura are intact.
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8. APPENDIX 1

FOREIGN UNITS

7.502 mm Hg

Appendix 1

INTERNATIONAL SYSTEM UNITS

1 kPa
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