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ABSTRACT

This thesis examines changes in the mechanical behaviour of the canine and
human respiratory systems to changes in lung volume below normal f{unctional
residual capacity (FRC). In open chesied dogs lung elastance (E,) increased and
lung resistance (R;) changed little with decreases in positive end-expiratory pressure
(PEEP) of the ventilatory circuit. The dominance of plastoelastic Iung tissue
properties at low lung volumes was used to interpret the lack of change in R;.
Computed tomography demonstrated that pleural effusion (PE) created atelectasis
in dependent caudal lung regions which contributed to the overall lung volume loss.
PE produced a decrease in only lung. vertical height while chest wall dimensions
changed both vertically and horizontally. E, and R, increased while elastance and
resistance of the chest wall were little affected by these shape and density changes.
In close-chested, anesthetised, paralysed, ventilated humans a decrease in PEEP
below normal FRC caused an increase in R;, E; and both chest wall elastance and
resistance. Median sternotomy caused E, to increase with increasing PEEP while
the negative volume dependence of R, remained. Most of the difference between
open-chested and closed-chested E; was presumably due to lung collapse in the open-

chested state.
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ABREGE

Le but de cette thise était dexaminer I'effet du changement du volume
pulmonaire, sous la capacité fonctionnelle résiduclle (FRC) normale, sur le
comportement mécanique du systtme respiratoire canin et humain. Chez le chien
A thorax ouvert, une diminution de la pression positive de {in d’expiration (PEEP)
du circuit de ventilation, a provoqué une augmentation de I'élastance pulmonaire
(E,) pendant que la résistance pulmonaire (R,) changeait tres peu. La dominance
des propriétés plasto-élastiques des tissues pulmonaires, lorsque les poumons sont
eonflés & de petits volumes, a été utilisée pour interpréter I’absence de changement
de R;,. La tomographie informatisée a démontré que i’effusion pleurale (PE)
provoquait 1’atélectasie des régions dépendantes caudales des poumons, ce qui
contribuait A 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’E, and la R, ont augment¢ tandis que
I’élastance et Ia résistance de la cage thoracique n’étaient que trés peu affe.tées par
ces changements de forme et de densité. Chez ’humain ancsthésié, paralysé,
artificiellement ventilé et A thorax fermé, une diminution de la PEEP sous la FRC
normale +wcausé une augmentation de la R;, de I’E, et de la résistance et
I’élastance de la cage thoracique. Une sternotomie médiane a provoqué une
augmentation de I’E, avec I’augmentation de la PEEP pendant que la dépendance
négative entre la R et le volume était conservée. La majcure partie des différences
entre I’E; 2 thorax fermé et 2 thorax ouvert était probablement causée par le

dégonflement du poumon dans le cas du thorax ouvert.
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PROLOGUE

This thesis is divided into 7 chapters. Chapter 1 provides background
information and a review of the literature relevant to this thesis. Chapters 2 to 7
contain material that has been or will be published in peer reviewed journals. This
was done in accordance with Section 2 of the "Guidelines Concerning Thesis
Preparation" which states that:

"Candidates have the option, subject to the approval of their Department, of including,
as part of their thesis, copies of the text of a paper(s), provided that these copies are
bound as an integral part of the thesis.

-If this option is chcsen, connecting texts, providing logical bridges between the
different papers, are mandatory.

-The thesis must still conform to all other requirements of the "Guidelines Concerning
Thesis Preparation” and should be in a literary form that is more than a mere
collection of manuscripts published or to be published. The thesis must include, as
separate chapters or sections: (1) a Table of Contents, (2) a general abstract in English
and French, (3) an introduction which clearly states the rationale and objectives of the
study, (4) a comprehensive general review of the background literature to the subject
of the thesis, when this review is appropriate, and (5) a final overall conclusion and/or
summary.

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

used) must be provided where appropriate and in sufficient detail (eg. appendices) to
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allow a clear and precise judgement to be made of the importance and originality of
the research reported in the thesis.

-In the case of manuscripts co-authored by the candidate and others, the 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 presented 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 Physiclogy. The
material in Chapter 6 will be submitted to Anesthesiology. Chapter 7 contains the
conclusions and claims of originality.

I have received assistance from several people in completing the work
contained in this thesis. Dr. Jiro Sato taught me the surgical skills used in my
experiments 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
experiments reported in Chapters 3 and 4. Carolyn Hurst performed the computed
tomography scans reported in Chapter 5 and also provided technical advice during

the scanning procedure. Dr. Michiaki Mishima developed the computer algorithms
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. used to analyse the images in the work reported in Chapter 5. Thomas Schuessler
built the mobile patient assessment unit used in the experiments of Chapter 6 and
Dr. Daniel Chartrand manipulated the intraoperative ventilatory conditions during
the experiments reported in that chapter.
Appendix 1 contains conversions of foreign units to the International System.
The abbreviations that are not specifically defined in each chapter follow the

conventions of the American Physiclogical Society.
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INTRODUCTION



CHAPTER 1

1.1 INTRODUCTION

The lung performs many functions. It filters toxic materials from the
circulation, metabolizes some compounds, plays a role in the body’s immune
responses and acts as a reservoir for blood. But its cardinal function is gas
exchange. The transfer of carbon dioxide to the alveoli and oxygen to the circulation
must be a continuous process and requires that the majority of the airspaces remain
patent at all times. Under normal circumstances this requirement is satisfied by the
existence of functional residual capacity (FRC). This is the volume of air remaining
in the lung at the end of relaxed expiration and is normally about 40% of the vital
capacity which is the maximum volume of air that can be exhaled following
maximum inspiration from FRC. FRC may be compromised by ;pace occupying
lesions such a pneumothorax or hydrothorax, changes in body posture or induction
of anesthesia. In any case, a decrease in FRC results in a decrease in the airspace
distending pressure. If the reduction in distending pressure is great enough the
intrapleural pressure may become positive in some dependent zones of the lung and
airspace closure can occur. The lung volume at which airspace closure begins to
occur is referred to as the closing volume which is approximately 10% of the vital
capacity in young healthy individuals. This is below FRC in this population so little

airspace closure occurs during normal breathing.
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As FRC decreases the diffuse and heterogeneous airspace closure that occurs
produces ventilation-perfusion (V/Q) imbalances which lead to arterial hypoxemia.
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
supplemental oxygen may improve the oxygen content of arterial blood. If airspace
closure occurs, however, shunt units will be created and the hypoxemia will be less
responsive to supplemental oxygen. Such closure also encourages pulmonary
infections because it causes pooling of secretions which are rich in nutrients essential
for the growth of bacteria and leads to a reduction in the flow of blood and lymph
to the affected area, thereby hindering two of the major defense mechanisms
preventing infection.

While decreases in normal FRC compromise an individual’s physiological
status they also affect the mechanical properties of the respiratory system. The
compliance 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
chest wall. As the respiratory muscles which drive the respiratory system act on the
chest wall, changes in its mechanical function may seriously affect the ease and
efficiency of ventilation. Breathing is, by definition, a dynamic process. It is only
very recently that we have come to appreciate that the system’s static behaviour is
not necessarily indicative of its dynamic properties. Obviously an understanding of
these dynamic properties is essential to understanding the breathing process. To

date, characterization of the dynamic behaviour of the respiratory system at lung
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volumes below normal FRC has not been done and thus our understanding of
respiratory system behaviour under these conditions is incomplete. Within the past’
ten years there has been a growing appreciation of the significant contribution of
lung tissue properties, distinct from those of the airways. to pulmonary resistance.
This too is an aspect of the lung’s mechanical behaviour which has not been explored
at very low lung volumes. It is also possible that changes in FRC due to space
occupying lesions may afiect the mechanical properties of the lung differently 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 normal FRC. It
will examine the dynamic mechanical properties of the lung tissues and airways as
well as those of chest 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 chest wall, methods of assessing
these properties, mechanisms of airspace closure, and techniques for visualizing the

geometrical changes in the respiratory system structures.

1.2 THE RESPIRATORY SYSTEM

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

(including the upper airways) and chest wall. These components act in concert to
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allow gas exchange between the atmosphere and the venous blood to occur. To
achicve this goal oxygen and carbon dioxide in the lungs are exposed to the venous
circulation over an extremely large surface area which allows diffusion of both gases
to occur over a sufficiently short period of time to satisfy the body’s metabolic
neceds.

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 larynx, collectively
known as the upper airways, to enter the trachea. The trachea 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 form lobar, segmental and subscgmental bronchi, each
becoming narrower, shorter and more numerous as they extend toward the
periphery of the lung. While the walls of the lobar and segmental bronchi contain
some cartilaginous 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 brounchioles. Because these airways (less than 1 mm in diameter) lack
structural support their patency depends on surface tension and the elastic recoil of
the surrounding tissues. Here in the respiratory zone the terminal bronchioles

divide to form respiratory bronchioles. A few alveoli bud firom the walls of these

Chapter 1 5



terminal bronchioles, although most gas exchange occurs distally in the acini. An
acinus is composed of an alveolar duct and the numerous alveoli lining it. Coursing
through the very thin alveolar walls is the extensive nctwork of pulmonary
capillaries. Gas exchange occurs at the interface between these capillaries and the
alveoli. The healthy adult Iung contains about 300 million alveoli. The numerous
divisions of the airway tree increase its cross-sectional area from 2.54 cm® at the
trachea to 180 cm® at the terminal bronchioles and 11,800 cm® at the termination of
airway tree (122). The arca of the blood-gas interface is approximately 80 m® (147).

The airways and vasculature are 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 cach wall and is continuous with the network in
contiguous walls and structures. The {ree edges of the alveolar walls arc composed
of thick fibrous tissue and smooth muscle which forms the entrance ring to the
alveolar duct. The pulmonary capillaries and the interstitial space, containing
ground substance and interstitial fluid, are interlaced with the fibrous network of
the alveolar walls. Although at least 40 different types of cells have been identified
in the lung only two are unique to the parenchyma (117). These are the alveolar
Type I cells which cover at least 80% of the alveolar surface and the Type II 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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interior of the alveolar walls. This surface film is considered part of the lung tissue.
This fihn and the fibrous network of the alveolar walls constitute the major stress
bearing components of the parenchyma (80).

The lung is surrounded by the chest wall which consists of both the rib cage
and diaphragm-abdominal components. It is the muscles of the chest wall which
generate the force required to pump air into and out of the lung. The large, domed
diaphragm scparates the thoracic and abdominal cavities and, under normal
circumstances, performs most of the work of inspiration. This muscle inserts onto
the lower ribs so that when it contracts it descends and the abdominal contents are
pushed downward and outward and both the vertical and anterior-posterior (AP)
dimensions of the rib cage increase. In addition to the diaphragm the external
intercostal muscles assist inspiration by lifting the ribs upward and forward to
increase the transverse and AP dimensions of the rib cage. The scalene,
sternomastoid, trapezius and pectoral muscles are referred to as the accessory
muscles of inspiration because they assist inspiration only under circumstances of
increased demand. Expiration is essentially passive during quiet respiration since
the lung and chest wall expend stored elastic energy to return to their resting
positions. However, when the demands for ventilation increase the muscles of the
abdominal wall and the internal 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 of the rib

cage and thus also the lung.
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The lungs and chest wall are arranged mechanically in series meaning that
they share the same volume changes during breathing (except in pathological
conditions such as pneumothorax or hydrothorax). They arc separated by the
pleural space which is essentially a potential space bounded by two continuous serous
membranes. The thin visceral pleura is applied to the surface of the lung while the
thicker parietal pleura lines the rib cage, diaphragm and mediastinum. The blood
supply to the parietal pleural is from systemic sources while the visceral pleura is
supplied by the bronchial circulation (117). The pressure within the pleural space
is negative because of the opposing elastic recoils of the lung and chest wall.
Hydrostatic forces, a combination of negative pleural liquid pressure and positive
capillary pressure, overcome the absorbative forces of plasma oncotic pressure and
fluid is filtered into the space. This fluid is drained by abundant lymphatic vesscls
that supply the space. As a result the pleural space is filled with a very small
amount of liquid which forms a 10-20 gm film between the two membrancs. This
fluid allows the lungs to move rapidly and freely with respect to the chest wall and

also couples the two structures permitting the transmission 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. We define the ratio of the pressure gradient along the airway to the flow
at some reference point as airway resistance. The resistance to gas flow through any
tube is a function of tube geometry and flow as well as the gas density and viscosity
(122). For many years investigators have attempted to define and partition the
resistance of the airways based on these properties (44,104,121,144,150). The
resistance of the upper airways is highly variable because of the variability of airway
geometry with changes in respiratory rate, mucosal 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-flow model based on Weibel’s model of the human airway tree to predict
the viscous pressure drop, under conditions of quasi-steady flow, for each generation
of bronchi distal to the trachea, excluding very small bronchi. They predicted that,
for a variety of flows, 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 those of Pedley’s group.

A useful way to depict the theoretical results cited above is through the use
of a Moody diagram. It plots the unique relationship between the degree of
turbulence of flow at a specified location, indicated by the Reynolds’ number (Re),
and the coefficient of friction (C;) which is the ratio of the viscous pressure loss to

gas Kinetic energy within the airway
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Vv (M

where AP = viscous pressure drop, p = gas density, V = flow at a given cross

section, and A = area at the cross section.

Re = YPo _ 4Vp @
rA pnD

where p = gas viscosity and D = airway diameter. The Re is very sensitive to
airway diameter and thus the smaller 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 flow is laminar, C; is high and the slope of the curve relating the
two is -1. In Zone 2 flow is fully turbulent, Re is high and C; is low. Here the
curve slope is 0. In Zone 3, the Transitional zone between the other two, C;. and Re
have intermediate values and slope of the curve is -1/2 (85). A Moody plot
comparing Pedley’s predictions with experimental findings from both animals and
humans demonstrates good agreement between the two (122).

Macklem and Mead (104) used the retrograde catheter in open chested dogs
to partition central and peripheral airway 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 Lung tissue properties.

The elastic properties of the lung are embodied in the relationship between
a given lung volume (V) and the transpulmonary 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 some 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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resulting curve represents the compliance (C) of the lung; compliance being the
inverse of elastance (E). In the range of normal breathing frequencies and tidal
volumes the relationship between pressure and volume is essentially linear and
therefore E is said to be independent of volume. However if the volume range is
extended to include the entire vital capacity the shape of the P-V curve becomes
sigmoidal. Several mathematical models have been invoked to describe the nonlinear

shape of the P-V curve but the best k 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 describes the shape
of the curve. This equation does not accurately describe the curve below 50% TLC
and so several other more complicated 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 significance and
therefore have not gained widespread popularity.

Today we realize that dynamic measurements are more relevant to breathing
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 bel:aviour of the
static P-V curve since they observed an increase in dynamic elastance without a

change in the P-V curve. This is not altogether surprising since static curves are
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performed after a great deal of stress adaptation is complete. Thus changes in the
visoelastic propertics of the tissues can not be fully appreciated using the quasi-static
P-V curve. Furthermore, the very act of increasing lung volume to TLC when
constructing a P-VY curve may alter the tissue propertics, such as those associated
with surlace 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 lung tissue, like
muscle, should demonstrate the viscoelastic properties of stress-relaxation, dynamic
hysteresis of the P-V curve, and frequency dependence of external work expended.
I this were the case energy would be dissipated by the tissues themselves as well 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
structural 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% respectively. Bayliss
and Robertson also noted the influence of frequency on their measurements and
attributed it to an effect on Vs. In 1955 Mount (118) assigned the term tissue

deformation resistance to what we today refer to as tissue resistance (Rtis). Mount
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reaffirmed Bayliss and Robertson’s observation of frequency dependence of Riis.
Using gases of different viscositics and densities he showed that Rtis dominated R
at low frequencies while airway resistance (Raw) constituted the majority of lung
resistance (R,) at high frequencies. Mount also observed stress relaxation in the
lung tissues in these experiments.

Both the lung’s structural components and the forces at the air liquid
interface appear to be responsible for the viscoclastic propertics of lung tissue as
indicated by the shape of the P-V curve under air- and liquid-filled conditions. In
1929 Von Neergard filled excised lungs with saline and noted that the slope of the
P-V curve increased, the size of the hysteresis loop decreased, and much of its
sigmoidal shape disappeared compared to the air-filled situation (82). He concluded
that surface tension must be responsible for a great deal of the lung’s clastic
properties. Bachofen’s (7) work ;upponed this theory by demonstrating that the flat
portion of the P-V curve seen at high lung volumes occurs at volumes 15-20% higher
in the liquid-filled lung as compared to the air-filled one. In addition, Horie and
Hildebrandt (83) showed that stress adaptation is eight times greater in the air-filled
versus the liquid-filled lung. The strong volume dependence of lung clastance is
reflective of the surfactant component of the surface film. As the film expands the
surfactant molecules move farther apart and repel each other less strongly. When
this happens surface tension increases. The flat portion of the P-V curve at low
lung volumes is harder to explain on the basis of surface film properties, but

Hildebran et al. (75) hypothesised that at very low Iung 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 alveolar walls are assumed to play a major part in
determining E. In addition, a substantial proportion of the elastic properties of the
parenchyma may reside in the fibromuscular bands that form the alveolar entrance
rings at the mouths of the alveolar ducts (82). Fukaya et al. (56) have shown that
during uniaxial loading individual alveolar walls exhibit length-tension properties
that are qualitatively similar to the features of the P-V hysteresis loop of the saline-
filled lung. This suggests that they contribute to both the elastic and resistive
properties of the lung tissue. The work of Colbatch et al. (38) and later Colbatch
and Mitchell 37) indicaté; alveolar duct smooth muscle also contributes to Rtis.
They found that stress-recovery and hysteresis in the saline-filled lung increased
when histamine was added to the filling liquid and argued that the changes in lung
volume and therefore mechanical properties were anatomically limited 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. Kapanci et al. (91) have identified contractile elements in the lung
parenchyma itself which may also account for some 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). Finally, although not strictly a tissue property. opening and
closing of airspaces at low lung volumes may contribute to non flow-resistive
properties of the lungs since the size of the hysteresis loop increases substantially
when inflation from the degassed state occurs (80). Thus it appears that the
mechanical properties of the lung tissues are attributable to components at all levels
of structural complexity. Furthermore it scems reasonable to assert that since the
structural and liquid lining components of the lung tissue are intimately related.
changes in surface forces may affect the lung’s structural elements and vice versa,
thereby Iinking their contributions to the lung’s mechanical propertics (8).
Following the early reports of Bayliss and Robertson (24) and Mount (118)
a great deal of effort was directed toward defining Rtis more precisely. One
important issue became the extent to which Rtis contributed to the total R,. As
noted earlier, Bayliss and Robertson (24) estimated Rtis to be responsible for
approximately 15% of R, while Mount (118) assigned it a much larger 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 Rtis was 2%
of R, in humans. Macklem and Mead (104), using the retrograde catheter in dogs,
stated Rtis was a negligible portion of lung resistance. Bachofen (6) suspected that
much of this controversy arose as a consequence of the different breathing patterns
employed in these investigations, because frequency is such a strong determinant of

viscoelastic behaviour. Since that time a plethora of experiments have examined the
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frequency and volume dependence of the lung’s mechanical properties and a

summary of their results is presented below.

1.3.2.1 Frequency dependence of pultmonary resistance

It was apparent from Mount’s (118) investigations that the frequency of
vaolume cycling was an important determinant of the relative importances of Rtis and
Raw. 1lis investigations indicated that airway properties would dominate R, at high
frequencies while tissue properties would govern its behaviour at low frequencies.
Since that time numerous studies have looked at this issue in more detail. Bachofen
(6), as noted above, used gases with different physical properties and Hildebrandt
(73) used air-filled lungs in 2 liquid plethysmograph to demonstrate that tissue
properties cease to influence R, to any great extent at frequencies above 2 Hz. More
recently Bates et al. (21) using both the interrupter and forced oscillation techniques
at the airway opening confirmed these earlier findings. This dependence applies to
both animals (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 raspiratory system mechanics. They reported a rather
complex frequency dependence of both resistance, the real part of impedance, and
reactance, the imaginary part of impedance, for the respiratory system and lung.
At frequencies above 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 fell with frequency below 22 Hz and rose again
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above 22 Hz while reactance of the system increased at all frequencies. Generally,
they noted positive frequency dependence of reactance and resistance of the lung
although, for resistance, this disappeared at low frequencies. As all the work
reported in this thesis was done at normal breathing frequencies, below .4 Hz, no
more will be said about high frequency properties.

Below 1-2 Hz the resistance of the respiratory system shows marked negative
frequency dependence (66). Hildebrandt’s (73) classic experiments using liquid
plethysmography showed that this was not due to movement of gases in the airways
but to dissipation of energy by the lung tissues. Bates et al. have used data from:
regular ventilation (18), relaxed expiration (18), airway occlusion (19} and forced
oscillation (131) in dogs to demonstrate similar results in air cycled lungs. Peslin’s
group (124) has shown an analogous frequency dependence of R, in young rabbits
using low amplitude forced oscillations between 0.01 and 0.65 Hz. Brusasco et al.
(30) used closed-chested dogs and isolated canine lungs with alveolar capsules to
directly illustrate 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 conflicting influence of volume dependence present in

earlier studies (6,130).

1.3.2.2 Volume dependence of pulmonary resistance.

The volume dependence of both the airways and tissues must be considered
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when assessing the volume dependence of lung resistance.

It has long been accepted that both airway size and pulmonary resistance
vary as a function of lung volume (107) and that the small airways do not contribute
much 1o estimates of R; under baseline conditions (121). Macklem and Mead’s (104)
work with the retrograde catheter supports this. They used the retrograde catheter
10 assess changes in R, with changes in mean lung volume in a variety of animals
and reported an increase in R at both volume extremes. The change at high
volumes was due to changes in the central airways possibly due to narrowing as they
Iengthened with increasing volume. In contrast, although not unexpectedly, low
volume changes included the small as well as large airways. Vincent et al. (144)
reported that atropine decreased Ry at high lung volumes and attributed this to a
decrease in bronchomotor tone in large airways. Hoppin, Green and Morgan (81)
used a very elegant experimental design to show that peripheral resistance changed
at least as much as central resistance in response to changes in mean lung volume.
They used the pressure measured by parenchymal needles to estimate Rtis and
subtracted this from peripheral resistance obtained using a retrograde catheter. 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 et al. (100) presented results conflicting with these findings when they
showed that increasing mean lung volume caused a decrease in Raw due to a

decrease in peripheral airway resistance. The work of Inoue et al. (86), using a
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retrograde catheter and alveolar capsules, supports this conclusion as they noted
peripheral resistance increased at low mean lung volumes and is minimal at a Ptp
of 30 cm H,O.

There seems to be little if any Vo dependence of Rtis (18,30,139,140). Suki
et al. {139) did not find evidence of V. dependence of human lung tissues during
oscillation at the airway opening at frequencies between 0.01 and 0.1 Haz.
Investigations in dogs during regular ventilation also failed to show changes in Rtis,
assessed with alveolar capsules, with alterations in cycling amplitude (30). This
work covered a larger V.. and frequency range than that used by Suki’s group (140).
On the other hand Hildebrandt (74) did note negative V. dependence of Riis but
only at elevated mean lung volumes.

Most investigations of the effect of changes in mean lung volume have shown
that, for a given tidal volume, Rtis and hence R, increase with an increase in mean
lung volume above FRC (103,148). Therefore it was perhaps not unexpected that
Hantos’ group (67) using forced oscillations found that Rtis decreased at mean lung
volumes below FRC. On the other hand Hahn et al. (63) noted a decrease in R, in
excised dog lungs when Ptp was changed from 0 to 10 em H,O and attributed this
to the increase in airway diameter they observed. Similarily, Inoue et al. (86) found
R, reached a minimum at 10 cm H,O and increased at higher and lower volumes.
Mead and Collier (109) also reported that R, increased at very low lung volumes.
It is important to note that the last three studies cited were performed in dogs who

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

In conclusion the contribution of Rtis to R, is a variable quantity the value
of which depends on the measurement conditions it is assessed under. Frequency,
mean lung volume and V. all influence estimates of Rtis and Raw and thus R,.
Generally speaking, at normal breathing frequencies and volumes Rtis comprises 50-

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

1.3.2.3 Frequency dependence of Elastance

Initially interest in the frequency dependence of E arose from the observation
that it decreased with increasing breathing frequency in patients with emphysema.
Both Otis et al. (119) and Mead (111) presented models based on ventilation
inhomogencity 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 R and C) of some of the ventilation pathways in the lung,
regional dynamic hyperinflation and thus an increase in E could be expected. For
some time this was a popular theory because it was able to account for clinical
observations. However, as interest in the tissue properties of the lungs increased it
became clear that the tissues and not the airways were the primary determinants of
the frequency dependence of E at low frequencies. In fact, most investigations using
normal breathing frequencies and amplitudes of oscillation have reported little if any
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) ventifation inequalities may play a role in the change in E

observed with a change in frequency.

1.3.2.4 Volume dependence of elastance.

Changes in mean lung volume as well as V. both scem to effect estimates of
E. Each of these influences will be considered in the following discassion.

Great disparity exists in the literature on how changes in V. affect E. Some
studies have reported an increase in E with an increase in V, (49,52,151). Others
report a negative V. dependence (18,74), another reported no dependence at all (30),
and yet another reported an increase in E with V., when V. was small but no chaage
when V; was large (68). One reason for the different results may be that those
studies that reported an increase in E with an increase in V, used V., 40-75% of
TLC. Itis 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 effects of airspace closure,
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
increases in V; stimulated the release of surface active material which may account
for the decrease in E that Bates et al. (18) and Hildebrandt (73) both noted. The
study of Huang et al. (68) is interesting because they observed a biphasic increase

in E with small V. of 13% of TLC that was not present when V, was increased to

Chapter 1 2



33% of TLC. At low V[ there was a rapid increase in E in the first 10 minutes
following a change in V. which was followed by a much slower decline that did not
seem to be complete by the end of the 60 minute recording peried. The second,
slower increase in E was not seen when the animals were ventilated at the higher Vr.
Coincidentally, their work with stress relaxation in lung tissue strips demonstrated
changes in E similar to those scen at the high V,. The suggestion from these results
was that the initial change in E was due to changes in parenchymal properties while
those at the low V; were due to a combination of surface film and parenchymal
changes. This is an intriguing idea, however the assessment of tissue properties was
not well controlled and the theory remains speculative.

Reported changes in E in response to changes in mean lung volume are also
diverse. Most work has examined the effect of increasing volume above normal FRC
(7,73,101,148) and consistently reports an incre.ase in E. Therefore one might expect
to find a decrease in E as mean volume moves below FRC. That is, in fact, what
Hantos et 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 et al. (152) is considered. Both of these investigations found an
increase in E at low Ptp. To complicate matters further the existence of airway
closure which could explain the increase in E at low lung volumes was an
inconsistent finding. Young et al. (152) and William’s group (148) both reported
some focal atelectasis but did not find evidence of changes in alveolar duct

configuration or airway occlusion on morphological examination. Both groups felt
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that surface tension changes were primarily responsible for their results, Mead and
Collier noted atelectasis in the lungs in which they had measured an increase in E.
They proposed that changes in surface tension may have caused airspaces to bcco;nc
unstable at lIow volumes and Ied to the airspace closure they observed. It seems
likely that changes in tissue propertics are responsible for changes in E at high mean
lung volumes. Clements (36) has suggested that extreme expansion of the surface
film at high volumes may separate the DPPC molecules, thereby interfering with its
ability to decrease surface tension, although the work of Bachofen et al. (8) in
excised cat lungs argues against this scenario. Thus it appears that the complex
interplay between surface and tissue forces, particularly at low lung volumes, with
or without ensuing airspace closure, is responsible for the variable volume

dependencies in E that have been reported.

1.3.3 Chest wall propertics

As might be expected from the discussion of the mechanical properties of the
lung, the tissues of the chest wall, which include the respiratory muscles, exhibit
both elastic and resistive behaviour. The chest wall can be considered as consisting
of two parallel compartments, the rib cage and the diaphragm-abdomen. Barnas
et al. (9) have shown that at normal breathing frequencies such as the ones used in
the experiments reported in this thesis the compartments behave synchronously and
therefore reflect intrinsic tissue properties and not nonuniformities of displacement.

While Barnas’® group (11) has shown that sustained muscle activity during Valsalva
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and Muller maneuvers affects chest wall mechanics, Hantos et al. (66) indicated that
it is the propertics of tissues other than muscles that are responsible for chest wall
properties during cyclic volume oscillation at low frequencies. As is the case for
lung parenchyma, the tissues of the chest wall exhibit strong negative frequency
dependence of resistance (Rew) below 2 Hz (9,13,66). The frequency dependence of
chest wall elastance (Ecw) is more complicated than Rew. 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. Earlier 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) all report
a consistent positive frequency dependence of Ecw although Albright and Bondurant
(3) noted almost no frequency dependence at normal spontaneous breathing
frequencies. Less attention has been paid to the volume dependence of chest wall
mechanical properties. Barnas et al. (11,13) have shown that increasing lung V.
from 250 to 750 ml caused a 40% decrease in Ecw. Such an increase in V; may
have been 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 V. dependence for Rew (13).
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1.3.4 Viscoplasticity of respiratory system tissues

Thus far we have assumed the mechanical behaviour of the respiratory system
tissues occurs as a result of their viscoelastic properties. Viscoelastic or Maxwell
elements are composed of an elastic element (spring) in series with a rate-dependent
viscous element (dashpot) all in parallel with another spring. The relative simplicity
of linear viscoelasticity and the fact that it can explain two of the major features of
tissue behaviour, ie. stress adaptation and hysteresis, have made it a popular model.
However, even as Bayliss and Robertson (24) proposed viscoelasticity as a major
feature of the mechanical behaviour of lung tissues they noted that the hysteresis of
the P-V loop increased with V; and was independent of the rate of expansion,
features incompatible with linear viscoelastic behaviour. This feature of tissuc
behaviour remained relatively unexplored until Hildebrandt’s (74) work with excised
cat lungs. He too found the area of the hysteresis loop to be independent of cycling
rate and noted a negative volume dependence of Etis and Rtis. Hildebrandt
proposed that plasticity could explain the nonlinear aspects of the behaviour he
described. A plastoelastic element or Prandtl body consists of a spring in series with
a dry frictivn (Coulomb) element all in parallel with a second elastic element. 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
such behaviour could explain the rate independent behaviour Hildebrandt observed.

Since Hildebrandt’s experiments, other investigators have also noted evidence of
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plastoelastic behaviour in the lungs (4,135) and chest wall (10,11,133). Allen (3) et
al. (4) demonstrated negative volume dependence of E in isolated dog lungs and
Smith and Stamenovic (135) found that, in contrast to predictions based on
viscoelastic models, a small degree of hysteresis remained when the period of volume
cycling of excised rabbit lungs was extended as long as one hour. Barnas et al.
(10,11) reported that human Rew fell hyperbolically with increases in frequency up
to 2 Hz. This is equivalent to hysteresis being insensitive to cycling rate (137). They
also found a negative volume dependence of Ecw and Rew. Sharp and co-workers
(133) also found evidence of plastoelastic behaviour in the human respiratory system
when they observed a positive volume dependence of human chest 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 elements could explain the rate- and amplitude-dependent behaviour of
the lung he had observed. Twenty years later Stamenovic et al. (137) published
work which tested quantitatively the strength of Hildebrandt’s model. Their model
used Hildebrandt’s parallel arrangement of viscoelastic and plastoelastic elements
but added an inertial element in series. They fit this model to data obtained from
oscillating viscous and viscoplastic materials as well as excised dog rib cage and
rabbit abdominal viscera. They also computed stress relaxation, based on
Hildebrant’s data from isolated cat lungs, using parameters from their model. Their

results demonstrated good qualitative and quantitative agreement between the model
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and the data. Some discrepancies between model and data were seen and assumed
to be due to the parallel arrangement of the visco- and plastoclastic clements
requiring their behaviour be independent of each other. The authors concluded that
both viscoelasticity and plastoclasticity are important determinants of the mechanical
behaviour of respiratory system tissucs and that the two processes are not

independent.

1.4 ASSESSMENT OF RESPIRATORY MECIHANICS

The estimates of E and R discussed above are based on the measurements of
pressure {P), flow (V}, and volume (V) at various sites in the respiratory system.
These data are then {it to some model of the respiratory system in order to estimate
its mechanical properties. The simplest and most popular model of the respiratory
system in use today consists of a balloon on the end of a pipe. The balloon embodics
the elastic properties of the system and the pipe its flow resistive propertics. 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 flow resistive
properties of the system are assigned to the pipe and the clastic properties to the
balloon, although these structures do not have precise physiological analogues as the
tissues themselves have a significant resistance during normal breathing (see 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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P=EV-RV+K @
where K is a constant representing bascline pressure. These assumptions are only
reasonable under normal breathing conditions since the respiratory system and its
components are known to exhibit nonlinear behaviour at volume extremes and at
flows and frequencies outside those encountered during spontaneous breathing.

The desire to understand the more detailed mechanical behaviour of the
system, including that occurring in pathological states, has prompted the
development of more complicated models. For many years arrays of springs and
dashpots have been used to model the multicompartment viscoelastic properties of
the lung. In 1970, Hildebrandt (74) included plastoelastic elements along with
traditional viscoclastic elements in an attempt to describe nonlinear aspects of tissue
behaviour and a paper by Stamenovic et al. (137), in 1990, further developed this
concept. In 1956 Otis et al. (119) presented a two compartment model of the lungs,
arranged in parallel to explain the frequency dependence of R and E. A few years
later Mead (110) 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 yet. Nevertheless, Peslin et al. (125) demonstrated Equation 4 was a good
representation of the mechanical behaviour of the system in a2 number of patients
with acute respiratory failure. For these reasons the single compartment medel of
the respir:itory system has been used to estimate R and E of the system and its
components, the lungs and chest wall, in this thesis, and other more complex models
will not be discussed here. Methods of partitioning the system into its component
parts will be addressed in Scction 1.4.2,

Equation 4 indicates that the pressures we measure can he separated into an
elastic and a resistive component. In order 1o estimate E and R it is necessary to be
able to distinguish between these two components. In 1927 Von Neergaard and Wirz
realized that this could be done by measuring the P at points of zero-flow in the
breathing cycle (end of inspiration and end of expiration) (3). At these points they
assumed that the P was purely clastic 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 between any two volume points in a breath could be
evaluated. The resistive pressure component at cach point could then be obtained by
subtracting the elastic component from the total P. R was calculated as the ratio of
the changes in resistive pressurc and flow between the two points. The iso-volume
technique is a variation of this technique in that it uses points of cqual volume to
eliminate the elastic pressures when estimating R (5).

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

labour intensive and prone to error as it was performed graphically. Mead and
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Whittenberger  (5) improved the technique by developing its  electrical
implementation.  They plotted the electrical analogue of V on the x-axis and the
aniloguce of P-VE on the y-axis of an oscilloscope. The result was a loop whose area
could be decreased to zero by adjusting the gain on the E component of the y-axis
signal. When this was done and the elastic pressure component was removed the
slope of the resulting line was an estimate of R.

A variety of refinements in these two techniques have been made over the
years since their inception. The main feature of all the changes was an increase in
the ease and speed of parameter estimation. However, it was not until 1969 that a
new approach to estimating respiratory parameters was established. In that year
Wald et al. (145) used multiple linear regression {MLR) to obtain R and E of the
respiratory system. The parameters estimated using this technique are more precise
and robust than those obtained from the other two previously mentioned techniques
because it uses all the data points in the sampled breath to calculate R and E rather
than just two points. The objective of multiple linear regression is to find parameter
values for which the sum of the squared residuals between the measured and
estimated pressures is minimized. Wald et al. (145) reported good consistency
between R and E estimated with MLR and those obtained using the iso-volume
technique. Today MLR is the technique of choice for estimation of parameters of

respiratory mechanics.
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1.4.1 Sites of pressure, flow and volume measurements

The simplest and moest common site to measure pressure and flow in the
respiratory system is the airway opening. This may be at the mouth in a
spontaneously breathing human or it may be at the opening of a tracheostomy or
endotracheal tube in ventilated humans or animals. Pressure is measured directly
using a pressure transducer while flow is normally measured by a differential
pressure transducer positioned across the two ports of a pneumotachogiaph. The
pneumqtachograph is used to make the flow laminar and incorporates a heating
device for warming the air passing in and out of the subject.

When using a pneumotachograph Vy is obtained by integration of V. 1If the
measurement apparatus does not include a pneumotachograph then V, and other
volumes displaced from the lungs can be measured with a spirometer. Measurement
of volumes which remain in the lung, such as FRC or residual volume (the volume
of air remaining in the lung at the end of a vital capacity maneuver), must 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 this 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 some 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 Partitioning the respiratory system into lung and chest wall components

In order to discern the mechanical behaviour of the lungs and chest wall
separately from that of the respiratory system as a whole 1t is necessary to know the
pressure which each of these components is exposed to. Therefore we need some
measure of pleural surface pressure (Ppl). This gives the pressure across the lungs
(Ppt=transpulmonary pressure) as Ppl - Pao where Pao is airway opening pressure
and the pressure across the chest wall (Pew) is Prs - Ppl, where Prs is the pressure
across the cntire respiratory system. In animals, pleural catheters, needles,
cannulas, and wicks have been used to measure local Ppl (2). These methods all
measure Ppl 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 with carefully performed
catheter studies (2). Obviously these methods of measuring Ppl are not generally
appropriate in humans. Furthermore, they give a very local pressure measurement
which may be useful in measuring the vertical gradient of Ppl but have limited value
for assessing the overall mechanical behaviour of the respiratory system or its
components.

In humans Ppl must be inferred indirectly from measurement of esophageal
pressure (Pes). These same measures are commonly used in animals because they

are relatively noninvasive and technically simple. Here liquid filled catheters (98),
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esophageal pressure transducers (34,335) and balloon-catheter systems (23,114) have
all been used to cither estimate Ppl or the change in Ppl with respiratory mancuvers
in animals {60), adult humans (23,114) and children (25,98). As explained above
there are inherent difficulties in using a relatively local measure of Ppl to represent
the mean Ppl of the system. A further problem encountered when using Pes as a
measure of Ppl is that, to a certain extent, it will reflect the mechanical properties
of the esophagus itself and the surrounding tissue (114).

To date the esophageal balloon is the device most widely used to measure Pes.
Milic-Emili et al. (114) investigated the effects of balloon size, volume, and position
as well as body posture on the accuracy of Pes as a measure of Ppl. They
recommended using a thin walled balloon with a perimeter close to the internal
perimeter of the esophagus, 5-10 cm long, {illed with less than 1 ml of air. The
balloon should be as long as possible in order to obtain an "average Pes" but short
enough to avoid the problem of trapping gas in the most distal region of the balloon
thus obtaining a spuriously negative value. Ultimately the length of the balloon was
limited because they found measurements from the middle third of the esophagus
were most reliable (114). Artifacts related to head movement and bowing of the
tr'achea were noted when Pes was obtained from the upper third of the esophagus.
When Pes was measured in the lower third of the esophagus it varied significantly
with body position possibly reflecting local mediastinal pressure changes. The study
found variable agreement between Pes and Ppl (see below) when Pes was recorded

in the supine posture. Several later investigations have noted similar results (23,72)
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and attributed this to increased esophageal compression by the mediastinal contents
and cardiac artifacts in this position. D’Angelo et al. (39) pointed out that the
movement of the rib cage and abdomen must be synchronized for Pes to reliably
represent Ppl. Finally, Beardsmore ct al. (25) stressed the importance of a low
volume, low compliance pressure measuring system to maximize the frequency
response of the system. The frequency response of the average balloon-catheter
system is flat to about 10 Hz. This is adequate for normal breathing frequencies but
may not be sufficient for infants or small animals. The frequency response of the
system can be increased by increasing the internal diameter of the catheter or using
a liquid filled cathcter. 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.

In dogs, under well controlled conditions, Gillespie et al. (60) have shown that
Pes accurately reflects 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 significant differences between Pes and Ppl in either the prone or
supine postures. However, there was a difference between the two in the lateral
decubitus position. Here the value of Pes was appropriately intermediate 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 volume to zero. and to positioning the catheters
and balloon close together. They were very careful to stress that the pressures they
measured were not necessarily a valid index of the overall mechanical behaviour of
the lung but that they faithfully reflected regional plcural pressure changes.

A less invasive estimate of the accuracy of Pes as an estimate of Ppl can be
obtained in the following manner (2). The balloon is positioned in the esophagus
and the subject asked to make static respiratory cfforts (Valsalva and Muller
maneuvers) against an obstructed airway, keeping the glottis open. Because there
is no movement of gas in the airways, if Pao-Pes accurately reflects Ptp it should
remain unchanged during the testing procedure. This technique is difficult to
perform properly in untrained subjects and can not be used with children or very
sick or anesthetised individuals. As a result the technique was modified to overcome
these difficulties (23,25). The modification is known as the "occlusion test" and
involves occluding the airway at the end of expiration and recording the changes in
Pao and Pes during the subsequent respiratory efforts. If Pes provides an accurate
estimate of Ppl, then the slope of Pes vs. Pao should be close to 1.0. Beardsmore
et al. (25) suggested that APes/APao should not be less than 94% or greater than
103% to ensure Pes reliably reflects Ppl. If this standard can not be achicved
Baydur et al. (23), working with spontaneously breathing humans, and Higgs et al.
(72), using anesthetised subjects, have both shown that an acceptable result can be
obtained by repositioning the balloon. Alternatively, even if the relationship between

Pes and Pao is not close enough to 1.0, provided the relationship is linear a
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correction fiactor may be applied to the measured Pes by dividing it by the slope

obtained from the ocelusion test. (17,33)

1.4.3 Partitioning lung into airway and tissue componcents.

1.4.3.1 Alveolar capsule technique

Over the last 10 years the alveolar capsule technique has become a popular
mcthod for measuring the pressure in a few distal alveoli. Knowing alveolar
pressure (Palv) we are able to estimate the pressure across the lung parenchyma
exclusive of the airways. This pressure is then used to estimate R and E of the
tissues, Rtis and Etis, and subtract these values from those obtained for the system
as a whole to obtain parameters for the airways, 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 are 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 et al. (54) have documented the validity of the capsule technique as a
means of measuring alveolar pressure. They demonstrated that neither the number
of holes in the pleura or the weight of the capsule-transducer assembly influenced
the alveolar pressure measurement. Furthermore the frequency response of the
assembly, in situ, was flat to at least 40 Hz and therefore should not be a concern

at normal breathing frequencies. In a later paper they used Lissajous figures of
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Palv vs. Pao, to determine proper functioning of the capsules (35). If Palv was in
phase with Pao only minimal looping occurred and Pao was representative of Palv,
When Palv lagged behind Pao an obvious loop in the Lissajous figure occurred and
represented an increase in the time constant of the sampled pathway compared to
other parallel pathways. Finally, in some cases Palv decreased as Pao increased
which created looping in the oppositc direction to that previously noted. Such
looping suggested airway clesure and interdependence of such regions with ventilated
neighbours. Alternatively, pressure may remain unchanged if the transducer is
measuring from an area behind a closed airway. Plugging of the capsule with fluid
will dampen the pressure signal. Generally, during normal ventilation, alveolar
pressure should lead volume with peak-to-peak pressures matching those at the
airway opening. Hoppin et al. (81) used parenchymal ncedles to obtain
measurements analogous to those obtained with alveolar capsules. Presumably their
technique has not enjoyed the same popularity as the capsule technique because it
is technically more difficult to use.

Important technical considerations may limit the uscfulness of the alveolar
capsule technique. As was the case for Pes measurements the capsule method
assesses only a very local value of Palv. Fredberg et al. (54) have shown that under
normal breathing conditions the Iung bchaves very homogencously and Palv
represents the overall behaviour of the lung. However if the capsule technique is
used in bronchoconstricted states when the behaviour of the lung is not homogenecous

a few alveolar pressure measurements may not be representative of behaviour of the
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lung as a whole (55,96). Sato et al. (131) caution that resistance estimated from
alveolar capsule measurements may be erroncously high since the sampled alveoli
are in the most peripheral parts of the lung and undoubtedly connected to the
airway opening by pathways of greater than average length. Similar concerns were
also expressed by Fredberg and co-workers (54) who noted that the pleural region
may not be structurally or dynamically typical of the lung as a whole due to pleural
surface clasticity, interdependence and atypical distribution of path lengths from
alveolus to airway opening for such units. An even more critical concern is that flow
measured at the airway opening is used to estimate tissue parameters. Under
normal 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 likely not satisfied (55,96). Recently Davey and Bates (41)
developed 2 method fer obtaining alveclar input impedance by applying forced
oscillations in flow through an alveolar capsule. This technique overcame the
difficulty of not knowing local alveolar flow.

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
measurements should be stringently assessed before they are used to evaluate the
lung’s mechanical behaviour. When regional inhomogeneity develops the capsules

can no longer be used to partition between airway and tissue mechanics.
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1.4.3.2 Plethysmographic technique

Obviously the alveolar eapsule technique can not be used in humans except
perhaps on lung lobes that are to be resected. The method of Dubeis et al. (46).
using a constant-volume-variable-pressure plethysmograph, has been used to
estimate Palv in humans in order to obtain Raw. The subject sits inside the air-tight
body box and pants through a pneumotachograph while the box pressure (Pbox),
Pao and V are measured. Under these condition Phox is assuined to be proportional
to Palv. The airway is then suddenly obstructed and the subject continues to pant
against the occlusion. Under this circumstance there is no flow of gas in the airways
and Pao equals Palv. Pbox is plotted against V in the unoccluded state and Pao
(Palv) against Pbox when the airway is occluded. Using Pbox as a calibration factor,
Paw is cstimated by plotting the slopes of these two relationships against one
another. Panting is used to minimize the effects of temperature variations, changes
in the respiratory exchange ratio, leaks in box pressure and glottic-laryngeal
resistance. Using an ecsophageal balloon to obtain pulmonary resistance and
subtracting Raw from it, Rtis can be estimated. Unfortunately this subtraction

method provides quite variable results and therefore is net gencrally used (5)

1.5 ASSESSMENT OF RESPIRATORY MECHANICS IN
PATIENTS

Most of the measurement techniques described in the preceding discussion are
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appropriate for use with human subjects but quite a few are not useful in acutely
ill patients or patients undergoing surgery. For example it is not possible to place
such paticents in 2 boday box and they may also be unable pant as is required for this
techrique. Furthermore 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 drawbacks which will be
discussed below.

The influence of the upper airways must be considered in any assessment 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 Wirz introduced the technique of flow interruption at the
airway opening as a method of assessing respiratory system mechanics in 1927 (20}
They modeled the system as 2 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 wall tissues. If V at the
proximal end of the pipe was abruptly interrupted during expiration the pressure
measured at the occluded end would rise rapidly and eliminate the pressure
difference between the two ends of the system. P measured just distal to the

interruption would then equal the elastic recoil pressure of the balloon. In this case
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the resistance of the pipe should equal the pressure difference between the
interrupted and unobstructed states divided by the V just prior to interruption.
Flow interruption in tracheostomized animals and humans presents & more
complicated pressure response than predicted above and the physiological meaning
of the response has become clear only in the last 10 years (20). In an open-chested
subject there is an initial, immediate change in pressure termed APinit which is due
to the resistive pressure drop across the airways, Raw. This is followed by a series
of rapid and highly damped oscillations due to ringing of gas in the central airways
which die out over a period of about 50 milliseconds (128}. Then there is a slower
change in pressure, in the same direction as that of APinit. The difference between
APinit and the apparent plateau of the slower pressure change is termed APdif.
APdif can be explained in terms of gas redistribution as proposcd by Otis et al. (119)
and Mead (111) or by the stress adaptation in viscoclastic tissucs. Alveolar capsule
experiments demonstrated that under normal breathing conditions no gas
redistribution occurred in the period defined by APdif showing that APdif was due
to the viscoelastic properties of tissues (16). When, however, the system was exposed
to histamine aerosols ventilation inhomogeneity became responsible, in part, for
APdif (103,128). The exact contribution of tissue propertics and ventilation
inhomogeneity to APdif in this pathological state has not yet been resolved. The
dynamic elastance of the system is Pao immediately following interruption divided
by the V; and Pao several seconds after interruption divided by V; yields the static

elastance. In coritrast to canine subjects (19), the chest wall does not appear to

Chapter 1 42



contribute to APinit in closed-chested humans (40).

Initially the interrupter technique was quite popular because of its relative
ease of application. However, it has become evident that high precision equipment
including rapidly responding pressure transducers and a valve capable of fuily
occluding the airway in 10 msec are nccessary to obtain reliable estimates of
respiratory parameters using the interrupter technique (14). Furthermore, some
method of determining APinit 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 mechanics 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 vused in conjunction with a
plethysmograph or chest wall vest to create 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 impedance (Z)
(pressure-flow relationship) in the frequency domain of the system or its
components. Z can be resolved into a real part known as resistance (R) and an
imaginary part, the reactance (X). The reactance consists of elastic (E) and inertive
(D) components. At low frequencies the elastic properties of the system dominate the
reactance while at high frequencies inertia is its chief determinant. At the system’s
resonant frequency the E and I components of reactance are equal and opposite and
the flow that is produced reflects only the resistive properties of the system. R too
varies with frequency. Therefore a complex signal consisting of the sum of several
sinusoids, each with a different frequency, is employed as the input signal to
characterize the mechanical properties of the system (93,113). The fast Fourier
Transform (FFT) is used to analyze the multiple frequency P and V signals on a
frequency-by-frequency basis. This mathematical unscrambling of the signals
permits a range of frequencies to be investigated in a short period of time and also
allows signal components at uninteresting or troublesome frequencices (eg.
spontaneous breathing frequency) to be filtered out.

As was the case for the interrupter technique several technical aspects of the
FO method must be considered in order to obtain valid estimates of respiratory
parameters. Z of the upper airways must be minimized so that the applicd 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 interest in the lower

respiratory tract (123). Panting decreases the Z of the glottis while supporting the
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cheeks can substantially fimit that of the extrathoracic airways and gas in the oral
cavity. Furthermore, this technique demands high precision instrumentation and
computer generated input signals and data analysis. The dynamic characteristics of
the equipment are critically important and the responses of all measuring devices

must be perfectly matched or compensated (123).

1.5.3 Model fitting by multiple iincar regression

In essence this technique has been reviewed in Section 1.4, however its
applicability to patient assessment was not discussed. Multiple linear regression
(MLR) is the time domain equivalent of FO but presents two advantages over the
latter technique. Firstly, MLR can track respiratery parameters in real time when
it is implemented recursively (94). The second strength of MLR is that the
paramelers 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 are most casily interpreted when the patient
is totally relaxed which limits its use to anesthetised and paralysed patients.
However in 1992 Peslin et 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 spontancous breathing. Seventy percent of the breaths sampled were useable
and fit the single compartment model of the respiratory system as well as any of the

more complex models tested. Surprisingly none of the models performed well when
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there was evidence of expiratory flow limitation. So MLR appears to be able to
provide useful information about low frequency volume cycling but its applicability

to pathological conditions requires further investigation.

1.5.4 Effect of the endotracheal tube

Critically ill patients who require ventilatory support are connected to the
ventilator by an ETT. One obvious advantage of the tube is that it bypasses the
large and unpredictably variable Z of the upper airways. Unfortunately the
resistance of the tube itself is quite substantial and depends markedly on V. The
most common way of managing this problem is to estimate the pressure dmpA ACToss
the tube in vitro and subtract this from the measured Pao. To do this the ETT is
placed inside a larger tube simulating the trachea. The pressure drop, during flow
in the experimental range, is measured from the proximal end of the tube to a point
several centimetres from its distal end in order to avoid spurious currents associated
with entrance/exit effects (33). The measured data arc then characterized by an
appropriate model, often Rohrer’s equation, and correction cocfficients obtained.
These coefficients and the model equation are used to correct all subsequently
measured in vivo data. There are drawbacks to this approach though. Firstly
because the resistance of the tube is quite large compared to that of the system as
a whole the correction must be very accurate. Several factors will change the
pressure-flow 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). It is impossible to predict the influence of these factors on the
tube resistance. Peslin et al. (126) encountered another interesting complication
which occurs when using a muiltiple frequency input with FO. They were forced to
investigate single frequencies to avoid cross-talk between harmonics induced by the
nonlinearities of the ETT. Low frequency measurements are less affected by this
problem. Also, Chang and Mortola (33) showed that the actual 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 lung proper. There is no doubt that many airspaces do remain open when
Pipis 0 (32,148,151,152), however nitrogen washout (31,99) studies also confirm the
presence of airspace closure when lung volume drops below normal FRC. In these
studies 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

exhaled, presumably having been released from behind previously closed airways.
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Hughes et al. (84) presented direct evidence for closure by rapidly freczing lungs at
low lung volumes. They identified the site of airspace closure as the terminal
bronchioles. This s similar to Burger and Macklem's (28) estimate deduced from
the minimum pressure required to open airways closed by liquid menisci.

Two mechanisms have been proposed to explain distal airway closure. The
first is the traditional compliant collapse theory and the second is the more recent
liquid film hypothesis. Whether an airspace remains open or not depends on the

balance of surface tension and structural forces across the airway wall,

1.6.1 The compliant collapse theory

The compliant collapse theory states that transmural pressure (Ptm) is
balanced by a combination of surface forces at the interior of the airway wall which
act to decrease its surface diameter and the tension in the wall itself (106). When
the airspace is open the wall tension is sufficient to resist the surface forces and
external pressure. As the diameter of the airspace is reduced the wall tension
resisting collapse will increase. If, at the same time, surface tension decrcases, as
due to the effect of surfactant, the space may remain patent. However, if the
surface tension increases as the lumen of the space decreases then closure may ensue.
Clements (36) has suggested that at very low lung volumes crumpling of the surface
layer may diminish the ability of surfactant to decrease surface tension, lending

credibility to this theory.
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1.6.2 The liquid film theory

The liquid film theory was first proposed by Macklem et al. (28,105) who
discussed the possibility that plugging by a liquid film bridging the airway lumen
could explain zirspace closure. Since that time other authors have refined and
quantitated the process (53,90). The theory does not exclude the possibility of
compliant collapse. !nstcad, it appears the two processes may be a continuum of
events as can be noticed in the following explanation. On the basis of a theoretical
model of liquid film closure Fraser and Khoshnood (53) stated that two conditions
must be met for 2 liquid film to obstruct an airway lumen: 1) the length of the
airway must exceed 2IT the radius, and 2) a sufficient volume of fluid must be
present to form a meniscus across the lumen. This process can occur in a rigid tube
but will be promoted if the lumen of the tube is compliant so that its cross-sectional
area can decrease compared to some bascline state.

When lung volume decreases during regular breathing or if, as a result of
some pathological process the amount of liquid present in each airway increases, the
ratio of liquid volu.ne to airway luminal volume will increase. Kamm and Schroter
(90) have demonstrated that surface tension and gravity tend to distribute liquid into
a stable "axisymmetric configuration" on the walls of a rigid tube. Despite this
apparently stable configuration they noted that there was a pressure gradient
tending to pull the liquid film from the walls toward the center of the tube.
Increments in liquid volume tended to increase this tendency until at some critical

volume (Vc¢) the film would suddenly collapse forming a meniscus which obstructed
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the luman. When the airway is open and the fluid volume is critical a small
perturbation of the airway diameter can produce a reduction in interfacial area and
an associated decrease in interfacial eneray leading to closure. They demonstrated
that Ve/D? was approximately 0.7 and was independent of the physical properties of
the liquid but was influenced by L\D where L is airway length and D is its diameter.
Closure time was less than 0.1 second and governed primarily by inertial effects of
the film although viscous forces did exert an influence under certain conditions.
These experimental findings were then applied to 2 morphometric model of the lung
which predicted that airway closure would first occur in the terminal 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 closing diameter duc to liquid film
instability (df) and a second closing diameter (dc), smaller than df, which is due to
compliance (dc) of the airways, we can examine the influence of changes in the
airway properties on one or the other of these closing processes. For example, if the
surface tension increased dc would increase while df would remain unaffected
because physical properties of the film do not significantly affect df (64). Similarly,
if the wall siiffness increased dec would decrease and df would remain unchanged.
In both these cases if the increase in dc was not great enough for it to exceed df the
closing diameter would not change from baseline conditions. However, if the

diameter of the lumen was reduced then df would increase and airway closure would
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occur more proximally in the airway tree. A situation in which interstitial edema
is present can be used te Ilustrate these points on a more physiological level. Edema
reduces airway diameter and promotes an increase in df. On the other hand the
walls of the airway may become less compliant thercby decreasing de. Ultimately
this situation favours lumen closure due to meniscus formation. Just the opposite
would be true in the case of airway closure 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 closure because they decrease airway diameter and create

liquid film instability.

If the lung were a homogeneous substance exposed to uniform stresses the
processes discussed above could cause simultaneous airspace closure throughout the
entire organ. The fact that this does not occur is due to vertical 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) claimed that Ptp had to be
negative by 1-2 cmH, O before airspace closure would occur. Given the gradient in
pleural pressure that normally exists in the lung, airspace closure could occur only
at the base of the lungs or in pathological conditibns where the pleural pressure was
abnormally positive. Work with "*Xe has indicated that the dependent parts of the

lungs are underventilated at low lung volumes and closure seems to be the best
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explanation for these results (115). Holland et al. (79) calculated the pleural
pressure over areas of airspace closure in humans and estimated that Ptp would be
approximately 1.25 em H,O. This was in agreement with values in animals reported
by Cavagna et al. (32). Inhomogeneities in airway wall properties or in the amount
of liquid present in the airways could account for reports of collapse at positive Ptp

(42).

1.6.3 Parenchymal instability

Airway closure, no matter what the mechanism, may cause gas trapping
distal to the site of obstruction which in turn will lead to volume loss due to
continuing gas exchange with the circulation. This may deplete the closed airspace
of volume so that it becomes airless, a process known as absorbtion atelectasis.
These events are accentuated by breathing pure oxygen and may be ameliorated by
collateral ventilation via the pores of Kohn or Canals of Lambert.

This is not the only mechanism that leads to atelectasis. As was the case for
the airways, high surface tension at low lung volume has been suggested as a cause
of parenchymal instability. If the alveolar spaces 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 surface tension and tension in the structural 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.
Under these circumstiances the small alveoli would 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
volumes. The slopes 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. All 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 increases which stabilizes any tendency for one or a group of alveoli to
increase or decrease 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. They demonstrated interdependence will prevent
alveolar collapse in a homogencous lung even if the slope of the P-V curve is
negative. However, their work also showed that airspace closure was possible in a
nonhomogencous lung. While surface tension was a source of potential instability
such instability required an intrinsic inhomogeneity 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 promoting expansion and atelectasis could occur.
Since the lung is a nonhomogencous structure and surface tension appears to be
constant at low transpulmonary pressures this theory can explain the alveolar

collapse that has been described at low lung volumes.

1.7 COMPUTED TOMOGRAPIY

Computed tomography (CT) is a type of cross-sectional tomographic imaging
which provides 3-dimensional anatomical information about the object being
scanned. The technique was pioneered by Hounsficld and grew out of his
investigations on pattern recognition techniques in 1967 (132). He deduced that if
an x-ray beam was passed through a body from all directions and if measurements
were made of all these x-ray transmissions, it would be possible to obtain
information about the internal 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 first clinically useful CT head scanner in that same year. Recent
improvements in computer technology, including increased speed, accuracy and
storage capacity have facilitated refinement of the original CT technique resulting
in decreased reconstruction times and radiation exposure as well as improved
imagining.

Two of the major advantages of CT as comp:sied to conventional radiography
are that it provides three-dimensional information about the structure being imaged
and avoids superimposition of structures on the film. Superimposition makes it
difficult to distinguish structural details of objects or tissues of similar density.
Another limitation of radiography is that it is a qualitative rather than quantitative
technique and therefore cannot distinguish between 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 contrast
differences, its dynamic range and as well 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 order to create 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 registered by detectors placed behind the object.
The detectors convert the information about photon energy to electric current signals

which are subsequently converted from analogue to digital form. The digital data
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are normalized and logarithms calculated to generate relative transmission values.
It is these values that are used by the computer for image reconstruction.

The amount of x-ray beam attenuation depends on the atomie density and the
atomic number of the tissues it is passing through as well as the photon energy. X-
rays interact with tissue by photoelectric and Compton effects.  Photoclectric
absorption is determined mainly by the atomic number of the tissue, absorption
being greater for substances with a high atomic number such as bone. Compton
effects are primarily attributable to tissue density differences. The attenuation of
the x-ray beam follows an exponential law and can be related to a linear attenuation
coefficient. The attenuation coefficient is used to calculate the CT number or
Hounsfield unit (HU) which is the most common expression of beam attenuition
(26,132). The CT numbers are set on a scale so that the density ol air is represented
by -1000 and that of pure water by zero. All other attenuation values are based on
these two reference points. Using this scale the HU for bone is +1000. CT numbers
are converted to a gray scale image, where + 1000 is white and -1000 is black which
helps to visualize the data.

The digital image display is composed of square picture clements called pixels
which are arranged in rows and columns to form a matrix. Each image has a finite
thickness determined at the time the scan is taken. This dimension is added to cach
pixel to obtain a voxel or volume element thus imparting a three-dimensional nature
to the image. The size of the voxels influences the resolution (see section 1.7.2) of

the image, the smaller the voxel the better the resolution. Image thickness will also
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affect image detail and artifact formation. In general, thinner slices give better
resolution, however reducing the slice thickness also increases noise. Thus these two
effects must be balanced to obtain the best resolution possible. Scan time and
sampling frequency will also influence image resolution. Short scan times will
reduce motion artifact but require a higher x-ray tube output and therefore
increased subject radiation. Data sampling rates must satisfy the Nyquist Theorem
which requires that sampling must be performed at a rate at least two times higher
than the maximum spatial frequency present in the object. Failure to do this will

result in alinsing 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
resoiution 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 density that does not contain useful information. There are a number of
sources of noise, such as quantum noise which results from a limited 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
matrix characteristics (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 scanned object and motion. The most significant sources of artifacts affecting
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the work discussed in this thesis are those related to structural shape and
composition and motion artifact, and their affects on image quality will be discussed
below.

The most serious and perhaps pervasive artifact is beam hardening (26.149).
Beam hardening occurs because the x-ray beam used in CT is polychromatic,
emitting rays over a broad spectrum of encrgies. Photons of lower energy are
preferentially absorbed by tissue leading to an anomalously high average energy of
the radiation incident upon the detector. The resulting incorrectly high reading is
erroncously taken to mean lower attenuation along that path. Since the body is not
a homogeneous substance of uniform shape the amount of beam hardening of a
particular ray is dependent upon the geometry and tissue characteristics of the
structure being imaged. For example more beam hardening will occur in a structure
that has a high bone content as compared to 2 high fat content. This artifact is
manifest as streaking or cupping or arcas of decreased density adjacent to bones or
thick body parts. Filtering prior to image reconstruction which is based on the
"ideal" patient attempts to decrease the influence of beam hardening but is
tmperfect. In some cases a second-order correction can be applied to lessen 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. The
remainder of the slice thickness provides information net relevant to the structure

and produces an erroneous estimate of its density (26). This problem is especially
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prevalent in small structures and those with irregular geometry or sloping edges and
results in vaguce opacities or margins. Partial volume effects may also result in
streak artifacts 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
view 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 artifacts cause streaking, blurring or ghost images. They are a
manifestation of edge gradient and partial volume effects and may be influenced by
characterisiics 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 been called "gated CT" to denote that a special
apparatus puts out data in response to specific input data from the cardiac or
respiratory cycle. In the case of cardiac motion, information from the
electrocardiogram is used to determine when a scan will be taken. A combination
of both cardiac and respiratory gating may be necessary for thoracic scanning since
the cardiac and respiratory rhythms are not matched, especially in ill individuals.

Finally, air-contrast interface artifact generates image streaking due to high
spatial frequency at the air-tissue or air-liquid interface. As was the case for motion

artifact it is 2 combination effect which is accentuated by motion.
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1.7.3 Application of computed tomography to the respiratory system

Initially the high contrast resolution of CT made tumor identification one of
its most popular uses. More recently researchers and clinicians alike have begun to
examine its uscfulness in the early diagnosis of pathological processes such as
emphysema (61), fibrosis (48), and pulmonary edema (70.141), all of which are
characterised by density changes. Furthermore the noninvasive nature and high
spatial resolution of the technique have encouraged its use to investigate treatment
effectiveness (39). The remainder of this section will focus on the use of CT to assess
density, volume and shape changes in the respiratory system. Relerence will be
made to pathoiogical states only to illustrate sy 2cific points about these more general
topics. Since CT is an expensive technology and most scanners are in very high
demand for patient related work most of the information available from CT is based
on the human respiratory system. My investigations appliecd CT to the canine
respiratory system so I will refer to information specific to dogs when possible.

T::e unit of measurement for CT (HU) is closely 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 i1s an

approximately linear relationship between tissue density and IIU such that
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A
I = 277
p(lung) 1000

where p, lung density, is expressed in g/cm® and AV is the attenuation coefficient.
This equation is applicable to materials of low atomic number with densities ranging
from that of air to water, which includes the lung structures (43,71). Phelps et al.
(127) have reported a 4% error in density estimations using this formula and cite
variations in paticnt shape and size as the primary source of this error. Hedlund
and his co-workers {71) reported a linear relationship close to 1.0 between CT and
directly estimated density in excised baboon lungs. Hoffman (77) reported CT
estimates of in vive canine lung density to be accurate with +/- 7% when compared
to phantoms of similar density.

In 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 linear anterior-posterior lung density gradient for humans in supine

position. Gattinoni’s group (59) found that this vertical density gradient was present
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in the prone and supine positions and remained even in patients with acute
respiratory failure. Hoffman (77) reported the slope of the vertical density gradient
of supine dogs to be 3.2% per cm lung height. This gradient disappeared in prone.
Interestingly he also reported a ventral-dorsal gradient present in isogravimetric
planes in these dogs when they were in lateral decubitus positions which indicates
that not all the vertical density gradient present in dogs can be attributed to the
effects of gravity. In dog and man the vertical density gradient in supine increases
as absolute lung volume decreases, with the greatest change in volume occurring in
the most dependent zones (69,77,129). These studics reconfirm physiological data
previously obtained by other, often more invasive methods, which may disturb the
quantity of interest or, in the case of patients, be inaccessible.

CT has also been used to estimate lung and tissue voltmes. Hoffman ct al.
(76) reported they were able to detect canine lung volume at TLC with an accuracy
of +/- 3% compared to the volume estimated for the excised lungs 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 comparable
accuracy for human lungs in vive when compared to plethysomgraphic
measurements. They also noted they were able to interpolate lung volume between
alternate slices, using a 10-20 mm slice separation, to within 5§ cm?®. In this same
study the group was able to detect 50 ml volume changes in the medium surrounding
the lung simulations with an accuracy of +/- 5 ml. Hoffman’s group (76) reported

approximately 1-2% error when estimating 1 1 changes in canine lung volume in
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vivo. Hoffman and Ritma= (78) calculated the canine lung tissue volume from lung
weight and volume, less trapped gas, assuming a tissue density of 1.065 g/ml. They
found no difference in tissue volume between the prone and supine postures. Their
finding is in agrecment with the that of Gattinoni et al. (59) for healthy and ill
humans. Denison ¢t al. (43) were able to demonstrate that human lung tissue
volume was conserved from FRC to TLC. Under normal conditions we do not
expect the absolute volume of tissue to change with position or lung volume. The
fact that the three studies cited above all report conservation of tissue volume under
various conditions suggests that they were able to estimate tissue volume with a
certain degree of accuracy.

Few 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 would 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 clearly many anatomical structures and shape changes but
could 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 chest wall

shape was viewed from midsagittal sections from reconstructed thoracic volumes.
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There was a considerable change in cross-sectional arca of the chest wall and to a
lesser extent the lung between the prone and supine postures. In contrast, there was
almost no change in the shape of the sloth’s respiratory system which is known to
be much less compliant than that of the dog. They extended their examination of
chest wall shape by constructing a 3-dimensional "wire mesh” display of the dog and
sloth diaphragms which showed the dog diaphragms shifted as a lever arm fixed
about the central nead-to-foot body axis while that of the sloth behaved very much
like a piston. This work demonstrates that quite precise information about shape
and shape change is available from CT data, the limiting factors being the amount

of data obtainable and the computational pewer available to manipulate that data.
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dc

df

prrc

Eaw
Ecw
Etis

FO
FRC
Hz
HU

MLR

AP
P-v
Palv
Pao
Pbox
Pew

GLOSSARY OF ABBREVIATIONS USED IN CHAPTER 1

aren
anterior-posterior
compliance
cocfTicient of friction

diameter

closing diameter due to compliant

tube effects

clusing diameter due to liquid

film effects

dipalmitoy! phosphatidyl choline

clastance

airway clastance

chest wall elastance
tissue elastance
endatracheal tube

Fast Fourier Transform
forced oscillation
functional residual capacity
Hertz

Huounsfield unit
inertance

multiple lincar regression
density

pressure change
pressure-volume
alveolar pressure
airway opening pressure
box pressure

chest wall pressure

Pdif  pressure difference (with respect to
the Interrupter technigue for
measuring respiratory system

mechanics)
Pes esophageal pressure

Pinit  initial pressure (with respect to the
Interrupter technique for measuring
respiratory system mechanics)

Ppl pleural pressure

Prs respiratory system pressure
Ptm  trunsmural pressure

Pip transpulmonary pressure
R resistance

Raw  airway resistance

Rew  chest wall resistance

Re Reynold’s number
Ry lung resistance
Rp peripheral resistance

Rtis  tissue resistance
TL.C  total lung capacity

u viscosity

v volume

A% flow

Ve critical volume

VIQ ventilation/perfusion
X reactance

BXe radiclabled xenon
YA impedance
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CHAPTER 2

2.1 ABSTRACT

Simultancous measurcment of esophageal pressure (Pes) and tracheal pressure
(Ptr) during an occluded inspiratory effort was used to assess the accuracy of the
esophageal balloon for measuring pleural pressure (Ppl) in dogs. Esophageal
balloons were inserted in five mongrel dogs and an occlusion test performed with the
balloon tip at 5, 10, 15, 20, 25 ¢cm above the esophageal sphincter, at lung volumes
of functional residual capacity (FRC) and FRC + 600 ml, and in supine and right
and left side lying postures. The protocol was repeated in paralysed animals. This
time the occlusion test was performed by injecting air into a plethysmograph in
order to change the body surface pressure, simulating pressure changes produced
by respiratory efforts in a spontaneously breathing animals. In 47% of the tests in
spentaneously 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 breathing effort.
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2.2 INTRODUCTION

Esophageal pressure (Pes), measured by esephageal balloons, has been used
as an estimate of pleural pressure (Ppl) since 1949 when Buytendijk pioncered the
technique (4). Today the “occlusion test" is used to assess how accurately Pes
reflects Ppl (1). This test involves occluding the airway at the end of expiration and
recording the changes in airway pressure and Pes during the subsequent inspiratory
efforts. If Pes provides an accurate micasure of Ppl then the slope of Pes vs. Ptr
should be close to 1.0. Several investigators have found this not to be true in supine
posture (1, 8) and suggest that the weight 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) investigated the influence of ball:-on position
in the esophagus on the slope of tke 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 little 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 lung 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 METIIODS

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 2 cannula (ID 20 mm) was inserted in the airway.
Tracheal pressure (Ptr) was 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 Iatex balloon 5.5 ecm
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 ICS pressure transducer.
The amplitude of the frequency response of the balloon was measured 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 filled with 0.5 ml of air which placed it on the flat portion of its
volume-pressure curve. Pressure signals were low-pass filtered at 10 Hz (8-pole
Bessel 902LPF, Frequency Devices, Haverhill, MA.), sampled 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 balloon 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 balloon 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 (PIP) and
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indicated the balloon had just entered the thoracic cavity and become exposed to
pleural pressure. The catheter was withdrawn a further 5 cm and the position
marked on the catheter at the dog’s incisor. All further balloon positions were
referenced to PIP in the same manner.

Occlusion Test in Spontaneously Breathing Dogs. Dogs were placed supine in
a V-shaped wooden cradle. The cradle could be tilted 90 degrees left or right
putting the dog in side Iying position. A three-way valve was connected between the
tracheostomy cannula and the ventilator to allow occlusion of the airway. The
esophageal balloon was positioned 5 cm above PIP. The threc-way valve was used
to occlude the airway at the end of expiration and the occlusion test was then
performed by recording three consecutive respiratory efforts at functional residual
capacity (FRC). Following 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 esophagus 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 Pes appeared to be unrelated to Ppl. All
measurements were repeated with the dogs in left and right side lying 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 thereafter. A Harvard ventilator

(model 618, Harvard Apparatus, Southnatick, MA.) was connected to the three-way
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valve and the dogs mechanically ventilated with a tidal volume of 15 mli/kg at 20
bpm.

As the paralysed dogs were unable to genecrate 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 spontancously breathing dogs, the airway was occluded and Pes and
Ptr recorded in all three postures, at all 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 all
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 during inspiration with some cardiogenic oscillations
visible on Pes, and then rcturn to baseline more rapidly during expiration. In Fig.
2.1b the same Pes and Ptr are plotted against each other. The loop formed 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 flat 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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Fig. 2.1 (a) Pes (dashed line) and Ptr (solid line) during an occluded spontaneous
breath in supine position. (b) Pes plotted agoinst Ptr for the breath
represented in Fig. 2.1a.

Chapter 2 91



slowly than expiration (Fig. 2.1a) we would expect Pes to reflect Ppl more accurately
during inspiration than during 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 rate of change as the effort proceeds. It seems reasonable
to suppose that this represents an effort related distortion of the respiratory system
which in some way effects the transmission of pressure between the pleura and the
esophagus. During spontanecous respiration Pes never becomes as negative as it does
toward the end of an occluded respiratory effort. Therefore we chose to assess the
efficacy 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 occluded 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
calculating the slope between Pes and Ptr.

All data was analyzed using ANADAT data analysis software (RHT-InfoDat,

Inc., Montreal, Quebec).
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Fig. 2.2 Pes (dashed line) and Ptr (solid line) during an occluded spontaneous
breath in supine position.

Chapter 2 93



(kPa)

Pressure

-1.0

0.0 2.0 4.0
Time (s)
b
0.1
©
Q.
X 0.4
0
i}
a
19,75 0.4 0.1
Ptr (kPa)

Fig. 2.3 (a) Pes (dashed line) and Pir (solid line) during an occluded paralysed
pressure oscillation in supine position. (b} Pes plotted against Ptr for
the pressure oscillation in Fig, 2.3a. Note the absence of a loop between

Pes and Ptr as compared to the spontaneous occluded breath represented
in Fig. 2.1a.
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2.4 RESULTS

Figure 2.4 shows the slope of Pes vs. Ptr in each posture, plotted against
balloon position in the esophagus in spontaneously breathing dogs. The number of
positions sampled depended on the size of the dog. Data in the left panel were
collected at FRC and those in the right at FRC + 600 ml. Circles represent supine
position, triangles and squares left and right side Iying respectively. All points
shown are the means of three individual slopes the standard deviations of which
exceeded 0.035 in only 15 of 100 cases.

Figure 2.5 shows the slope of Pes vs. Ptr plotted against balloon position in
the esophagus for the paralysed state. Data in the [eft panel were collected at FRC
and those in the right at FRC + 600 ml. The slopes shown are the means of two
individual pressure oscillations at each measurement condition. The difference
between the two slopes 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 spontanecously breathing dogs. In contrast, none of the
slopes of occlusion tests performed in paralysed dogs variecd more than 5% from
unity. Note that the slopes tend to be closer to 1.0 for dogs in the paralysed as
compared to the nonparalysed state (Fig. 2.4). 75% of the slopes 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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Fig. 2.4 The slope of Pes vs. Ptr against esophageal balloon position from PIP
Jor spontaneous occluded breaths. Triangles = left side lying, circles
= right side lying and squares = supine. Plots in the left panel were
obtained from breaths occluded at FRC and those in the right panel were
obtained from occlusions at FRC + 600 ml.
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Fig. 2.5 The slope of Pes vs. Pir against esophageal balloon position from PIP
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the vertical axis scale compared to Fig. 2.4.
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2.5 DISCUSSION

The esophageal lumen is separated from the pleural space by the muscular
wall of the csophagus and mediastinal soft tissue. If all these tissues were flaccid one
would expect a pressure change in the pleural space to be transmitted unattenuated
to the esophageal lumen so that the slope of Pes vs. Ptr during an occlusion 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 across 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 reflects Ppl in the paralysed state.
Furthermore 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 flaccid on administration of cholinergic, nicotinic blockers (5, 7)
such as pancuronium bromide. The paralysed esophagus thus has less of an
attenuating effect on pressures transmitted across its walls than does the
nonparalysed esophagus.

Another explanation for the relatively poor performance of the occlusion test
in nonparalysed animals 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 stretches the esophagus. The tension thus
created in the esophageal wall permits the maintenance of a pressure gradient as
described above. The esophagus and soft tissues of the mediastinum are also
distorted by pleural pressures changes created by the action of respiratory muscles
on the rib cage. As the elastic fibers of the esophagus and soflt tissues become
increasingly stretched during the inspiratory effort they are able to support a
progressively greater pressure gradient. Consequently the change in Pes with
respect to Ptr becomes progressively less.  Further, it is likely that the pleural
pressure changes produced during inspiration are not uniform over the lung surface.
Therefore the esophageal wall tension and its ability to support pressure may be
effected regionally which may explain why the results of the occlusion test were more
variable during spontanecously breathing (Fig. 2.4) as compared to the paralysed
state (Fig. 2.5).

Figures 2.4 and 2.5 both show that Pes measured from cephalad positions in
the esophagus reflect Ppl less accurately than thoese from more distal locations.
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 spontancous
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

Pes vs. Ptr are much closer to unity in the paralysed as compared to the
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nonparalysed animals.

Many investigators have suggested that Pes recorded in the supine posture
pives the least accurate measure of Ppl (1, 6, 10, 11). 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 generally attributed to compression
of the esophagus by the mediastinal contents. However, we found the slopes
obtained after paralysis 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 could 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 lying 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 guidelines on her work in infants that
showed if the slope of Pes vs. Ptr was less than 0.93 or greater than 1.03
unacceptable estimations of pulmonary resistance and compliance occurred. Only
52% of the occlusion tests performed in the present study fit this criteria. Both
Baydur et al. and Higgs et al. found that the accuracy of the occlusion test may be
improved by repositioning the balloon (I, 8). This may not always be possible,
however, nor may the improvement be enough to produce an acceptable occlusion
test.

Another method of dealing with an unacceptable occlusion test is to divide all
subsequently measured Pes signals by the value of the slope of Pes vs. Ptr obtained
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 linear over the pressure range of interest.

In conclusion, the stope of Ptr vs. Pes and therefore the ability of Pes to
accurately reflect Ppl varies inconsistently with balloon position, lung volume and
posture in spontaneously breathing dogs. Thus when using the occlusion test to
assess the accuracy of Pes as an indicator of Ppl the test should be done under a set
of measurement conditions spanning those to be used in the experiment. The
accuracy of Pes as a measure of Ppl improves substantially in the paralysed state.
Therefore it seems safe to assume that it is not necessary to repeat the occlusion test

following paralysis if its result is acceptable in the nonparalysed state.
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CHAPTER 3

EFFECT OF PLEURAL EFFUSION ON RESPIRATORY
MECHANICS, AND THE INFLUENCE OF

DEEP INFLATION, IN DOGS



CHAPTER 3

3.1 LINK TO CHAPTER 3

Chapter 2 examined the ability of esophageal 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 esophageal balloon,
positioned under spontanecous breathing conditions, to partition the mechanical
behaviour of respiratory system into its lung and chest wall components following
paralysis of the dog. This was essential for the work reported in Chapter 3 since we
suspected pleural effusion would induce opposing volume changes in the lung and
chest wall compartments so that their individual behaviour could not be deduced

from that of the system alone.
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3.2 ABSTRACT

We studied the effects of pleural effusion on dynamic elastance (E) and
resistance (R) of the respiratory system (RS) in 6 supine, anesthetized, paralyzed,
tracheostomized, and ventilated dogs. E and R of the RS, lung (L) and chest wali
(CW) were estimated during saline infusion into the pleural space and for 2 hours
following fluid loading by fitting the equation Pressure = E x Volume + R x Flow
+ Constant to the measured data by multiple lincar regression. E; and Ry
increased significantly during fluid loading and were partially and only transiently
reversed by deep inflations. Ecw and Rew were little affected by these procedures.
Thus pleural effusion can have significant effects on dynamic Ers and Rrs but the
transient nature of the change in lung parameters suggests that therapics based on

periodic lung inflations may be of little benefit to patients with this condition.
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3.3 INTRODUCTION

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 veolume (1,12,15,24) or forced expiratory flows
(12,24). A few studies have examined the alterations in static elastance of the
respiratory system which occur as a result of pleural effusion (12,15,24). However,
none have assessed changes in dynamic elastance (E) and resistance (R) that
accompany pleural effusion. These dynamic properties of the respiratory system,
which may differ markedly from its static properties, are obviously more relevant
during breathing. The purpose of the present study was to investigate the changes
in the dynamic mechanical properties 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 order to discern the therapeutic

effectiveness of such a maneuver.
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3.4 METHODS

Experimental:

Six mongrel dogs weighing 18-25 kg were anesthetized with pentobarbital
sodium (25 mg/kg iv) and maintained with an hourly dosc of 10-15% of the initial
dose. The dogs were positioned supine, trachcostomized and a cannula was inserted
in the airway (ID 20 mm).

Tracheal pressure (Ptr) was measured by a piczoresistive pressure transducer
(ICS 12 002g 8051610, SPR Control Systems Ltd., Rexdale, Ont.) at a lateral tap
in the cannula. A heated No. 2 Fleish pneumotachograph was connected to the
cannula for the measurement of tracheal flow (V). The pressure drop across the
pneumotachograph measured by a piczoresistive pressure transducer (MicroSwitch
163PC01D36, Honeywell, Scarborough, 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 cn
ID). The other end of the catheter was connected to another ICS pressure
transducer. The balloon was filled with 0.7 ml of air which placed it on the flat
portion of its volume pressure curve. All signals were passed through 8 pole Bessel
filters (902LPF, Frequency Devices, Haverhill, MA.) with their corﬁcr frequencies
set at 30 Hz. They were then sampled at 100 Hz with a 12 bit analog to digital
converter (DT2801 A, Data Translation, Marlborough, MA.) and stored on

computer. All data were collected using LABDAT software (RHT- InfoData Inc.,
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Montreal, Quebec)

The esophageal balloon was positioned 10 cm above the esophageal sphincter
and the occlusion test was performed at functional residual capacity (FRC) and
FRC+500 ml (6). The slope of Pes vs Ptr obtained during a spontaneous breathing
effort did not vary more than 5% 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 closer 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 (15,10,23). Therefore we tested
the accuracy of Pes as a measure of pleural pressure in a similar manner to that
described in our previous investigations, in two paralyzed dogs with unilateral
pleural effusion. Specifically, the dogs were tracheostomized and an esophageal
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 measuring 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 with 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
repeated. The slope of Ptr vs Pes did not vary more than 2% between the control

and effusion states. Therefore we are confident Pes accurately reflected mean

Chapter 3 : 110



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 three way valve was
removed from the pneumotachograph and a Harvard ventilator {model 618, Harvard
Apparatus, Southnatick, MA.) connected in its place. The dogs were mechanically
ventilated with a tidal volume of 15 ml/kg at a frequency of 20 breaths a 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 sutured in place
and air was evacuated from the pleural space using an underwater sealed suction
apparatus. Three deep inflations were given just prior to saline infusion. A deep
inflation was accomplished by occluding the expiratory port of the ventilator for
three consecutive breaths which raised transpulmonary pressure to approximately
3 kPa. Saline was then infused into the pleural space in 60 ml increments, given
each minute, until an effusion of 60 ml/kg body.weight had been administered. Ptr,
Pes and V were measured continuously for 3 min prior to, during and 10 min
following loading of the effusion. They were also measured for 40 s every 5 min
over the next 2 hrs. Following loading of the effusion, 3 deep inflations were given
every 20 minutes, immediately after a data collection period.

At the termination 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 we

recovered at least 90% of the effusate.
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Data Analysis:

Forty sccond 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
so that the resulting V had no baseline drift. The segments were divided into
individua! breaths, the breaths superimposed and the data ensemble averaged (5).
Similar ensemble averaging was performed on the data collected in discrete 40 s
samples in the 2 hr period following fluid loading. We then fit the equation

P = E*V + R*V + K

to each ensemble averaged data set by multiple lincar regression in order to calculate
elastance (E) and resistance (R) of the respiratory system (RS), lung (L) and chest
wall (CW). K is the value of pressure when V and V are both zero. OF course these
model parameters do not characterize the respiratory system perfectly, but they do
embody the great majority of its elastic and dissipative properties during regular
mechanical ventilation (3). P was represented by Ptr, Pes or Ptr-Pes (Ppt), yielding
Ers and Rrs, Ecw and Rew and E; and R, respectively.

In all cases the equation P = E*V + R*V + K accounted for at least 98%
of the variance in the dependent variable P as indicated by the coefficient of
variation.

All data were analyzed using ANADAT data analysis software (RHT-InfoDat

Inc., Montreal, Quebec).
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3.5 RESULTS

Figure 3.1 shows changes in Ers, Ecw and E; during baseline to the end of
effusate loading for each dog studied. Figure 3.2 illustrates the changes in R for the
same time period in the same dogs. In all cases there are steady increases in Ers,
E;, Rrs and R,. There are much smaller decreases in Ecw and Rew. Changes in
Ers and Rrs are very similar in shape and amplitude to those observed for the lung.
Table 1 presents the percent changes in E and R from baseline values produced by
effusate Icading for each dog. In all 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 decrecase in E and R in dog 4 at
15 min after initiation of loading. Examination of the corresponding Ptr signal
revealed a sudden increase in the baseline and a decrease in the amplitude of the
pressure swing. This apparent abnormality in pressure measurement resolved
spontaneously at the end of the recording period and was not observed at any other
time. We suspect this may have been due to the formation of a fluid bubble at the
opening to the tracheal cannula side port. Despite this anomaly in Ptr the patterns

of change in E and R were similar to those of the other dogs examined.
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Fig. 3.1
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which would have unnecessarily extended the graph.)

Chapter 3

114



Fig. 3.2
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. TABLE 3.1. Changes in E and R During Effusate Loading.

DOG Exs E, Ecw Rys R Rew
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.D. 12 20 19 39 24 29

Data are expressed as a percentage of baseline values. All changes are significant at
P <0.05.
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. Figure 3.3 illustrates the changes in E and R which occurred 45 to 120 min following
loading of the effusion and includes the effects of 3 deep inflations for a representative dog.
These data illustrate the immediate, marked decreases in Ers and E; and the small
decreases in Ecw resulting from deep inflations. These decreases were followed by returns
toward original values. Rrs and R, also decreased following deep inflations while Rew was
little affected by them. Again the resistances increased toward original values following the
deep inflations.
Table 2 presents the percent changes in E and R produced by deep inflations in all
dogs studied. The lung rather than the chest wall was primarily effected by deep inflations

in all cases.
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. TABLE 2. Changes in E and R witlh Deep Inflations.

DOG Exs

E Ecw Rys R, Rew

I 29 (1.0) 35 (1.0} 15 (0.1) 17 (6.0) 21 (7.9 4 (2.6)

2 26 (1.7 29 (2.1) 13 (1.0) 36 2.1 10 2.0 17 (2.0)

3 28 (8.5) 31 (9.9 122.3) 36649 47 (6.9 9 (2.5)

4 38 (3.0) 49 (3.9) 6(2.00 50 (3.8) 71 (3.6) 1Q.7

5 23 (1.0) 29 (1.5 2 (0.6) 323.60 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 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 Inflations 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 animals studied (Fig. 3.1, Table 3.1). Following
the completion of loading the courses of these changes were stable apart from transient
reversals induced by deep inflations (Fig. 3.3). This indicates that the changes in E and R
during fluid 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 closely related to the volume of the
cffusion.

E, increased steadily throughout effusate loading (Fig. 3.1). This is probably due
a combination of parenchymal distortion which occurs as the lung rotates around its long
and transverse axes during effusate loading (13,14,21) and to a decrease in FRC as
dependent Iung regions are displaced by the fluid (1). The decrease in FRC can occur as
a result of airspace closure or a uniform decrease in volume throughout the lungs. For
example, several investigators using animal models have reported an increase in static E;
at very low lung volumes while noting that airspaces remained open even at negative
transpulmonary pressures (7,11,22,25). On the other hand, research on humans has
demonstrated impaired oxygen exchange in the presence of pleural effusion which is
indicative of some degree of airspace closure (8,20,24). In reality, there is most probably
a combination of the above phenomena, which could 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 closure
in dogs ventilated for several hours without periodic deep inflations (18). In the present
study we found sudden marked decreases in E;_ followed by slower returns toward original
values in response to deep inflations (Fig. 3.3). Similar results have been described for
quasi-static elastance following a period of low volume breathing (22) and for dynamic
elastance determined from normal FRC or above (16,17). The decreases in E; may be
explained either by stress adaptation of the lung tissues, recruitment of previously closed
airspaces, or a combination of the two phenomena (14). Although previous work has
demonstrated that the lung and chest wall exhibit a similar degree of stress adaptation in
response to moderate changes in lung volume at normal FRC (4) we found deep inflations
produced much smaller changes in Ecw than E, (Fig. 3.3). This suggests that airspace
recruitment may have been responsible for the marked transient decreases in E, that
occurred in response to deep inflations in the present study. On the other hand Ludwig
et al. (17) and Loring et al. (16) observed large changes in E, in response to deep inflations
from normal FRC where preexisting air space closure is presumed absent. Therefore it is
still possible that our results are a reflection of a severe volume dependence of stress
adaptation of lung tissue. In any case, our resuits (Fig. 3.3) clearly show that the effects
of deep inflations on mechanics following fluid 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 R, as mean lung volume decreases

below normal FRC during effusate loading. This is in contrast to the work of Ludwig et
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al. who demonstrated a positive dependence between mean lung volume and R; (17).
Previous work has established that at low ventilation frequencies, such as the one used in
this study, tissue and not airway properties are the principal determinants of R, (2,17).
However all of these previous measurements were made at mean lung volumes at or above
normal FRC. It is possible that airways contribute significantly more to R, at volumes
below FRC, thus explaining the contradiction between 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 increased airway resistance. We also observed a decrease in R, in response
to decp inflations which neither Loring et al. (16) nor Ludwig et al. (17), operating at mean
lung volumes at or above normal FRC, demonstrated. This supports the notion that the
development of airspace closure below normal FRC, temporarily removed by deep
inflations, may have contributed significantly to the increase in R, 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 (15). 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 some of the effusate could have
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crossed the mediastinum resulting in a bilateral not unilateral effusion in dogs we studied.
The fact that we were able to recover at least 90% of the effusate by evacuation via the
chest tube suggests that much of the effusion remained unilaterally distributed. Inany case
we are interested in the behaviour of the respiratory system with pleural effusion and the
exact distribution of the effusion is not pivotal to our findings.

In summary, the results of our study suggest that changes in respiratory system,
lung and chest wall volume during effusate loading of the pleural space alter the dynamic
E and R of these structures. It also appears that breathing at mean lung volumes below
normal FRC may change the relative extent to which airways and tissues contribute to E;
and R;. In particular our data suggest that airspace closure may be an important
determinant of the changes in lung mechanics we observed. Deep inflations, which may act
to dissipate airspace closure, were only able to transiently reverse the changes in E; and
R, we observed. Further it suggests that a measure, such as mask CPAP (continuous
positive airway pressure), which raises mean lung velume over prolonged periods of time

may be a more effective treatment for this patient population.
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CHAPTER 4

MECHANICAL BEHAVIOUR OF THE CANINE RESPIRATORY

SYSTEM AT VERY LOW LUNG VOLUMES



CHAPTER 4

4.1 LINK TO CHAPTER 4

Chapter 3 investigated the effect of pleural effusion on the dynamic
mechanical behaviour of the canine lung and chest wall. Both the clastance and
resistance of the lung increased during saline loading of the pleural space as
presumably end-expiratory volume decreased below normal functional residual
capacity. This behaviour was contrary to that predicted by most previous studies
examining the effects of changes in mean lung volume on the mechanical propertics
of the respiratory system. QOne explanation for these unexpected results was that
something specific to the pleural effusion caused the respiratory system to behave
in an unpredictable manner. The work in Chapter 4 cxplores this hypothesis
further. In these experiments lung volume was altered by changing the amount of
end-expiratory pressure applied by the ventilatory circuit avoiding the conflicting

influence of an effusion.
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4.2 ABSTRACT

We studied the changes in dynamic elastance and resistance of the respiratory
system in 6 supine, anaesthetized, paralysed, tracheostomised and open-chested dogs.
Tracheal pressure (Ptr), tracheal flow (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 inflated to total lung
capacity (TLC) at the start of each recording period. Lung elastance (Ev) and
resistance (RL) were estimated by fitting the equation Ptr = RLV + ELV + K to the
measured data for ecach breath by multiple linear regression (V=volume,
K=constant). Airway resistance (Raw)} was obtained from the difference between
Ptr and Palv. Ew increased progressively in the 20 min following lung inflations.
The increase in Ev 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, R. changed very little over the recording period at all levels of PEEP. At
low levels of PEEP Palv often bore no resemblance to Ptr indicating that significant
airway obstruction or closure had occurred. These results suggest that the increase
in Ev 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 Re.
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4.3 INTRODUCTION

In a previous study in supine dogs (3) we measured pulimonary clastance (Eu)
and resistance (R1) during regular mechanical ventilation while instilling saline into
the pleural space. We found that both Eu and Ru increased progressively as the
pleural effusion developed, and presumed that this was due to the end-expiratory
lung volume being decreased below normal functional residual capacity (FRC) as the
lung became displaced by the effusate. Unfortunately, we were unable to find
convincing evidence in the literature to support this hypothesis because, despite
much recent interest in the volume dependence of pulmonary mechanics, most
studies in this area have focused on the results of raising lung volume above normal
levels. Furthermore, most of these studics (12, 19} have demonstrated that, for a
given tidal volume, both Er and R, increase as mean transpulmonary pressure (Ptp)
is increased. One might thus expect Ev and Rw to decrease when end-expiratory
lung volume decreases below normal FRC. In support of this view, Hantos ct al. (7)
used a forced oscillation technique in dogs and found that Ei and Ri. were
significantly lower at a Ptp of 0.2 kPa than at 0.8 kPa. In contrast, however, an
earlier study by Mead and Collier (14) reported both parameters to increase as lung
volume was decreased below normal 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 normal

FRC is needed. We thus undertook the present study to examine in detail how
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reducing lung volume below its normal level affects canine E. and Ru. In particular,
we studied two complementary situations: how the parameters change with time at
a fixed end-expiratory pressure (PEEP), and how they change witk PEEP without

the influence of time.
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4.4 METHODS

Experimental:

Six mongre! dogs weighing 19-30 kg were anacsthetized with pentobarbital
sodium (25 mg/kg iv) and maintained with an hourly dose of 10-15% of the initial
dose. A venous line was inserted for administration of maintenance fluids and
drugs. The dogs were positioned supine, trachcostomized and a cannula was
inserted into the airway (ID 20 mm). Bilateral vagotomy was performed and
confirmed by the characteristic change in respiratory pattern (ic. breathing became
slower and deeper). The dogs were then paralysed with pancuronium bromide (2
mg) and artificially ventilated (I5 ml/kg, 20 breath/min) with a Harvard volume
ventilator (model 618, Harvard Apparatus, Southnatick, MA). Median sternotomy
was performed, the chest widely retracted, and 3 alveolar capsules installed on the
nondependent areas of the lungs. Capsules were fixed to the pleural surface using
a cyanoacrylate glue. Communication between the alveoli and capsules was
established by puncturing the pleura enclosed within the capsule 4-5 times with a
cautery needle (2-3mm deep).

Tracheal pressure (Ptr) was measured by a piezoresistive pressure transducer
(ICS 12 002g 8051610, SPR Control Systems Ltd., Rexdale, Ont.) at a lateral tap
in the tracheal cannula. A heated No. 2 Fleish pneumotachograph was connected
to the cannula for the measurement of tracheal flow (V). The pressure drop across
the pneumotachograph was measured with a piezoresistive pressure transducer

(Microswitch 163PC01D36, Honeywell, Scarborough, Ont.). Alveolar pressures were
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measured using piezoresistive transducers (ICS) inserted into the alveolar capsules.
All signals were passed through 8-pole Bessel filters (902LPF, Frequency Devices,
Haverhill, MA.) with their corner frequencies set at 30 Hz. The signals were then
sampled at 100 Hz with a 12-bit analog-to-digital converter (DT2801-A, Data
Translation, Marlborough, MA.) and stored on computer. All data were collected
using LABDAT software (RHT-InfoData, Montreal, Quebec).

The six dogs were studied according to the following two protocols. The
experimental regime for each dog consisted of Protocol #2 followed by Protocol #1

followed again by Protocol #2.

Protocol #1: Elastance and Resistance vs Time at Fixed Levels of PEEP.

PEEP was set at 0.5 kPa and three sighs to total lung capacity (TLC) were
given (TLC was defined as the lung volume obtained when Ptp was 3 kPa). Ptr, V
and Palv were recorded 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 levels of PEEP in random

order.

Protocol #2: Elastance vs Variable PEEP.
PEEP was set at 0.5 kPa and the dogs given three TLC maneuvers. Ptr, Palv

and V were recorded continuously for 15 s to establish a baseline, and then for a
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further 105 s during which time the PEEP was steadily deercased from 0.5 to 0.1
KPa. Finally, the PEEP was reset at 0.5 kPa and the dogs allowed to recover for 1.2

min before the whole procedure was repeated for a second time,

Data Analysis:

We estimated dynamic elastance and resistance for the hing and the lung

tissues by fitting the equation

P(t) = EV() + RV() + K (D

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 an estimate of the
level of PEEP. When P was set equal to Ptr we obtained parameters for the lung
(Er and Ru). Similarly, we obtained three sets of parameters for the lung tissue
(Etis and Rtis) by sectting P equal to each of the three Palv. The cocefTicients of
variation for the fits were all greater than .99, which shows that Eq. I fit both the
Ptr and Pes data extremely well. Three estimates of airway resistance (Raw) were

then calculated from the three estimates of Rtis as

Raw = Ru - Rtis. (2)
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4.5 RESULTS

Figure 4.1a shows EL obtained at cach level of PEEP over an 18 min
recording period following the TLC mancuvers for a representative dog (protocol
#1). We define the value of Ev at the start of the recording period to be Ev(0) and
the value at 18 min to be Ei(18). (In dog #5 the recording period at 0.2 kPa PEEP
was ended prematurcely at 14.5 min, and so we use the value of Ev at this time in
place of EL(18).) The percent increase in Ev over the recording period, AEL, was
thus 100 x [E.(18)-E.(0)]J/EL(0). AEL increased progressively as the level of PEEP
decreased. Ewn(0) also changed with the level of PEEP, although not always in a
consistent manner. In addition, we observed patchy atelectasis over the Iung surface
at lower levels of PEEP which developed with time. Figure 4.1b shows the Ru
corresponding to the Ev in Fig. 4.1a. Again we define the quantities Ru(0), RL(18)
and ARt as for Ev above. Despite the much greater noise level in R, it is clear that
ARL is substantially smaller fraction of R. than AEL is of Ew.

Figure 4.2 shows the mean values of AEL and ARL {or all dogs at each level
of PEEP. Paired t-tests showed a significant increase in AEL between 0.3 and 0.2
and between 0.2 and 0.1 kPa PEEP (p<0.05). The values of ARL at 0.1 and 0.2
kPa PEEF -.cre significantly different (p <0.05) while those at 0.1 and 0.5 kPa were

not different.
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(@) Dynamic elastance of the lung plotted against time at the 5 different
levels of PEEP as indicated to the right of each trace. The thick line
corresponds to the baseline PEEP of 0.5 kPa. There is a small peak in
E. at the beginning of the recording period for a PEEP of 0.1 kPa. We
suspect that this may have been due to sudden closure of some airspace
which then resolved spontaneously, perhaps due to interdependence
effects. (b) Dynamic resistance of the lung plotted against time at 5
different levels of PEEP. Level of PEEP is indicated to the right of
each recording. The thick line corresponds to a baseline PEEP of 0.5
kPa.
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Fig. 4.2 AE. (o) and ARu. (v) obtained from Protocol 1 plotted against level of

PEEP, Values are the mean + S.D. of data from all the dogs studied,
expressed as percentages of initial values.

* indicates a significant difference (p<0.05) from the value at the
preceding, higher level of PEEP. Elastance at 0.1 kPa is significantly
different from that at 0.5 kPa, whereas the difference in resistance at
these two levels of PEEP is not significant.
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Figure 4.3 shows how Eu varied as PEEP was lowered from 0.5 to 0.1 kPa
over approximately 105 s in all dogs (protocol #2). Initially Ev either hardly
changed or decreased as PEEP was lowered, until it reached a nadir at about 0.3
kPa. Further decreases in PEEP caused Eu to increase progressively again. The
figure shows the curves obtained at the beginning and at the end of the experimental
regime. The curves are quite similar, demonstrating mechanical stability during the
experiment.

Table 1 gives the mean and standard deviation (S.D.) of the three estimates
of Raw obtained from each dog at both 0.1 and 0.5 kPa PEEP at the cud of each 20
min data collection period in protocol 1. At 0.1 kPa PEEP the S.D. of the three

Raw is substantially larger than at 0.5 kPa PEEP in all but twe of the dogs.
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Table 4.1 Raw as a percent of R (20).

N DOE-# 1 0.5 kPa B 0.1 kPa

Mean S.D. Mean S.D.
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 . 123 24 _13__8_ 2.3

Mean - - 17.2 T 41.9

S.D. B 4.8 23.1

Values are the mean of 3 estimates Raw. Raw was calculated using Palv from one
of three separate capsules and is expressed as a percentage of R, (20). Mecan and
S.D. 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 canine lung mechanics
measured during regular mechanical ventilation change as end-expiratory lung
volume is reduced below normal FRC. What is clearly apparent from our results,
however, is that Ei. and Ri. cannot be considered as functions of lung volume alone.
Rather, the parameters of pulmonary 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 Eu throughout the 20 min recording period at all
levels of PEEP investigated. Furthermore, the rate of change of Ev with time (i.e.
AE:) 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
increase in EL. One is an increase in the intrinsic stiffness of the tissue, and reflects
some 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 would occur with
closure of some airways or alveolar regions without there being any change in the
specific tissue properties per se. At the higher levels of PEEP the changes we
observed in EL occurred early in the recording period and were likely just a
reflection of the stress adaptation that occurs after a deep inspiration. Much of this
stress adaptation can probably be accounted for by surface tension forces (19, 20,
21), which change Ev by the first of the two mechanisms given above.

At the lower levels of PEEP, however, the progressive increase in Eu. with
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time became markedly accelerated (Fig. 4.1a). One possible explanation for this is
simply that tissue stress adaptation increases at lower lung volumes. Indeed, several
investigators have noted changes in compliance at a PEEP of about 0.3 kPa which
they attributed strictly to progressive changes in surface forces as they were 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). Furthermore,
Stamenovic and Smith (16) found that changes in surface tension alone were unable
to predict lung behaviour at very low lung volumes where inflation pressure fell
dramatically as lung volume decreased. The results of our protocol #2 also suggest
that stress adaptation in the tissues is not the only phenomenon affecting Ei. at low
PEEP. Specifically, Fig. 4.3 shows that the relationship between Ei and PEEP is
concave upward with a nadir between 0.2 and 0.4 kPa. To the right of the nadir
EL is ro doubt determined 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 itsell indicates the appearance of a new
phenomenon with decreasing PEEP, and airspace closure is the obvious candidate.
This supposition is further supported by our observations of the appearance of
atelectasis over the lung surface as PEEP was lowered, together with an increased
variability among alveolar capsule measurements (Table 1). We suggest, therefore,
that ar results show strong evidence of significant airspace closure at very lew lung
volumes, This leads one to conclude that, as PEEP is reduced, the lung becomes

increasingly unstable and starts to collapse spontancously, either through the
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development of atelectasis or the closure of airways.

The idea that lung parenchyma should become susceptible to collapse at low
lung volumes is also supported by the theoretical studies of Stamenovic and Wilson
{18) who showed that regional inhomogeneities of lung mechanical function could
lead to diffuse alveolar collapse at low transpulmonary pressures. The formation
of liquid bridges within the airways has been postulated as an important mechanism
whereby airways might become closed at low lung volumes (2, 11). Indeed, Halpern
and Grotberg (6) showed that closure of compliant airways lined with liquid can
occur suddenly due to liquid bridging. They showed that the time required for
bridging to occur from a given starting configuration decreases with increases liquid
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 myriad
small airways of the lung have a distribution of liquid bridging tinies that produces
their sequential closure, thereby causing Eu 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 Ev.

In contrast to AEL, we found that ARL changed very little (Fig. 4.2). This
result seems somewhat curious, especially in light of recent work by Fredberg and
Stamenovic (4) whilh strongly suggests that elastance and resistance are coupled and
always change in concert. In order to explain our result, therefore, we need to find
some mechanism whereby Ev can change while Ru 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 airway with resistance to airflow Re.  Let the two
compartments have equal elastance E, and let their individual airways have equal
resistances Rp. Ru. for this model is then Re + Rp/2. Now assume that airspace
closure eliminates one of the compartments, so that Ru increases to Rc + Rp. Eu
necessarily increases from E/2 to E by the same mechanisin. However, whereas Ei
doubles, R. may hardly increase at all if Rc is much larger than Rp. The
domination of Ru by the resistance of the central airways is thus a mechanism
whereby we might observe an increase in Ev. but not Ru.

The difficulty with the above hypothesis is that previous work has shown that,
at the ventilation frequency of 0.3 Hz used in this study, the major determinant of
Ru is tissue resistance (Rtis) and not airway resistance (Raw) (13). Indced, in the
present study we also found Rtis to be the sigaificant component of Ru (83%) at a
PEEP of 0.5 kPa. It is quite possible, of course, that due to airway narrowing, Raw
might become a more important component of Rt 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 2 PEEP of 0.1 kPa the standard
deviation of Raw(18) 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

Chapter 4 145



Raw at low lung volumes, we can estimate how this quantity should have changed
as lung volume decreased by considering Ru itself, as follows. Ru consists of the sum
of Raw and Rtis (Eq. 2), and the mean value of Ri.(0) obtained from the dogs at a
PEEP of 0.5 kPa consisted of a 17% contribution from Raw. Decreasing PEEP from
0.5 to 0.1 kPa caused mean RwL(0) to increase by 42%. If we assume this increase
in Ri(0) was due entirely to an increase in Raw (i.e. Rtis did not change with PCEP)
then the contribution of Raw to Ru(0) 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 Rec. Thus, although it seems likely that Re should have
incrreased with decreasing PEEP, it seems very doubtful that it could have come to
cempletely dominate Raw when PEEP reached 0.1 kPa. Another consideration is
that accrual of atelectasis during the 18 min ventilation period at 0.1 kPa PEEP
increased mean Ev by approximately 40% (Fig. 4.2). This should presumably have
increased Rtis by the same proportion, since elimination of accessible tissue would
be expected to affect total tissue resistance and elastance equally. Consequently we
would expect ARp to be 40% of Rp(0), thereby making ARt 23% of R.(0). However
Figure 4.2 shows that mean ARL was only 10% of Ri(0) and some of this no doubt
consisted of a ARaw component. Thus, our results suggest that ARtis was
considerably smaller than we would have expected based on the model considerations
discussed above. This implies the rather curious result that Rtis was relatively
unaffected by closure of airspaces.

We are compelled therefore to conclude that the relative constancy of Re in
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the face of mounting air space closure must be explicable on the basis of some
nonlinear characteristic of Rtis. Thus far we have assumed a lincar relationship
between pressure and flow in the lung, If this were the case when ventilating with
a constant tidal volume then closure of half the airspaces would double the flow to
the remaining units, thereby doubling the resistive pressure drop across the tissues.
Flow measured at the airway opening would remain unchanged and consequently Ru.
would increase. On the other hand if the pressure drop axcross the tissues was
independent of flow, then climinating some alveolar units would not change the
resistive pressure drop across the remaining units and Ru. would remain unchanged.

Such behaviour is characteristic of a plastoelastic material and has been
ascribed to lung tissue in a number of previous studies. Hildcbrandt (10) observed
that Rtis decreased with increasing tidal volume in excised cat lungs and attributed
this to plastoelastic phenomena which he modelled in terms of a coulomb element
and a spring {prandtl body). More recently several investigators have provided
further evidence of plastic behaviour in the lung (1, 15, 16). The site of such
behaviour may well be in the air-liquid interface as most of the resistive properties
of the lung reside there. Recruitment and derecruitment of lipids from the surface
film at very low lung volumes breaks bonds between dipalmitoyl lecithin molecules
which does not occur at higher lung volumes (8) and so may accentuate the plastic
behaviour of lung tissue below normal FRC. Plastic behaviour may also be
explained on the basis of substantial alveolar recruitment and derecruitment

occurring at very low volumes (5, 15).
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In summary, our results indicate that there is a relatively well defined critical
PEEP below which the lung becomes unstable and spontanecous air space closure
begins to accrue during regular ventilation. This causes a progressive and marked
increase in Ev with time at low levels of PEEP. Curiously, Ri. remains essentially
constant with time during ventilation at low PEEP levels, which we can explain only

by invoking a plastoelastic model of lung tissue mechanics.
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CHAPTER 5

ASSESSMENT OF ACUTE PLEURAL EFFUSION IN DOGS

BY COMPUTED TOMOGRAPITY



CHIAPTER 5

5.1 LINK TO CHAPTER 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
pleural effusion. This increase was explained on the basis of the reduction in lung
volume commonly associated with this condition. The volume decrease may have
been the result of closure of some, probably dependent, airspaces which would be
in keeping with X-ray evidence of atelectasis in pleural effusion. On the other
hand, some investigators have reported the lung may experience a uniform volume
decrease without widespread airspace closure. 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 ABSTRACT

We used computed tomography (CT) to examine the cffects of infusing 60
ml/kg of saline into the pleural space of 4 anesthetised, paralysed dogs, ventilated
with constant tidal volume at a positive end expiratory pressure of 0.5 kPa. The
dogs were positioned supine and the thoracic cavity scanned from apex to base, prior
to and immediately following effusate loading. Each CT image was analysed
semiautomatically on a 486 personal computer with custom designed software. We
found that, despite right sided infusion the cffusate was distributed bilqtcmlly due,
no doubt, to the incomplete canine medinstinum. In general the volume change of
the lung was 1/3 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 maost of the lung volume loss due to effusion was from this same region. Chest
wall volume increased and in a more uniform manner post-cffusion. The decrease
in lung volume resulted in a increase in the mean density of the lung and an increase
in its vertical density gradient as the lung was lifted upward toward the sternum by
the effusate. The lung lost vertical height while the chest wall increased both its
vertical and lateral dimensions following effusate loading. These results suggest 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 assessing

volume, shape and density change of the respiratory system.
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5.3 INTRODUCTION

Previously we investigated the effect of pleural effusion on canine respiratory
system mechanics and found that both dynamic elastance and resistance of the
respiratory system and lung increased in response to saline loading of the pleural
space (2). In contrast, clastance and resistance of the chest wall decreased during
fluid 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 response to the accumulation of excess pleural fluid.

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 closure of some, probably dependent, airspaces following
the reduction in lung volume. Alternatively, the lung could undergo a uniform
decrease in volume without widespread closure of airspaces. X-rays of patients with
pleural cffusion often show atelectasis in dependent lung regions supporting the
theory that at least some airspace closure 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 compressed by the effusion.
Further investigations by this group demonstrated that lung tissue moved from more
to less compressed areas when isolated canine lungs were submerged in chlorothene
(6, 7). Krell and Rodarte (12) used intraparenchymal markers to study in vivo

canine lung shape change with acute pleural effusion and also reported evidence of
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upward displacement of the lung by the effusion but noted that lower lobe volume
was more compromised than that of the upper lobe. Thus the pattern of volume and
shape change causing the increase in lung elastance we (2) observed remains unclear.

Krell and Rodarte (12) also noted that the change in lung volume following
saline loading of the canine pleural space was less than the total volume of fluid
infused. They reasoned the remainder of the volume change was realised by an
increase in the chest wall volume, which would explain the decrease in chest wall
elastance we found (2). Several clinical investigations have revealed that the change
in lung volume following thomcen‘tcsis was not equal to the volume of effusate
removed (4, 8, 13). These studies concluded that the remainder of the volume
change occurred in the chest wall. A .athenisen and Martin (1) proposed that
dynamic vertilation in lung regions contiguous to an effusion is impaired by an
increase in chest wall volume causing the inspiratory muscles to work less cffectively
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 lung
and chest wall undergo in response to pleural effusion, and resolve the controversics
discussed above, we required a quantitative technique that would allow 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 lung and chest wall in response

to fluid loading of the pleural space.
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54 METIIODS

Experimental

Four mongrel dogs weighing 14-24 kg were anesthetised with pentobarbital
sodium (23 mg/kg 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 seventh or eighth intercostal space. The catheter
was filled with saline and closed to the atmosphere at the time of insertion to avoid
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
{CT) scan (sce below). The dogs were then placed on the CT table, ventilated with
a tidal volume of 15 ml/kg at a frequency of 20 breaths/min, positive end expiratory
pressure (PEEP) of .5 kPa (Harvard Apparatus, model 618, 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
also identified the apices of the lungs on this frontal scan, noted their vertebral level
and placed a marker on the skin at this level so we could begin scanning at the same
site in 2ll experimental conditions.

All scans were performed with a Phillips Tomoscan CX whole body scanner,

calibrated to air at the beginning of the scanning procedure 2nd at 3 hour intervals,
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if necessary, according to the manufacture’s recommendations. Each scan was 0.5
c¢m thick and the table advanced in 0.4 cm steps between each scan giving an image
separation of 0.4 cm. Scan time was 2.8 s per image. Scans were taken with
ventilation stopped at the end of expiration to minimize motion artefact. We used
the control conditions noted above for the first scan series. The series began
approximately 1 cm above the apices of the lungs and ended several 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 verified. Next we connccted the pleural catheter to a
source of normal saline and infused fluid, over a period of about 15 nin, until we
reached a final loading volume of 60 ml/kg body weight. The scan series was
repeated 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 mere than 90% of the volume infused.

Image Analysis

The CT images were stored on magnetic tape and transferred to a 486

personal computer for analysis using cur own, customised software.

Identification of the Chest Wall and Lung.

Identification of the lung and the outer border of the chest wall in each CT
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image was based on tissue deusity differences reflected 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 linear relationship between tissue density and HU (3, 9). Thus, for
example, a pixel consisting of 50% air and 50% water would have a HU of -500.

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 2 row-by-row basis until the
whole image had been analysed and the external wall of the chest wall outlined.
Identification of the lung was accomplished using the window,
-1000 <HU <-150, to distinguish lung from other thoracic and abdominal structures.
The program first identified all the pixels inside the chest wall with HUs within the
identification window. From these pixels, areas of 1500 contiguous pixels or larger
were identified as lung. Structures with areas 300-1500 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
exciuded 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 5.1a
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and 5.1b demonstrate the effect of changing the upper threshold of the lung window
in a representative slice from Dog 4, pre- and post-effusion. Pre-effusion the lungs
should be well expanded, consist primarily of air. and therefore have a low HU.
Characteristically, the majority of the pixels pre-effusion (Fig. 5.1a) have HUs of

-850 to -500. The number of pixels with HU’s more positive than -600 decreases
quite sharply. As the threshold is increased above -100 the number of pixels begins
to increase rapidly while the pixel distribution at low HUs remains almost entirely
unaffected. This indicates that new, dense structures, not likely to be lung
parenchyma, are being included within the window. A similar situation occurs post-
effusion (Fig. 5.1b) although the pixel frequency distribution is flatter as the lung
is generally denser after fluid loading. There was little difference between frequency
distributions at HU = -100 and HU = -150. Thus we chose the upper limit of the

lung window to be HU = -150.

Determination of area, density and shape parameters.

Following identification of the lung and chest wall the area and maximum
vertical (height) and horizontal (width) dimensions, in pixels, for each of these
structures were computed. The mean HU for the Iung and the chest wall in each
image was also calculated. Next the lung was divided into horizontal strips, each 16

pixels wide, and the mean HU for each strip was determined. These parameters
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Fig. 5.1 (a). Frequency distribution of HUs for a pre-effusion image, 8 cm from
the apex of the lung, in dog 4. The upper limit of the lung
identification window was a HU of -150 for the solid circles and +25 for
the solid line. (b). Frequency distribution for the post-effusion image
JSrom the same dog, at the same distance from the apex of the lung as
that shown in (a). The upper limit of the lung identification window was
a HU of -150 for the solid circles and -40 for the solid line.
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were calculated as part of the lung/chest wall identification procedure and did not
require additional computer-user interaction.

The physical dimensions of each pixel were 0.0781 cm * 0.0781 cm, giving an
area of .0061 cm®., We calculated the volume of the lung and chest wall in cach
image by summing the number of pixels per image, multiplying by the pixel area
and image separation. Lung volume was computed by summing the volumes of all
the images.

We tested the accuracy of our volume calculation using a phantom of known
volume (a 1 I bag of saline tied in the middle to distort its shape) and found that the

calculated volume was within 1.5% of the phantom’s actual volume.

Calculation of luno tissune volume

We calculated 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 velume in ml.
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5.5 RESULTS

The arca of the lung decreased in a very consistent manner in all 4 dogs
following fluid loading of the pleural space (Fig. 5.2). The mean decrease in area,
for all dogs, was 27% (23-32%) of the pre-effusion value with the greatest absolute
decrease occurring in the caudal third of the lung where pre-effusion area was
greatest. Table 5.1 presents the changes in lung and chest wall volumes for each dog
in the study. The lung volume change accounted for approximately one third of the
total fluid volume infused into the pleural space. In contrast to the lung, the area
of the chest wall changed in a more uniform way (Fig. 5.2). The mean increase in
chest wall area for the dogs was 8.9% (8.2-9.9%) of the pre-effusion value which
amounted to about two thirds of the total saline volume infused (Table 5.1).

The decrease in lung volume with effusion caused a homogeneous increase in
density from the apex to the base of the lung (Fig. 5.3). This increase in mean lung
density, in each CT image, could have been accomplished by a uniform increase in
density of all lung pixels. However, Fig. 5.4 reveals that the density in the
nondependent areas of the lung was little changed by the effusion while the vertical
density gradient increased substantially.

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 lung AP height with little change in its width. The change in chest wall

volume was mainly achieved via an increase in width and to a lesser extent AP
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Changes in lung and chest wall volumes induced by effusion.

EFFUSATE VOLUME CHANGE
VOLUME =
LUNG CHEST WALL

1 1250 m! -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
1212.5 ml -389.9 ml +608.4 ml
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Table 5.2

Changes in maximum AP height and width of the lung and chest wall
following effusate loading.

DOG 9% CHANGE MAX. AP HEIGHT % CHANGE MAX. WIDTH
LUNG CHEST WALL LUNG CHEST
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 £.§.9 0.0 -8.6 +6.8

Data are the change in maximum anterior-posterior (AP) height and width expressed
as percent of pre-effusion values.
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height.
Figure 5.5 shows the lung tissue area, per image, pre- and post-elfusion for
all dogs in the study. The mean decrease in lung tissue volume was 48.85 ml (41.5-

56.0 ml), most of which occurred in the caudal third of the lung where the greatest

lung volume change also occurred.
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Fig. 5.5 The mean tissue area of each lung image plotted against cephalo-caudal
distance. Solid lines are pre-effusion and broken lines post-effusion
plots.
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5.6 DISCUSSION

Computed tomography allowed us to examine the volume changes of the lung
and chest wall with pleural effusion as well as the regional pattern of that volume
change. Obviously, the accuracy of our assessment of these changes was critically
dependent on our ability to accurately distinguish the lung from other structures in
each CT image. Pixels with HUs between -1000 and -150 were identified as lung,
while pixels with 1 IUs more positive than -150 were considered to be airless tissue.
However, if airspace closure occurred with effusion the density and therefore HUs
of the associated pixels would increase. If the HUs increased above the <150 upper
threshold of the lung identification window these structures 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 effusate loading.
Furthermore the vertical density gradients (Fig. 5.4) indicate that this atelectasis
occurred in the dependent portions of that region. If we ascribe all the resulting
effusion-induced decrease in lung tissue volume to atelectasis then we can calculate
the upper limit to the amount of lung volume lost through atelectasis. Assuming a
lung tissue density of 1.065 g/ml (10) and the air content of canine lung tissue to be
1.6 ml/g (11) we estimate that air space closure 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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Table 5.3 Volume loss due to post-effusion air space closure.

DECREASE IN TISSUE VOLUME LOSS
DOG VOLUME DUE TO

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 calculation of volume loss. Volume is expressed in ml.
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decrease must have been accomplished by a volume decrease in air spaces which
remained open.

However, atclectasis is not the only possible explanation for the decrease in
lung tissue volume we observed with effusion. It 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 (5, 14). Certainly seme of this volume
could have been squeezed out of the pulmonary circulation as the lung was
compressed by the effusion. Finally, artifacts due {o beam hardening and motion
may have increased as fluid accumulated in the pleural space and contributed to an
error in our tissue volume estimation (9).

The accuracy of our volume calculations were also influenced by the spacing
between our CT images. We were concerned that undersampling the respiratory
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 scts of CT images. Table 5.4
demonstrates the effect of decreasing our sampling rate of 1 image every 0.4cm 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 achieved until the rate was reduced to 1 image every 4
cm. Thus we are confident that undersampling was not responsible for any

significant error in volume calculation.
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Table 5.4

The effect of changing the spacing between images on the accuracy of
volume estimation.

PRE EFFUSION
% Diff. from
Original Vol. IMAGE SEPARATION
Estimate .
Dog 1 Dog 2 Dog 3 Dog 4
5% 5.2 cm 3.6 cm 3.6 cm 2.8 em
(13) 9) (9 N
1% 2.0 cm 4.0 cm 1.6 cm 1.6 em
(5 (}0) (C)] @@
‘_POST EFFUSION 3
% Diff, from
Original Vol. IMAGE SEPARATION
Estimate N
Doz 1 Dog 2 Dog 3 Dog 4
5% 4.8 cm 4.0 cm 3.6cm 4.4 cm
(12) (10) 9 (11
1% 1.2 cm 1.6 em 1.6 cm 1.6 cm
(3) @ 1G] @

Numbers 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 volumes should
have been equal to the effusate velume if our calculated volume changes were
accurate. Table 5.1 shows that we underestimated the predicted respiratory system
volume change in all the dogs studied. Figure 5.2 suggests that incomplete sampling
of the abdominal portion of the chest wall may be responsible for this
underestimation. We did not extend our scan series as far caudally in Pogs 1 and
2 as we did in Dogs 3 and 4. In these last 2 dogs a significant increase in post-
effusion chest wall volume occurred distal to the lung base. Figure 5.2 also
demonstrates that the chest wall volume changed little in the cephalad region of the
lungs. This was not the case for the more caudal portions of the chest wall where
post-effusion velume remained significantly 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 be very similar in the
most caudal scans. The fact 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 recalculated the chest 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 decreased our
estimate of total respiratory system volume change by a mean 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 increased

artifact post-effusion, as mentioned above, may also have contributed to our
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underestimation of respiratory system volume.

Table 5.2 reveals that the changes in lung and chest wall volumes were
accomplished by altering the configuration of these structures. The lung primarily
changed its AP height in the area of greatest fluid accumulation. It became flatter
but not much wider as it was compressed upward against the sternum by the
cffusate. These findings combined with the suggestion of airspace closure in the
caudal regions of the lung are evidence of nonuniform change in lung shape
following fluid loading of the pleural space. Thus, 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 nonuniform 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
significantly 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 limited the space
available for such motion in our animals.

As was the case for the lung, tiie 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 lung, the chest wall changed both its width and AP dimensions.
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Interestingly, the increase in vertical height of the thoracic cavity occurred over a
very small area coincident with the position of the heart. It may be that, as was the
case with the lung, the heart was lifted up by the effusion and that this movement
forced the sternum to rise. We also noted that the diaphragim was depressed by the
effusion causing a significant increase in abdominal volume and width. Again our
results confirm the suspicions of Krell and Rodarte who, because they could not
detect a change in the orientation of the ribs or the position of mediastinal
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 vive volume, shape and
density changes which occurred in the lung and chest wall of supine dogs following
infusion of saline into the pleural space. Our image analysis technique 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, all of which required a minimum of computer-user interaction. Following
effusion the lung volume decreased while that of the chest wall increased. The
change in chest wall volume was much greater than that of the lung. Therefore the
compliance of the rib cage, particularly its abdominal portion, appears to be an
important factor in the relative preservation of lung volume with cffusion. 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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. scanuning every 3-4 em will give a reasonably accurate estimate of lung volume. This
means that lung and chest wall volumes can be obtained from only about 7 CT

images.
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CHAPTER 6

THE EFFECT OF DECREASING
END-EXPIRATORY PRESSURE ON
RESPIRATORY SYSTEM MECHANICS IN OPEN
AND CLOSED CHESTED ANESTHETISED,

PARALYSED PATIENTS



CHAPTER 6

6.1 LINK TO CHAPTER 6

Chapters 3 and 4 in this thesis examined the mechanical behaviour response
of the canine respiratory system to decreasing functional residual capacity below
normal resting levels. In one case the decrease was accomplished by creating a
pleural effusion and in the other by reduction of the end-expiratory pressure in the
ventilatory circuit of open chested animals. Dynamic elastance of the lung increased
as lung volume decreased in both cases but the change in lung resistance was
variable. In contrast to humans, dogs have very large airways which contribute
relatively Iittle to pulmonary resistance. Therefore, it was possible that the results
of these previous experiments were not applicable to the human respiratory system.
It was not feasible to replicate the canine pleural effusion experiments in humans
since it is not ethical to induce pleural effusions in human subjects and patients with
existing effusions often have other associated lung discase which makes experimental
data difficult to interpret. Instead, we chose to examine the volume dependence of
the human respiratory system below normal functional residual capacity by altering
the end-expiratory pressure in the ventilatory circuit of ancsthetised, paralysed

subjects intraoperatively.
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6.2 ABSTRACT

Background: The decrease in functional residual capacity (FRC) with anesthesia
may cause it to descend to closing volume impairing oxygenation. Positive end-
expiratory pressure (PEEP) has been shown to reexpand atelectatic areas in
ancsthetised, ventilated patients but its effect on pulmonary mechanics is less well
understood. |

Methods: We studied the effect of decreasing PEEP on the mechanical behaviour
of the respiratory system in patients undergoing either closed (Group 1) or open-chested
(Group 2) surgical procedures. We measured airway opening pressure (Pao), flow V)
and esophageal pressure (Pes) (in Group 1 only) 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 E, decreased with increases in PEEP to 0.5 kPa and then
began to rise with PEEP above this level. In Group 2 E, increased as PEEP increased
at all values above 0 kPa. E;, decreased with increases in PEEP in both groups of
patients. The magnitudes of R;; and R, were the same in both groups of subjects and
in each group these quantities decreased with increases in PEEP.

Conclusions: Dynamic E; responded differently to changes in PEEP in open-
chested and closed-chested subjects. We attribute the increase in E, 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) s the volume of air remaining in the lung
at the end of quict expiration. It is determined by the opposing elastic recoils of the
Iung and chest wall and the end expiratory pressure applied to the respiratory
system. Although FRC is above closing volume (CV) in healthy young individuals,
it dccre:ises in anesthetised, paralysed, mechanically ventilated patients (7,15,17,37).
Presumably this is due to a decrease in chest wall muscle tone (30,36), an effect
exacerbated by the supine position (23,25). CV docs not decrease with anesthesia
so the CV/FRC increases (12,22,28). When FRC descends to CV airspace closure
occurs creating ventilation-perfusion (V/Q) imbalances which lead to arterial
hypoxemia. Hedenstierna’s group has shown that positive end-expiratory pressure
(PEEP) can increase FRC (7) in anesthetised patients, resulting in dccreased
atelectasis and improved oxygenation (16,29,34). The cffects of PEEP on the
mechanical properties of the respiratory system, however, are less well understood,
particularly in open-chested patients in whom the application of PEEP may be much
more crucial than in those with closed chests.

Previously we examined the effect of changes in PEEP on the mechanical
behaviour of the lung in open chested dogs (10). We observed an increase in lung
elastance (E;) and airspace closure as PEEP was reduced below 0.3 kPa, reflecting
a decrease below normal FRC. It occurred to us that a similar situation could occur
intraoperatively in open chested patients. In the present study, therefore, we first

examined the mechanical response of the human respiratory system and its lung and
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chest wail components to decreases in FRC below normal levels in intact patients
with normal lungs. We then performed 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 METHODS

We studied 2 groups of patients. Group 1 consisted of 9 patients (ASA 1)
undergoing general anaesthesia for lower abdominal or extremity surgery 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 clinical evidence of respiratory disease. their chest
X-ray was normal and their forced expiratory volume in one second/forced vital
capacity (FEV,/FVC) was over 75% of predicted. Patient demographics are
presented in Table 6.1. The study protocol was approved by the hospital cthics

committee and informed consent was obtained from each patient.

Experimental Protocol for 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 25 cm long). After induction, anesthesia was
maintained with 1.2% isoflurane in a mixture of O, 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 2 1.7 mm ID. Optimal placement of the balloon was
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Table 6.1

Subject demographics.

Subject

Group 1
1

4 W

n

e 3

Group 2

Sex Ape FEV,/FVC Smoking History Surgical
yrs Procedure
F 37 4.0/4.2 nonsmoker hysterectomy
M 30 5.3/6.2 nonsmoker arthroplasty
right hand
F 28 3.9/14.7 14 pk-yr tuboplasty
F 47 2,628 nonsmoker hysterectomy
F 47 3542 nonsmoker hysterectomy
M 22 5.5/16.9 S pk-yr ACL repair
F 52 2,6/3.3 nonsmoker hysterectomy
F 30 3.714.4 noasmoker tuboplasty
F 43 3.2/3.6 nonsmoker hysterectomy
M 63 2.9/4.1 nonsmoker CABG
M 63 2.5/3.2 nonsmoker CABG
M 61 32141 40 pk-yr CABG
quit 10 yrs
M 60 4.2/5.8 60 pk-yr CABG
quit 15 yrs
M 67 3445 20 pk-yr CABG
quit 20 yrs
M 60 2.6/3.4 30 pk-yr CABG
quit 7 yrs
M 67 2.6/3.3 100 pk-yr CABG
quit 6 mos
M 53 4.215.1 50 pk-yr CABG
quit 8 yrs

FEVUFVC = forced expired volume in 1 s/forecd vital capacity

ACL = anterior cruciate ligament, CABG = coronary artery bypass graft
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determined using the ozclusion test (5). Omnce this position was determined the
catheter was fixed in place. The patient was then paralysed with vecuronium (0.08
mg/kg i) and ventilated with a tidal volume of 6-7 ml/kg at a rate of 10
breaths/min. Complete paralysis was later maintained with vecuroninm. Tidal
volume remained constant and patients were maintained normocapnic throughout
the study period. Routine monitoring of blood pressure, arterial Q. saturation, end-
tidal CO,, cardiac rhythm and neuromuscular blockade was performed throughout
the study period.

Following stabilization of anesthesia and in the case of patients undergoing
lower abdominal surgery, laparotomy, we sct the positive end expiratory pressure
(PEEP) at 0 kPa and recorded 1-2 min of ventilated breathing. The PEEP was then
changed to 0.1, 0.25, 0.35, 0.5 or 1 kPa, assigned in random order, and 1-2 min of
breathing was 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
performed 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 anaesthesia was induced using a narcotic (fentanyl or sufentanyl) and

midazolam. Following complete neuromuscular blockade using a nondepolarising

Chapter 6 190



agent (pancuronium, vecuronium, or doxacuronium) the trachea was intubated with
a cuffed endotracheal tube (Sheridan, 8.5 mm ID, 25 ¢m long). Anaesthesia was
maintained with repeated injections of narcotics with midazolam and/or a low dose
of a volatile anesthetic agent (enflurane < 0.5 MAC). Neuromuscular blockade was
maintained with repeated doses of the original paralysing agent. Patients were
ventilated with 100% O, 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
0 kPa, 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
allowed to stabilise at the preset level of PEEP and 10 ventilated breaths recorded.
Following this period of data acquisition sternoctomy was performed and grafts
harvested for bypass procedure., Once harvesting was complete the chest was
retracted symmetrically and we repeated the data acquisition protocol previously

described. Acquisition was completed prior to beginning extracorporeal circulation.

Anesthetic gases were provided with a Narkomed 2B. We used an Ohio
Anaesthesia Ventilator connected to a Narkomed machine as it allowed us tc

decrease positive end expiratory pressure (PEEP) to almost zero. Tracheal flow (V)
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was measured by a heated Fleisch no. 1 pneumotachograph positioned between the
proximal end of the endotrachenl tube and the ventilator tubing and connected to
them by a snugly fitting hard plastic adaptor. The pressure drop across the
pneumotachograph was measured by a differential piczoresistive pressure transducer
{(MicroSwitch 163PCO1D36, Honeywell, Scarborough, Ontario, Canada). Pressure
at the airway opening (Pao) was measured by a piezoresistive pressure transducer
(Fujikura FPM-02PG, Tokyo, Japan) inserted in a lateral tap in the fitting proximal
to the pneumotachograph. An identical transducer was connected to the proximal
end of the esophageal balloon catheter to measure esophageal pressure (Pes) for the
patients in Group 1.

The signals from the three piezoresistive pressure transducers were amplified
by a custom designed and built signal conditioner. The signals were then passed
through S-pole Bessel low-pass filters (9O2L, Frequency Devices, Haverhill, MA,
USA) with their corner frequencies set at 30 Hz. Finally the signals were sampled
at 100 Hz by a 12-bit analog-to-digital converter (DT2801A, Data Translation,
Marlborough, MA, USA) installed in a 386 personal computer. All data were

collected using LABDAT software (RHT-InfoDat Inc., Montreal, Quebec, Canada).

Data Analysis
We measured the pressure-flow relationship of the endotracheal tube (ETT)
by placing its cuffed end in a larger tube to simulate the trachea. A piezoresistive

pressure transducer was positioned a several centimeters beyond the end of the ETT
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in order to avoid the zone where the streamlines separate from the walls of the large
tube. The proximal end of the endotracheal tube was connected to the
pneumotachograph via the plastic fitting described above. All but the most proximal
end of this assembly was sealed in a meteorological balloon filled with the
experimental anesthetic gas mixture. 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 I syringe. The pressure drop along the ETT (Pt) was
measured as the difference between the pressure measured at the proximal plastic
fitting and that measured in the large tube. The non-lincar pressure flow
relationship of the tube was characterized by the equation

P, = K,V + K\ V|Vi (1)
where | V] is the absolute value of V. K, and K, were very similar for positive and
negative flow and so we used their mean values to characterize Pt which was then
subtracted from the pressure drop measured at the airway opening in the patients
to obtain the pressure at the trachea (Ptr). K, and K, for the 7.5 ID tube were 2.13
and 7.52 respectively 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 of Pes
vs. Ptr during the occlusion test would be 1.0 (5). However, in some cases this was
not possible. As the relationship between Pes and Ptr was nearly linear during the
occluded breaths we used the method 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 resistance (R) of the respiratory
system (i), the lung () and the chest wall () by fitting the equation
P@t) = EV() + RV() + K (2)
to the measured data from each breath in a record, where t is time, volume (V) was
obta'mec_:l by numerical integration of V, and K is an estimate of the level of PEEP.
A small constant was added to V before integration so that the resulting V did not
have a baseline drift. When P was represented by Ptr we obtained the parameters
Egs and Ry, pertaining to the entire respiratory systent. We estimated parameters
for the chest wall (E. and R,) using Pes and for the lung (E; and R}) using

transpulmonary pressure (Ptp) obtained by subtracting Pes from Ptr.

Computational

We calculated forced expiratory volume in 1 sec {FEV1) as a percentage of
forced vital capacity (FVC) and compared it to the age, sex, and height predicted
values (3). Since all subjects had FEV1/FVC within normal limits we calculated

their specific compliance by dividing the inverse of E; at 0.5 kPa for each patient

by their predicted FRC.
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6.5 RESULTS

Figure 6.1a demonstrates the change in E of the, respiratory system (Egg), lung
(E,), and chest wall (E_,,)} in response to changes in PEEP for the Group 1 subjects.
E, and E¢y contribute almost equally to E,s;. All three quantities decrease with
increases in PEEP to 0.5 kPa. Above this pressure E;; and E,, continue to decrease
while E, begins to increase. Changes in resistance of the entire system (Rgs), the lungs
(R,) and the chest wall (R.y) in response to changes in PEEP for the Group 1 subjects
are shown in Fig.6.1b. The decrecase in Ry as PEEP increases is reflective of the
change in and R, as R, 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
closed chested circumstances. Although there is more variability in Ry in these
subjects the mean value as well 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 R in the
closed and open chested situations. Eggin Group 2 is substantially lower than it was
for Group 1 subjects. Despite this, E;¢ in the two groups of subjects behaves in the
same manner to changes in PEEP. In contrast to the closed chested circumstance E;
increases with PEEP in open chested subjects.

Table 6.2 presents the calculated and predicted FEV1/FVC%, the predicted
FRC, E,_ at 0.5 kPa PEEP, and the calculated specific compliance for each subject in

Groups 1 and 2.
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Fig. 6.2
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Table 6.2

Measured and predicted FEVI/FVC, clastance (E) estimated at 0.5

kPa PEEP and specific compliance (C) calculated on the basis of
estimated E and predicted FRC for Group 1 and Group 2 subjects.

Pat. FEVI/FVC% Pred. Pred. E Specific
FEVI/IFVC% FRC 0.5 kia C
Group 1

1 95.2 842 2.6 2.1 0.18

2 85.5 §3.2 33 .3 0.16

3 83.0 86.7 2.6 2.5 0.15

4 92.8 81.7 2.6 32 0.11

5 83.3 82,7 2.5 33 e.n

6 79.7 83.5 33 L6 0.18

7 78.8 9.7 2.9 33 0.10

8 84.1 85.7 27 29 0.12

9 88.9 83.2 28 33 0.11
mean 85.7 §5.9 28 _ 2.7 0.14

Group 2

1 70.7 78.0 ki) 1.4 0.19

2 78.1 79.3 ‘34 L8 0.16
3 78.0 774 38 2.1 0.12
4 4 T7.4 38 0.9 .29
5 75.6 76.5 38 12 0.22
6 76.5 78.7 3.6 1.4 0.20
7 78.8 76.5 33 1.7 0.15
8 82,4 80.2 3s 15 0.19
mean 76.6 69.3 32 . 13 0.19
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6.6 DISCUSSION

R, 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 R
in response to an increase in PEEP in both groups was presumably due to a decrease
in R,, since Ry in Group 1 was unaffected by changes in PEEP. Similar changes
in R, were reported by Barnas et al. (1) in relaxed seated individuals and D’Angelo
et al. (9} in anesthetised paralysed subjects. The change in R; can be explained by
a decrease in airway resistance as airway diameter increases with increases in lung
volume (9,21,29). It must be remembered, however, that R, is determined by tissue
as well as airway properties (2,35). In fact tissue properties are a significant
determinant of R, 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 cycling. Loring et al. (24) found Rtis increased
as FRC increased above normal values while Hantos’ 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) almost
no change in Rtis. So, the role of Rtis at FRC values below normal remains
unclear.

Egs 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 Egg to any great extent (36,37).

Table 6.2 shows that the increase in Eg; persists following correction for differences
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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 FRC and so increase E,. Indeed, the two patients who
underwent orthopedic extremity surgery (2 and 6) were not pInécd in Trendelenberg
position and had noticeably smaller E,, than most of the other subjects in Group 1.

Both Group 1 and Group 2 subjects demonstrated an increase in E,; with a
decrease in PEEP (Fig. 6.1a & 2a). We found an analogous change in Group 1 E,,
occurred as PEEP was reduced, presumably due to the rib cage moving to a less
compliant position on its dynamic pressure-volume curve. The magnitude of this
change was similar to that reported by D’Angelo et al. (9) who used the interrupter
technique to estimate changes in static E.,, as PEEP was changed from 0.8 to 0.0
KPa. In Group 1 we also found an increase in E;, as PEEP was reduced below 0.5
kPa (Fig. 6.1a). Similar results have been reported in relaxed seated subjects during
sinusoidal oscillations at the mouth (1) and in anesthetised paralysed humans during
constant flow inflation (9). This increase in E, &t low lung volumes may have been
due to airway closure 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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film Kkinetics (18) have also been cited sources of increased E; at low lung volume.

in Group 1 subjects E; began to increase slightly as PEEP was increased
above 0.5 kPa (Fig. 6.1a). Barnas et al. (1) noticed similar behaviour in their
subjects. This increase in E; may be explained by nonlinearities in volume
dependence of dynamic E;. 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 lung.

E, 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 explain that
increased vascular distension, without associated interstitial or alveolar edema, may
stiffen the lung parenchyma cnough to cause the small increase in E; 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 E_ or the change in E_ 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 E,_ 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 between our
initial measurements before sternotomy and the time our second set of data was
recorded prior to initiating cardiopulmonary bypass. It is possible that absorbtion
atelectasis occurred in dependent lung zones where airspace closure was created by
ventilating without PEEP following our initial measurements. In addition, the
pleura in these subjects was opened during dissection of the mammary artery and
any expansile forces applied to the lung by the chest wall via the plenral space were
lost. As a result the left lung appeared markedly atelectatic compared to the right
at the time we recorded our open-chested data. Macklem (26) has explained that
atelectatic airspaces are more difficult to open than those that are closed by simple
airway obstruction which leaves a patent airspace on either side of the obstruction.
We gave a deep inflation which increased peak transpulmonary pressure to 2-3 kPa
for several seconds in order to standardise volume history. During this maneuver
we iwere able to observe inflation of the nondependent, ventral lung zones. If the
dependent, atelectatic tissues remained collapsed during deep 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
chested subjects.

Previously, we observed in dogs that the lung became atelectatic and E,
increased when PEEP decreased from 0.0 to 0.5 kPa (10). Thus, in light 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 inflations each of which raised peak pressure to 3 kPa by stacking several
inspirations. These maneuvers were more vigorous than those in the subjects 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 normal, these tests do not assess small airway
function well. It 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 decreased below 0.5 kPa in closed-chested
subjects. In contrast, E, decreased 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 subjects 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 this 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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CHAPTER 7

7.1 CONCLUSIONS

The ability of esophageal pressure (Pes) from a balloon-catheter system to
measure changes in pleural pressure (Ppl) 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,
APes/APtr was even closer to 1. Therefore accurate partitioning of the lung and
chest wall components of the paralysed respiratory system at normal breathing
frequencies can be preformed using estimates of pleural pressure obtained with an
esophageal balloon.

In both canine and closed-chested human subjects lung elastance (E;)
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 E; and to airspace closure which decreased the
ventilable volume of lung tissue. Investigations with computed tomography (CT)
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 lifted 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 accumulated
while the volume in nondependent regions remained relatively unaffected. 1In
contrast to closed-chested humans, E; in open-chested humans increased as PEEP
increased from 0.0 to 1.0 kPa. It seems likely that the mechanism respousible for
this result is the accrual of atelectasis that would have occurred following ventilation
with pure oxygen. This would have created overdistension of the lung tissue which
remained available to accept the imposed tidal volume, thereby causing E; to
increase with PEEP on account of the tissues nonlinear elastic properties.

As FRC was decreased below normal levels canine lung resistance (R,)
continued to reflect the predominant role of tissue properties in determining overall
Iung 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 volume was decreased. (R;) was essentially
unchanged when FRC was decreased by reducing PEEP in open-chested dogs. This
behaviour was explained in terms of plastoelastic behaviour of lung tissues as the
relatively small airway resistance in the dogs appeared to contribute little to R,
under these circumstances. Curiously, however, R, increased 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 some change in airway geometry.
These changes may also have led to an increase in airway resistance which could

have contributed to the increase in R, with PE. The behaviour of R, in humans was
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different than that observed in dogs under comparable experimental conditions.
Specifically, instead of R, 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 R in humans than
in dogs.

Elastance of the chest wall (E.y), like that of the lung, exhibited negative
volume dependence in both humans and dogs. CT demonstrated that canine chest
wall volume increased as lung volume decreased with PE. However, the shape
change of the chest wall was much more uniform than in the lung, so these was little
distortion of chest wall tissues. Neither canine nor human chest wall resistance was

significantly affected by changes in mean lung volume below normal FRC.
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7.2

ORIGINAL CONTRIBUTIONS TO THE FIELD

The following results constitute original contributions to the ficld.

(1

2

3

@

®

(6)

In dogs, the ability of esophageal balloon pressure to reflect changes in Ppl
varies inconsistently with balloon position, lung volume, and posture in
spontaneously breathing dogs. Therefore when the "occlusion test" is used to
assess the accuracy of Pes as an indicator of Ppl change the test must be
performed under a set of measurement conditions spanning those to be used
in the experiment.

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 necessary to repeat
the "occlusion test" after paralysis if an acceptable result is obtained in the
spontaneously breathing state.

In supine ventilated dogs, dynamic E, and R, increased with PE.

Deep inflations may act to dissipate airspace closure associated with PE but
are only transiently able to reverse the changes in E, and R, associated with
fluid accumulation.

The alveolar capsule technique is not an effective means of assessing tissue
properties at very low levels of PEEP because airspace closure obstructs
airways which transmit pressure changes from the airway opening to the
periphery.

In the open-chested dog nonlinear, plastoelastic tissue properties can explain

the lack of change in dynamic R, as FRC decreases below normal values as
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)]

(8

(9)

(10)

(11n)

(12)

13)

(19)

(15)

(16)

PEEP is decreased.

When PEEP was decreased continuously over a 2 minute period dynamic E;
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 E; to start
to increase again.

In open-chested dogs the increase in dynamic E; over a 20 min ventilatory
period increased as PEEP decreased.

CT can be used to quantitate the in vivo canine lung and chest wall shapes
change which occur with PE.

In dogs, CT can be used to estimate the degree to which atelectasis is
responsible for the Iung volume change which occurs during acute PE.

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.

CT demonstrated that loss of vertical height is the primary lung shape change
that occurs in supine ventilated dogs with PE.

In supine ventilated dogs CT demonstrated PE increases the in vivo, vertical
density gradient of the canine lung.

CT can quantitate the canine chest wall volume increases that occur with PE.
In supine ventilated dogs, CT established that PE induces a larger change in
chest wall volume than it does in lung volume.

CT demonstrated that PE creates a more uniform change in canine chest wall
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shape change than is does in lung shape.

(17) CT proved that in supine, ventilated dogs the diaphragm is displaced
downward by PE.

(18} Inanesthetised, paralysed, and mechanically ventilated humans the behaviour
of dynamic E; with changes in PEEP differs depending on whether the
subject is clesed-chested or open-chested with the pleura opened. In closced-
chested subjects E; decreased from 0.0-0.5 kPa and began to rise as PEEP
increased above this level. In open-chested subjects, however, E, increased
with each increment in PEEP from 0.0 to 1.0 kPa.

(19) Inanesthetised, paralysed, and niechanically ventilated humans the behaviour

of R, is little affected by whether the chest wall or pleura are intact.
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8. APPENDIX 1

FOREIGN UNITS INTERNATIONAL SYSTEM UNITS

7.502 mm Hg 1 kPa
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