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ABSTRACT

Ventilation is frequently used in the treatment of cardiogenic and increased permeability
pulmonary edema. The effects of ventilation on the computed tomography (CT) density
distribution of pulmonary edema are unclear. We hypothesized that ventilation might open
up previously collapsed alveoli with consequent reduced lung density, and that some
movement of the alveolar edema fluid might also occur from the alveoli to the interstitium,
To address this problem, pulmonary edema was induced in 16 supine dogs by airways
instillation of a protein solution similar to serum in each lower lung lobe through a double
lumen tracheal tube. The dogs were ventilated only on the left side for 1 min (n=4), 30 min
(n=6) or 60 min (n=6). The lower lobes were excised, frozen in liquid nitrogen, and
imaged in a CT scanner. Representative regions of interest (ROI) were chosen and tissue
sections from corresponding regions were taken for extravascular lung water (Qwl/dQl) and
regional blood measurements, and for histology to grade interstitial and alveolar edema.
There was a significant (P < 0.05) fall in the CT density of the left lower lobes compared
with the right lower lobes in the groups ventilated 30 and 60 min, but no differences in
QwI\dQI or blood content. The histological grading showed a trend (P = 0.054) for more
interstitial edema in the left lower lobes in the 60 min ventilation group compared with left
lower lobes in the 1 min ventilation group. These data show that in our model of instilled
alveolar edema, ventilation acts primarily by increasing aeration by 30 min and that it has a

minor role in moving fluid to the interstitium.




ABREGE

La ventilation est fréquemment utilisée lors du traitement de l'oedeéme pulmonaire
cardiogénique ou 2 perméabilité accrue. Les effets de la ventilation sur la distribution de la
densité de 1’oedéme pulmonaire A la tomographie a balayage informatisée ‘CT) sont peu
claires. Nous avons proposé 1’hypothese que la ventilation ouvre des alvéoles préalablement
fermées conduisant 2 une réduction de la densité pulmonaire, ainsi qu’au mouvement du
liquide des alvéoles vers P’interstitium. Afin d’étudier ce probléme, un oedeéme pulmonaire
fut induit chez 16 chiens en supination par 1’instillation d’une solution protéinique semblable
au sérum dans chacun des lobes inférieurs des poumons par un tube trachéal a double
ouverture. Les chiens furent ventilés uniquement du coté gauche pendant 1 min (n=4), 30
min (n=6) ou 60 min (n=6). Les lobes inférieurs furent ensuite excisés, congelés dans
I’azote liquide, et examinés au CT. Des régions d’intérét ont été sélectionnées et des
sections tissulaires des régions correspondantes furent prélevées pour mesurer 1’eau
pulmonaire extravasculaire (Qwl/dQl) et le contenu en sang, de méme que pour histologie
pour évaluer le degré d’oedéme interstitiel et alvéolaire. Nous avons constaté une baisse
dramatique (P<0.05) de la densit¢ tomographique des lobes inférieurs gauches en
comparaison avec ceux de droite chez les groupes ventilés pendant 30 et 60 min mais sans
differences de Qwl/dQl. L’évaluation histologique a démontré une augmentation (P=0.054)
de 'oedeme interstitiel dans les lobes inférieurs gauches du groupe ventilé pour 60 minutes,
comparé aux mémes lobes du groupe ventilé pendant 1 min. Ces résultats démontrent que
dans notre modele d’oedeéme alvéolaire instillé, la ventilation agit principalement en
augmentant 1’aération a3 30 min et que cependant elle joue un rdle mineur dans le transport

des fluides vers ’interstitium.



CHAPTER 1

INTRODUCTION




Edema, defined as an increase in extravascular water, may cccur in any tissue, but has

life-threatening consequences in the lung, especially in its alveolar flooding phase.

Clinical importance of pulmonary edema

Pulmonary edema is an extremely common clinical condition for the following reasons
(1). First, heart disease is the leading cause of death in the United States and Canada and
during the course of cardiac decompensation, a patient may be in and out of pulmonary
edema, varying with the chronicity of his disease, from dozens to hundreds of times.
Cardiogenic pulmonary edema is the cause of about two thirds of clinical cases of pulmonary
edema and has a mortality of 17-36% that is directly related to alveolar flooding (2,3).
Second, with the virtually universal use of intravenous fluid therapy for resuscitation,
replenishment, and parenteral nutrition, overhydration pulmonary edema has become very
common. Third, with the advent of renal transplantation and dialysis, patients with renal
disease are surviving for long periods of time, and pulmonary edema associated with renal
disease is common. Fourth, the adult respiratory distress syndrome (ARDS), an important
cause of increased permeability edema, affects 150,000 patients per year in the USA with a
mortality of over S0% (4-6). Pulmonary edema also occurs in association with infectious
lung diseases, drug and transfusion reactions. In the United States, approximately 25% of
the 70 million chest roentgenograms taken each year are for cardiac diseases and other causes

of pulmonary edema.



Classification, sequence and pathways of accumulation of pulmonary edema

The anatomy of the fluid compartments in the lung has been reviewed by Casaburi et al
(7). Both vascular and tissue compartments are composed o ~80% water. In the normal
lung, extravascular water (Qwl/dQl) is about evenly divided between the interstitial space and
the cellular compartment and is estimated to be 3.5-4.0 g H,O/g dry lung tissue (8).
Qwl/dQl is calculated from lung wet weight/dry weight ratio, corrected for blood water as
explained by Staub (8). Elevation of Qwl/dQ! indicates the presence of edema, either in the
interstitium or in the air spaces. In the normal lung, fluid is exchanged between the
pulmonary circulation, the interstitium and the lymphatics.

Fluid filtration across the pulmonary microvascular bed is determined by the Starling
equation which can be enunciated as follows (8):

Qr = K [(P-P) - 0y(7-79] = K, [AP]

It shows the relationship between the net {iuid flux across the microvascular bed (Q,) and the
net pressure drop (AP) across the capillary wall. The pressures causing liquid and protein to
move out of the vascular space into the interstitium are the hydrostatic pressure in the
capillary (P.) and the oncotic pressure of the interstitial space (=,), which normally are offset
by the pressures tending to move fluid back in the vasculature, ie. the algebraic sum of the
hydrostatic pressure in the interstitial space (P,) and oncotic pressure of the plasma («,.). K,
the capillary filtration coefficient, is directly related to membrane area and pore radius to the
fourth power and inversely related to membrane thickness and viscosity of the fluid being
filtered (9-11). gy, the reflection coefficient, is a measure of the permeability of a given

membrane to a given solute. It varies from 0, when, in the lung for example, the capillary
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membrane is freely permeable to albumin, to 1 when it is completely impermeable to it
(11,12).

Normally in the lung, there is a net outward filtration of fluid (13). In sheep, the normal
steady-state filtration of pulmonary fluid is 5-10 ml/h, measured as the flow of pulmonary
lymph (11,14). The filtration of fluid cannot be measured directly in humans, but is
estimated to be 10 to 20 ml/h in adults (14). Therefore, when the lung neither gains nor
loses weight, the amount of fluid leaving the capillaries exactly equals lymph flow (11).

On the basis of Starling’s equation, two clinically important forms of edema, hydrostatic
and permeability, may be distinguished (8,15). Hydrostatic pulmonary edema develops
because of an elevated pressure in the lung microcirculation, usually due to causes such as
left-sided heart failure, mitral stenosis, ischemic heart disease, etc. (ther causes of
increased lung microvascular pressure are veno-occlusive disease and fluid overload; more
negative interstitial pressure caused by recxpansion of a hemothorax or pneumothorax, and
decreased oncotic pressure due to hypoalbuminemic states are rarer causes. Classically, in
hydrostatic edema, the morphology of the alveolo-capillary endothelium and epithelium are
normal and the protein concentration of the edema fluid is iow (16,17).

Increased permeability edema, in contrast, results from an increased o, and/or K,
generally due to injury of the endothelium and/cr epithelium with leakage of a protein-rich
edema fluid (18-20). Permeability edema is commonly encountered, as indicated above, in
patients with infections, drug overdose, gastric aspiration, toxic gas inhalation and with the

ARDS.
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In the lung, due to its particular anatomy, edema fluid tends to accumulate in an orderly
sequence (21). As microvascular pressure rises, the initial stage is pulmonary vascular
congestion characterized by an increase in blood volume without a rise in Qwl/dQl. Direct
measurements of blood volume in normal adult lungs at necropsy have been made by
Backmann and Hartung (22) from estimates of hemoglobin content, and provide an average
figure of 508 + 120 ml. This volume increases with congestion, producing a rise in lung
density and a decrease in its compliance. Congestion has minimal effects on gas exchange
(23,24).

The second stage is interstitial edema that occurs at left atrial pressures of about 16 to 22
mm Hg when the excess filtered fluid entering the pulmonary interstitium exceeds the
capacity of the lymphatics (25). Lymph flow can increase approximately 20 times above
baseline value in states of chronic microvascular pressure elevation to prevent interstitial
edema formation (26). Pulmonary lymphatics are thought to play a major role in the
prevention of interstitial edema, but not in its resolution phase (see below). Several authors
have reported that lymph flow is determined mainly by the microvascular filtration and
reflects events in the immediate perimicrovascular interstitium rather than in the sequestered
cuffs around bronchovascular bundles (27-29). Mitzner and Sylvester (28) introduced the
concept of a two-compartment interstitial space: th» first compartment is the
perimicrovascular space that is small and non-compliant, accommodates the fluid filtered
from the microvasculature and directly contributes to and affects lymph flow. As excess
filtration continues, however, and the pressure increases in this first compartment, edema

fluid starts to fill the second larger compartment that includes the extraalveolar interstitial
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space around airways and vessels, and interlobular septa that do not communicate with the
lymphatics (30).

This second interstitial compartment is very compliant in pulmonary edema. Interstitial
extravascular lung water (Qwl/dQl) can generally increase up to 35% prior to alveolar
flooding (31-35). Therefore, it is an important safety factor that protects against alveolar
flooding. Staub et al (21) demonstrated that, in the accumulation of edema, after the excess
filtered fluid enters the alveolar interstitial space, it moves proximally towards the
peribronchial and the perivascular space. This occurs largely because the interstitial pressure
in the extraalveolar space is negative relative to that in the alveolar interstitial space and acts
as a sump to drain the fluid away from the alveolar wall interstitium (36).

Several authors have studied in detail the time sequence of interstitial edlema accumulation
and the modulating influences. Gee et al (37) filled isolated dog lung lobes with saline for
15 min and found that total cuff volume, measured from photographs of the frozen lobes,
increased with inflation pressure to a maximum of 2.6 ml/g dry, blood free lung. Using
similar techniques, Conhaim et al (38) found the cuff capacity to be 3.4 ml/g dry lung after 1
h of inflation. The difference in these results appears to be due to the different time allowed
for the growth of the cuffs, and suggests that interstitial filling in liquid-inflated lobes is
relatively slow. Therefore, Gee et al (37) and Conhaim et al (38) found that interstitial fluid
cuffs increased with lung inflation, thereby establishing a link between edema fluid
accumulation and transpulmonary pressure. Conhaim et al (39,40) and Unruh et al (41)
investigated the time course of perivascular cuff formation and found that interstitial cuffs

around vessels > 50 pum diam grew at a slower rate than those around smaller vessels.
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Conhaim (40) suggested that the cuffs around larger vessels filled more slowly because of

their larger capacity. Also, the arteries were more likely to have cuffs than veins. Their
interpretation of this pattern is that, as a result of lobe liquid inflation, liquid entered the
interstitium from the airspace in the region of the terminal airways, which are in close
proximity to the smallest arteries. Liquid then flowed toward the perivenous interstitium as
well as centrally toward the hilum. A similar distribution of interstitial edema was found by
Michel et al (42) who induced hydrostatic edema with fluid overload and an aortic balloon in
intact, close-chested anesthetized dogs. To quantify the amount of edema around arteries and
veins, an "edema ratio" (computed as perivascular cuff area/vessel area) was calculated by
digitizing photographs of bronchovascular bundles. The principal results of this study were
that, in hydrostatic edema, interstitial fluid accumulated preferentially around arteries
compared with veins and around larger (>400 um) compared with smaller vessels. Within
bronchovascular bundles, substantially more fluid was found around arteries than airways.
As these findings were similar to those reported in ANTU-induced edema, Michel et al
(43,44) suggested that the factors responsible for the pattern of interstitial edema
accumulation might be independent of the etiology and type of edema, i.e. permeability or
hydrostatic.

As the interstitial perivascular and peribronchial spaces fill with fluid, the septal
interstitium also swells, edema being generally confined to the thick portion of the septal
interstitium containing collagen fibers (45,46). The width of the thin portion of the
interstitial space containing the alveolo-capillary endothelium and epithelium and the two

basement membranes is increased minimally (45,47,48). However, a continued increase in
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interstitial volume (up to ~70% ) during the alveolar flooding phase of edema has been
demonstrated (49). The effects of interstitial edema are still relatively minor since most
patients experience only a mild degree of dyspnea with tachypnea and gas exchange starts to
deteriorate. The chest radiograph usually demonstrates "Kerley B lines” that are prominent
interlobular septa distended by interstitial edema (50,51).

The third stage is alveolar edema. At hydrostatic pulmonary capillary pressures above 25
to 30 mmHg (25), the safety factors provided by the reservoir capacity of interstitium are
overwhelmed and the edema fluid begins to flood the alveoli (3,18,29). This is the final
stage of pulmonary edema. Two principal patterns of alveolar flooding in pulmonary edema,
have been observed. The first pattem, in hydrostatic edema, is that since the endothelium
and the epithelium are normal, the edema fluid enters the alveoli after interstitial filling by
bulk flow through large channels that do not significantly sieve proteins (16,17,19,20); this is
based on the evidence that alveolar edema had a protein concentration close to that of
plasma. This mechanism was first proposed by Staub (29) under the term of the
"overflowing bathtub” theory, suggested that edema fluid enters the alveoli from the
interstitium through high conductance pathways, in a retrograde direction, after interstitial
pressure increases.  The intercellular junctions between epithelial cells of terminal
bronchioles were proposed as the leakage site. Evidence for this route of fluid entry includes
the rapid movement of fluid and protein into peribronchial cuffs in fluid-filled lungs and the
demonstration of electron-dense tracers in intercellular junctions between bronchiolar
epithelial cells during edema formation (19,20,52). Another possible site for alveolar

flooding in hydrostatic edema could be the basement membranes beneath type II
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pneumocytes, known to be more permeable to macromolecules (53,54). Conhaim et al (55)
in recent studies, using fluorescent probes, located the leaks at the alveolar wall level.

In permeability edema, the classical sequence of edema accumulation is generally similar
to that in hydrostatic edema ie. that follows the pattern described above interstitial edema
occurs before alveolar flooding (21,29). However, the patterns and mechanisms of alveolar
flooding may differ in increased permeability edema compared with hydrostatic edema.
Recent evidence suggests that in some forms of permeability edema in which there are
important alterations in alveolar epithelial permeability, fluid may enter the alveoli before
significant interstitial filling occurs (56). This mechanism was considered the most plausible
in NO,-induced edema in dogs, in which Vassilyadi and Michel (57) found marked
preferential alveolar flooding with little if any fluid in the interstitium. Preferential alveolar
flooding has also been reported in edema caused by other agents such as oleic acid that
severely alter alveolo-capillary permeability (58,59); in permeability edema induced by
milder agents such as ANTU or alloxan, the sequence of edema accumulation resembles that
seen in hydrostatic edema (14,42-44).

Although classically, hydrostatic pulmonary edema is characterized by a morphologically
normal endothelium and epithelium, in contrast to increased permeability pulmonary edema,
recently, studies of Bachofen et al (60,61) suggested the existence of closer relationships
between permeability and hydrostatic pulmonary edema than previously thought. In their
experimental model of hydrostatic pulmonary edema, they found changes in alveolar
epithelial architecture such as unfolding of the epithelial surface, bulging of capillaries and

alveolar collapse at sites of large fluid pools, the epithelial lesions occurred in areas having
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the most interstitial and alveolar edema; the endothelial cells were relatively normal. The
epithelial lesions were attributed to the pressure caused by the interstitial edema and alveolar
edema, and could account for some impairment in active fluid reabsorption.

Two modes of fluid accumulation in individual alveoli have been proposed. Staub (21)
suggested that alveolar flooding occurs as an all-or-none phenomenon in individual alveoli,
that is, there would either be relatively dry or completely flooded alveoli. More recently,
however, it has been proposed that alveolar edema is a gradual process, with formation of
fluid menisci of increasing thickness covering large parts of alveolar surfaces (60).

Unlike congestion and interstitial edlema which have little effect on lung function, when
alveolar edema occurs, there are important disturbances in gas exchange with hypoxemia,
acidosis and hypercapnia related to shunting and important ventilation/perfusion abnormalities

(62,63).

Clearance of pulmonary edema

Recovery from pulmonary edema, specifically alveolar edema, occurs in an orderly
fashion, although it is not simply the reverse of the process of formation. Havill and Gee
(64) reported that alveolar edema is cleared before interstitial edema and that the first step in
the removal of alveolar edema is its movement into the interstitium. There are two major
impediments to the clearance of edema out of the alveoli: first, the alveolar epithelium that
has tight interepithelial junctions (65-67) and second, the osmotic pressure provided by the
proteins in alveoli (29). The alveolar epithelium clears crystalloids and water much faster

than proteins (67,68). Matthay et al (67) showed that in anesthetized, ventilated sheep, the
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half time for clearance of crystalloid solutions (eg. Ringer’s lactate) in sheep was 3 h,

whereas for serum instillate, it was 6 h. In contrast, the clearance rate of '*I-albumin from
the air space in anesthetized and unanesthetized dogs and sheep was much slower, averaging
1 - 1.6% per hour.

In terms of the mechanism of clearance, crystalloids, water and proteins are each cleared
from the alveoli differently. Crystalloids (eg. sodium) are actively transported across the
alveolar epithelium; water follows the crystalloids passively (3,29,68,69). Effros et al (70)
showed that chloride and potassium are not reabsorbed in equal proportion to sodium and
water, due probably to a simultaneous secretion process into the alveoli (71). Support of the
concept that active transport was involved comes from studies showing it was increased in
dogs and sheep by B-adrenergic agents (72,73), was reduced by 50% with amiloride (29,74)
and prevented by ouabain (29). The mechanisms for the transalveolar clearance of proteins
differ from those for crystalloids and include transcytosis (18,75), diffusion and mucociliary
clearance (74). The evidence to date suggests that most of the proteins are cleared as intact
molecules from alveoli by transcytosis across the alveolar epithelium, and some
morphological studies have demonstrated the presence of proteins within alveolar epithelial
vesicles (51,68,75-77). Diffusion may play a role in alveolar protein clearance, since under
hypothermic conditions that inhibit transcytosis, clearance has been reported to continue at
30% of normal levels (78). Macrophages seem to have a role after 48 h by removing the
precipitated proteins which forms hyaline membranes in the airspaces (74,75). Mucociliary
clea ance of protein into the proximal airways may occur, but it appears to be of minimal

importance (74).
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Once the edema fluid from the alveoli reaches the lung iaterstitium, there are several
pathways for its clearance including the lymphatics (79,80), the pulmonary and bronchial
circulations (18,81-83), the mediastinum (18,82), the pleural space (82,84) and the airways
(74). The exact contribution of each pathway is difficult to estimate. In the past, the
lymphatics were considered the main pathway for clearance (18), but in reality, they drain
only approximately 11% of edema fluid in newborn lambs (81) and only 8.8 to 14.6% of
hydrostatic edema fluid in adult anesthetized sheep (80). The principal pathway for
resorption of interstitial edema seems to be the circulation, that rapidly clears the protein-free
lung liquid in newborn lambs (81) and may also account for the prompt recovery from
interstitial edema when vascular pressure drops after edema induced by a sudden elevation in
microvascular pressure (18). As dictated by Starling’s equation, as microvascular hydrostatic
pressure falls, the relatively low interstitial osmotic pressure compared with microvascular
osmotic pressure favors reabsorption of edema fluid into the circulation. In anesthetized
sheep and newborn lambs, 80 to 90% of crystalloids and water are cleared by the pulmonary
circulation (67,81). Recently Pearse et al (82) found in isolated sheep lungs that 42% of
edema was reabsorbed in the pulmonary vasculature. Wickerts et al (84) showed that
furosemide given to dogs with hydrostatic pulmonary edema increased water clearance,
probably via the pulmonary circulation, due to its effect of increasing plasma colloid osmotic
pressure. Jary and Matthay (83) showed that the bronchial circulation, in the absence of
pulmonary blood flow, cleared approximately 50% of interstitial edema fluid in sheep.

Recently, the pleural space has also been found to be important in clearing fluid from the

lung. There is normally a small hydrostatic pressure gradient from the subpleural interstitial
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tissue to the pleural space, but in pulmonary edema, it rises sufficiently to create a net
driving pressure into the pleural space (36). Patients with congestive heart failure, whose
pulmonary vascular wedge pressure exceeds 20 mm Hg, have readily detectable pleural
effusions (85). In hydrostatic pulmonary edema in anesthetized sheep, Broaddus et al (86)
estimated that 23-29% of all edema fluid was cleared by the pleural space.

The pathway most recently proposed for the clearance of interstitial edema is along the
loose peribronchovascular connective tissue to the mediastinum following the route taken by
air in interstitial emphysema (18). Staub et al (21) and Michel et al (42) studying the
morphology of edema, noted large peribronchovascular liquid cuffs in the loose connective
tissue extending to the hilum of the lung, so that this is a potential route of clearance, albeit

unproven.

Role of ventilation in treatment and clearance of lung edema

In the clinical setting, to treat pulmonary edema in its critical phase of alveolar flooding,
FiO, is increased and mechanical ventilation with PEEP (positive end-expiratory pressure) is
instituted (87,88). There is general agreement that mechanical ventilation with PEEP is
beneficial in treating hypoxemia in experimental and clinical pulmonary edema. The theory
behind the use of ventilation in pulmonary edema is that ventilation, by increasing the
transepithelial hydrostatic gradient, could clear alveolar edema and thereby improve
oxygenation (29,89). PEEP has beneficial effects on lung mechanics and gas exchange by
increasing functional residual capacity, which results in the ventilation of previously

unventilated lung units (90). Alternatively, PEEP could redistribute pulmonary edema fluid
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from the alveolar spaces to the alveolar interstitum and to the extraalveolar
peribronchovascular interstitial space (90,91).

However, the effects of PEEP on lung water and on lung water clearance are
controversial. In normal lungs, Qwl/dQ! may be increased when PEEP is applied as shown
by Frostell et al (92,93) who found that dogs ventilated with PEEP had an increased Qwl/dQl
compared to dogs ventilated with ZEEP (zero end-expiratory pressure), whose Qwl/dQl
remained normal. In experimentally induced hydrostatic pulmonary edema, PEEP has been
found to have variable effects: on one hand, there are studies reporting that Qwl/dQl is the
same whether PEEP or ZEEP are used (94,95). Blomgqvist et al (96) on the other hand,
reported that ventilation with PEEP during the resclution phase following experimental
hydrostatic pulmonary edema reduced the rate of edema clearance from the lung compared to
ventilation with ZEEP. Similar findings were reported by Demling et al (97). There are
several possible explanations for the finding that PEEP may hinder edema clearance.
Demling et al (97), Frostell et al (92,93) and Skaburskis et al (98) consider that the increased
lung volume with PEEP decreases the fluid pressure in the extra-alveolar perimicrovascular
interstitial space, thereby increasing fluid filtration. It is also possible, through recruitment
of previously atelectatic alveoli, that the surface area available for transudation increases
(98). It also seems that PEEP may obstruct pulmonary lymph flow, and impede edema
clearance (93).

The role of ventilation in the clearance of edema from the alveoli is also controversial:
indeed, Matthay et al (67,68) and Berthiaume et al (99) found the same rate of alveolar

liquid clearance, whether they were ventilated with PEEP or were breathing spontaneously,
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and concluded that ventilation is not important in the movement of fluid from the alveoli to
the interstitium. Pare et al (90) and Malo et al (91) in contrast showed that ventilation with
PEEP produced a redistribution of fluid from the alveoli to the interstitium and that total lung
water did not change.

Other related aspects of lung edema worthy of discussion here are its distributions along
gravity-dependent gradients and the effect of ventilation on these gradients. Although it is
widely believed that pulmonary edema, particularly hydrostatic edema, is distributed along
gravity-dependent gradients, this remains a controversial issue. For example, Coates et al
(100) and Hedlund et al (101) showed with CT scanning that hydrostatic pulmonary edema
tends to accumulate in the hilar and dependent regions of the lung. The problem with CT
scanning and several other radiographic techniques is that the increased density that is
observed is not necessarily due only to increased extravascular water but may also be due to
increased blood volume or to atelectasis. Since the aforementioned authors (100,101) did rot
measure regional extravascular lung water or blood content, therefore, it is difficult to
attribute with certainty the gravity-dependent gradient observed with CT to a gradient in
edema. Schober et al (102), however, measured regional extravascular lung water and blood
volume with position emission tomography in 5 controls and 14 patients with congestive
heart failure and found in the latter group a gradient of extravascular lung water with more
edema in the dependent regions but a flat distribution in the blood content. Their results
contrast with those of Tsang et al (103) who found nc significant gravity-dependent gradients

of lung water in either hydrostatic or increased permeability edema.
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There is very little information in the literature on the role of ventilation on gravity-
dependent gradients of edema, since virtually all studies have been done in ventilated or
spontaneously breathing lungs. One group of studies, however, is relevant. Indeed,
Gattinoni et al (104) studied ten patients with acute respiratory failure using CT scanning:
when the patients were in the supine position, CT density increased and regional inflation fell
from ventral to dorsal; when they were scanned in the prone position, the gradients were
reversed, consistent with the notion that the redistribution in gradients was due to a
redistribution of intrapulmonary gas. The authors also suggested that the increased CT
density in the dependent regions was due to compression atelectasis, that was prevented by
the application of PEEP (105).

In summary, there are controversies which remain unresolved on the role of ventilation in
the clearance and distribution of lung edema in general, and of alveolar edema in particular.
Furthermore, the role of ventilation in maintaining and modulating gravity-dependent
gradients of CT density and of extravascular lung water are unknown. In the clinically-
relevant studies using Ci alone to measure lung density in acute respiratory failure, the
mechanism for these changes in density must be ascertained, since they could be due to
extravascular lung water, to atelectasis or to alterations in blood content.

To address some of these problems, the present study was undertaken.

Hypothesis
Pulmonary edema is an important clinical condition whose mortality is related to alveolar

flooding that produces shunting and ventilation/perfusion imbalance and alters gas exchange,
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resulting in hypoxeraia, hypercarbia and acidosis. The current treatment of lung edema

revolves around ventilation, usually with PEEP. Ventilation may act in the therapy of
alveolar edema in two ways: first, by opening previously collapsed alveoli and distributing
the edema over a wider surface area; second, by promoting the clearance of alveolar edema
into the interstitium and potentially out of the lung altogether.

In the present study, we hypothesized that ventilation may act by both of these
mechanisms compared with unventilated lungs, a question which has not been examined in
detail. The study was clinically relevant since we employed CT scanning on one hand, and
since we made regional measurements of extravascular lung water, blood content and

atelectasis, to ascertain the cause of the increased CT density on the other.

Objectives

The general aim was to ascertain the influence of ventilation of variable durations on a
lung model of alveolar edema induced by instillation through the airways of a protein-
containing solution.

The specific objectives were to:

1) Determine the effect of ventilation of the left lower lobe on regional CT density,
specifically gravity-dependent, compared with the unventilated right lower lobe.

2) Establish whether any observed changes in CT density with ventilation are due to
alterations in extravascular lung water, blood content, or atelectasis.

3) Ascertain whether ventilation accelerates the clearance of lung edema compared with

unventilated lungs.




23

4) Determine with light microscopy whether ventilation promotes the movement of fluid

from the alveoli into the interstitium.

Rationale

Virtually all studies of the clearance of lung edema are in spontaneously breathing
animals or in ventilated animals. Indeed, most have compared the benefits or drawbacks of
lungs ventilated with PEEP versus those with ZEEP, or of ventilated versus spontaneously
breathing animals. In our model, we wished to compare the distribution and clearance of
alveolar edema in ventilated versus completely unventilated lungs, eliminating some of the
inter-animal variation and permitting a reduction in the number of experiments to be
performed.

The instillate to produce the alveolar edema had a protein concentration of 5% to ensure
that it could be detected by light microscopy.

CT scanning was used to image the lobes after the ventilation period because it is a
technique used frequently in patients to assess lung density changes in general, and edema in
particular; its resolution is distinctly superior to that of conventional chest roentgenograms.
In addition, however, as indicated above, the factors responsible for the observed changes in
CT density, ie. atelectasis, extravascular lung water and blood content, were determined by
specific analyses and measurements, and enabled us to map out gravity-dependent gradients

for each of them.
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ABSTRACT

RATIONALE AND OBIJECTIVES. Ventilation is frequently used in the treatment of
cardiogenic and increased permeability pulmonary edema. The effects of ventilation on the
distribution of pulmonary edema, including on gravity-dependent gradients, as determined by
computed tomography (CT) scanning, are unclear. To address this problem, we studied the
effects of ventilation on a canine model of alveolar edema with CT scanning and related the
changes in density to measurements of regional extravascular lung water (Qwl/dQl) and
blood content. We also examined its distribution in the alveoli and pulmonary interstitium
with light microscopy.

METHODS. Alveolar edema was induced in 16 supine dogs (18.2 + 1.6 kg) by
instillation of 30-50 ml 5% albumin in 6% dextran-75 through the airways of each lower
lobe using a double lumen tracheal tube. The dogs were ventilated, only on the left side, for
1 min (n=4), 30 min (n=6) or 60 min (n=6). The lower lobes were excised, frozen in
liquid nitrogen, and imaged in a CT scanner. Regions of interest (ROI) were outlined on the
apical, middle and basal CT slices and tissue sections from corresponding regions were taken
for measurements of Qwl/dQl, blood content, and for histology, to grade semiquantitatively
interstitial and alveolar edema.

RESULTS. There was a significant fall in the CT density of the left lower lobes
compared with the right lower lobes in the 30 and in the 60 min ventilation groups (P <
0.05). The gravity-dependent gradients of CT density were unaffected by ventilation. There
were no significant differences in Qwl/dQl between right unventilated and left ventilated

lungs in any of the three groups but there was a gravity-dependent gradient of Qwl/dQl. The
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histological grading showed a trend (P = 0.054) for more interstitial edema in the left lower

lobes in the group ventilated for 60 min compared with the group ventilated for 1 min.
CONCLUSIONS. These data show that in our model of instilled alveolar edema,
ventilation acts primarily by increasing aeration and that it plays a minor role in moving fluid
to the interstitium. The data also emphasize the importance of regional lung water and blood
measurements and of histology in determining the causes of alterations in CT density.
KEY WORDS: pulmonary edema, ventilation, CT scanning, edema clearance,

extravascular lung water.
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INTRODUCTION

Pulmonary edema, defined as an increase in extravascular lung water, may be divided,
on the basis of Starling’s equation into two principal forms (1). The first, hydrostatic edema,
develops because of elevated microvascular pressure in the lung, usually due to left-sided
heart failure and is characterized by an intact alveolocapillary barrier and a relatively low
protein content (2,3). The second, increased permeability edema, occurs in infections, drug
overdose and in the adult respiratory distress syndrome, is characterized by damage to the
alveolocapillary barrier and the edema fluid has a high protein content (4-8). Mortality in
both of these forms of pulmonary edema is related largely to alveolar flooding that disrupts
gas exchange and causes shunting with hypoxemia, acidosis and hypercapnia (9,10). There
has been much interest recently, not only in the mechanisms of alveolar flooding, but also on
the time course, pathways and mechanisms of its clearance. There are two major obstacles
to the clearance of fluid from the alveoli: first, the alveolar epithelium itself that has, at
least in hydrostatic edema, tight intercellular junctions (11-13) and second, the osmotic
pressure generated by the proteins in the alveoli (14). The clearance rates across the alveolar
epithelium are more rapid for crystalloids and water than for proteins (13,15) and the
mechanisms of clearance differ for each of these: indeed sodium is cleared by active
transport, whereas proteins are removed by transcytosis, and water follows passively (2,14-
18). Once the alveolar edema fluid reaches the interstitium, there are several pathways or

potential pathways for the clearance of interstitial edema, including the lymphatics (19,20),



40
the pulmonary and bronchial circulations (18,21-23), the mediastinum (18,22), the pleural

space (22,24) and the airways (25).

In the treatment of pulmonary edema, in the critical alveolar flooding phase, FiQ, is
increased and mechanical ventilation with positive end-expiratory pressure (PEEP) is
instituted (26-28). Ventilation is believed to clear the alveolar edema by increasing the
transepithelial hydrostatic gradient. This mechanism, however, is controversial since
ventilation may act on gas exchange and alveolar edema in two distinct, but not necessarily
mutually exclusive phases (14). First, it may open collapsed alveoli and distribute the fluid
over a larger surface; second, ventilation could clear fluid by displacing it into the
interstitium. The studies of Pare et al (29) and Malo et al (30) support the latter mechanism,
whereas Matthay et al (13,15) and Berthiaume et al (31) suggest that ventilation has little
effect on the movement of fluid from the alveoli to the interstitium. According to Blomqvist
et al (32) and Wickerts et al (33), ventilation with PEEP improves oxygenation, but does not
facilitate the clearance of lung edema.

Another potential effect of ventilation is on the gravity-dependent distribution of
edema. Indeed, several studies have described, using CT scanning and other techniques, that
edema is distributed along gravity-dependent gradients (34-36). The specific role of
ventilation in establishing or altering these gravity-dependent gradients, however, is
unknown. Furthermore, the relative contribution of regional edema, blocod content and
atelectasis to the gradients demonstrated by CT scanning is unclear. Gattinoni et al (37,38)
found, in patients with the ARDS, that PEEP prevented atelectasis in the dependent regions

of the lung. They could not, however, directly relate their CT density values to
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measurements of extravascular lung water. In the present study, therefore, we wished to
examine the effects of ventilation for different time periods on alveolar edema, using CT
scanning, and to relate these findings to measurements of extravascular lung water and
regional blood volume and to light microscopic grading of interstitial and alveolar edema and

of atelectasis.

MATERIALS AND METHODS

Preparation and physiological measurements:

A total of 16 adult mongrel dogs of either sex weighing 18.2 + 1.6 kg (SE), free of
respiratory or other diseases, were studied. Thev were anesthetized with sodium
pentobarbital intravenously (25 mg/kg), placed in the supine position, intubated and left to
breathe room air spontaneously. Anesthesia was maintained with regular doses of 65 mg
pentobarbital. A tracheostomy was performed to introduce an endotracheal tube. Through
fem~ .. cutdowns, we placed three catheters: a Swan-Ganz catheter through one vein to
measure pulmonary arterial (Ppa) and pulmonary arterial wedge (Ppaw) pressures; a catheter
in the femoral artery to measure systemic arterial pressure (Psys) and one in the other
femoral vein for intravenous fluid and drug administration. The catheters were flushed
regularly with heparinized saline. All pressures were recorded on an eight-channel Hewlett-
Packard recorder, model 7758 A (Hewlett-Packard, Waltham, MA). Cardiac output (Qy)
was measured by the thermodilution principie with a cardiac output computer, model 9510

(American Edwards Laboratories, Santa Ana, CA). Pulmonary vascular resistance (PVR)
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was calculated with the formula PVR = (Ppa-Ppaw)/Q;. In addition, systemic arterial blood

PO,, PCO, and pH were measured using a blood gas analyzer, model AVL 939 (Roxon

Medi-Tech., Montreal, QC) as per the protocol below.

Instillation of fluid and protocol

Pre-edema, baseline measurements of Ppa, Ppaw, Psys, Q; and arterial blood PO,,
PCO, and pH were made. Then we removed the endotracheal tube and we replaced it with a
double lumen divided tracheal tube (Willy Rusch AG, Waiblingen, Germany) to ventilate the
left lung only, the right lung remaining unventilated. Under fluoroscopy, we introduced
through each lumen of the divided tracheal tube a Swan-Ganz catheter going to the most
dependent positions of the left and right lower lobes; we verified their positions and that they
were at the same level by taking antero-posterior and lateral chest roentgenograms (Fig. 1).
After paralysing the dogs with 20 mg succinylcholine, we instilled 30-50 m! of 5% albumin
in 6% dextran-75 (Abbott Laboratories, Montreal, QC) in each lower lobe; the osmolarity of
the instillate, measured with an osmometer, model 3W2 (Advanced Instruments Inc.,
Needham Heights, MA) was 302 mOsm/kg H,0. We had intended to use the dextran-75 as
a tracer, but could not for technical reasons.

The dogs were then ventilated only on the left side, and divided into three groups:
four dogs were ventilated for 1 min, six for 30 min and six for 60 min, with room air at 12-
15 breaths/min and with a tidal volume of 25 ml/kg; end-expiratory pressure was zero. The
right lung remained unventilated and we obstructed the right lumen of the tracheal tube with

a glove and measured its airway pressure. Measurements of Psys, Ppa, Ppaw, Q; and
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arterial blood gases were performed at the end of the ventilation period. Just prior to

terminating the experiments, we injected 20 ml of autologous blood intravenously into the
animals, the erythrocytes of which were labelled with 100 uCi 3'Cr, to correct extravascular
lung water (Qwl/dQl) measurements for blood water (see below). The animals were then
euthanized with an overdose of intravenous pentobarbital followed by KCl. The trachea was
clamped to prevent collapse of the lungs and the chest opened. The right and left lower
lobes were clamped at the hilum, excised at functional residual capacity, frozen in liquid
nitrogen as previously described (39,40) and stored in a -70°C freezer prior to CT scanning.
The right and left middle and upper lobes were also excised and sampled for Qwl/dQl

measurements to make sure no instilled edema fluid had entered them.

CT scanning procedure

Imaging was performed using a Philips Tomoscan-CX CT scanner (Philips,
Eindhonven, The Netherlands). To avoid cardiac artifacts, scan time was set at 2.8 sec at
120 kV and 150 mA. A reconstruction algerithm appropriate for tissue (incorporating a
smoothing filter) was used for analysis. The scanner was calibrated before each experiment
so that the density of air was -1000 Hounsfield units (HU) and of water 0 HU. We
expressed our CT data in CTQ values instead of HU, in accordance with the studies of
Hedlund et al (35,36); for this, we used the formula: CTQ = HU + 1000, so that air had a
density of 0 and water 1000 CTQ. We scanned the frozen lower lobes by placing them on a
specially designed Plexiglas platform on the bottom of a styrofoam container containing

liquid nitrogen. The lobes were positioned as if the dog was in the supine position, ie with
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the apex to base axis in the horizontal position, and they were sectioned with the CT scanner

in a transverse direction. First, 5 mm-thick transverse slices were obtained every 4 mm over
the total length of the lobes for a total of ~ 35 per lobe. Second, approximately ten 2 mm-
thick transverse slices were obtained over the same length. The CT scan data were stored on

magnetic tape and representative films were made.

Analysis of the CT scans

We used the 5 mm-thick slices to measure lung tissue densities. We selected three
transverse slices at apical, middle and basal levels (Fig. 2). The middle transverse slice was
taken approximately in the middle of the apex-to-base length of the lower lobes. The apical
slice was taken four slices (5 mm transverse) towards the apex, and the basal slice four slices
towards the base of the lower lobes. On each of the three (apical, middle and basal)
transverse slices, we outlined, using the CT trackball, three gravity-dependent regions of
interest (ROI), ventral, mid-ventral and dorsal. The ventral and dorsal ROIs were chosen in
the most ventral and dorsal regions of each slice. The mid-ventral ROl was placed at the
halfway poirt between the ventral and dorsal ROIs. The ROIs were selected to avoid the
hilum, pleura and airways and each had an area of ~ 35 mm?. We obtained a mean CTQ
values for each of the three ROI regions, ventral, mid-ventral and dorsal from the apical,
middle and basal 5 mm transverse slices, and compared the ventilated left lower lobes with
the unventilated right lower lobes.

We also measured the volumes of the frozen lower lobes using the 2 mm-thick

transverse CT slices: their outer boundaries were traced with a CT trackball to obtain their
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areas and the volume of each lower lobe calculated by multiplying the mean area of the slices

by the total length (apex-to-base) of the lobe (41).

Regional extravascular lung water and blood measurements

Measurements of extravascular lung water (Qwl/dQl) were made as described
previously (42). Briefly, 20 ml of blood in 10 ml acid-citrate-dextrose were incubated with
100 uCi 5'Cr for 30 min. The reaction was stopped with 250 mg ascorbic acid, the
enytarocytes were washed twice and slowly reinjected into the dog 15 to 20 min before the
end of the experiment to allow recirculation. When the frozen lower lobes were cut, five
samples from each of the ventral and dorsal regions were placed in pre-weighed vials, dried
in an oven (60°C) to a constant weight, and re-weighed. The lung samples, as well as blood,
plasma and packed red blood cells were counted for 10 min each in a Beckman Gamma 9000
Counting System (Beckman Instruments, Fullerton, CA) from which we calculated Qwl/dQl.

We also calculated the blood content, expressed in g blood/g dry lung for each sample.

Tissue processing and light microscopic semi-quantitative grading
After the CT scanning, the frozen lower lobes were cut with a band saw at the half-
way point into ventral and dorsal regions. Each region was subsequently cut in five 1.0-1.5
cm thick slices, labelled V, to Vs for ventral and D, to D, for the dorsal region (Fig. 3).
From each of these ten lobar slices, we took one tissue section randomly for histology and
for measurement of Qwl/dQl. The sections for histology were fixed in Carnoy’s solution

(60% ethanol, 30% chloroform, 10% acetic acid) at -70° C for 48 h, then transferred to 80%
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ethanol, 20% chloroform (3 changes at 18 h interval), and to 100% ethanol (3 changes at 12

h interval), all at -70°C. Then the tissues were gradually warmed to room temperature over
2 h, processed using routine histological techniques and embedded in paraffin. From the
blocks, 5 um-thick sections were cut and stained with haematoxylin and eosin.

For the histological grading, we examined two slides from each region (ventral,
midventral and dorsal) of each lower lobe of each animal, specifically V,,V, for the ventral,
V;,D, for the midventral and D,,D; for the dorsal region, corresponding to the ROI selected
by CT scanning. First, we graded interstitial edema by estimating the amount of
perivascular and airway wall edema on an arbitrary scale of O to 3, 0 representing no
interstitial edema and 3 the greatest amount of interstitial edema (43). A mean value was
calculated for each of the regions of the lower lobes. Second, we graded alveolar edema by
estimating the percentage of alveolar surface area occupied by edema in 10% increments, 0%
representing no alveolar edema and 100% total alveolar edema. A mean value was also
calculated for each of the regions of both lower lobes. Atelectasis was also graded in 10%

increments using the criteria of Zidulka et al (44).

Statistical analysis
All values are presented as means + standard error (SE). Block analysis of variance
was done using a proprietary software (Systat Inc., Evanston, IL). Student’s paired t test and
the Tukey test were used as post-hoc tests. Differences were considered significant at P <

0.05, or exact P values were reported.
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RESULTS

Physiological parameters
Table 1 presents the hemodynamic and arterial blood gas measurements. There were
no significani differences in Psys, but there was a significant increase (P < 0.05) in Ppaw
and Ppa as well as in PVR post-edema for the 60 min ventilation group. Arterial blood gas
measurements after 30 and 60 min ventilation showed significant acidosis, hypoxemia and
hypercapnia (P < 0.05). The airway pressures in the right side of the divided tracheal tube

were 0 mmHg.

CT scanning

These results are in Figure 4. The main finding was a significant fall in ROI CTQ of
the mid-ventral and dorsal regions of the left lower lobes in the 30 and 60 min ventilation
groups compared with the right lower lobes. There was no significant difference in ROI
CTQ between the ventilation groups. Representative scans are shown in Figure 5. When we
examined the CT scans for gravity-dependent gradients, there were significant (P < 0.05)
gradients in CTQ values from ventral to mid-ventral to dorsal for both right and left lungs of
all three groups of animals and these gradients were unaffected by ventilation.

The results of the respective right and left lobar volumes, measured by CT on the 2
mm slices, were as follows: at 1 min, 136 + 19 ml and 155 + 19 ml; at 30 min, 182 + 21

ml and 205 + 15 ml; ard at 60 min, 152 + 8 ml and 205 4 18 ml. Only the latter group
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showed & statistically significant difference (P < (0.05) between the right and left lower lobes

volumes.

Regional extravasculai lung water and blood measurements

The data for the Qwl/dQIl are in Figure 6. There were no significant differences
statistically between right unventilated and left ventilated lungs in any of the three groups.
There was, however, sonme evidence of gravity dependent . adients of Qwl/dQl: at 1 min
ventilation (Fig. 6A), there were gradients (P < 0.05) from left ventral to mid-ventral and to
dorsal regions; at 60 min ventilation, there were gradients only for the right lower lobes,
from ventral to mid-ventral and to dorsal. No gradi:nts were observed in the group
ventilated for 30 min.

The average Qwl/dQl data for all slices from right and left lower lobes are in Figure
7, and show no significant effect of the duration of ventilation. The mean Qwl/dQ! of the
left upper and middle lobes was 3.55 + 0.16 g H,O/g dry lung and that of the right upper
and middle lobes was 3.47 + 0.09 g H,O/g dry lung respectively indicating that no fluid had
gone to these lobes.

The regional blood content data, plotted in Figure 8, show no significant effect of

ventilation and no gravity-dependent gradients.

Light microscopy and grading
The results of the grading of the interstitial edema are in Figures 9 and 10. There

was more interstitial edema in the left lower lobes in the group ventilated for 60 min
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compared with the group ventilated for 1 min when all regions were combined
(P=0.54)(Fig. 10). There was no significant difference in interstitial edema in the right
lower lobes between ventilation groups nor between right and left lower lobes. The grading
of alveolar edema (Figure 11) showed no significant difference between right and left lower
lobes and no gravity-dependent gradient. The large standard errors suggest a heterogeneous
distribution of the alveolar edema. When we examined the lungs for atelectasis using the

criteria of Zidulka et al (44), we found none.

DISCUSSION

The principal findings in this study were: 1) the lobes ventilated for 30 and 60 min
had a lower CT density than the unventilated lobes; 2) ventilation had no effect on
extravascular lung water nor on regional blood content; 3) gravity-dependent gradients in CT
density and extravascular lung water were unaffected by ventilation whereas some reduction
in gradients of extravascular water occurred in left lower lobes ventilated for 30 and 60 min;
4) by light microscopy, there was more edema in the interstitium at 60 min than at 1 min on
the ventilated side only.

We designed our model to study the effects of ventilation on the distribution and
clearance of alveolar edema. The 5% albumin in 6% dextran-75 that we instiiled into the
lower lobes had an osmolarity of 302 mOsm/kg H,0 and a protein concentration similar to
that of serum, as in the studies of Matthay et al (13,15) who instilled 2-3 ml/kg body weight
autologous serum into the lower lobes of sheep. Schultz et al (45) and Berthiaume et al (17)

used radiolabeled serum albumin in their instillates to study the clearance of alveolar edem=.
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Conhaim et al (46) filled degassed canine lobes with dye-labeled iso-osmotic 5% albumin

solution to study alveolar epithelium permeability. Other methods of inducing edema, in
lungs with an intact alveolocapillary barrier, include 1) instillation of crystalloids as in the
studies of Matthay et al (13), Gee and Williams (47), and Conhaim et al (48); 2) elevation of
Ppaw by intravenous infusion of saline or by inflation of a left atrial balloon, as in the
studies of Wickerts et al (33), Pare et al (29) Hedlund et al (35), and Mason et al (49).

In our erperiments, we instilled fluid selectively into the lower lobes, and no
significant fluid entered the upper and middle lobes since their Qwl/dQI values were normal.
Only the left lung was ventilated, and any respiratory movement was prevented by paralyzing
the animal, enabling us to compare ventilated and unventilated lungs in the same animal. We
do not believe any significant ventilation of the right lung occurred since there were no
fluctuations in its airway pressure. Our study differs significantly from others in the
literature: indeed Matthay et al (13,15,25) compared the clearance of alveolar edema in
ventilation with spontaneously breathing sheep, whereas Malo et al (30) and Pare et al (29)
studied the effect not only of ventilation, but of PEEP, on the distribution of alveolar versus
interstitial edema. The rationale behind the use of CT scanning was to make it clinically
relevant by determining overall changes in lung density with ventilation, and to relate the
alterations in lung density to changes in lung water and blood content.

Our physiological data showed that compared with pre-instillation, there was
significant hypoxia, hypercapnia and acidosis in the 30 and 60 min ventilation groups. This
is attributed to the fact that the alveolar edema interfered with gas exchange in both lower

lobes, and that only one lung was ventilated, so that the entire gas exchange had taken place
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in the left upper and middle lobes. We found that both Ppa and PVR increased, but only in

60 min group, due primarily to hypoxic vasoconstriction; other possibilities such as direct
compression of vessels either by interstitial or alveolar edema are unlikely (39).

Our data showed a significant fall in CT density of left lower lobes for the 30 and 60
min ventilation groups compared with the unventilated right lower lobes, in the mid-ventral
and dorsal regions. There were, however, no differences in the Qwl/dQl, blood content or
amount of atelectasis between the two lungs, so that the differences in density were attributed
to the increased aeration of the ventilated lungs. The data are consistent with those of
Hedlund et al (50) who found that lung inflation reduced CT density. Our data also indicate
that there was no significant clearance of edema fluid from the lungs as a result of
ventilation, as shown by the fact the Qwl/dQIl values were unchanged with ventilation (Figs.
6,7).

CT density can be increased due to atelectasis, to intravascular blood content or to
edema fluid and is reduced with increased aeration. Gattinoni et al (37,38) showed that in
the adult respiratory distress syndrome, ‘he increased CT density in the dependent regions,
was due largely to compression atelectasis produced by the edema and increased blood
volume, and could be prevented by the application of PEEP. In our study, we found using
the criteria of Zidulka et al (44), no areas of complete atelectasis even in the right lung.
This does not, however, rule out that some diminution in alveolar size might have occurred
due to the alveolar edema. Indeed, Malo et al (30) found that the mean linear intercept of
flooded alveoli was reduced to about S0% of that of unflooded alveoli. There were also no

differences in Qw1/dQ! nor ir regional blood content to account for the reduced CT density.
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Therefore, we conclude that the latter is due to the increased aeration produced by

ventilation.

This conclusion is also supported by the results of the measurements of lower lobar
volumes: after 1 and 30 min ventilation, we found that the ratio of right/left lower lobes
volume was reduced, albeit not attaining statistical significance, to 47/53, compared with the
normal of 49/51 (51). By 60 min, however, this ratio was 43/57 a' ! was indeed statistically
significant (P < 0.05), consistent with the increased aeration of the left lower lobe
increasing its volume.

Although ventilation in the present study increased the aeration of the left lower lobes,
it did not promote significant clearance of edema from them since Qwl/dQl values were not
altered even after 60 min.

The original aspect of our study is that we compared ventilation with no ventilation,
rather than with spontaneous breathing or with the addition of PEEP, and that we used CT
scanning to assess changes in lung density. Our literature review revealed that the only other
study comparing ventilated with unventilated lungs was by Matthay et al (52) in abstract
form, in which they found in both, liquid and protein were cleared at the same rate.
Nonetheless, our data are consistent with studies in the literature on the role of ventilation on
both aspects of edema clearance, ie. clearance of liquid and solutes from alveoli, and
clearance out of the lung as a whole. For example, Matthay et al (13,15) in sheep and
Berthiaume et al (31) in dogs found that the clearance of liquid and proteins out of the alveoli

and the lung was the same whether the animals were ventilated or spontaneously breathing.
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They concluded that ventilation does not play a role in alveolar liquid clearance which relies
largely on active sodium transport, a view supported also by other studies (2,14-16,27).

There is a consensus that mechanical ventilation with PEEP is beneficial in treating
the hypoxemia and hypercarbia in clinical and experimental pulmonary edema (32,53,54).
The effect of PEEP on the clearance of lung water, however, is controversial. Indeed, in
normal canine lungs, Frostell et al (55) found that Qwl/dQl was increased by ventilation with
PEEP compared with ventilation with zero end expiratory pressure (ZEEP). Demling et al
(56) found that Qwl/dQl was higher in lobes with venous congestion ventilated with 10
cmH,;0 PEEP compared with 0 cmH,0. Other studies support the notion that PEEP
increases Qwl/dQI or reduces its clearance in edematous lungs compared with ZEEP (32,57).
Bredenberg et al (58) and Hopewell and Murray (59) reported that PEEP had no measurable
effect on lung water compared with no PEEP.

There are several potential explanations for the fact that PEEP may not favor edema
clearance. First, as proposed by several authors (55-57,60), the elevated lung volumes
increase fluid filtration by reducing hydrostatic pressure in the extra-alveolar
perimicrovascular interstitial space; second, PEEP, through recruitment of previously
atelectatic alveoli, increases the surface area available for transudation of fluid; third, it
obstructs pulmonary lymph flow (60), and fourth, although ventilation with PEEP
redistributes alveolar edema to the interstitial space, prolonged ventilation or weaning
patients from PEEP, could allow the fluid to seep back into the alveoli (57).

The results of these studies conflict in part with those obtained by Paré et al (29) and

Malo et al (30) who found in histological studies that ventilation with PEEP enhanced the
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movement of fluid from the alveoli to the interstitium. Therefore, it is plausible, although

alveolar edema clearance is largely due to an active ion transport, that ventilation also plays a
role. Indeed, our results for histological grading (Fig. 10) show an almost significant (P =
0.054) increase in interstitiall edema in lungs ventilated 60 min compared with 1 min,
suggesting a trend for the increased redistribution of fluid from the alveoli to the interstitium |
with ventilation. These data, taken together with the results of Qwl/dQl measurements
(Fig.7) suggest that by 60 min, a small amount of edema moves from the alveoli into the
interstitium with ventilation, but that there is no significant clearance of edema from the lung
as a whole. The small magnitude of this shift in our experiments was likely due to the fact
that the alveolocapillary barrier was intact and that the relatively high protein concentration
and osmolarity of the alveolar instillate may hinder movement into the interstitium. In
addition, there may not have been enough time for clearance from the alveoli, consistent with
the data of Matthay et al (13), who showed that in anesthetized, ventilated sheep, the half
time for clearance of crystalloid solutions was 3 h and of serum instillate was 6 h. The
clearance of crystalloids can be increased in dogs and sheep by B-adrenergic agents (61,62),
reduced by 50% with amiloride (25) and prevented by ouabain (14). In contrast, the
clearance rate of 'I-albumin from the air spaces in anesthetized and unanesthetized dogs and
sheep is much slower, averaging 1 - 1.6% per hour. Mechanisms that have been proposed
for the transalveolar clearance of proteins are transcytosis (17,18), diffusion and muco-ciliary
clearance (25). It appears that most of the proteins are cleared by transcytosis across the
alveolar epithelium as intact molecules (15,17,18). Macrophages seem to play a role after 48

h by removing from the air space the precipitated proteins that form hyaline membranes




55

whereas muco-cilliary clearance into the proximal airways seems to be of minimal
importance (17,25).

Qur contention that ventilation may play a role in moving fluid out the alveoli is also
consistent with the studies by Matthay et al (2,25) who reported that amiloride inhibited only
50% and 75% of basal liquid clearance in sheep and in rabbits respectively, leaving a
remaining fraction of clearance dependent on a hydrostatic pressure gradient generated by
ventilation.

Our data indicated that ventilation also did not measurably affect overall regional
blood content. These findings are consistent with those of Frostell et al (60) who showed
that in normal dogs, PEEP reduced centrai blood volume by 15%, whereas ventilation with
ZEEP had no effect.

In summary, the lower CT density of the left lower lobes ventilated for 30 and 60 min
is due to increased aeration, not to difference in regional Qwl/Qdl, blood content or
atelectasis.

Pulmonary edema and CT density are generally believed to be distributed along
gravity-dependent gradients (34-36). In our study, we found that there were gravity-
dependent gradients of CT density and that they were unaffected by ventilation. Hedlund et
al (50) in supine baboons, and Rosenblum et al (63) and Morooka et al (64) in humans,
reported the presence of ventro-dorsal density gradients by CT of about 200, 112 and 46
CTQ, respectively, but they did not determine if they were due to edema, blood or
atelectasis. We found gravity-dependent gradients in Qwl/dQl in the group ventilated for 1

min, but that they were not significant in the left lower lobes ventilated for 30 and 60.
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There were no gravity-dependent gradients in blood content. These data are consistent with

those of Tsang et al (65) and Schober et al (66) who showed that in hydrostatic pulmonary
edema, there v as no gravity-dependent gradient in Qwl1/dQl, contrary to the pulmonary blood
flow and volume that were distributed along gravity-dependent gradients. These findings
therefore suggest that ventilation may reduce the gravity-dependent edema gradients by
redistributing it somewhat from dependent to upper regions. The effect, however, is small.

In conclusion, our study showed that ventilation applied in artificially induced
pulmonary edema: 1) increases aeration, thereby decreasing lung CT density; 2) shows a
trend to redistribute fluid from alveoli to interstitium; 3) does not influence lung Qwl/dQl
clearance.

From a clinical viewpoint, therefore, ventilation acts by increasing aeration of the
alveoli, and although it does not appear to clear fluid out of the lungs overall, the fact it

redistributes it to the interstitium may also contribute to improving gas exchange.
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Table 1. Hemodynamic and arterial blood gas results

J1min VENT = _ 30 min VENT

PRE ED

Psys (mmHg) 137+ 8
Ppa (mmHg) 122 +1

Ppaw (mmHg) 4.0 + 0.4

Qr (Umin) 23 +£03

PVR(mmHg.min.1*) 3.9 £ 09
PO,(mmHg) 8+5
PCO,(mmHg) 41 + 3

pH 7.35 £ 0.05

PRE ED
144 + 10

14 + 0.9

6.5 £ 0.9

25105

3.2 + 0.4
94 + 4

28+3

7.42 + 0.04

POST ED
155 £ 11

183+ 1

9 +1.8

2.6 +04

39+ 0.6
4] + 3*

43 + 2%
725 +

60 min VENT
PRE ED POST ED
139+ 9 140 + 8
161 19.6 + 1*

6.3+ 1.0 9.1 + 1.4*
3.7+07 22103
34+ 09 5.1 +1*
93 +5 46 + 2*
4 +3 47 £ 2%
7.40 + 0.03 122 +

Values are mean + SE; * P<(0.05 vs pre-edema

Psys, systemic arterial pressure; Ppa, pulmonary arterial pressure; Ppaw, pulmonary

arterial wedge pressure; Q;, cardiac output; PVR, pulmonary vascular resistance;

pre ed, pre-edema; post ed, post-edema; vent, ventilation




Lateral X-ray of the thorax of one dog in the supine position showing the

Swan-Ganz catheters introduced through the divided tracheal tube. The tips of
the Swan-Ganz catheters (arrows) are placed at the same level in the most
dependent position of the left and right lower lobes. The third Swan-Ganz
catheter seen was introduced for the hemodynamic measurements. The
vertebral column is inferior, the diaphragm on the right and the sternum

superior in this figure,
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Diagram of a lateral view of the left lung of a dog in supine position: A, M
and B are the respective apical, middle and basal levels of the 5 mm transverse
CT scan sections of the lower lobes. On each section, the positions of the
ROI's are represented: V = ventral, M = mid-ventral and D = dorsal. UL

= upper lobe, ML = middle lobe and LL = lower lobe.



Figure 3,

Diagram of the left lower lobe (lateral view) showing sites of sampling for
histology and extravascular lung water measurements. V and D are the ventral
and dorsal halves, respectively. V, and V, were sampled for the ventral
region, V5 and D, for the mid-ventral, and D, and D, for the dorsal region of

each lower lobe, corresponding to the CT regions.
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ROI CTQ values for the different gravity-dependent regions of the right and
left lower lobes at 1 min (A), 30 min (B) and 60 min (C) ventilation. There
were significant gravity-dependent gradients in CTQ values from ventral to
dorsal regions for all three groups (P < 0.05). For the 30 and 60 min
ventilation groups, the CTQ values for the left mid-ventral and dorsal regions

were significantly lower (P < 0.05) than on the right.
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Figure 5. Representative S mm transverse CT scan taken at the basal level of a right and
a left (L) lower lobe from a 60 min ventilation experiment. Note the reduced

density of the dependent regions in the left lobe compared with the right.
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Extravascular lung water (Qwl/dQl) measurements by region in the right and
left lower lobes at 1 min (A), 30 min (B), and 60 min (C) ventilation. There
was a significant gravity-dependent gradient in left lower lobes ventilated for 1

min that was absent after ventilation for 30 and 60 min.
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Figure 7. Qwl/dQ! measurements expressed as means of all regions, from right and left

lower lobes. No significant differences were observed.
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Figure 8, Blood content in g blood/g dry lung expressed as means of all regions for right

and left lower lobes. No significant differences were observed.
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Interstitial edema grade of right and left lower lobes by regions for 1 min (A),

30 min (B) and 60 min (C) ventilation, determined by light microscopy. No

significant differences were observed when individual values were considered.
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Interstitial edema grade expressed as mean of all regions of right and left

lower lobes. There was a borderline significant (P = 0.054) increase in

interstitial edema in the left lower lobes in the 60 min compared with the 1

min ventilation group.
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Figure 11. Percent alveolar edema for different regions of the right and left lower lobes at

1 min (A), 30 min (B) and 60 min (C) ventilation, determined by light

microscopy. Despite apparent differences between the ventral and the other

two regions, no statistically significant difference could be demonstrated due to

the large standard error,
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Figure 12, Representative light photomicrographs of histological sections of left lower

lobes after Camnoy’s fixation. A) Bionchovascular bundle from a lobe in the
group ventilated for 1 min. Note abundant alveolar edema (*) and no visible
interstitial edema. H & E X 50. B) Bronchovascular bundle from a lobe in

the group ventilated for 60 min. Note the prominent perivascular interstitial

edema (arrowhead). H & E X 50.
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9

The objectives of the present study as presented in the Introduction (Chapter 1)
were all achieved. Specifically, we used CT scanning to examine the effects of ventilation
compared with the absence of ventilation, on the distribution of pulmonary edema in canine
lobes; changes in lung density were related to measurements of extravascular lung water and
blood content obtained by gravimetry, and to estimates of atelectasis, interstitial and alveolar
edema obtained by light microscopic semiquantitative grading.

The important conclusions of the study are reviewed below.

1. Our model enabled us to ventilate only the left lung, leaving the right
unventilated. Any significant movement of air in the latter is unlikely since airway pressure
did not fluctuate. Essentially all other studies of this problem, apart from one in abstrs. ¢
form only (see Discussion, Chapter 2), have studied the effects of PEEP, or of ventilation
compared with spontaneous breathing.

The instillate used to produce the alveolar edema had a relatively high protein
concentration, similar to that of serum. This enabled its visualization with light microscopy.
The resultant osmotic pressure produced by the protein probably explains in part the absence
of significant clearance of the edema from lungs by 60 min. The edema fluid was selectively
instilled into the lower lobes and no significant amounts entered the upper and middle lobes,

as supported by the fact their extravascular water contents were normal.
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2. Our physiological measurements after 30 and 60 min indicated the presence

of hypoxia, hypercapnia and acidosis. This is not surprising since all the gas exchange
occurred in the left upper and middle lobes, the left lower lobes being largely filled with
edema and the right lung remaining unventilated. The arterial blood gas abnormalities were
sufficient to raise Ppa and pulmonary vascular resistance, mainly via hypoxic

vasoconstriction.

3. The principal finding by CT scanning was that ventilation for 30 and 60
min resulted in a reduced CT density in the left lower lobes. This reduced CT density can
be attributed to a decrease in edema, in blood content, or in atelectasis. Our study was
designed to determine the mechanism of the change in CT density and since blood content
and extravascular lung water did not change, and since we saw no atelectasis in either the
right or left lungs, we attributed the decreased density to increased aeration of the left lower
lobe compared with the unventilated side. It is noteworthy that, despite the absence of
atelectasis in these lobes, as reported by Malo et al (see Discussion, Chapter 2), when there
is alveolar edema, alveolar size, as measured by mean linear intercept, is in fact reduced.
"“his suggests that there is partial atelectasis of individual alveoli, not visualized as complete
alveolar collapse seen by the usual criteria. What ventilation appears to be doing, therefore,
is to reverse this phenomenon, and increase the aeration of the lung. Our results, in this
respect, are supported by our finding that the left lower lobar volumes were higher than

those on the right side, particularly in the group ventilated for 60 min.
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4. Although ventilation reduced CT density,it had no effect on the Qwl/dQl

values. This indicates that by 60 min, no significant effect of ventilation on clearance of
edema from the lung was found. Although these data are consistent with several others in
the literature, this is the first study to examine this problem using CT scanning combined
with conventional methods to assess lung water and blood content. The reasons for the lack
of significant clearance are elaborated in greater detail in Chapter 2, and revolve around the
relatively high protein content of the edema fluid, a short time of ventilation and the fact that
the alveolo-capillary barrier was intact. Nevertheless, there was some movement of fluid,
over this period, from the alveoli to the interstitium, and this process appeared to be
accelerated by ventilation. These results therefore suggest that even when the alveolo-
capillary barrier is intact, fluid and protein move more rapidly out of the alveoli with

ventilation, process which should also contribute to ameliorate gas exchange.

5. Another objective of our study was to examine gravity-dependent gradients
of CT density, Qwl/dQl and blood content. In normal lungs, there is a gravity-dependent CT
density gradient attributable primarily to increased basal blood flow. In edema, this blood
flow and content tend to be redistributed, so that they are evenly distributed from the top to
the bottom of the lungs. In our study, this was indeed the case. We did find, however, a
gradient in CT density attributed to a gradient of lung water, and that ventilation reduced the
latter, it did not alter the gravity-dependent gradient in CT density. This suggests that

ventilation primarily increased aeration of the lung but also, by aerating primarily the part of
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the lung with the greater amount of edema, secems to have moved some of the fluid to the
less dependent areas. This effect, however, was not very large.

In summary, we can conclude t}om the present study that ventilation reduces
the CT density of the lung by increasing acration rather than moving fluid out of the lung as
a whole. This appears to be the principal mechanism whereby gas exchange is improved.
Nonetheless, ventilation also appears to promote the movement of fluid into the interstitium,
and this may contribute to some extent to improving gas exchange by reducing the amount of
alveolar edema. Data from the literature suggest that PEEP further accelerates this process
and also contributes to the aeration of the alveoli by keeping them open throughout the
respiratory cycle. The present study, therefore, provides further evidence of the rationale for
ventilation of patients in pulmonary edema and provides explanation for alteration in lung
density obtained by CT scanning, procedure frequently performed in the assessment of this

and other forms of lung disease.
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CA

cm

cm H,0
CoO,

Cr

CTQ

et al

FiO,

percent

smaller than

minus

plus or minus

equal

approximate

degree Celsius

beta

microcurie

micrometer

adult respiratory distress syndrome
California

centimetre

centimeter of water

carbon dioxide

chromium

computed tomography
standardized Hounsfield units (Hounsfield units + 1000)
dorsal

and others

fractional concentration of inspired O,




Fig.

[H*]
HU
H,0

i.e.

kv
KCl
log
LL
mA
mg
min
ml
mm
mm?
mOsm/kg H,O
M
MA

ML

figure

gram

hour

concentration of protons
Hounsfield units
water

that is to say
kilogram

kilovolt

potassium chloride
logarithm

lower lobe
milliampere
milligrams

minute

milliliter
millimeter

squared mm
milliosmoles per kg H,0
mid-ventral
Massachussetts

middle lobe
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n number

0, oxygen

0s0, osmium tetroxide

P probability that the difference is due to chance
pCO, partial pressure of CO, in the arterial blood
PH -log [H']

PO, partial pressure of O, in the arterial blood
PEEP positive end-expiratory pressure

Ppa pulmonary arterial pressure

Ppaw pulmonary arterial wedge pressure

Psys systemic arterial pressure

PVR pulmonary vascular resistance

Qwl/dQ1 extravascular lung water

Qr cardiac output

ROI region of interest

SE standard error

UL upper lobe

\% ventral

ZEEP zero end-expiratory pressure

X-ray roentgenogram
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cm H,O

mmHg

98 Pa

133 Pa
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