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ABSTRACT 

Abnonnaiiy negatke pleurai pressures nom upper airway obstmction or re- 

expansion of a lung can r d t  in pulmonary edema and its sequehe . This thesis 

reviews this problem and the m e n t  studies the pathophysiology of negative 

pressure pulmonary edema 

Laser wlorhetry, weight transients, hematocrit and plasma protein changes were 

used to determine fluid and protein flux in 3 groups of isolated blood pemised lefi 

lower canine lung lobes. Each group ( ~ 1 2 )  was subjected to an initial 50 mimite 

control perïod with a capülary pressure (P,) of 15 cm H20 and pleural pressure of 

-5 cm H20. Group 1 was subjected to a fbher 50 minutes of perfiision with the same 

conditions. Transpulmonaty pressure was increased in the other two groups fiom 20 to 

30 cm H20 for 50 mimites by decreasing Pr to -15 cm HB in group 2 (preferentidy 

affecting exûa-alveolar vessels) and by increasing Pc to 25 cm H20 in group 3 

(affêcthg alveolar and extmalveolar vessels). 

There were no Merences in fluid thur between initial and final filtration periods in 

Group 1 by laser colorimetry (0.333 vs. 0.43 1 mVgm dry weighthour). Group 2 had 

a significant increase in filtration compared to ail other w p s  during the fimal filtration 

period increasing from 0.420 to 1.383 mi@ dry weighthour (p<O.ûûl). Group 3 

filtration increased f?om 0.381 to 0.816 d g m  dry weightmour ( p<0.001). These 

hdings were codmed by edema calculations based on hematocrits and weight 

transients. Weight transients overestimated edema compared to h e m a t d  and laser 



wlorimetry d a i w d  vaiues (0.66 vs. 0.40 vs. 0.26 d g m  dry weight/hour7 pC 0.05)- 

Fitrate to plasma protein coacentrations (CFKP) decreased in Groups 2 and 3 (fiom 

1.143 to 921 and 1.099 to -914 respectively7 F0.05) but did not change sigmficantly 

in Group 1 (1.176 vs. 1.041). No dinerences in CFKP wuld be detected based on 

plasma protein c o n ~ t i o a s .  

Negative pleurai pressures sigpificantiy iacreased pilmoaary fluïd filtration with the 

majority of the increase taking place in the extra-alveolar vessels under these 

experimental conditions. Filtrate protein concentration changes suggest that the 

increased filtration is due to increased surface a m  a d o r  increased hydrostatic forces, 

but not from a permeabiiay change. 
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INTRODUCTION 

Rilmonary edema has maiiy possible etiologies including altered capiüary 

permeabüïty (e-g. infections, toxins, endotoxemiemia, dEuse intravascular coagulation, 

radiation, urernia, drowning, aspiration, smoke inhalation, ARDS), i n a d  capillary 

pressure (cardiac fâilure, puimonery venous disease, over hydration), decreased plasma 

oncotic pressure (mainutrition, rend disease, 1Mr disease), lympùatic indkiency, 

increased negative interstitial pressure (re-expansion pulmonary edema ,upper airway 

obstruction), and mixed or uiikiown causes (high altitude pulmoaaiy edema, neurogenic 

puimonary edema, pulmonary embolism, eclampsia, cardiopulmonary bypass). The 

principles goveming Buid exchange in the lung and in particular negative pressure 

pulmonary edema (NPPE) due to lung reucpansion or upper airway obstruction are 

reviewed. Experimental data wiU be presented to help elucidate the mechanism of 

increased filtration and the location of the filtering vessels d u ~ g  increased negative 

pleurai pressures . 

FhUd Movement Thmugh Capillary W d s  

The idea that tissue fluids were f o d  by filtration of blood through capillary walls 

was aot recopkeâ until the 1850's by ~udwig'. He thought that the main factor 

determining lymph flow was capüiary blood pressure. Later, Cohnheim studied the 

effects of diiute salt solutions injected into the femoral artery of dogs with variable 

plasma albumin concentrations2 He believed hypoalbuminemia was not the cause of 



edem but that it wwld develop more rapidly as a result of mild i d d o n  or 

haeased capillary pressure. h 18%, Starliog posbilated that fluid Bow through 

capiliary membranes was a passive proceso and thet the rate of this flow depended on 

the Werences in the hydrostatk and oncotic pressures of plasma and the tissues? 

Quantitative evidence to support these theones took over 30 years to accrue because of 

the technical dïfiïculties involveci* 

Landis was M y  able to co&m some of Starling's theories by his study of single 

capiiiaries of the fiog mesenteryery4 By following capillaiy red blwd ceU (RBC) 

movement he was able to detennine that a lin= correlation existed between capiiiary 

pressure and Buid movement. When transcapillary fluid movement was zero, capinary 

pressure was in the range of protein osmotic pressure for that species of fiog. These 

findigs were confinneci in other species, and in each case the capillary pressure 

correlateci closely with estimates of plasma protein oncotic pressure. 

Among others, Pappenheimer and Soto-Rivera provided fùrther evidence to support 

Starling's theories.' They studied the isolated biadlimbs of cats and dogs and estimated 

fluid flw by foilowing the weight changes of the preparation Inerease in weight was 

thought to represent net filtration fkom the intravdar space to the interstitial space, 

while weight loss was thought to represent resoption. By varytig capillary pressure (P,) 

and plasma oncotic pressure (n, ), they were able to establish the relationship between 

capiliary miid movement and hydrostatic and oncotic forces. 

The principle's introduced by Starling can be descn'bed by the various forms of the 

StarLing equation, for example: 



where JJA is the filtration per unit atea of membrane, P, and Pi are the hydrostatic 

pressures in the capiiiary end the pecicapülary interstitial fluid respectively, and ni are 

the protein osmotic pressures of the capUary plasma and the pericapiliary Buid 

respectively, K is the membrane d c i e n t  (a meaSuTe of the hydraulic conductivity of 

the membrane), and a is the proteia ref ldon coefficient (a measure of how easily solute 

and solvent pass tbrough the membrane). A few points are wonh mentioning. This is of 

course a simplification of physidogy. If the membrane is perfdy permeabIe (FI), 

then aii of the solute is separated £tom the soiution during filtration (i-e- no solute passes 

through the membrane) and the fidi osmotic pressure opposes fltratioa Ifthe membrane 

is compieteiy permeable to solute (H), then the solution's osmotic pressure has no 

effect on filtration. Equation 1 only applies to a single perfect solute with a linear 

relationship between osmotic pressure and concentration (not tme for proteins and 

macromolecuies). It should be noted that in most tissues including the lmg, a 

approaches O for ions and low m o l d a r  weight solutes, and thus is only influenced to a 

signifiant degree by plasma proteins (a for albumin is approximately 0.8)! 

Funhennore, any nitration wiii change the ternis in the equation. For example, Pi would 

be expected to inaease, and 4 would be expected to dm-. The equation does not 

take into account the cornpliance of the interstitial or intravdar spaces, nor does it 

consider the efféct of the lymphatic removal of fluid and protein fkom the interstitiun. 



Despite these md other Limitations, the m o n  nonetheless helps conceptualize &ors 

af f ig fd t ra t ioe  

METHODS OF MEASURING FILTRATION 

Gravimetric Techniques 

The 6rst attempts ta deermine filtration rates in lungs by gravimetric teçhniques were 

by Guyton in 1959.~ Left atrial pressure was increased in intact animals prior to removal 

of the lungs. The difference in wet to dry weights was used to calculate ederna fonned by 

the increase in left aaial pressure. This technique and modifications thenof have been 

used by hundreds of investigators. A common modification, ofta accepted as the "Gdd 

Standard", is to continuously monitor weight changes in an isolatecl lung preparation 

taking the weight changes to represent fluid flux, such as done by Gaar in 1967.' In 

these studies the initiai change in weight after an intervention is interpreted as the 

change in vascular volume followed by a slow secondary change due to transcapillary 

filtration or resorption. Stress relaxation of the pulmonary vascuiature is known to 

OCCU.~ Unfo~unately, the precise time course of the v d a r  volme changes is 

unlaiown. Because most of these experiments have not independently assessed v d a r  

volume changes, controveny exists regarding the validity of this t e~hn i~ue . '~ '~  Results 

fiorn these experiments are valid perhaps ody if the filtration rate remains constant for a 



long time &et an intervention?" Furthemore, weight changes cannot differeatiate 

changes in cellular volumes nom changes in interstitiai voiume. Aithough gmimetric 

techniques remaïn the most cummonly useâ method of measuring fluid fûtration in the 

lung, this technique has a numbef of drawbacks making interpretation of data düiïcult. 

Lymphatic Techniques 

At steady state conditious, net nhration is equal to lymphatic flow. Thug lymphatic 

fiow can be used to estimate filtration. This method involves either camulation of a 

major lymphatic or creation of a chronic lymph fishila. 16" The vohunes obtained by 

these techniques have tended to be more vaciable than those obtained by other 

techniques, since t h e  is a possibiüty of contamination of the lymph or Ioss of lymph 

fiom other channels. Furthemore, steady state rnay not have been achieved. Even with 

the use of steady-state data and the anaiysis of responses to increased fluid filtration 

pressures, the interpretatioa of lymph data is difticuit. Drake et d'O5 demonstrateci that 

the lymph coUected ftom the mediasthal node in sheep can be heavily contaminateci by 

contributions fkom systemic sources. This has been found to be especiaiiy tnie ifthe node 

is injured.'06 Investjgators using this mode1 have been carefùl to acknowledge the 

possibility of systemic contamination in the intezpretation of their data. Some 

investigators have ca~uluiated the atIerent lympbatic in dogs to avoid the problems 

associated with modiication of the iymph in the n~de.'~'* los Unfortunately, this is 

technicdy difncuit, has a low success rate, and cm ody be used with acute 



prepiuations-'Og Thus results using lymphatic techniques have ofien been highly 

inaccurate aud variable- 

Hematocrit and Protein Changes 

Attempts have also been d e  to measure fluid shifts beîween plasma and the tissues 

by m d g  changes in piasma proteins and hematocrit.IPm Weiser and Grande (1974) 

published an equation descniing the relatiomhip between fltered volume and hematocrit 

change : 

where Vt is the volume exchanged at thne t, Pv~ represents the initial plasma volume, and 

Hct; and Hat represent hematocrits at the initial time point and time t respedvely. 

Therefore, if multiple hernatocnf determinations are made. filtered volumes can be 

estimateci. This method ciraunvents the problem of stress relaxation as it is independent 

of vascular volume changes. However, it assumes that signiscmt hemolysis, l o s  of red 

ceiis through the vesse1 wall or red ceIl trapping is not ocCUmng. Funhennore, there 

must not be any significant loss of pemisate nom the system, either fkom leakage or 

fkom evaporatioan 



Laser Colorimetry 

Laser colorimetry is used to foilow hematOCCit changes on a continual moment-by- 

moment basis. When a laser (monochromatic light beam) strüces an abject, the beam 

may be absorbed, scattered, transmitted, reflected or it may excite fiuorescence. 

Hemogiobin's absurbance is dependent on oxygen at all wavelengths except 81 5 nm 

(the isobestic point) whexe the absorption of hemogiobin and oxyhemogiobin overlap? 

tbis tedmique, monochromatic light is aimed at the circuit tubig of an isolated 

organ experiment- Transmission of this iight through the solution is govemed by the 

Beer-Lambert law: 

where 1 represents the üght transmitted through the tubing, I. represents the incident 

üght, C represents the concentration of the solute, k is the extinction coefficient of the 

solute to a particular wavelengtq and 1 is the distance the signal must travel through the 

solution. This relationship is complicated by hemogiobin being packed in discnte ceUs 

aUowiag light to pass between red blood cells without absorption (sieving), and by 

scattering of the üght. Fortunately, none of these e f f i s  is of concm as a linear 

relationship exists between hematocrit and log1& Thus an 815 nrn laser colorimetric 

device can be calibrated to measure changes in hematocrit which may reflect Buid 



exchange. More daaü regardhg caliiration and use of this dewice wül be disawed 

later. 

PWONARY PROTEIN FLUX 

Measurement of protein flux across the pulmonary capillary membrane is crucial to 

understanding the pathophysiology of puimonary edema in its various fonns. Human 

studies have documented that the protein content (especidly the ratio to senim values) 

of edema fluid aspirateci fiom the airway or 0uid obtained by bronchoalveolar lavage is 

relatively bigh during adult respiratory distress syndrome (ARDS) compared to normal 

controls and patients with pressweinduced pulmoaery edema.81*n Transvascular flux 

of protein is tbought to occv through gaps between capiilary cellsP and also via 

endothefial celi vesicies? Furthennore, this may be as a result of diffusion (down a 

concentration gradient) or convection (protein may be dragged by the fluid). 

Attempts to measure protein flux have generally been unsatisfactory. Chinard and 

Enns (1954) foiiowed the l o s  of low moleailar weight tracers to estimate endothelid 

integrity in the lung . * Aviado and Schmidt (1957) used 13'1 labeled albumin 

(dintsable) and '*P labeled RBC (nondiffusable) to follow alloxan-induced pulmonary 

edema" Emissions &om the radiolabeis in the lung were counted with a Geiger counter 

inserted in the pleural space. Because of technological Limitations, only one tracer could 

be used in each animal. However, the authors were able to observe an hcrease in "'1 



counts in the lung Occumng agonaiiy, at a tirne when 3 2 ~  CO- were known to Ml. 

They suggested that this reflected increased extravasation of piasma aibumin into the 

lung panachyma ûther investi&ators have reported the tiansfi rates of intravenousiy 

injected radioactive m o l d e s  into the broachdveoiar space and aspiratecl edema tluid 

as a me8sute of alveolocapüiary pameabiiity- &3-8s 

Measurement of lymph protein has also been popuiar despite the required 

assumption of filtered protein, lympùatic protein and interstitiai protein being equaLX 

Attempts have been made to validate this technique. Raj and Anderson determined lung 

interstitial fluid albumin concentration in lambs with hydrostatic puimonary edema and 

wrrelated it wÏth lymph and plasma albumin concentrations.~ Interstitial fluid was 

collected from iaterlobular septal pools and penironchiai, periarteriai, and penvenous 

liquid d s  near the Murn with micropipettes. They found regional Merences in albumin 

wncentrations. Specifically, lympù, periarterial, and penironchial albumin 

concentrations were signincatltly bigber than in the penvenous or kterlobular spaces? 

Furthemore, lymph protein may be a pwr  mearnire of ni as it is argueci that the 

interstitial matrix excludes plasma proteins 60m some regioos of the interstitiai space? 

Lung lymph may also contain protein washed fiom the tissue ~ ~ a c e s . ~ ~ ~  Because lymph 

mu* flow through nodes, postwdal lymph protein may differ fiom the filterd protein. 

Many investigators have used dyes to label plasma proteins to measure th& flux across 

membranesn 

Flux of plasma proteins labeled with Evans blue dye (EBD) may be foliowed with a 

laser colorimeter (spearophotometer) by using two separate wavelengths (815 and 670 



am)? This technique was used in the expaimnt d e s c r i i  in tbis thesis. This technique 

needs finther validation Much of the time and effort on this experiment was used 

to fiirther develop tbis method of foliowiag protein flux 

STARLING FORCES IN TRE LUNG 

The Starling forces in the lung di&r from those in other organs for a number of 

reasoas. The luag accepts the entire cardiac output at much lower than systemic 

pressures. Since the P, in the lungs of ali mammals is in the order of ody 10 cm Hz0 and 

fZ is about 30 cm H20, the net intravascuIar force favours reabsorption of fluid. 

Thus extravdar  forces are important in deteimining steadystate fhid filtration in the 

lung . Overail evideace indicates that the interstitial fluid pressure (Pi) is negative " in 

the order o f 4 0  cm HzO, and is more negative near the extra-alveolar vessels and near 

the top of the lmg. ni has never been directiy mesuecl in normal lung tissue. Its vaiue 

has only been estimateci using many of the models disnissed above and is geaerdy 

thought to be less thaa &. 



ALVEOLAR VERSUS IFtXTRA-ALVEOLAR VESSELS 

The presence of two types of pulmoaary vessels, intra-alveolar (commonly d e d  

dveolar, LAV) and extra-alveolar (EAV), was fint shown by M&cklin30 using burettes 

fled with a latex suspension to separate large fiom smaii vessels. The exact defmition 

and differentiation of the two types of vessels is confiising because they are d&ed 

diffetentiy by anatomists and physiologists. For the purposes of this thesis, the IAVs are 

def'tned as capillaries that are contained within the walls that separate adjacent aiveoli. 

They are sunoundeci by interstitiun that varies in thickness and in the nature and 

content of celis, collagen and elastic fibers. Their c a ü i  decreases with increased 

alveolar As the lung expands, the alveolar pericapillary pressure is less than 

the alveolar pressure (largely because of the smfktant b g  of the alveoli) but higher 

than the pressure surround'ig EAVS.*' EAVS by definition are larger vessels in the 

interstitium (hcluding veins, vendes, arteries, and precapillaries) that are not affected by 

changes in alveolar pressure but do enlarge with lung inflation." Surrounding the EAVs 

is an interstitial space that is bounded by extensions of the fascial sheaths that envelop 

the trachea and esophagus. W~thin tbis space lies loose areolar tissue, collagenous fibers, 

and lymphatics. The alveolar and extra-alveolar interstitial spaces are g e n d y  pictured 

as a continuous pathway for fluid movement toward the lymphatics." 

Figure 1 is a simplified diagramm2itic r e p r d o n  of the alveolar md extra-aiveolar 

vesse1 mode1 used in the expriment d e s c r i i  in this thesis. By definition, IAVs would 

be affecteci by changes in alveolar pressure, while EAVs would be more susceptr%le to 



Figurc 1: Theoreticai model. This diagram depicts a simplification of the alveolar and 

extra-alveolar vessels in the h g 8  Note that d P b o ~  c h g e  in box pressure, 

dPc= change in capillary pressure, and P a k  alveolar pressure. 

2 Changor h box pmrum (dPbox) ahould pnhrontirlfy iffoct 
extr84vwlrr vmel8. 



changes in the int astitium and lung inflation ( i r  changes in the box or pleural pressure). 

HoweU a ai studied the pnsanavolume cbaracteristics of isolated canine lungs wïth the 

vessels containing either dextran (which was pnsent in IAVs and EAVs) or kaosene 

(present mahly in the EAVS)."' They coacluded that the larger vessels (EAVs) were 

enlarged by inaation of the lobe repdless of the vasailar pressure, and the d e r  

(IAVs) were reduced in volume by inflation regardes ofthe vascular pressme. 

Numaws investigatoa have studied the relative contniutions of these vesse1 types 

to edema in the lung. Iaitiaüy, the lAVs were thought to be the major site of fluid flux in 

both hydrostatic and increased penneabiity pulmonary edema, primarily because they 

have a greater surtire area per unit membrane thickness? Staub estimated the vasailar 

d a c e  area of the dveolar vessels to be 10-10000 times that of ail the other pulmonary 

vessels ~ornbined.~' For his thesis, Landolfo @ormeci experirnents ushg the same 

apparatus describesi later in this paper comparing excised canine lobes during two 

filtration periods. The alveolar pressure was maintained at 5 cm H20 for both periods 

while the box pressure (equivdent to decreasing pleurai pressures) was decreased from 

atmospheric to - 10 cm H20 for the nnal filtration period. Weight transients demonstrated 

an increase in weight between the two pe!riods. However, there was no change in edema 

based on wlorimetry. He concluded that increased negative pleural pressures resulted 

in inaeased EAV volume with no change in fûtration- He also stated this was strong 

evidence that the extra-alveolar vessels contributed little to the total t ransvdar  fluid 

exchanged under normal physiologie conditio~s.~ Nonetheless, a number of 

investigators have found th the EAVs contribute significantly to edexna. Using isolated 



canine Iungs, Iüffdemonstrated 63% ofedema fluïd origioated fiom the EAVS." Albert 

et al ushg in srni dog lmgs emb- with beads estimateci that 41% of tiltration was 

fiom the extra-alveolar arteries and 32% nom the extra-aiveolar veins." This issue 

deserves M e r  mdy. 

CLINICAL CONSEQUENCES OF HIGHLY NEGATIVE PLEURAL PRESSURES 

This thesis examines the effkcts of increased negative pleurai pressures on fluid and 

protein flux in the lung. There are two chicai situations where this is important. The 

first (re-expansion pulmonary ederna) occurs when a lung is rapidly re-expanded (with or 

without applied negative pleural pressures). In the second situation, pulmoaary edema 

occurs duriag or following upper airway obstruction. 

Re-expansion Pulmonary Edema 

Re-expansion puhonary edema (REPE) foilowing evacuation of pleural fluid or air 

has beea recognized since 1853. ~ i e s m a ~ l ~ ~  and ~ a r t l d '  describeci cases of 

''albuminous expectoration" foiiowing reexpamion of the chest at the beginning of this 

cenairy. In a review by Mahmood et ai only 47 cases had been repoaed in the world 

iiterature between the years 1958 to 1987. Although REPE is thought to be a rare 



complication, 74v7s there are very fiw studies documenthg its incidence. Rozeamaa et ai 

studied ali patients presenting to thm institution between Iaauary 1986 and Januily 

1994 with a spontaneous pneumothorax. Dirgnosis of REPE was based on classicai 

radiologid fiadings of puimonary edema REPE was diagnoseci in only 3 of 180 patients 

(1.7%)- 74 ûther shidies have documented a higher incidence- In a study by Matsuura et 

al, twenty-one of 146 cases (14%) of spontanwus pneumothorax that were treated by 

thoracentesis or continuous low negative pressure suction drainage (- 12 cm H20) of the 

pleural space developed REPET Their criteria used to diagnose REPE induded: (1) 

clinicai status with a serious cou& foaaring sputum, agitation, tachycardia, and 

tacbypnea; and (2) extemsive ground glass-like shadow in the chest x-ray nIm foilowing 

reexpansion Hosakawa reporteci that they eXpenenced three cases of REPE among 12 

treated cases of spontaneous p n e u m ~ t h o ~ ' ~  and Takamura found a 27 percent 

incidence of REPE in an experimental study." In a more recent paper, Trachiotis et al 

reported an incidence of one case per two years at theû Overail, the 

evidence presented suggests that REPE is a much more common problem than is 

generaiiy appreciated. 

Attempts have been made to identiQ risk fàcton and the etiology of REPE. This is 

thought to be most Weiy to occur when the lung has been coliapsed for three days or 

3637 more, and when lung re-expansion is acamptished rapidly- In the review by 

Trachiotis et al, 83% of cases of REPE were as a resdt of a chronically coilapsai lug 

from a pneumothorax, 83% of the time the pulmoaary edema was on the ipsilateral side, 

6.7% of the t h e  the edema was bilaterai, occasionally the edema occurred only in the 



con tmkd Img, aud 33% of the cases uccurred when re-eqansion was acoomplished 

without p l d  suction? 

Most of the data in the literature cornes fkom case reports with ody a fiw laboratory 

q e r h e n t s  in the litenmue- In one expaùnental paper, Miller et ai found ipsüateral 

puimonary edema withb 2 houn in 80-lW! of moDLeys when a paeumothomx had 

been mahtaïned for three days and whm rapid reexpansion was pafonned using -10 

cmHg suction3' In contrast, puhnomuy edema did not develop if undemater drainage 

alone was appüed der three days collepse or ifthe lung was rentpanded &er only one 

hour of wilapse even if negative p l d  pressure was appüed. Slow re-expansion has 

been suggested to prevent REPE but was not successful in 21 of 146 cases treated by 

Matsuura et al? The rate of REPE has been found to be bigher in the group aged 20-39 

years than other age groups (p~0.001) possibly due to changes ia the lung with aging 

that protect it fkom REPE? Other possible fàctors affecting formation of edema include 

hypoxic puhonary vasacoDstnction and capillary leak, highly negative pleural pressure, 

excessive iatrathoracic suction, rapid inaease in pulmonary blood flow, increased 

pressure gradient between the alveolus and puimonary capillary, disnirbed lymphatic 

flow, destruction of adactant, and possible vasoactive substances (to explain why 

edema occasionally occurs in the opposite hg). 36*' Few of these have ever been 

studied. Paviiu et al suggested that extra-alveolar vessels might leak as non-compliant 

lungs are forced to codorm to the chest ~ a v i t y - ~ ~  In another paper, they found both re- 

expansion and oleic acid-indu& pulmonary edema increased albumin flux across the 

lung3' They concludeci that re-expausioa edema is due to increased puimonary v d a r  



permeabiüty caused by mechanid streses appiied to the hmg duruig reinflatiom 0th- 

have found a bigh protein content in pilmonary edema 0uid d u h g  REPE suggesting 

increased pulmonary capiiiary ~ e a b i i i t y ? g * 6 ~  

The MIlinstay of therapy for REPE remains oxygdon ,  mesludcal ventilation with 

positive end-expiratory pressure, diuresis, and hemoâynamic support." In their series, 

Matsuuni et al aggressiveiy treated their 21 cases with a variety of modalities including 

oxygen, steroids, inotropic agents, sedatives and diuretics without a fatal outcorne.' 

ûthers have used anti-inflammatory and cytoprotective agents such as ibuprofh, indocin, 

and misoprostii to try to prevent the sequelae of REPE." Currently, there are no studies 

cornparhg difEerent treatment modalities. 

The cihical m;uiifestations of REPE can vary signincantiy. In some cases, symptoms 

may be absent and REPE may only be rnanifested by typical radiographie hdings. In 

other case it may be associated with severe cardiorespiratory irmfiiciency and 

ciradatory shock Thne cases of hypotension followirtg rapid evacuation of long- 

standing pneumothorax were reported by ~ a v l i e ~  Cases of fktal REPE have been 

reported in the literstue. FaMing et ai reported a woman with Stage IV ovarian 

carcinoma who died of REPE foliowing thoracentesis." Sautter et al had a sirniiar 

expenence with a 69 year old woman after treatrnent of a spontawous pneumothorax? 

in a review by Mabmod and d a t e s ,  11 of 53 patients (20.7%) with REPE died." 

In view of these facts, REPE should be viewed as a potentidy letbal complication of 

lung reexpansion and warrants efforts to reduce its occurrence and arneliorate its 

conseQuences. 



Puimonary Edema Due to Upper Airwfy Obstruction 

Negatke pressure pulmonary edema (NPPE) due to upper airway obstruction 

(UAO) has also been a poody recognkd phenornenon- The pulmomry sequelae of 

acute inspiratory obstruction was first recognized by Moon in 1927 who demonstrateci 

NPPE in dogs. 42 S w a ~  reported the incidence of pulmonary edema in sudden asphyxia1 

d e a t h ~ ~ ~  and later d e s c r i  pulmonary edema in nine of ten rats strangied to de&" 

Although Oswald is aedited with the 6rst case report of NPPE due to UA0 (1977),~' 

others had d e s c r i  "heart fdure" in chüdren with chronic upper airway obstruction 

(e.g. enlarged ton~ils).~ In a raiiew by Willms and Shure (1988), only 26 cases were 

identifieci in the üterature." Since that tirne there has been a dramatic increase in the 

number of case reports as this complication has become more recognized. In addition to 

the above causes, the list of inciting causes of UA0 resulting in NPPE is long and 

iacludes the followhg: laryngospasm, endotracheal tube occlusion, croup, epiglottitis, 

goitre, asthma, tomillitis, tumow, foreign body, vocal cord paralysis, aaomegaly, and 

sleep apnea.4s4gs-589*~92 NPPE due to UA0 is thought to be more common in children 

because of a more cornplimi chest wall with 85% due to croup, epiglottitis and 

laryngospasm. O v e 4  laryngospasm after extubation appears to be the most cornmon 

cause in the litemture." Olsson and Halien reviewed 136,929 patients that underwmt 

anasthesia." They noted an incidence of laryngospasm of 8.7 per 1000 patients 

receiving general anesthesia. This places a large population of patients at risk for NPPE. 



The incidence of this compliC(dion is uaderestimated. Tami et ai found 3 out of 27 

(1 1%) patients with UA0 developed NPPE ", compared to 3 of43 (%) a and 4 of 34 

(1 2%y9 in other reviews. 

The pathogenesis of NPPE due to UA0 remains contr~versial~ Most of the data are 

f?om case reports and clinicai series with little or no errpaimental or clinical data to 

collaborate theories regarding the pathophysiology of this problem Most authors have 

hypothesized that the development of NPPE is dincuy or indirectly a wnsequence of 

the extremely negative pleurai pressure generated during inspiration through an 

obstnicted airway. 4'n34 The proposeci cotlsequences of extremely negative imrapleural 

pressures include decreased pulmonary (per ivdar)  pressure, 45*nJ4JS increased venous 

r e m  and puimonary hyperemia, altered right and left ventndar hction, 

49$3,54,S6 and altered capüiary permeabii. 4537 Other factors that may conm%ute include 

hypoxic damage to p u l m o w  capillaries, hypoxic vasoconstriction resulting in increased 

puimonary capillary pressures, increased sympathoadrenergic activity with peripheral 

vasoconsaiction and inmeased venous reaua, and altered lymphatic drainage. 49,54,57,58 

The normal mean pleural pressures are -8 cm &O during inspiration and -3.4 cm 

Hz0 duMg expiration decreasing to -54 cm Ha during forced inspiration against a 

closed glottis.63 Pleural pressures during asthma have been estimateci at -51 to -67 cm 

~ f l . ~  Even more extreme pressures can be developed with maneuvers such as chest 

tube stripping leading to 400 cm Ha in the pleural space." A patient witb severe 

airway obstruction fighting for air can produce very negative pleurai pressures. 



NPPE bas often been found to occur aAa relief of upper aüway obstruction, 

Expiration against a partiaüy occiuded airway is thought to resuit in iatriasic posaive end 

expiratory pressure (auto-PEEP) which tends to mask or oppose NPPE." Rdief? of 

obstruction may resuit in los of auto-PEEP resuiting in puhaonery edema Increased 

intrathomic pressure during expiration may decrease venous retum wbich cm inaease 

dramaticaîiy following relief4' 

Hyperinflation of the hiags with UAO was recognized by Masa-fienez et al." 

Ahhough not mentioned in the clinicai üterature on NPPE, increased lung volumes have 

been shown to result in decreased extra-alveolar perimicrovascular ~ressure? This 

couid potentially result in increased filtration Eom the EAVs. 

The cardiac &kas of UA0 were studied by Buda et al .n They found that negative 

pleurai pressufes resulted in decreased ejection M o n  and increased left ventricular end 

sy stolic volume which favoured increased puimonary capillary pressures. Robotharn et 

al found that dogs subjected to the MueIler maneuvre (iipiration agaiDst a closed 

glottis) had increased left ventricular Thus in vnto cardiac e f f i s  are 

Siely to be important for the formation of NPPE with UA0 in the chical  situation. 

Laboratory experiments looking at the effects of negative pressures have been 

inconsistent. Hansen et al snidied 2-4 week old lambs with lyrnph fistuias over a 2 

hour baseline pend foliowed by 2-3 hours of inspiratory obstnictio~~ They found no 

effèct on lymph flow or protein concentmtion They concluded that any increase in 

interstitial pressure was offset by a decrease in miaovascular hydrostatic pressure, so 

that pulmoaary edema ia the clinid d g  was most ükely due to hypoxia-induceci 



~ 8 ~ 0 ~ 0 ~ c t i o n  or left ventn*& dysfiuiction. Unf~rtunately~ their study bas aii the 

problems m e d  with lymph fishila snidies (such as loss of edema Buid through 

lymph cbannels that bave not been crurnulated)- Furthemore, filtration may bave 

increased without a change in lymph fiow if 1ymphMic flow is disturbed by negative 

intrathoracic p ~ e s . 4 g ~ J 7 3 8  Landolfo studied isolateci dog lunes uskg the 

colorimetric technique descri'bed in this thesis and fouad that increases in negative pleural 

pressure resuited in inmeases in extra-alveolar v d a r  volume, but did not change 

fihrationso In contrast to these two studies, Smith-Etichsen and Bo found an 8-fold 

increase in pulmonary ederna when intrapleurai pressure decreased 5 cm H P  against a 

closed glottis." Furthemore, when Aigren et aï " subjected 7 dogs to inspiratory 

obstruction for three hours, six dogs developed histologic evidence of pulmonary 

vascular congestion, of which four developed histologic pulmonary edema Mean 

inspiratory uitrapleural pressure was -28 mmHg in dogs with pulmonary edema. AU dogs 

had an increase in central venous pressure- Dogs with pulrnonary edema aiso had 

decreased cardiac output and decreased alveolar ventilation. They concluded that the 

pathogenesis of puimonary edema in UA0 remaias unceriain and that M e r  

studies are needed. Since that the7 üttle has been added to our knowledge of 

this problem. 

Iust as much of the fiterature grossly underestimates the incidence of this 

complication, its treatment has not been weii ~utlined.~' Relief of the obstruction 

should be the first step. Intubation with mechanical ventilation is uot>aliy requifed, often 

also requiring positive end expiratory pressures and big. In milder cases, oxygen 



without intubation may be aU tbat is rsquned- Diwetics and steroids are fiequentiy used 

but th& role is unproven? Cmdio- instabiiity may r d t  with nüef of the 

airway obstructio~~~~ Thus the chician must be awan that the patient may deteriorate 

aAer relief of the obstruction and require hemociynadc support. 



During his surgical residency the author was exposeâ to several patients with either 

re-nrpausion puimouary edema or negative pressure puhonaty edem due upper airway 

obstruction. This lead to an interest in the pathophysiology of NPPE. The possible 

causes discusseâ in the literaîure have k e n  presented eariier and inctude changes in the 

hydrostatic forces, hypoxic pulmoaary vasoconstriction, rapid changes in pulmoaary 

blood flow, disturbed lymphatic flow, destruction of sudiactant, secretion of vasodve 

substances, mechanical stress Mure of the capillaries, and altered ventricular hction. 

Very M e  experimental evidence Sests to support that any of these factors are important 

in the pathphysiology of NPPE. An e x p e r i m d  preparaion is d e s c r i i  that can 

examine the e s  of interstitial forces on an isolated lobe and can fïnd out if negative 

interstitial pressures c m  result in increased filtration in the absence of hernodynaniic 

changes or tissue hypoxia. Changes in pleural and intemital pressures may result in both 

increaseâ filtration and v d a r  volume changes that cannot be differentiated with 

weight transients. The 815 nm laser was used to help measure filtration independent of 

v d a r  volume changes. Since changhg the transvascular pressure could result in 

stretching of tight jmctions and a change in pemeability of the vessels, a method of 

following permeability to protein was required. Ideally the technique should be simple, 

accurate and could be used on-iine with the 8 15 nm signal. The method using the 670 nm 

laser colorimeaic technique had show promise with unpublished data in our laboratory 

and was chosen to follow protein flux. 



The w e n t  consists of three groups. Changes in filtration in any of the groups 

couid be due to changes in hydrostatic pressure, changes in surfke area of the filtering 

vessels or changes in permeabüity (which should also d t  in inaeased protein los). 

The first group is a contml arm to look at time related changes. Isolated organ 

experiments are inberently unstable over the long term so that possible time related 

changes must be looked at. Based on previous eqmience with this prep8tationS0 we did 

not anticipate sigrificant changes in the preparation during the time course of this 

experiment. This group is compared to itseifduring two nitration periods and also to the 

two intervention grwps. In the second group of the scperiment, increased negative 

pleurai pressure is applied to the lobes with constant airway pressure. This shouid 

decrease the interstitial pressure in the extra-alveolar space but have less efièct on the 

alveolar space. Aithough the experimeatal evidence looking at the efféct of increased 

negative interstitial pressure has been c ~ a t r a d i c t o ~ ~ ~ ' ~ ~ ~ ~ ~ ~ ~  , an increase in pulmoaary 

edema was anticipatecl primarily fiom the EAVs. Clinical experience with NPPE had 

suggested a capillary leak problem~4sJ7 Changes in capillary permeabiiity due to leak 

fiom tight junctions bas not beai investjgated as weU with highly negative interstitial 

pressures as it bas with increased capülary pressures. In the third group of the 

experiment, capülary pressures were increased resuiting in a change in trmmascular 

filtration pressures affectiag both EAVs and IAVs with an anticipateci increase in 

filtration. Despite the equal change in transpulmonary pressure between groups 2 and 3, 

a greater change in filtration was expected with group 3 since EAVs and IAVs were 



&ecteded No change in capiIlary pameabüity was expected with the increase in the 

capiüary pressure to 25 cm Hfi as &as been seen with higher p r e s s u ~ e s ~ ' ~  

METHODS 

Animai prepmation 

Adult mongrel dogs of either sex weighing baween 15 and 25 kilograms were used 

for the study. University Anmial Care Cornmittee approveâ protocols were foliowed and 

aii animals were managed by CCAC guidelws. Twenty-four hours pnor to the 

experiment each animal received an intravenous injection of Evans blue dye (EBD, 10 

mgkg) to label plasma proteins. Prior to the experiment the dogs receRred intravenous 

pentobiirbital in a dose of 30 mgkg for anesthesia and were intubated and ventilated 

with a Harvard apparatus respirator (15 mVkg at 16 breaths per minute). The fernord 

artery was camulated with N tubing for lata exsanguhation to collect blood for the 

circuit. Paralysis was achieved with intravenous succinylcholine (20 mg), and a 

thoracotomy was perfiormed through the left faui iaterspace. Mer heparinization 

(400U/kg), the lefi lower lobe pulmonary artery, vein and bronchus were cannuiated. 

The animal was exsanguinated with the blood coiiected for use in the circuit. The lobe 

was then supponed on a mesh trampoline with the Mum in the dependent position as in 

Figure 2. The lobe was additioaally suspended using M G  pads a5ced to the surface of 

the lobe with cyanoaaylate adhesive. A suture was attached to each pad and the lobe 

was loosely wrapped in plashic. The entire preparation was then suspended fiom a 



Figure 2: The excisecl c - e  left lower lobe prepglgtion @rhr=alveolar pressure, 

Pparterial raanuia pressure, Py=venous cannuia pressure, Ph= appüed 

uegative box pressure) 

1. The dog ia ghmn €vansr #in to kbel plrrmr proteln8 24 M u r  
pdor to ewicIsi011 of VN kft IOYIC lob. 

2. ma @JCCkW 18 p r l u ~ d  wim b100d and ~ b j r c ~ ~ d  t~ 
eXp.iimeWaI condltlonr. 



Stnthsm force tnnsducer for wntinuous weight determination and placed in a 

humidified airtight box thet was coastructed to house the entire preparatioa Ports were 

coastnicted oa the box to dow force tmsducer measwement of weight cbanges, 

artmial, venous, and airway camnilas as weli as box pressure. The lobar plainl pressure 

was manipulateci by the application of suction to the box A box pressure of -5 cm Hfl 

(pleural pressure) was used for al1 lobes during the baseline period and then altered 

according to the protocol. The force transducer was co~ected to a Validyne CD49 

carrier demoddator and the signal displayed on a Brush Gould 260 oscillographic 

recorder. Data was also transrnitted to an attached PC computer wery 10 seconds. 

Rates of edema formation were caltadateci fiom the hear portion of the w e  

usudy startiag 10-20 minutes hto the pemision lasting to 50 minutes (see Figure 5 in 

the redts). The branchial annula was attached to a humidifieci oxygen source (10W 

9) with an ahreolar pressure of O cm HzO. Lobar arterial and venous pressures were 

continuously measured with Validyne MP45-1 gauges with al1 signals displayed on the 

recorder and computer. The perfusion circuit consisteci of a singie reservoir of adjustable 

heigbt to which the venous m u l a  was attached. This allowed modulation of the venous 

pressure (Pv ) and thus the resulbng capillary pressure (Pc) according to the following 

equation: 



whae P. is the arteriai canada pressure- A Mastdex Digistahic pump (model7021- 

20) was used to retum b I d  to the lobe at a constant rate of 100 mUmh The b l d  

went through a heat exchanger set  at a constant 37OC prior to a ramaopore fiiter and 

retunuPg to the arterial csmuila The c i r d  tubhg went tbrough a device called a 

cuvette which coatajned 815 and 670 nm k diodes and detectors- Transmittance data 

went to the recorder and cornputer. The change in voltage was used as descn'bed 

elsewhere to calculate edema based on the 815 nm signal. Rates were calculateci fiom 

the linear part of the curve (see Figure 6 for data fiom a typical experiment based on the 

8 15 nm signal). Data nom the 670 nm signai combined with the 8 15 am signal were then 

used to estirnate protein concentration changes and thus CFKP (the ratio of filtrate to 

plasma protein concentrations). Figure 7 in the results section shows the blue labeled 

protein concentration data for a typical Group 2 srperiment. 

The lobes were then transiently inûated to 25-28 cm H a  to reduce atelectasis. The 

lobes were then allowed a period of stabiiization (30 minutes) with P,=û cm H20. This 

redted in a P. of about 10 cm Hfi and a P, of about 2 cm Hfi. The box pressure was 

-5 cm Ha. The laser signais were then calibrated as d e s c n i  in the section on 

calibration. 

The Laser Colorimetric Device 

The laser colorimetric device was designed and built to accurately follow changes in 

hernatocrit and protein concentration on-üae with idated organ experiments. Figure 2 



shows the excised Canine left lower lobe preparation used in this experiment. TWO laPa 

diodes are placed in the cuvette surrounding the circuit tubing with detestors opposite 

the laser sources. The 815 nm (isobestic point) laser is used to foUow changes in 

hematacrit. As edema forms in the hemo@sed lung lobe, the concentration of red 

cells wiil ïncrease in the circuit as they are largely arciuded fkom the filtrate. This resuits 

in demasid transmittance of the signai, which is measured as a chaage in voltage at the 

detector, as d e s c r i i  by the Beer-Lambert law (equation 3). Equation 2, introduced 

e a r k  in this papa, relates hematOcnt to fluïd exchange. Changes in hematocnt foliowed 

by the 815 am signal d o w  acauate rneasurements of transvascular fluid exchange. 

Validation of this technique has been pubiished by Hancock et aLL0 The second laser 

diode is at 670 am, a wavelength that is absorbed by the Evans blue dye (EBD) labeled 

protein and also by hemoglob'i. If the hemoglobin effects are removed by usiag data 

from the 8 15 nm signal, the 670 nm signal can be used to foliow changes in EBD Iabeled 

protein in the circuit. Wgght transients, plasma hematocrits, protein concentrations and 

colloid osmotic pressure were measured to compare to the data from the two signals. 

Calibration of the Laser Signal 

The laser signal was initially allowed to stabilize to a steady drift fiee signal over 

thirty minutes. Three five ml aliquots of plesma were obtained by centrifûging blood 

obtained from the dog . The dog had received Evans blue dye 24 hours pnor to plasma 

collection. Thus, the plasma proteins were labeled with the blue dye. A series of three 



boiuses were introduced into the circuit via the m o i r  resulting in dilution of the red 

dis, but not the EBD iabeled proteinS. The eiEa of these three boiuses on the 

logaritbm of the 815 mn signal over the 20 minute caliiration period can be seen in 

Figure 3. It should be noted thst cbanges in the 815 and 670 nm sigaals &er these 

boluses are entirely due to changes in the red ceil concemtration. This kt is used later in 

caliïration for following protein concentration changes. Since the diiution of the red ceiis 

is equivalent to fiuid resorption, changes in the 815 mn signal muid then be used to 

estimate tluid exchaage. A regression eqyaîion was then made relating the equivalent of  

the fiuid exchanged (O, 5, 10, and 15 ml) to the mean logadun of the 8 15 am signal at 

the respective four time points @rior to the tirst bolus and foiiowing stabüization of the 

signal after each bolus). The following regression equation was obtained: 

QQ = log (8 15) X 8 1 5 4  + constant (4) 

where Qcr represents volume exchanged based on the 81 5 nrn signal, log(8lS) is the 

logatithm of the 815 am signal at any point in the, and 815cal is the slope of the 

regression liw. The hear comlation was exceilent in aii cases with R~ in the order of 

0.99 or greater- This calibraiion technique aliowed on-line changes in bernatocrit to 

determine fiuid filtration. Experiments to validate this technique are descni  

elsew here.50 

Another &%ration produre  was then performed to foilow EBD labeled protein 

concentration changes in the &cuit. Firot ofall, a second linear regression was done 



Figure 3: Calibration of the 8 15 mn signal. This calkation involves giving three 5cc 

boluses ofthe dog's plasma Iabefed with Evans blue dye. These boluses change 

the red blood ce1 conCrneetion without affkcthg the concentration of 

the blue labeled proteins. The inset depicts the regression cuve obtaiaed 

nom the caliration, which ailows accurate measurement oftranwascuia 

fiuid exchange- 



relating the logarithm of the 670 and 815 am sigaals h m  the EBD IabeIed p b  

boluses as follows: 

where RATIO represents the dope of the regression hee Exceiient linear correlation was 

present in ali cases. Since these boiuses ody affect the red cells, this equation relates the 

red c d  contriiution to the 670 mn signai. Then three 5cc boluses of 5% human senim 

albumin @SA) were added to the circuit as shown in Figure 4. This resulted in changes 

in concentration of both the r d  blood ceils and EBD labe1ed protein To find the efféa 

on proteim, the r d  c d  effects need to be removed from the 670 nm signal. The red ce1 

contribution to the 670 nm signai was calculateci by substituthg the new Iogarithm of the 

8 15 nm signal ( d e d  P81S) into equation 5 for each of the new boluses. This was 

termed Logadj670 and resuits in the followhg equation: 

logadj670= RATIO X log(P8 15) + constant (6) 

The red ceU contribution to the logarithm of the 670 nm signal (logadj670) was then 

subtracted fiom the logaith of the 670 nm signal obtained followiag the HSA boluses 

(logP670) according to the foiiowing equation: 



Figure 4: Cd'brating for Evans blue labeled protein, Three boluses of 5% HSA are 

administered over a 20 minute paiod. The 670 ami signal as shown is 

afkted by red blood ce11 and blw labeled protein concentration 

changes. The red ce11 contniution must be removed fiom the signal 

prior to the caüiiration regession shown in the inset- 



where BLU670 represtmts the blue b l e d  protek changes co~~tniiution to logP670. 

Sime the circuit volume (250 ml p l u  approximately lScc of blood in the lobe prior to 

the start of @sion) and the hematocrit are biown (eom samples h m  h m  the 

reservoir) plasma volume (V,) can be calcuiated: 

where V, is the circuit volume. If an arbitmy concentration of 100 units is &en as the 

initial protein concentration prior to the HSA boluses and we ignore the small 

contribution of the HSA to the proteh in the circuit, the protein concentration (CP) 

folowing each of the three 5cc boluses caa be d d a t e d .  I f  a linear regression of 

BLU670 and Cl? is done excellent correlation is obtained according to the equation : 

CP= BLU670 X BLUCONC + constant (9) 

where BLUCONC is the dope of the regression iine. Changes in 815 and 670 nm signais 

can then be used to foUow plasma blue label4 protein changes durhg perâlsion of an 

isolateâ lung lobe. If the volume filtered across the lung is known as weli as the changes 

in CP, then the concentration of  blue labeled protein in the filtrate (CF) can be 

calculateci: 



whae t and t+l are two t h e  points, PV is the plasma volume and CP is the protein 

concemuion ofpiasrna. The ratio CFICP is ofien used to estimate capiilary leakage of 

protein as a high concentration of protein in the nltrate relative to plasma usually 

constitutes a permeabüity pmblem. 

By carefûîly foliowing this dbrahon procedure the device ain be used to not only 

detect small changes in hematocrjt but also changes in protein in both the plasma and 

ûitrate. 

Filtration periods 

Arterial blood gases (ABG), hematocrits, colloid osmotic pressure (COP) 

measurements, and plasma protein levels were dram seriaüy at baselïne and foliowing 

each intervention. Equation 2 allowed caiculation of filtered volumes on the basis of the 

hematocrit change. This was used as an attempt to validate the laser dorimetncally 

derived data. Changes in colioid osmotic pressure and plasma protein concentration were 

useà to validate the colorimaric protein data. 

Following the period of stabiliuition the venous resemoir was r a i d  to achieve a 

capillary pressure of 15 cm H20. Each lobe was perfused for a 50 minute b a s e k  perîod 

with P. =15 cm H20, Ph =5 cm H20, and P*=û cm HP. The lobes were assigneci to 



one ofthree groups (pl2 for ach group) wah a second 50 minute pafusion perïod as 

foilom: Ciroup 1 (control) with P. =15 &O, Ph =-5 cm HzO, Group 2 with PS=15 

cm HzO, P b  -15 cm Ha, and Gmup 3 with P,=25 cm Ha, Pb. "5 an H20. Note 

that for groups 2 and 3 the trrmspulmonary pressure was i n d  fiom 20 to 30 cm 

H20 in both capes although ôy d i f f i  mechanisms. From the simplified mode1 of the 

lung in Figure 1, it can be seen that chsages in PE shouid afféct alveolar and extra- 

alvdar vessels e q d y  . Changes in P h  wodd be expected to affect only the extra- 

dveolar vessels as this pressure change wodd not reach the alveolar vessels that are 

subjected to the alveoiar pressure which bas not changeci. 

Any blood loss fiom the lobe was coiiected and measured at the end of the 

experimmt . 

Statisticai anaiysis was performed using commercial software (WINKS, Texasoft, 

Dallas* Texas). Data are preseated as the mean f standard eror of the mean (SE). A 

sipificance level of less thaa 0.05 was chosen for ail cornparisous. When appropriate, 

paired t-tests were used for analysis. For multiple comparïsons, where appropriate, two 

way repeated measures ANOVA was used with Newmatl-Kds Mdtipie Comparisons. 



There was no diffkrence in dog weights ktween the groups (19.58H.91 M. 

l9.58H.43 W. 19.25M.70 kg for groups 1 to 3 tespectively). Mean blood loss nom the 

lobes wes 15.42S55 ml vs. 20.17S.93 ml W. 20.4=.65 ml respedvely. This los 

was not different between groups. 

Figures 5 to 7 show some of the typicaf data obtained during the aperimeats. In 

Figure 5, change in weight of a typical control lobe is followed over time for two 

filtration periods. The rapid weight gah seen in the first fsw minutes is due to an 

increase in the capülary pressure (P,) &om about 2 cm H20 to 25 cm Hz0 at the start of 

the initial fütration period nsulting in rapid weight gain fiom vascular volume changes. 

This is foilowed by a period of relatively constant period of weight gain which is 

interpreted by many investigators to represeat transvaScuIat fluid fiun Figure 6 

demonstrates the tranmascular fluid flux (edema) based on the 8 15 nm laser colorimeter 

for a typical group 3 experiment The dope of the ünes estimates rate of fiuid flux which 

is b a r  for the two filtration periods. Note that during the second filtration period the 

box pressure had been decreased to -15 cm HzO resulting in an increased rate of 

fltration. Figure 7 depicts changes in the relative concentration of blue labeled plasma 

protehs (RCp is the concentration relative to a baselhe of 100 ) over time for a group 

2 experirnent. Note that the concentration of proteins is relatively constant during the 

initiai filtration period with a slight increase in concentration over t h e  at the more 

negative box pressure. 



Figure 5: Data fkom weight transienîs- This is fiom a typical contr01 a<periment 

(Group 1). Foiiowiag the initial rapid weight change in the initial 

fiitration pericxi, weight changes are considered to represeat tnuwesnilar 

fluid flux, 

INITlAL 50 MINUTES s 



Figure 6: Fiuid filtration b d  on the 815 am signai. This represents fluid exchangeci 

during the two filtration periods for a typical Grwp 3 a<paiment. This 

aiiows accurate continuous measurement of t m m a s a h  flwd exchange. 



Figure 7: Blue labeled protein cou cent ratio^^^. Rcp npresents the relative concentration 

of blue labeied piasma protein Tbese data are based on the 815 and 670 

~1 signais for a srpical Group 2 experiment. This aiiowed continuous 

rneamrement of plasma and filtrate protein concentrations. 



period 1 
GROUP 1 1 1-03 1f0.100 

Table 1. Summary of fiitration rate data Sigdicance is based on paired t-test wmparing 
initial and final filtration perïods. See text for d d s  regarding cornparisons 

(Pb=-1s) 
GROUP 3 

( P c = u )  

0.763S.064 

0.875f0.093 

0333S.071 

CHANGE IN COP ( uni& 
Pet bout) 

CF/CP BASE' ON LASER 
C0LORiMETR.Y (averaged 

Filtration 

Table 2. Sunmiary of protein data. Significance is based on paired t-test cornparhg 
initial and fimi filtration p r i o d s .  See text for details regarding comparisons 
between methods. 

j%0.001 
L.83W. 188 

fl.001 

CF/CP BASED ON 
PLASMA PROTEIN 

GROUP 1 
(conmi) 
GROUP 2 

, ( P b a ~ = - w  

GROUP 3 

0.43 1a3.100 

overeach nitration period) 
Initiai 1 Final 

0.381S.048 

1,176M.073 

l.l43M.O!lO 

1.099M.091 

O-568a.088 

MEASUREMENTS 
Initial 1 Final 

O.%6iû.O6 1 

pQ-001 
0-8 16M-O87 

pQ).OOl 

rnitial 1 F i  

1.041f0.069 
NS 

0.921f0.034 
m . 0 5  

0.914f0.033 

0.745f0,086 

l.Oo4fO.3 16 

1.032îO.259 

1.515iO.283 

pa.0 1 
1.062Io.Iî6 

NS 

1,244I1.430 
NS 

O.6QtfO. H l  
NS 

l.443M.3 14 

0.23 k099 

O.S2lkO. 109 

O.536IO. 115 

0 .578~ .  130 
NS 

O.848f0.107 
m.05 

0.874f0.064 



Gmup Group Group 
1 2 3 

O Initial 
El! Final 

Figure 8: Filtration rates based on weigbt traasients in mVhour/gm lobe dry 
weight. Data are mean with standard error. 



O Initial 
fiii Final 

Group Group Group 
1 2 3 

Figure 9: Filtration rates based on 815 nm signal in myhr/gm lobe dry weight. Data 
are mean with standard etror- 



Group Group Group 
1 2 3 

Figure IO: Filtration rates based on hematoctit changes(ml/hour/gm 
lobe dry weight. Data are mean with standard =or. 



WT IR HCT 

Figure 11: Cornparison ofedema based on weight transients(WT), 
laser dorimetry @I), and hematocrit (HCT) in mUhaii./ 
gm dry lobe weight averaged across al1 groups. There is 
a significant difbrence between al1 three groups @<O.OS). 



Figure 12: Cornparison of edema based on weight transients (WT) 
and laser wlorimetry @C) during the initial perfusion period 
averaged across al1 groupsin ml/hour/gm lobe dry weight. 



The initial baseline measumnemt of filtration did aot differ betwcen the thne groups 

regrirdless of the rnethod of determination (see Table 1). U s h g  weight transients, the 

filtration rate during the initiai @ai exceeâed the fiaal period in group 1 lobes (see 

Figure 8, pc0.05). Weight trausients consistently signifïcantiy exceeâed det ermkatiolls 

based on coloriaaetry and hematocrit (sa Figures 8 to IO). The overall fiitration data 

combineci for both @ods for each method W fÙcther sunimariad in Figure 11 again 

demonstrating that weight transients overestimated edema relative to the other methods 

(pCO.05). This was especiaüy evident during the initial nitration period. To increase the 

power ofthe cornparison, rates caldateci during the initial filtration period for al1 lobes 

are compareâ using weight transients versus colorirnetric data Pigure 12). This 

demonstrates a large difference between the two methods with weight transients 

exceeduig laser colorimetric data. A more negative box pressure (Group 2) resulted in a 

dramaticaiiy inad rate of filtration using any method of determination and exceeàed 

all other groups @<O.OS by two way repeated measures ANOVA), as shown in Figures 

8-10. An increase in capillary pressure r d t e d  in a less ciramatic but nonetheless 

significant incrase by colorimetry and weight d e n t s  @<O.OS by two way repeated 

measures ANOVA) but not by hematocrit change. 

Data on protein concentration change reported as CFKP is smmarked in Table 2. 

CFICP did not âiier sigdicantly between groups 1 to 3 during the initial filtration 

period when anaiyzed by ANOVA using colorirnetry or plasma protein concentrations. 

In control lungs, there was no diffaence between initiai and hl filtration periods. 



B a d  on laser colorimetry, group 2 and p u p  3 lobes had a decrease in CWCP during 

the final nItration period (p<O.OS). Thae was no düièmce between group 2 ard group 

3 CF/CP during the final bütraton period. No dïlErences muid be detected between the 

groups using protek rneasuremerits. COP hcreased sigdicantiy between initial and final 

filtration paiods in group 2 and 3 lobes. 

The ABGs confirmed adequate oxygnattion of the preparation to eüminate the 

possibility ofhypoxia affectiag the results. 

Discussion 

Laser colorimetry is an elegant way to follow fluid and protein exchange in this 

isoiated lung preparation. It caa be used to accurately foliow changes in fluid filtration 

moment by moment ushg an 815 am laser diode. Filtration rates between the two 50 

minute paiods in control lobes were very consistent. There were no signifiant tirne 

related changes with respect to filtration or colocimetric CFKP between the initial and 

tinal filtration periods. This demoastrates that the lobes were quite stable for the duration 

of the experiments. The initial filtration period for each group acted as a futher control 

dernomtrating no differences during this thne between the gmups. We then used this 

technique to observe dinerences between isolated lung lobes subjected to an equal 

change in transpuimonary pressure by either decreasing pleural pressure (group 2) 

siiulating nwtive pressure pilmonary edema (such as with upper airway obstruction 



or lung -on), or inmashg capiîîary pressure (group 3) simulating hydrostatic 

pulmonary edexua seen with &srt Mure- 

In group 2 lobes, the negative pressure in the box was decrraPed bom -5 to -15 cm 

H20 SMUlating the change in p k w l  pmsures seai with negative pressure pulmomy 

edema. As was stated d e r ,  nonnal mean pleuraî pressures are about -8 cm Hz0 during 

inspiration and -3.4 cm Hz0 during expiration." 'I'hus the mean pleural pressure 

approxhates the pressure used during the control period. Since pleural pressures of -54 

cm H B  have beea me8sufed durhg forced inspiration against a closed glottisP3 the box 

pressure of -15 cm HD was a faiS small change. This change in box was chosen to 

match the change in transpulmonslfy pressure in group 3. The magaitude of change in 

group 3 was chosen to rninimize the chance of developing a penneabüity leak whiie still 

expectiDg an increase in Buid filtration The decrease in box pressure can result in not 

oniy changes in hydrostatic interstitial pressure but ais0 an increase in lung volume. By 

definition the hydrostatic pressure change shouid preferentiaüy &kt the EAVs. As the 

alveolar vesels are genery thought to be the main filtering unit in the lung, a relatively 

s d  increase in fiitration might be expected widi this intervention, especially with tbis 

king a srnail change comparecl to changes in pleurai pressures in clinicai NPPE. 

Surprisingly, this tesuiteci in a very drarnatic inaease h filtration fiom a baseline of 

0.420 to 1.383 mi/hr/gm dry lobe weight by laser colorimetry exceeding the results 

obtained for group 3 lobes. How can this be explsllied? F m  the time of the studies by 

Bowditch and Garland (1879)lo3 there bas bem awdy complete agreement that inflation 

of the lungs with negative pressures with vascular pressures constant relative to alveolar 



pressure causes an increase in puimonary blood volume. The evidence suggesis that the 

increase in volume is largely in the EAVs. The traasmurai prrslains of the EAVs 

inaease both because of the rise in vasdar pressure relative to p l d  pressure and the 

fàü in net stress on the outer mrfkce of the EAVs, hrzackiia observeci that the diameter 

and lemgth of the iatrapareachymai vessels (EAVs) hcreased with lung W O ~ L ~  These 

findings were c o b e d  by Howell et al who also found that variations in the extra- 

alveolar vascular pressure-volme behaviour with lung da t ion  iudicated t h  the 

mounding lung pareachyma apptied axiai end radiai stresses on the EAVS.'~' Thus 

increased negaîive pleurai pressures resulting in increased lung volumes will ultimately 

increase the d a c e  area of these vessels. The pressure-volume relationship 

(cornpliance) of the interstitiun surromding vessels is also a major determinant of lung 

fluid balance? The interstitial comptiance around the EAVs is thought to be much 

higher than in 0 t h  parts of the luag.w There is evidence to suggest that increasing lung 

volume with increasingiy negative interstitiai pressures makes the interstitial space more 

cornpliant? 

To 6nd out if changes in filtration rates were causeci by permeability changes we 

looked at protein flux with the 670 nm laser. CFKP had a small but siBpificant decrease 

fiom 1.143 to 0.92 1. This p d e l e d  the change seen with group 3. Thus, mder these 

conditions, increased negative pleural pressures resulted in a large increase in filtration of 

relatively protein poor filtrate, wbich contradicts some reports which measured proteins 

in edema %uid of patients with negative pressure pulmoaary ederna. 38,39,66,67 ûur data 

suggests that this inmeme in filtration is not due to a capiilary leak problem Instead, it is 



likeiy thit the cbmge in p l d  prrssuns d t e d  in an inaease in lobe volwne (the lobe 

was not d c t e d  nom a p m c b g )  with a subsequent inneese in surîkce ares of the 

extra-alveohr vessels as resuit of distentioa of previousiy nltering vessels audlor 

recruitment of pmriously wlhpsed vessels. If* were the sole expIanation, then C F / P  

shodd have rem8Ù1ed constant as a change in mhce area wül not change the relative 

amounts of 0uid aud protein flux uniess there is an injury to the membrane (which would 

r d t  in an increase in CFICP, not a decrease). Because CFKP decreased s i~czu l t ly ,  

hydrostatic forces must a& have bad an &ect on the filtering vessels as increaseû 

hydrostatic forces wiU d t  in excess fluid filtration relative to protein (unless very bigh 

hydrostatic pressures damage the filtering vessels). 

The third group of lobes was done to compare the group 2 lobes to a hydrostatic 

group with repect to filtration and penneab'ity characteristics. Group 3 lobes had an 

increase in filtration fiom a baseline of 0.38 1 to 0.8 16 mVhr/gm dry lobe weight by laser 

colorimetry. This intervention would be expected to have an quivalent effect on alveolar 

and extra-alveolar vesseis. Increased capülary pressure pulmonary ederna may result in 

stretching or disruption of endotheliai membranes or intraceliular tight junctions and thus 

affect pemeability to proteid* We did not expe!ct this to ocair at the capiliary 

pressures used in this acperiment (15-25 cm H20). West et al found that in anesthetized 

rabbit lurigs stress fdure did not ocair until capillary pressures exceeded 40 m m t ~ ~ . ~ ~ ~  

Since incnasing capiUary pressure ( i i  the range used in Group 3) should not result in a 

capillary permeability problem, it would be expected that as more 0uid is filterd it 

would be relatively protein poor compareci to the badine period. This is in fact borne 



out by a small but si@cant change in CF/CP h m  1.099 during baseline to 0.914 as 

obtained by laser coIorimetry duriilg incmsed cspiIlary ptessure. 

Attempts were made to validate the laser colorimetric CFKP âata by fbiiowing 

changes in plasma protein conceutdons and colfoid osmotic pressureessure Plasma protein 

concentdon measurements Mned out to be a much less sensitive way to measme 

protein exchange and thus no sigaifiant Merences could k found. This is because the 

equipmem - used to measure the protein concentration was not sensitive enough to 

measure the s d  changes present in this experhent- Plasma COP measuernents also 

tumed out to be unreliable in determinin6 protein exchange ahhough overd the data 

seems to support the colorimetric data. In group 3, COP increased with increased 

capillary pressure @<O.OS by paired t-test). 

The filtration data based on weight transients deserves m e r  examkation. These 

results wnsistedy producecl higher filtration rates than resuits based on either 

wlohetry or hematoait changes. Figure 11 compares the combined data for edema 

based on weight trmients, colorirnetry and hematoait changes. The &ta was combined 

to increase the statisticai power of the cornparison. Either weight transients 

overestunate edexna or colorimetry underestimates it. It has been assumed in the 

litenmire that the e f f i  of vascular volume cbanges on weight transients only lasts 

several minutes. IO, lZll In Group 1 (control lobes), filtration based on weight tramients 

decreased from a baseline of 1.03 1 to 0.763 (p<0.02) during the final period. If vascular 

volume changes were not taking place beyond the tint few minutes these two periods 

shouid have had equivalent rates. This data strongly suggests that v d a r  volume 



changes are in f b t  occurrïng for a much longer period than is generally accepted. 

Haacock et d 'O compareci coloriareaic rneasmments of trammdar fluid exchange 

with weight changes and ais0 found tbat slow v a s a b  volume changes persisted for 40 

minutes. They found that coloNnetric deteminations averaged 60% of those based on 

weight transients. The data fiom this experiment is fùrther prwf that experiments relyiag 

on weight transients should be ïnterpreted with caution as slow vascular volume changes 

may kdeed persist for long periods oftime. 

CF/- baseâ on laser colohetry during the baseline for all groups was greater than 

one. This contradicts values that are published in the literature. Steady-state tymph to 

plasma protein concentrations the literaîure are in the range of 0.6 to 0.7. 9798.99 If 

CFKP were greater than one, it would mean that the fltrate contained a higher 

concentration of protein then plasma As was discussed eariier, protein transport across 

the membrane may be due to either diEusion (down a concentration gradient), 

convection (king carried with the fluid), or active transport. The interstitial protein 

concentration is about 60% of the plasma levela so that diffusion of protein across tbis 

gradient is expected. in a normal lung with low flux of Ouici, diffusion is the most 

important &or in protein tr80spod9 which could r d t  in a CFfCP pater than one. 

As transvdar fluid flux increases, convection begins to dominate." Active transport 

is not thought to be a major fàctor. It is possible to have a CFKP in the range obtained 

with this experiment but it is more ükely that there is a consistent error in the method 

that elevates the values of CFICP. If the CF/CP were falsely elevated, it implies that 

either the lobes were damageci during the preparation or there was a methodological 



problem. Some investigaîors hvc contendexi tht excised canine preparations are not 

compsrabk to the b siar condition aad that drunage ocairs in the excision processOCeSSs." 

0th- have validateci the use of excised praparations and demonstrateci their stabitity-" 

Numerous experhnents in our Iiiboratory have also show that these prepamtions are 

stable for a numba of hours. In &ct the slow rates of filtration regardles of the method 

of meastrement in this arperiment wodd support that these lobes were not in fàct 

damageci. It is , however, more likely that there is a consistent error in the methodology 

that overesthates filtrate protein concentration Dalla1 et al found tbat the use of Evans 

blue dye (EBD) as a marker of ext favdar  protein leakage r d t e d  in a permeability 

five times higher than that obtained using "1-labeled albumin''. They concludeci that 

EBD was not a reliable marker because t rapidly binds to lmg tissue proteins. We have 

atternpted to preveat this by saturathg tissue proteins by admiaistering the dye 24 hours 

prior to the experiment, but it is still possible that there is contioued loss of the dye as a 

result of m e r  binding to tissue proteins, circuit tubing, or HSA added d d g  the 

calibration The absolute value of the CFKP obtaiaed may not be accurate. Since the 

error should be consistent across al1 experiments, the cornparison of groups and 

filtration periods remaias valid. 

One of the reawns for studying the group 2 lobes was to try to understand the 

clinid problem of negative pressure pulmomy edema. C m  these resuhs fiom an 

isolated lobe preparation be extrapolated to the clinid problems seen in intact patients? 

Using an isolated organ has advantages and disadvantages. The potentid advantages 

include the ability to control for some of the factors involved. For example, in tbis 



exparnient we coatrolled for the b e m 0 d . c  variables by perfusing at a constant rate 

and pressureeSSure We also tried to coatrol for tissue hypoxia by a hi@ p h  for 

the d d o n  of the experiment- The disadvantages of an isolateci organ errperiment 

include the fkt tb* they are not very physiofogic, they do not include neurohormonal 

fhctors tint rnay be irnportaat, the organs may be damageci duriag removal, and the 

preparations are inherently unstable and have a W e d  lité span Cenainly Uicreased 

negative pleural pressures should r d t  in increased filtration on the basïs of hydrostatic 

gradients (ie iacreased pressure gradient between the lumai of the vessefs and the 

interstitium, especially with respect to the EAVs and the extra-alveolar interstitial space). 

In the experiment, lobes were able to fkeely expaad within the lirnits of the wmptiance of 

the lobes, but were not Limiteci by the presence of a chest waü. In the clinid problem of 

REPE, the lung starts out collapscd and also re-expauds for a period of tirne without 

being restricted by the chest wall. Certainly the forces atttmpting to ce--and the lung 

may preferentially affect the EAVs (as alvmlar pressure is kept constant) with sigdicant 

radial traction on these vessds. This wiil be even mon important if the alveoli remain 

coilapsed due to ainvay plugging and los of mfktant as the forces expanding the lung 

wüi be expanding the extra-alveotar space preferentialiy. With NPPE due to UA0 the 

chest wd and diaphragm attempt to expand the lung. Ahhough the chest wd 

mechaiiics are certaialy different with NPPE due to UA0 than seen in group 2 lobes, 

there is evidence to suggest that these lungs (in the clinicai scenerio) may also be 

hy~er inf la ted .~~~  Thus the negative forces created by the chest wail can stii i resuit in an 

increase in volume of the lung and EAVs. It has been suggested that negative pressure 



pulmomy edema is a coll~equence of hemodyiplmc changes (e&*s on the heart 

chambas cmd vaious naim) or ahnolar hypoxia resulthg in damage to the lung. The 

lobes were perfused at a constant rate with the pimp, and oxygen levels in the 

circulating blood were dmys mer than 300 M g -  The lungs were v d t e d  with 

1W!% 02 priot to starting the a<paiment and a constant low 0ow source of lW? 4 

was attacheci to the bronchus to decrease the chances of alveolar hypoxia It is unlikely 

that tissue oxygen levels were low durhg the duration of the experbents. Therefore in 

the clixical setting hemodynamic &ects and alveoIar hypoxia may be contn'buting effkcts 

but may not be absolutely nsessary. 

Further studies should be done to look at what & i s  the increased negative 

pressure has on lung volumee It would also be imerestiog to see what e f f i  the iucreased 

negative pressures would have on altration if the lung could be restncted fkom expandiag 

in total volume. Another experiment wuM be done with obsûucbng the bronchus after 

the lung has been inflated and then increasing the negative pleural pressure. This 

intervention should a@& the IAVs as weli as the EAVs- 



Potentiai Sources ofError 

Although the laser colorimetric device appears to be an accurate and highly sensitive 

device for rneasuring tmmmdar  fluid and protein f l q  severai potendiai sauces of 

- .  . 
error exist and must be muumrlpA. 

Caliiration of the device with the plasma and HSA is a potential source of error. The 

bolus vohune needs to be acnirate. The caliiration n&s to be doue pnor to each 

experîment. The highiy si@cant hear wmelation obtained between bolus volume and 

the logarithm of the laser signals seans to prove that tbis is aot a major concem. The 

second calibration wodd ideally be done with the dog's own plasma drawm prior to 

administration of the Evans blue dye &ead of the HSA as was dow in the past. The 

HSA was used to simpiify the experiment, but the unlabeled protein may lead to 

inaccuCacies in the caldation of labeled protein concentrations since the new protein 

absorbs dye. The sodium load fiom the HSA may also affect c e U  volumes leading to 

inaccuracy. if we ignore the plasma volume of the lobe pnor to adding blood to the 

circuit, the circuit volume was 250 ml. The mean heamtoCnt was 33.01 pnor to start of 

filtration resulting in a plasma volume of 167.5 ml. 15 ml of EBD labeled plasma had 

been added to the circuit prior to the HSA, rdting in a circuit plasma volume of 182.5 

ml. If the initial sodium concentration is assumeci to be 140 rneqf1, the sodium content of 

the plasma is 25.5 meq. Since the sodium content of 5% HSA is 154 meq& 15 ml of 

HSA would wntain 2.31 meq of sodium. This would increase the plasma sodium to 



141.1 meq/L, an insisnifiant change- If the plasma albumin conmtmtion prior to 

addition of the HSA is assumed to k 40 gm/L, the albumin matent of the 182.5 ml of 

plasma would be 8.0 gm. Fieen ml of%6HSA contains 0.75 gm ofunlabeled aibumin_ 

The resuiting plasma dôuah wodd k 44.3 6- Although the EBD is dso boud to 

0 t h  plasma and tissue protehs, the addition of this unlabeled protein load couid anéa 

the results. 

Signifiant hernolysis has been describeci in hernopemised circuits?" Hemolysis 

would be seen by the dorimeter as dilution tiom resorption- Accumulation of fiee 

hemoglobii wuld also potentiaiiy &kt the signal. The signal hm been verified to be 

extremely stable for prolonged circuit experiments without orgam in the circuit. Free 

hemoglobin levels when rneamed by LandoEio while using thk experimental setup were 

minimal and the addition of fiee hemoglobin had no signifiant effect on the results. 

Signifiant hemorrbage into the lobe or f?om the circuit could a f € i i  the r d t s .  

Hemorrhage into the lobe was avoided by tard handling of the lobe. Most lobes had 

tittle or no extemal evidence of hemorrhage. Loss of blood f?om the circuit was 

measured during the duration of the perfusion- Although most lobes had a s m d  amount 

of blood loss (about 10 cc), this did not appear to be a major factor as the hematocnt 

. .  . was not signincantly affected. Error due to evaporation was minimized by humidirying 

the box and using humidified oxygen. 

ûther sources of emr such as red cell trapping in the lung are more difncult to 

iden* ûverall, these do not seem to add up to much error. This has also been verüied 

usbg circuits with hemofilters to measure losses. With these experiments the volume 



of fiItrate removed h m  the circuit is known as it wmes out of a hemofilter- These data 

bave correIated weii with simulteneous colorimetric data 



This thesis has mriewed some of the theory concerning Buid and protein exchange in 

die lung. The clinical problem of higbiy negative plairal pressures due to puimonaty re- 

expansion and upper airway obstruction has been disaissed. The pathophysiology ofthis 

problem has been pooriy investigated in the past. hcreased negabve p l d  pressures in 

the experiment descriii in this paper resuited in a dramatic increase in fiitration of 

relatively proteiu poor fluid. This suggests that the increased filtration fiom the increased 

negative pleural pressures was due to a combination of iocreased surface area of extra- 

alveolar vessels and a change in hydrostatic pressure rather than a permeability problem. 

HemodyDamic conse~ueuces of negative pleural pressures and alveolar hypoxia do not 

appear to be mandatory for iacrrased filtration, but may play a role in clinical NPPE. 
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