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In clinical medicine, pulmonary resections are fiequently performed for 

benign and malignant diseases of the lung. The effect on the mechanical 

functioning of the remaining lung post-resection has not well researched. This 

investigation examines the role of interdependence of maximal expiratory fiow 

between lobes in normal canine lungs and a heterogeneous emphysema model. 

Dogs weighing fiom 17 to 30 kg were used. In one group of  animals 

(n= 1 1  ), the lungs were normal. In the 0 t h  group (n=5), RLL ernphysema was 

produced by the enzyme papain. Three instillations of papain were administered 

two weeks apart under bronchoscopic visualization into the RLL while the animal 

was anesthetized and ventilated. In the latter group, measurements were 

approximately three weeks after the last dose of papain was administered. 

On the day of the study, the dogs were anesthetized, heparinized, 

exsanguinated, and tracheostomized. In six of the normal dogs and in al1 of the 

emphysema dogs, a pressure sensing device (eg. Pitot static tube) was placed at 

the entrance to the RLL for detemining branchial lateral (PLAT) and end-on (PEND) 

pressures. An alveolar capsule continuous with micro-transducer was glued to the 

RLL parenchyma and was used to measure alveolar pressure (PAL). Dunng total 

lung capacity forced deflation, measurements were determined while the animal 

was placed into a volume displacement plethysrnograph. Lung volume was 

measured by a Krogh spirometer; flow was measured by a pneumotachograph 

placed between the spirometer and the plethysmograph. RLL lobar maximal 

8 

expiratory flow (Vmax), deflation rate, PAL, PEND and PLAT were measured and 



were used to calculate RLL lobar bronchial area by means of the Bernouilli 

equation. Each dog underwent two randomized conditions. in condition #1, the 

RLL was deflated by itself, whiIe in condition #2, the RLL deflated in the 

presence of d l  other lobes. Al1 parameters were recorded at identical lobar 

aiveolar pressures between conditions that corresponded to lobar vital capacities 

of WC) VC75%, VC50% and VC30%. 

The results showed that within the groups of normal dogs, the RLL 

deflated significantly slower and had lower expiratory flows than when it was 

deflated in the presence of adjacent lobes. Similar results occurred within the 

group of emphysematous dogs. Within each group of dogs, the bronchial cross- 

sectional area in condition #1 was significantly lower than that of condition #S. 

The results suggested that the removd of adjacent lobes changed the bronchial 

pressure area behavior of the RLL bronchus. 

In summary, the absence of adjacent lobes in either group of dogs had a 

significant efiect on decreasing the maximal expiratory flow and deflation rate of 

the remaining lobe. In clinical medicine. the removal of lobes could lead to 

greater than expected reduction in expiratory flow parameters, and this reduction 

could have significant impact on the respiratory condition of the patient. 



1. INTRODUCTION 

In thoracic s u r g q  lobectomies are done fkquently for both benign and 

malignant diseases of the lung. However, there are few reports on the effects of 

pulmonary resections on the mechanical fùnctioning of the remaining lobes ( 1-3). 

instead, there are numerous reports on the clinical progression and postoperative 

morbidity and mortality of patients undergoing pulmonary resections (4-6). Some 

of the physiologie studies on pulmonary resections focus on the preoperative and 

postoperative pulmonary function study results in order to derive relationships in 

terms of risks for outcome (7,8). The preoperative pulmonary function studies are 

done not only as a screening tool to exclude patients with compromised lung 

function, but also are used to predict the postoperative morbidity and mortality of 

patients undergoing pulmonary resections. 

The evidence however for preoperative pulmonary function parameters 

such as forced expiratory volume in one second (FEVi, or forced vital capacity 

(FVC) to predict postoperative outcome is not strong, as conflicting reports 

contradict one another on the value of pulmonary fbnction parameta (9-1 1). 

Postoperative pulmonary function studies have shown reduced FEV,, FVC, and 

total !ung capacity (TLC), but have not revealed the extent to which the function 

of the remaining lobes may have been compromised by pulmonary resection. In 

one study in which a 133~enon washout lung- scan was used to quanti@ 

functioning of the remaining lobes post-resection, the results showed that the 

remaining lobe had increased washout time (1) but the authon could not explain 

the mechanism by which this occurred. Another study (2) also detected decreased 



the rnechanism by which this occurred. Another study (2) also detected decreased 

air flow of the lobe on the operateci-on side of patients undergoing lobectomy but 

again feI1 short of examining the mechanism of this effect. 

In the present study, the objective was to determine the physiologic effects 

of pulmonary resections on the remaining lobe in both normal canine lungs and in 

a canine mode1 of unilobar emphysema. The focus of the study was to determine 

the efTect of removing the lobes adjacent to the right lower lobe (RLL) on RLL 
4 

maximal expiratory flow (Vrnax), deflation rate and iobar bronchial area. From 

these results, it was possible to deduce possible mechanisms that could lead to the 

observed physiologic changes pst-resection. It is anticipated that a better 

understanding of pulmonary resection migfit lead to better care of patients with 

ernphysema and other disease processes that may require pulmonary resection in 

the clinical situation. 



II. LITERATURE REVIEW 

A. UNDERSTANDING EXPIRATORY FLOW: 

AI. UNDERSTANDING AIRWAY MORPHOGENESIS: 

The respiratory tract is made up of the upper and lower airways. The 

upper airways consists of the nasal passages, nasopharynx, pharynx and larynx. 

The lower ainvays consist of the trachea, bronchi and bronchioles. The upper 

airways makes up about half of the total length of the respiratory tract in humans. 

n e  present experiments focus on the lower airways. The airflow in the lower 

respiratory tract is a complex physical phenornenon involving muscle activation, 

neural influences and complex airway flow regimes (12). 

The first model of the airways proposeci by Wiebel is made of 

dichotomous branching so that each bifurcation gives rise to a new generation of 

airways and the number of branches in each new generation would be twice that of 

the parent generation (13). Within each generation, the mean diameter of the 

conducting airways--up to about the sixteenth generation-decreases 

systematically so that with each generation, the ainvay diarneter is reduced by the 

cube root of the branching ratio of two. This is the optimal design of a branched 

system of tubes in hydrodynamics. Another mode1 by Horsfield et al (14) 

regarded the airway as a system of converging tubes fiom the alveolar acinus 

towards the centre, the latter of which is the trachea. Interestingly, in this model, 

the airway diameters of the converging branches is also roughly proportional to 

the cube root of the branching ratio. The former model is the one used as the basis 

for biophysical explanations in this experiment and in most research studies 



because of its more naîural morphogenesis of the human or dog airways with the 

assurnption that the ainvay systern is made up of circular tubes even though the 

canine ainvay tree-likewise with that of humans-has enormous variability in 

ainvay diameter, length and asymmetry. Accordingly. due to the enormous 

cornplexity of the real airway biophysical properties, the best mode1 at present to 

explain the physical rnechanisrns of the flow dynamics is that of Wiebel(13). 

A2. THEOIUES OF EXPIRATORY FLOW LIMITATION: 

Fry (15) was the first to atternpt to explain the mechanisms limiting 

expiratory flow. He used aerodynamic theory to apply to events occumng along 

the whole airway and hence developed the concept of "flow limiting segments" 

(FLS). These segments form in the airway to limit flow, such that with increasing 

expiratory effort, expiratory flow reaches a plateau. However his analysis was 

complicated due to the challenges of accurately taking into account the events 

occumng along the whole compressed segment. 

Pride et al (16) came up with a simpler mechanical analogue by usinç the 

"Starling resistoi' concept to explain the dynamics of flow through collapsible 

tubes. n i ey  considered three pressures to be important in their model-outlet 

pressure (Pao) is the pressure at the end of the tube and is equal to atmosphenc 

pressure; pleural pressure (Ppl) is the pressure surrounding the tube; and PAL is 

alveolar pressure. They stated that when Pao < Ppl, flow is independent of the 

difference between PAL and atrnospheric pressure. On the other hand, Vmax is 

deterrnined by the pressure difference between the alveolar pressure and the 



critical transmural pressure at which the airway reaches its threshold of elastic 

stability (Ptrn') and becomes compressed to form the FLS. In mm this pressure 

difference is divided by the flow resistance (Rs) also rneasured between alveoli 
I 

and the FLS to give Vmax [i-e. Vmax= (PAL-P~')/RS]. 

In another theory, Mead et al (17) considered the equal pressure point 

to Ppl. As expiratory flow proceeds with increasing effort, EPP move fiom the 

trachea toward the alveoli. Once maximum fiow is reached, EPPs are fixed. The 

transmural pressure at EPP is equal to zero, constant, and independent of the 

downstream events. The factors determining flow through the upstream segment 
4 

are elastic recoil and resistance of the upstream airwoys (Vmax= PeVRus). 

Mathematical explmations for expiratory flow limitation using Weibel's 

syrnmetric branching mode1 of lung airways (13) with assumptions about airway 

elasticity and fnction by Lambert and Wilson (18) and Pardaens et al (19) 

predicted Vmax as the flow at which airway lateral pressure and airway area 

relationships become tangent so that cmax = (A' dp* / d ~ '  1 / p) where P', A' 

and p are the lateral pressure, airway cross-sectional area and density of air 

respectively of the ainvay site of flow limitation at Vmax. Although this equation 

defined Vmax, it did not explain the observe. plateau of flow at pleural pressures 

above the initial value. 

The wave-speed theory of flow limitation by Dawson and Elliott (20-22) 

appears to best explain the physical basis of flow limitation. According to 

this theory, Vmax is reached when at a point in the airway, the choke point 



Figure 1. Schematic drawing of the lung during maximum flow. 

During maximum expiratory flow, the point of the choke point is determined by 

the elastic recoil pressure of the h g ,  frictional pressures losses, and pressure-area 

behavior of the airways. Depending on these factors, the CP can move upstrearn 

(solid line) or downstrearn (dashed line). (Adapted fiom Mink, 1983) (35) 



(Figure 1)- flow velocity equals the speed of propagation of the pressure pulse 

waves along the ainvay wail. Along the ainvay, each point has a tube wave speed 

of critical value. This critical value is determined by the physical characteristics 

of the tube and the density of the fluid medium (or air in this experiment). Vmax 

is therefore qua1  to ( A ~  ~ P U T I ~ A  I / ~ ~ ) ~ . ~  where A, dPIAT /dA, p and q are 

airway cross-sectional area, airway stifhess, density of the fluid (or air), and 

correction factor for departure from blunt velocity profile respectively. 

The choke point occurs where fiow velocity first reaches the local wave 

speed. The segment of ainvay upstream from the choke point remains fixed 
8 

during Vmax and thus at constant geometry. However, just downstream fiom the 

choke point, there is a large pressure drop where energy is dissipated to allow a 

lowering of downstream pressure since flow is unable to increase. Although this 

theory is valid when resistance is completely inertial, wave speed predicts flow in 

a fnctional system as well (20). Hyatt et al (23) found that wave speed theory 

predicts maximal flow at mid- to high lung volumes very well; however at Iower 
L 

lung volumes, the prediction of Vmax is not as good. It appears that there are 

mechanisms other than convective acceleration which contribute to the pressure 

loss at lower lung volumes. Despite the theory's limitations, it has been tested 

extensively (21,24-26) and has been found to best explain the flow-limiting 

mechanism in diseased States. Accordingly, in the present study, the results are 

interpreted within the fiamework of wave speed theory. 



A3. LOBAR INTERDEPENDENCE OF MAXIMAL EXPIRATORY 

FLOW: 

Recent evidence supports the hypothesis that there is interdependence of 

flow between lobes. Pulmonary interdependence of flow was modeled by Solway 

et al (27) with several studies perfionned to evaiuate interdependence in both intact 

and isolated lungs (28-30). Their assumptions of a constant shape of the lung and 

a constant total out-ward acting force exerîed on a region of the lung by the 

surrounding lung when the surrounding lung volume is constant are not as 

applicable when pulmonary resections are carrieci out. However it is essential to 

understand lobar interdependence of flow as the existence of this phenornenon 

could affect the function of the remaining lobe. Expiratory flow tiom different 

regions of the lung merge together at the branch points of the bronchial tree. The 

interaction of the two streams of flow at a branch point result in a coupled flow 

from two regions that deflate through a common downstream airway. Flow from 

one lobe depends on alveolar pressure in that lobe, pressure in the cornmon 

downstream airway and alveolar pressure in the other lobes M i n g  the common 

airway. Thus regional flows are interdependent upstream from the choke point 

with emptying of the lobe favoured from the branch with the higher driving 

pressure (29). 

This interdependence of regional expiratory flow imposes limits on the 

differences in regional alveolar pressures that cm develop. Furthemore, the 

cross-sectional area of the common airway is occupied by the merging streams of 

flow. From the Bernouille equations of flow, the total cross-sectional area would 



equd the sum of the cross-sectional areas of each of the strearns of flow. 

However, it is not possible to compute the hc t iond  area occupied by each Stream 

unless the airway is made up of syrnmetric branching ainvays with uniform ainvay 

properties. Human and dog lungs have enormous non-uniformity in airway 

asymmetry and mechanical properties, as well as parenchyrnal physical properties 

(1 2). Despite the non-uniform nature of the dog lungs, lobar interdependence of 

flow occurs as long as a common choke point is present for the flow strearns from 

the different regions of the lung. In homogeneous lungs, lung maximal flow is 

directly related to volume and independent of time but in non-homogeneous lungs 

such as our model with regional ernphysema, different rates of ernptying fiom 

di fferent h g  regions show interdependence of flo w when expirations are s tarted 

at different volumes. Faster regions would contribute more flow early in 

expiration and slower regions, later in expiration. Maximal expiratory flow at a 

given volume would still be achieved despite variation in the contribution of flow 

from different regions of the lung with time. Hence, interdependence of regional 

expiratory flow promotes uniformity of flow from competing influences of non- 

uniforrn airway and lung parenchyma. 

A4. LUNG- CEIEST WALL-DIAPHRAGM INTERACTION: 

Chest wall and lung interaction has a physiologie effect on maximal 

expiratory flow. This interaction is found to be more important especially at lower 

lung volumes (3 1,32) as the pleural pressure between lung and chest wall becomes 

more sub-atmospheric, thus impeding the lung from recoiling further. Due to the 



considerably stiffer chest wall at lower lung volumes, the interaction between 

lung and chest wall has significant effect on expiratory flow. Vawter stated that 

"only at high states of expansion where the lung was very stiff did changing the 

shape of the chest wall cause substantial changes" (3 1) to the distributions of 

alveolar size, mechanical stresses, and surface pressures in the lungs. Bamas and 

Ranieri found that the total respiratory system (lung and chest wall) and the chest 

wall itself had increasing elastance at decreasing lung volumes (33.34). In normal 

breathing, the lung properties were found to be nearly constant if the mean lung 

volume did not change (33). 

Pleural pressure is the force acting to inflate the lung within the chest (36). 

Interactions between the regional lung expansion, gravity influences and chest 

waI1 result in the spatial variation of the pleural pressure. Others (37) have found 

that the rib cage deformation can influence the pleural pressure gradient and that 

the "observed shape changes provide a potential mechanism for early preferential 

emptying of the upper lobes and later more homogeneous emptying in forced, 

compared to slow, vital capacity maneuvers." Barnas found that the chest wall and 

pleura cornpartment can cause "significant irnpedance to lung expansion" afier the 

chest wall is opened unless the parietal pleura is violated (33). Also, the 

interaction between chest wall and lung has a physiologie effect on expiratory 

flow as a study by Sybrecht et al (38) showed that maximal expiratory flow is 

significantly reduced when chest wall stifihess was increased by strapping the 

chest of healthy subjects even though lung sans  did not show any changes in lung 

volumes throughout the respiratory phase. 



In relation to lungs with regional emphyserna, Zidulka et al (39) found that 

hg -ches t  wall interaction is the main determinant of the tendency of an 

obstmcted lung region to inflate as the rest of the lung also inflates in pigs. This 

tendency was noted to be abolished when the chest wall was open. Also in 

comparison to normal subjects who had regular synchronous chest wall and 

diaphragm motions, ernphysernatous subjects were found to have on dynamic 

breathing magnetic resonance imaging reduced, irregular and asynchronous 

motions with signifiant decreases in the maximal amplitude of chest wall and 

diaphragm motions and in the length of apposition of the diaphragm. 

Since Our stuciy mode1 is an open-chest preparation, interpretations need to 

be cautious. However at mid- to high lung voIumes, the applications of expiratory 

flow physical principles still apply whereas at lower lung volume results might 

need to be cautiously interpreted. 

A5. AIRWAY LONGITUDINAL AXlAL TENSION: 

Airway axial tension has some influence on determining flow (40). Elliott 

(2 1 )  observed that maximal flow through a segment of excised dog bronchus was 

increased when the bronchi were extended by greater axial tension. Others have 

found that when the head is tilted back in some humans, the increased axial 

tension due to the increased extension of the trachea also had increased maximal 

expiratory flow (41). The axial tension of the airway is determined not only by 

the physical propmies of the airway, but also by the opposing pressures acting on 

i t such as the intra-bronchial PLAT, extra-branchial pressure such as pleural 



pressure acting on the outside of the airway, and the outward recoil pressure 

exerted by the attached lung parenchyma (Figure 2)(40). The interaction of 

these pressures affect the airway cross-sectional area and lead to increased axial 

tension which will result in increased maximal flow and will increase the pressure 

drop required to reach maximal flow. However, if the airway is curved or 

shortened, the airway axial tension would decrease and would result in reduced 

maximal flow. 

AIso, Hoppin et al theorized that axial forces in the bronchial tree is 

influenced by branching angles (42). They found fairly homogeneous lengthening 

of the bronchial tree upon inflation of dog lungs and concluded that the average 

branching angles would maintain constant axial stress dong the tree and favour 

symmetrical lengthening. They also found that in excised dog lung models, the 

dog airways were extended more significantly by locally applied forces than in 

situ models and speculated that in situ, the ainvays had strong local axial 

stabilization. Despite this stabilization, dog bronchial length and cross-sectional 

area changes significantly upon inflation or deflation (43-49, hence affecting the 

ainvay's axial tension, cross-sectional area and flow. 



Figure II. Schematic drawing of aimay axial tension 

Schematic drawing of the forces acting on the airway wall segment whereby C is 

circumferential stress, T is axial stress, PA is alveolar gas pressure or pleural 

pressure, Pst is static recoil pressure and PB is the lateral pressure in bronchus 

acting on airway wall surface. (Adapted fiom Wilson, T.A. 1978). 



B. EXPERIMENTAL MODELS OF EMPHYSEMA: 

Gross and associates (46) observeci serendipitously that administration of 

papain in rats caused a condition similar to that of human emphysema. Papain is 

a proteolytic enzyme mixture that degrades the amorphous elastin component of 

elastic fibers (47). injection into the ainvay is the most common way of 

producing emphysema. The present laboratory has previously developed a canine 

emphysernatous mode1 (48,49) and have used a technique in which repeated 

intrabronchial instillations of the enzyme are administered a few weeks apart in 

order to obtain the optimal pathology intended in the experimental subject 

concerneci. Aerosolized preparations of papain to produce emphysema have been 

inefficient as a technique and have not been used. Intravenous administration of 

proteolytic enzymes were also found to be ineffective due to enomously larger 

doses required to produce emphysema (50). 

Other methods of producing emphysema have also been reported in the 

literature. Porcine pancreatic elastase has been used successfidly in hamsters and 

rabbits but does not work as well in dogs (5 1-52). Tobacco smoke usually does 

not produce severe ernphysema and takes more t h e  and labor, hence it is rarely 

used to produce emphysema (47). Cadmium salts could produce a bullous 

emphysema and panlobular emphysema, but also pulmonary fibrosis (53). 

Exposure to nitrous oxide in hamsters c m  produce rnild emphysema (54). 

Overall, papain is the best enzyme to use in dogs, and the results closely simulate 

those found in human disease in which ai- anti-trypsin deficiency is found (48). 



In tems of the lesions produced by papain in dogs, breakdown products of 

elastin could be identified in the serum detected by enzyme-linked immunoassay 

for up to 12 days following treatment (Kucich, 1980). Histological studies by 

Mink et al showed paniobular emphysema in dogs injected with papain (48, 49). 

By three weeks after the injection of papain or elastase, the emphysematous 

lesions are stabilized with hemorrhage and inflammation cleared with no mucus 

plugging but clumps of hemosiderin-laden alveolar macrophages rernained (47). 

Also by eight weeks, elastin content of the lungs was back to normal levels and 

collagen content was above control levels (55). The elastic fibers were found to 

be morphologicall y highiy disorganized (56). 

In terms of the mechanical properties of the emphysematous h g ,  reduced 

tissue recoil and increased pulmonary compliance were found in several 

experiments (48,49,57). The increase in lung volume including TLC, VC, 

fiinctional residual capacity (FRC), and residual volume (RV) were consistently 

produced in experimental emphysema. In the present study, a unilobar 

emphysernatous model is used, hence the volume changes are not as remarkable as 

when the whole lung is involved, but lung recoil pressure is reduced in the 

emp hysematous lungs. Accordingl y, the present model of canine uni lobar 

emphysema is excellent for studying the mechanical fbnctioning of the remaining 

lobe in question after adjacent lobes are removed. 



C. CLINCAL REVIEW: 

Cl POSTOPERATIVE PULMONARY FUNCTION STUDIES: 

In clinical medicine, the understanding of the influence of pulmonary 

resections on the remaining lung's fûnction is very important. However few 

studies have focused attention on the mechanical functioning of adjacent lobes. 

What are known are the results of the preoperative and postoperative studies, and 

their correlation to the outcome of the patient. Some studies concluded that 

predicted postoperative FEVl @po FEVI) is the best preâictor of postoperative 

rnorbidity and mortality (58, 59). Others however stated that predicted 

postoperative DLco, or maximal Oz uptake as better predictors of postoperative 

morbidity and mortaiity (60-62). Several screening tools such as quantitative 

lung scans, exercise testing and arterial blood gases are devised to predict 

postoperative morbidity and mortality (6 I,63). However, there are studies that 

contradict one another with respect to what Iung fùnction parameters would best 

predict patient outcome postoperatively. 

C2, POSTOPERATIVE PmMONARY COMPLICATIONS: 

The effects of pulmonary resections on the patients are researched 

extensively fiom a clinical point of view, but not as extensive in terms of a 

physiological standpoint (2). Reports of the immediate to long-terni postoperative 

complications are numerous but few explain the mechanisms for the post- 

operative complications (2,58-62). The rate of postoperative pulmonary 

complications in patients who had pulmonary resections can be as high as 42% 



(64). The immediate postoperative problems can range fiom atelectasis, 

pneumonia, to respiratory Mure  and death. 

Healthy and diseased Iungs pose enormous but different challenges to the 

surgeon (65). From resecting large amounts of the healthy lung with cancer such 

as pneumonectomy to resecting a lobe fiom an emphysernatous patient, the effects 

of resection on patients such as respiratory distress, respiratory failure, and 

prolonged ventilation (64) can be severe. The unexpected compromise of h g  

function postoperativel y is seen in several reports (65-66) point to the more urgent 

need for understanding need for M e r  research into understanding the 

physiologie effects of the remaining lung hc t ion .  



In. METHODS 

A. ANIMAL SUBJECTS: 

This study was approved by the Central Animal Care Cornmittee at the 

University of Manitoba. Al1 animals received humane care in cornpliance with the 

"Guide for the Care and Use of Laboratory Animals" published by the US 

National Institutes of Health (NIH Publication No 85-23, revised 1996). 

B. EXPERIMENTAL M0DEL:B. 1. NORMAL CANINE MODEL: 

Eleven dogs were studied in which the lungs were healthy (Group 1). 

They were al1 irnrnunized and detected not to have any diseases. 

B. 2. EMPHYSEMATOUS CANINE MODEL: 

Five other healthy dogs had emphysema produced in the right lower lobe 

(RLL) (Group II). Emphysema was produced by instillation of the enzyme 

papain (57.5- 69.0 mg, Sigma Chernical Co., St. Louis, MO) mixed with 18 ml of 

normal saline into the right lower lobe. Three instillations were performed for 

each dog, and the instillations were carried out about two weeks apart. Dunng the 

procedure, the animals were anesthetized Mth pentobarbital (30 mgkg). The 

bronchopulmonary segments of the RLL were visualized by means of a flexible 

bronchoscope prior to directing a long catheter into this segment. men, the 

papain enzyme solution was injectai via the catheter. Imrnediately after the 

instillation, the dogs were placed in the reverse trendelenberg position with the 

right side placed in the dependent position to prevent spillage to other lobes. The 

dogs were ventilated for six to ten hours before they were brought back in stable 



condition to their recovery cages. Antibiotics (Gentamicin -7 mg / kg and 

Clindamycin -5 mg / kg ) were given intravenously after each dose of injected 

papain and twenty four hours later to prevent infections in the diseased lobe. 

When papain is given in this manner, it has been observed that a d i f i s e  unilobar 

emphysematous lesion is produced (48). The animals were studied approximately 

three weeks afier the last dose of papain was administered. 

C. ANIMAL PREPARATION 

On the day of the experiment, the sixteen dogs ( 1  1 in Group 1 and 5 in 

Group II), weighing 20 to 26 kg were anesthetized with pentobarbital sodium (30 

mgkg) and were placed in the supine position. The dogs were heparinized and 

exsanguinated. Median stemotomy was perfomed and the chest was retracted 

open. The h a r t  was removed, while the pericardium was lefi in- place. The 

trachea was cannulated extra-thoracical 1 y wi th a large-bore s tee1 tube. This 

preparation therefore allowed the lobes to deflate without consideration of the 

contribution of the chest wall or a pleural pressure gradient. An exsanguinated 

preparation was used because multiple lobes would be tied off in this experiment, 

and thus an in-vivo preparation would not be possible. Moreover, it was 

previously shown that h g  rnechanics in this preparation are very stable over the 

3 hr period that is required to conduct this experimental protocol(48,49). 

Measwernents were obtained with the animal placed in a pressure- 

corrected voiume-displacement plethysmograph (Figure 3). Lung volume (VL) 

was measured by a Krogh spirometer, and total flow was measured by a 

pneumotachygraph (Fleisch no 4) mounted between the plethysmograph and 

spirorneter. Pressure at the airway opening (Pao) was referenced relative to 

plethysmographic box pressure (Ppl) to obtain transpulmonary pressure (Ptp= 

Pao- Ppl). Ppl was measured by a catheter lying fiee in the plethysmograph. Ptp 



was measured by a differential pressure transducer (MP-45, Validyne, Northridge, 

CA). In the plethysmograph, the lungs could be inflated from a positive-pressure 

source with air or forcibly deflated (- 100 to -200 mmHg) by a negative-pressure 

reservoir attached to the ainvay opening. The frequency response of this system 

has been found to be adequate in phase and amplitude and has previously been 

described (48,49). 

The technique of Fredberg et al (67) was used to measure alveolar 

pressure  PA^) (Figure 4). A pressure capsule (1 3 mm surface diameter) with a 5 - 
mm hole, continuous with a 5- mm threaded deeve, was glued to the parenchymal 

surface of the RLL. The lung parenchyma visible through the hole in the capsule 

was puncîured with a small needle. A miniature differential pressure transducer 

(85 10B; Endevco, San Juan Capistrano, CA) was screwed into the threaded sleeve 

of the capsule. PAL was recorded on an osciIlograph and displayed on a storage 

oscilloscope (Tektronix, Beaverton, OR). 

Furthermore, it was previously determined that capsular pressures 

measured from the respective lobes were the sarne during static and dynamic 

deflations and that static pressures measured by capsular pressure and Pao were 

also the same. Thus, the pressure measured by the capsule represented alveolar 

pressure, and this allowed one to relate capsular pressure to alveolar volume 

during static and dynamic measurements. 

In 6 dogs in Group 1 and in al1 of the experiments in Group II, a Pitot- 

static tube (Figure 5) was inserted and positioned at the RLL bronchus. The Pitot- 

static tube was pulled down the airway by means of a thread which had been 

pulled out the pleural surface of the RLL by means of the retrograde technique as 

previously described (71-76). The Pitot-static tube had an end-on port which 

measured total or end-on pressure (PEND) and a lateral port that measured static on 

lateral pressure (PLAT) (Figure 5). The tip position of the tube was verified by 



cutting the bronchus open after the experiment was camed for each dog. For al1 

dogs, the tip was near or at the RLL bronchial orifice. 



Figure 3. Set-up of the volume displacement body 

plethysmograpb 

Schematic drawing of the experimental apparatus. The open-chest dog is placed 

in the plethysmograph. The lungs are inflated with a positive pressure source. 

Forced deflation was obtained by opening the airway to a negative pressure 

source. Total flow was recordai fiom the pneumotachygraph mounted between 

the spirometer and plethysmograph; total volume was determined from the Krogh 

spirometer; while alveolar pressures were measured from the RLL by alveolar 

capsule technique. (Adapted fiom Georgopoulos et al, l994)(68). 



Figure 4. Alveolar Capsule used for mensuring alveolar pressures 
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Schematic drawing of the alveolar capsule system with a plastic capsule glued on 

the lung visceral pleura with punctured hoies directly in contact with the well of 

the capsule, and a pressure transducer attached to the capsule to record the 

alveolar pressure. (Adapted fiom Fredberg et al, l984)(67). 



Figure 5. Pitot static tube used for measuring branchial pressures 

Schematic drawing of the Pitot static tube which was placed into the RLL bronchus by the 

retrograde method. A retrograde catheter and a small thread were pulled out at the pleural 

sudàce of the RLL. When the thread is at the pleural surface, the tube could be advanced 

and its longitudinal axis maintainai in a proper position. Lateral and end-on pressures are 

rneasured at the Iateral and end-on respective ports. Airway pressures were referenced to 

pleural surface pressure witb an identicai (not shown) catheter placed adjacent to the lung. 

The tip of the tube was vex-ified at the end of each experiment by dissecting the trachea 

open. (Adapted from Jadue et al. 1985)(69). 



D. PROTOCOL: 

Both groups 

randornized order. 

were studied in two conditions that were performed in 

in condition #1, the RLL was deflated alone, while in 

condition #2, the RLL was deflated in the presence of ail other lobes. In condition 

#l,  the bronchi of al1 of the other lobes were temporaxily occluded at their ongin 

by a plastic coated wire. In condition #1, the objective was to see what happened 

when the RLL was deflated without the adjacent contribution of other lobes. 

During each condition, the lung or the lobe \vas inflated to total lung 

capacity (TLC) which wss defined as Ptp of 30 cmHzO. Forced deflation was 

then performed in which the airway was opened to the negative pressure reservoir. 

In each condition, the pressure was varied to ensure that maximal flow was 

reached. In condition #2, total flow and totat lung volume were detennined in 

which the expirate was obtained £kom more than one lobe, white in condition #1, 

the total expirate came from the RLL. ln the latter case, lung volume (Le. VL) 

represented the vital capacity of the lobe (VCRLL), and total flow (i.e.Vrnax) 
a 

represented the measured maximal fiow of the RLL (Vmax ,,,d RLL). In al1 
0 

conditions, PAURLL), Vmax, and VL were recorded at 200 mmls on a chart recorder 

(Astro Med, Warwick RI). At least two deflations were performed in each 

condition. 

In those experiments in which a Pitot static tube was placed, 

measurements of PEND and PLAT were also obtained during each condition. 

Measurernents of PEND and PLAT at vital capacities 10% lower or higher than the 

three studied were also performed to calculate the respective changes in lateral 

pressures and cross-sectional areas, so that bronchial cornpliance could be 

detennined (see calculated parameters, fùrther below). 



E. MEASURED AND CALCULATED PARAMETERS: 

In the two conditions, the results were analyzed at identical P A ~ R L L )  which 

were predefined at 75%, 50%, and 30% VCRL~. PAL(RLL) was differentiated with 

respect to time (dPAuRU>/dt) at the specific alveolar volumes analyzed in the 

individual experiments. Multiplying dPAURLL{dt by the dynamic volume-pressure 

curve of the RLL (dV/dPAURLL)) measured at the same absolute volume or PAL for 
b 

the RLL allowed computation of lobar Vmax of the RLL (Vmax d , d , ~  RLLF 

 PAL (RLL) /dt x (dV1   PAL (RLL,)= dV/dt]. When this method has been used in 

previous studies, the agreement between measured and calculated values has 

shown reasonable results (see Results). 

The airway pressure losses due to convective acceleration (P,,) were 

calculated using the difference between PEND and PWT (20-23). The cross- 

sectional area of the RLL bronchus (ARLL) was calculated using the Bernouille 

equation (23): 

P, = (/2 p (d~ ld t )?  / ARLL' 

where p is gas density ( 1 . 1 2 x 1 0 " gmlcm3) and dV/dt is the calculated RLL lobar 

flow rate. 

Frictional pressure losses (Ps) were calculated using the difference 

between PAURLL) and the PEND. At a given VL, 6ct ion resistance to the RLL lobar 

bronchus was calculated fiom (Pfi 1 dV/dt). 

RLL lobar cornpliances ( K) were calculated in which the change in lobar 

cross-sectional area  AR^^) was divided by the change in PLAT (MRLL~ Miar)- 



F. STATISTICAL ANALYSIS: 

Al1 measurernents for the two groups of normal and emphysematous dogs 

were analyzed using the repeated-within ANOVA. A value of p < 0.05 was 

considered statistically significant. Newman-Keuls multiple cornparisons tests 

were carried out to test for any differences between the conditions at different vital 

capacities (significant if p<0.05). Two-factor interaction test was also used to test 

if there were interactions between the measured parameter at different vital 

capacities. A11 statistical analysis was performed using a commercially available 

cornputer-based software program (NCSS2000; Kaysville, Utah). Al1 data are 

presented as mean + standard error. 



IV. RESULTS 

A. GENERAL OBSERVATIONS: 

A11 of the normal dogs had healthy lungs upon gross examination. Al1 of 

the emphysematous dogs had expected visual findings of d i f i s e  emphysematous 

changes in the right lower lobe. 

The mean weight of the dogs were 22.4 2 0.19 kg (range 1 7-30 kg). There 

were no significant differences in the weight between the two groups. The 

average RLL lobar volume of the two groups were 598 2 10.7 ml and 684 2 48.6 

ml for the normal and emphysematous dogs respectively, but was not significantly 

different between the two groups. The average alveolar pressures at VC75%, 

VC50% and VC30% in Group I were significantly higher than those in Group II  

(Table 1). 

B. DEFLATION RATES: 

In the normal dogs, the deflation rate was much faster when the RLL was 

deflated in the presence of adjacent lobes especially at the higher vital capacity 

(Figure 6). In the emphysematous dogs, there were similar decreases in the 

deflation rate when the emphysematous RLL was ernptying by itself (Figure 7). 

C. RLL LOBAR VMAx: 

In the normal dogs, there were signifiant differences between condition 

#1  and #2. In the presence of adjacent lobes, the RLL lobar expiratory flow rate at 

VC75% increased significantly as compared to when the RLL deflated alone 



(Figure 9). In the emphysematous dogs, there were corresponding decreases in the 

lobar Omax when the RLL was deflated by itself (Figure 10). The calculated 

lobar Ymax was strongly correlated in a linear fashion with the measured RLL 
O 

lobar Vmax as the correlation CO-efficient was 0.772 (pc0.00 1) (Figure 1 1 ). 

D. RLL BRONCHIAL CROSS-SECTIONAL AREA: 

In the normal dogs, the RLL bronchial areas were significantly increased 

at VC75% when the RLL was deflated in the presence of adjacent lobes (Figure 

12). In the emphysernatous dogs, similar increases in the RLL bronchial cross- 

sectional area were also seen when the RLL was deflated with the other lobes 

intact (Figure 13). 

E. FRICTIONAL PRESSURE LOSSES and RESISTANCES: 

In both groups, there were no significant differences in the fictional 

pressure losses between the two conditions (Table II), and overall there were no 

differences in fnctional pressure losses between the two groups. Frictional 

resistance, ho wever, was signi ficantl y higher in the group of emph ysematous dogs 

with no interaction between condition and vital capacity. 

F. RLL LATERAL PRESSURES: 

The normal group of dogs had significantly higher lateral pressures 

compared to the emphysematous dogs (Table V). Within each group, there were 

no significant differences in lateral pressures between conditions #I and #2. 



Nevertheless, despite similar lateral pressures in either condition, RLL branchial 

area at the high lung volume was greater in condition #2 vs. condition #1. 

F. BRONCHLAL COMPLWCE: 

In the normal group of  dogs, the airway compliance did not differ in either 

condition. However, there was a significantly Iarger airway compliance when the 

ernphysernatous RLL was deflated in the presence of adjacent lobes (Table N). 



Table 1. Average Alveolar Pressures (cmHzO) for 
the two groups of dogs. 

Emphyse 5.3 + 0.5 1 2.4 + 0.45 1 -4 f: 0.48 
matous 

Average RLL Lobar Alveolar pressures measured using alveolar capsdes showed 
that the normal lobar alveolar pressures are significantly higher than that of the 
emphysernatous lobe (p<0.001) with significantly higher alveolar pressures at 
VC75 and VC50 in group 1 than those of group II at similar vital capacities 
(*significantly different, ~ ~ 0 . 0 5 ) .  However, at VC30, there were no significant 
differences in PAL between the two groups of dogs. 



Table II. Frictional Pressure Losses (cmHzO) in 
both groups of dogs: 

0.52 0.40 0.49 

2 0.63 2 0.75 2 1.39 2 

0.42 0.36 0.39 

Emphys 1 0.24 5 0.71 2 0.98 + 

ematous 0.13 0.27 0.42 

2 0.77 + 0.73 2 1.24 f 

0.54 0.34 0.48 

There were no significant differences in the Wctional pressure loss between the 
two groups of dogs. There were also no significant differences between the two 
conditions. (Pfr = PAL - PEND). 



Table III. RLL Frictional Resistance (cmH20/ 
LIS) in both groups of dogs: 

Normal* 0.2 1 5 0.49 f: 1 -06 

Emphyse 

matous 

The overall average RLL lobar fnctional resistance in the emphysematous dogs 
are significantly higher than that of the normal dogs (* p< 0.01) with no 
significant interaction between condition and vital capacities. Within each group 
of dogs, the lobar fnctional resistance does not differ between conditions. 



Table IV. RLL Branchial Airway Cornpliance 
(cm*/crn~~0) in both groups of dogs: 

Emph yse 

matous 

-- - -- 

The bronchial compliance was overall significantly higher in the ernphysematous 
vs normal dogs (# p<0.05). Within the emphysematous group o f  dogs, there were 
higher bronchial compliances in condition #2 (* pc0.004) at VC75 than those o f  
condition #1. However, within condition # 1 ,  there was no signifiant difference in 
bronchial compliance at different vitai capacities. Within the normal group of 
dogs, there were no significant differences in compliance either between 
conditions or between diffetent lobar vital capacities. 



Table V. Lateral Pressures (cmH20) in both 
groups of dogs: 

Emphyse 

matous 

There was a significant difference in the overall average lateral pressure between the 
normal and emphysematous dogs (*p<0.004). However, there were no significant 
differences in the PLAT between the two conditions within each group of dogs. Within 
each condition in either group of dogs, PUT at VC75 were significantly higher than PLAT 
at VC50 and VC30 (p<0.005). 



Figure 6. Deflation Rate of the RLL in Normal Dogs. 

Conditions: 
# 2  
# l  

Vital Capacity 

The RLL deflated significantly faster when it is deflated in condition #2 compared to that 
in condition #I  (p<O.001) with significant interaction between condition #2 and VC75 
(*significant difference, p<0.005). At lobar VC50 and VC30, there were no significant 
differences in deflation rate within each condition and between conditions. 



Figure 7. Deflation Rate of RLL in emphysematous 
dogs: 

Conditions: 
a #2 

#1 

Vital Capacity 

The average RLL lobar deflation rate is significantl y decreased in condition # 1 compared 
to condition #2 (significant, p<0.004). However most of the differences in deflation rate 
was at VC75 (*p<0.001) with significant interaction between condition #2 and VC75. At 
lower lung volumes, there were no significant differences in the deflation rate within each 
condition and between conditions. 



Figure 8. Cornparison of deflation rate between two 
groups of dogs: 

Condition 

Disease Groups: 
Emphysema 

f l  Normal 

The overall average deflation rate of  lobar vital capacities (at 75%, 50% and 30%) of 
group 1 was significantly higher than that of group II (pc0.00 1 ). In condition #2 of  group 
1, the RLL in the normal dogs deflated significantly faster compared to the deflation rate 
of the emphysernatous dogs (*p<0.005). There was no significant difference in deflation 
rate between the two groups of dogs in condition # 1 .  



Figure 9. RLL Lobar Cmax in Normal Dogs: 

Conditions: 
#2 
#1 

0.0 
VC30 VC50 VC75 
Vital Capacity 

Average RLL Lobar ~ m a x  is significantly higher in condition #2 (pc 0.001) with 
significant intera~tion~between condition #2 and VC75 (*p<0.005). At mid- to lower lung 
volumes, the lobar Vmax is not significantly different between VC50 or VC30, or 
between conditions. 



Figure 10. RLL Lobar +ma= in Uniiobar 
Emp hysematous Dogs. 

Conditions: 

Vital Capacity 
c 

In condition #1, when the RLL deflated in the absence o f  adjacent lobes, the lobar Vmax 
was significantly lower than in condition #2 (*p<0.02). Within each condition, there were 
no significant differences in lobar Omax at different vital capacities. In cornparison to the 
?ormal group o f  dogs, the unilobar emphysematous dogs had significantly lower lobar 
Vmax (p<0.005) (refer to Figure 9). 



Figure 11. 
Vmax. 

Measured versus Calculated RLL Lobar 

0.0 ! - 1 I I 1 1 1 I I I I 1 I 1 T i 

0.0 1.7 3.3 5.0 
omax Calculated (Us) 

in general, k n a x  calculated followed Gmax rneasured in condition # l  in both groups of 
dogs (r = 0.772, p<0.001). 



Figure 12. RLL Lobar Branchial Cross-sectional 
Area for Normal Dogs. 

Conditions: 
O #2 
m # 1  

Vital Capacity 

The average RLL loba  bronchial cross-sectional area in condition # 1  is significantly 
lower than the area in condition #2 (pi0.01) with significant interaction at VC75 
(*p<0.05). Within condition #1, the bronchial areas were not significantly different fiom 
one ano ther at di fferent lobar volumes. Wi thin condition #2 however, the bronchial area 
at VC75 was significantly higher than those of lower lobar volumes. 



Figure 13. RLL Lobar Branchial Cross-sectional 
Area in Unilobar Emphysematous Dogs. 

Conditions: 
#2* 
# 1  

0.9 

0.0 1 

l 4  1 I 1 1 

VC30 VC50 VC75 
Vital Capacity 

The average RLL lobar bronchial cross-sectional area of condition # I is smaller than that 
of condition #2 (* pCO.01). There are however no differences in bronchial area between 
different vital capacihes within each condition. In cornparison to the normal group of 
dogs, the bronchial area of the emphysematous dogs are generally lower but no signifiant 
di fferences were f o n d  between groups. 



V. DISCUSSION 

The present snidy investigates the effects of pst-puhonary resection on 

parameters of maximal flow in normal canine lungs and in a unilobar emphysema 

model. In both normal lungs and in the emphyserna model, the results showed 

that maximal flow rates and the deflation rate of the RLL were higher when 

adjacent lobes deflated as compared to what was observed when the RLL was 

deflated alone. Thus, the results indicated that there is interdependence of flow 

between lobes, such that when al1 of the Iobes contributed to deflation in condition 

#2, RLL Vmax was higher as compared with condition #1. 

The mechanism of the increase in maximal flow observed when al1 of the 

lobes deflated appeared to be an increase in bronchial cross-sectional area. In both 

groups, with the Pitot static tube located at the same airway site in conditions Cf1 

and #2, cross-sectional area was ïargef in condition iC2 (See Figure 12 & 13). In 

terms of current undatanding of the factors that determine maximum expiratory 
O 

flow, Vmax appears to be best explained by wave-speed theory. According to 

wave-speed theory, maximal flow is reached when a critical velocify is reached in 

the airway. This critical site is termed the choke-point. At this airway site, gas 

velocity is equai to the speed at which pressure waves can be propagated along the 

ainvay wall. Once a choke point is 
w 

required to reach Vmax is dissipated in 

Vmax is given by ( A ~ I ~ K )  where A is 

formed, any expiratory effort above that 

terms of heat and fiictional losses (22-23). 

bronchial cross-sectional area and airway 

cornpliance (K). 



In condition # 1, the Pitot static tube was located at the entrance of the RLL 

which was the usual choke point site in Groups I and II. When al1 the lobes 

deflated in condition #2, cross-sectional area increased relative to that found in 

condition ##l (See Figure 12 & 13). RLL defiation rate increased in condition #2, 

since RLL area was larger in this condition. in condition #2, a new choke point 

would occur downstream fiom the RLL bronchus that would allow a higher RLL 

deflation rate, although it was not the purpose of this expenment to locate the site 

of the choke point in condition #2. 

The mechanism of the increase in bronchial cross-section at the site of the 

Pitot static tube in condition #2 could be related to a decrease in fictional pressure 

losses to this site or to a change in the pressure-area behavior of the RLL 

bronchus. In condition #2, a decrease in fictional pressure losses as compared 

with condition # L  could lead to an increase in the pressure head in condition #S. 
# 

This would result in a larger area and a higher RLL Vmax when al1 the lobes 

deflated in condition #2 (See Figure 9 & 10). However, frictional pressure losses 

were unchanged between conditions in both groups (See Table II), so that there 

was no evidence that this mechanism was responsible for the larger bronchial 

cross-section in condition #2. 

Alternatively. the more likely mechanism appears to be a change in 

bronchial pressure-area behavior in condition #2 that resulted in a larger area for a 

given lateral pressure when al1 the lobes were deflated in this condition. This 

change could occur by two mechanisms. One process may involve an increase in 

longitudinal tension of the mainstem bronchi when al1 lobes deflated as compared 



to when the RLL deflated alone. The second mechanisrn is that the decrease in 

peribronchial pressure that occurs when the visceral pleura of adjacent lobes is 

removed lead to increased transmural pressure gradient, hence larger bronchial 

cross-sectional area. When the RLL deflated in condition #1, it was oRen noticed 

that the central airways would not remain straight in the mania1 to caudal 

direction, but would bow to the left side of the chest during defiation. This change 

in spatial orientation of the central airways in condition # 1  would make the central 

airways more c ~ r n p l i ~ :  as compared with condition #2. According to the 

Laplace relationship, for given elastic properâies, bronchial compliance and area 

are determined by the distribution of longitudinal tension along the airway. 

Removal of the other lobes may lead to greater curvatwe of the ainvay and 

thereby decrease the airway area and stiffness in condition #1 relative to that 

found in condition #2. If this were the case, however, one would have expected 

bronchial compliance in condition #2 to be less than that found in condition # l  

(See Table IV). Although this effect was not observed, there was a lot of 

variability in the measurernent of compliance in these experiments. Accordingly, 

changes in longitudinal tension could still explain the increase in area found in 

condition #2. 

Another possible mechanism for the relative decrease in the deflation rate 

of RLL in the absence of adjacent lobes is that there may be a decrease in 

peribronchial pressure that occurs when the visceral pleura of adjacent lobes is 

removed. As well, the parenchyrnai protective wrap of the adjacent lobes around 

the right bronchus intennedius is eliminated when the adjacent lobes are removed. 



in condition #2, a more negative peribronchial pressure would increase the 

transmural pressure of the bronchus that would in tum increase bronchial cross- 

section for a given lateral pressure. This effect on transmural pressure has been 

dernonstrated by Sasaki et al (70-72) whereby the lung parenchyma was dissected 

away fiom the main loba  bronchi resulting in significant decrease in the maximal 

expiratory flow. The mechanism proposed for the decrease in maximal expiratory 

flow when the Iung parenchyma was dissected fiee was that radial traction of 

peribronchial tissues of the lung was elirninated fiom keeping the bronchus open. 

In this regard, in the absence of adjacent lobes, the total volume of lung 

deflating together is much smaller. Hence, the srnaller voiurne at the start of 

deflation in condition #1 leads to a smaller bronchial cross-sectional area by 

airway hysteresis (85,86,95). The airways show the same degree of hysteresis as 

the lung when subjected to the same pressure as relative bronchial volume changes 

were found to be directly proportional to lung volume changes (85). Hughes et al 

(95) found that at lower lung volumes, hence lower lung recoil pressures, "the 

interdependence of airway and airspace expansion was significantly less" than at 

higher recoil pressures when "the lung parenchyrna confers a stifkess upon 

intrapulmonax-y airways during expiratory flow." Studies have also shown 

significant correlation between airway diameter and the cube root of lung volume, 

as well as between airway length and the cube root of lung volume (85,86) on both 

inflation and deflation. Marshall showed that the bronchial lengths increased 

throughout inflation with full inflation of the lung can cause up to 60% increase in 

bronchial diarneter and 40% increase in bronchial length (42). Assuming similar 



relationships on deflation, the bronchial tree especially the trachea and l o b a  

bronchi on deflation would decrease their areas, leading to a smaller cross- 

sectional area and Iowa expiratory flows as seen in condition # 1. 

In the present experiment, the lateral pressures were not signi ticantl y 

different whether or not the RLL was deflating by itself or in the presence of 

adjacent lobes (See Table V). Yet the airway areas were significantly different 

especially at higher vital capacities. In condition #2, the transmuraI pressure 

gradient may have been higher in the presence of the other lobes, such that a larger 
O 

cross-sectional area led to a higher RLL Vmax in condition #2. Although the 

present study does not distinguish between the possible mechanisms involved, the 

results indicate that a change in bronchial pressure-area behavior may affect the 

functioning of the remaining lobes when pulmonary resection is perforrned in 

clinical medicine. 

When the two groups of dogs are compared, the maximal expiratory flow 

rate and the deflation rate in the emphysematous dogs were significantly 

decreased as compared with the normal group in both conditions. The mechanism 

for these decreases in the emphysema group occurred as a result of  the reduction 

in elastic lung recoil which in turn reduced the pressure-head (PH=  PA^- Pfr) at the 

choke point (90-93). According to wave-speed theory, for a relatively lower 
a 

pressure head in a given airway, Vmax will be reduced. When a decrease in the 

pressure head occurs, the accompanying changes in the wave-speed parameters 

would be variable, but would reflect the bronchial pressure-area behavior of the 

choke point area. For instance, in the emphysema group, bronchial area at 75% 



VC in condition #1 measured 1.2 cm2 (see Figure 13) vs 0.9 cm' measured in the 

normai goup  (see Figure 12), while airway cornpliance was higher in the 

emphyserna group. in terms of the wave-speed equation, in the emphysema 

group, the relative increase in airway compliance was greater than the effect of the 

increase in area, so that RLL Vmax was lower in the emphysema group. 

Another contribution for the decreased expiratory flow and deflation rate 

in the emphysernatous dogs was the relatively increased resistance to flow. In the 

emphysema group, the resistance to RLL flow was higher than found in the 

normal group (see Table III). Al1 things being equal, a higher resistance would 

relatively d u c e  the pressure head and lead to a decrease in V m a x ~ ~ t .  In the 

emphysema group, the increase in resistance rnay be related to the lower recoil 

which may have relatively decreased airway diameter in the emphysema group. 

In addition, the destruction of lung tissue may result in a decrease of elasticity of 

the radial attachments fiom the parenchyma to the ainvay that may increase 

ainvay instability (48, 57, 87-89). In terms of wave-speed theory, the decrease in 
# 

ainvay stability would lower Vmax by decreasing the cross-sectional area for a 

given transrnural airway pressure. 

The present study could explain the reason for the large number of 

postoperative complications that occur when patients have multiple lobes 

removed. In that case, decreases in emptying rate and maximal expiratory flow 

would be signifiant for patients who had resections of adjacent lobes, as the 

remaining RLL rnight not function as optirnally as it would when adjacent lobes 

were present. The decrease in pst-lobectomy flows such as FEVi in pulmonary 



function studies might be more than predicted (65, 66, 94). Hallfeldt (10) 

considers pulmonary resections-even lesser procedures such as enucleation or 

segmentectomies-as "surgical trauma" that c m  inflict the "loss of function 

[which] indicates that the rernaining lung tissue, as well as the breathing 

mechanics, is severely compromised throughout the postoperative paiod." In 

one study of pst-lobectomy patients, the washout half times of 1 3 3 ~ e  were 

"prolonged more than accounted for (l)." The increase in washout half times of 

the  eno on"' in the remaining lobes of the ipsilateral hemithorax are reflective of 

the observed findings of decreasing ernptying rate and expiratory rate when 

adjacent lobes are removed. 

A decrease in emptying rate when adjacent lobes are removed might also 

promote mucus retention in the remaining lobes which could lead to atelectasis, 

lobar collapse, pneumonia and respiratory failure (73). As more parenchyma is 

rernoved, this may have an effect on the remaining lung causing a tùrther decrease 

in function of the unremoved portion. 

In the emphysema group, the results showed that when the adjacent lobes 

were not present, the RLL emptied significantly slower and its expiratory flow 

also decreased dramatically. To some extent this differs fiom the reported 

increases in expiratory flow obsmed in clinical patients with severe chronic 

obstructive pulmonary disease who undergo volume reduction surgery (74-79). 

The reason for the difference may reflect the fact that in volume reduction surgery, 

the more severely diseased portions of the lung are rernoved which in turn allows 

the better preserved lung tissue to expand and to thereby improve lung function. 



In the present study, normal lung tissue was removecl, and this effect was 

deleterious to the branchial pressure-area behavior of the remaining lung. 

Moreover, in the present study, much more lung tissue was removed than what is 

performed in volume reduction surgery, and the degree of pulmonary resection 

may be important in determining the net effect on flow. 

Finally, in this model, it must be recalled there was no interaction between 

the chest walI, diaphragm, and h g .  If this interaction were present. spatiai 

arrangements among the lobes could be altered in a positive manner that could 

stabilize the ainvays or increase transmural airway pressure. Many studies (80- 

83) have indicated that there is significant interaction between the diaphragrn and 

chest wall on the patients who hod volume reduction swgery for their severe 

emphysema. The contribution to the increased flow in these emphysematous 

patients might be due to the better diaphragmatic neuro-mechanical coupling and 

increased ability of inspiratory muscles to generate force (84). Also lung-chest 

wall interaction is the "chief determinant" of the tendency to inflate the obstructed 

regions of the lungs in pigs as the rest of the unobstructed lung was inflated (39). 

This tendenay was abolished when the chest-wall was removed (39). Thus, it is 

recognized some difference in effect on pulmonary resection rnay have occurred if 

chest wall lung interaction were present in this model. 

In sumrnary, the presence of adjacent lobes produced drarnatic changes in 

the mechanical fünctioning of the normal and emphysematous RLL. The 

significant drop in maximal expiratory flow and emptying rate of the remaining 

RLL after adjacent lobes are removed could lead to potential minor complications 



of mucus retention and atelectasis, and to major complications such as lobar 

coliapse, pneumonia, respiratory dysfbnction and failure. The present study 

shows that there is lobar interdependence of maximal expiratory flow and 

deflation rate whether or not the lobe remaining pst-pulmonary resection is 

normal or emphysematous. Understanding the phenomenon of lobar 

interdependence of expiratory flow is important for optimizing the mechanical 

functioning of the remaining lobes in clinical medicine. 
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