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ABSTRACT 
Rationale:  Bronchoconstriction in asthma results in patchy ventilation forming ventilation 

defects (VDef�s).  Patchy ventilation is clinically important because it affects obstructive 

symptoms, impairs gas exchange and the distribution of inhaled medications.  This report 

combined functional imaging, oscillatory mechanics and theoretical modelling to test whether 

the degrees of constriction of airways feeding units outside VDef�s were related to the extent of 

VDef�s in bronchoconstricted asthmatic subjects. 

Methods:   Positron emission tomography was used to quantify the regional distribution of 

ventilation and oscillatory mechanics were measured in asthmatic subjects before and after 

bronchoconstriction.  For each subject, the ventilation data was mapped into an anatomically 

based lung model that was used to evaluate whether airway constriction patterns, consistent with 

the imaging data, were capable of matching the measured changes in airflow obstruction.  

 Main Results:  The degree and heterogeneity of constriction of airways feeding alveolar units 

outside VDef�s was similar amongst the subjects studied despite large inter-subject variability in 

airflow obstruction and extent of the ventilation defects.  Analysis of the data amongst the 

subjects showed an inverse relationship between the reduction in mean airway conductance, 

measured in the breathing frequency range during bronchoconstriction, and the fraction of lung 

involved in ventilation defects.  

Conclusions: The data supports the concept that patchy ventilation is an expression of the 

integrated system and not just the sum of independent responses of individual airways.   
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INTRODUCTION 

In asthma, ventilation distribution and lung mechanics are extensively affected by 

heterogeneous airway constriction.  Detailed imaging studies in the bronchoconstricted lung 

using magnetic resonance (MR) (1, 2) and positron emission tomography (PET) (3, 4) have 

shown the presence of patchy ventilation characterized by large ventilation defects (VDef�s) .  

The extent of those VDef�s initially led investigators to speculate that they were likely caused by 

severe constriction of central airways feeding the constricted regions.  However, experimental 

evidence and theoretical modelling suggest that most of the functional impairment in asthma is 

caused by heterogeneous constriction of peripheral airways (5).  This lung mechanics evidence is 

thus inconsistent with the concept that constriction of large airways could be exclusively 

responsible for the VDef�s.  Instead, we recently demonstrated that even a symmetric airway tree 

undergoing uniform smooth muscle activation can develop highly heterogeneous ventilation as a 

result of severely constricted peripheral airways clustered in VDef�s like those observed with 

imaging (3, 4) .  Furthermore, this model predicted that, for constrictive stimuli beyond a critical 

level, airway narrowing did not progress throughout the entire airway tree but was localized, 

increasing the extent of the lung covered by VDef�s.   

This last prediction cannot be directly tested experimentally because limited spatial 

resolution of current imaging techniques does not allow visualization of all the affected airways 

in a breathing lung.  However, in a recent study we showed that combining PET imaging with 

measurements and analysis of the frequency dependence of dynamic resistance (RL) and 

elastance (EL), could be used to test hypothetical airway constriction patterns imposed on an 

anatomically consistent model of the airway tree (6).  These image-guided modelling tools are 
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used in the present study to evaluate the relationship between obstructive changes of the airway 

tree and relative extent (size) of the VDef�s in bronchoconstricted asthmatics.  

 For that purpose, VDef�s defined from PET images of each subject, were mapped into 

the corresponding acini of an anatomically consistent 3D model of the airway tree (7).  

Bronchoconstriction was simulated by systematically varying the lumen of specific airways of 

the tree.  This allowed us to define spatial patterns of airway obstruction that best approached the 

changes in oscillatory mechanics after bronchoprovocation in each of the subjects.  The spatial 

patterns were evaluated to test whether constriction of airways feeding units outside the VDef�s 

could be associated with the differences observed amongst subjects in the extent of the lung 

covered by VDef�s. 

METHODS 

Ten mild-to-moderate asthmatic subjects were studied before and after broncho-

constriction with a protocol approved by the MGH review board (Table 1).  After positioning the 

subjects supine on the PET scanner, oscillatory lung mechanics(8, 9) and PET scans (4, 10) were 

acquired within 5 minutes of each other.  Baseline data were acquired in the following order: 1) 

Transmission PET scan and oscillatory mechanics, 2) Emission PET scan of IV injected 13NN-

saline during apnea (30 sec) followed by a 3 minute washout with normal breathing and 3) 

Spirometry.  While laying in the camera, a standard 5-breath methacholine challenge was 

administered at a dose previously established to decrease the subject�s upright FEV1 by 20% 

(PC20 dose) (11).  Five to 10 minutes following the challenge, another set of imaging and 

mechanics data was collected.  VDef�s were defined, from the end of the washout PET scan 

during bronchoconstriction, as sets of contiguous voxels with 20% or more of the highest 

residual tracer concentration. This threshold (20%) for residual tracer concentration was selected 
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because at thresholds between 20 and 30%, the change in size of VDef�s were found to be rather 

insensitive to the threshold level selected.  In addition a constant 20% threshold for all subjects 

yielded the largest possible VDef�s size within that range of thresholds.   

Oscillatory mechanics were assessed, by delivering, through a mouthpiece, seven 

superimposed sinusoidal waveforms with frequencies ranging from 0.15 to 8Hz.  

Transpulmonary pressure( Ptp), measured as the difference between airway opening pressure and 

esophageal pressure, and flow (Qao) at the airway opening measured with a pneuomotachograph, 

were electronically acquired and monitored for 2 -3 minutes and signal processing on Qao and Ptp 

was used to estimate values of RL and EL as a function of frequency (8).  

Computational Modeling 

A 3D model of the airway tree was used to simulate RL and EL for a set of assumed 

airway dimensions and tissue structural properties as previously described (7).  The impedance of 

a single airway is calculated using an acoustic transmission line model with a resistive and 

inertial element. Each airway also includes a shunt airway wall compliance, which is modeled as 

the parallel combination of soft tissue and cartilage.  The airway wall properties are a function of 

airway diameter and airway wall thickness (12).   For each subject studied, the model�s total gas 

volume was scaled to match the subject�s plethysmographically measured FRC and airway 

diameters of the model were adjusted to match measured baseline RL and EL (6).  For 

bronchoconstriction, the VDef�s defined from PET (Figure 1) were mapped into the model.  The 

PET images cover typically 2/3 of the lung while the 3D model included the full airway tree.  To 

account for this, the model VDef�s were expanded outside the imaged field so that the resulting 

fraction of lung volume occupied by VDef�s in the model was equivalent and contiguous to that 

occupied by VDef�s within the imaged lung. 
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For bronchoconstriction the level of airway narrowing applied to the model was defined 

based on whether or not the individual airway fed VDef�s.  First, a fixed fraction (40%) of the 

terminal bronchioles that led to VDef�s were reduced in diameter to a fixed fraction (20%) of 

that at baseline while the rest of the airway tree were left at the baseline size (Model A).  Next, in 

addition to the constriction conditions in Model A, we constricted to a fixed fraction (30%) of 

baseline diameter all bronchi exclusively feeding VDef�s (Model B).  The rationale for choosing 

the specific degrees of airway constriction in models A and B comes from previous modeling 

work (5) as addressed in the discussion.  Lastly, in addition to the constriction conditions in 

Model B, we imposed heterogeneous constriction to the airways not leading to VDef�s, by 

random sampling of Gaussian distributions covering a grid of means and standard deviations 

(Model C).   

The simulated lung mechanics best approaching those measured, for a given subject was 

taken as those yielding the lowest Simulation Index (SI) defined as:  
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where Re and Im are the real and imaginary part of lung impedance, i denotes each of the nf 

frequencies studied, and d refers to experimental and m to modeled data. The pair of mean and 

SD yielding a minimum value of SI (Figure 2) therefore defined the constriction pattern for 

Model C.  

Statistical Analysis 

Comparisons were performed using student�s paired t-test with significance at p<0.05.  

Linear regressions were conducted for baseline-normalized airway diameters (D/Do) and 
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baseline-normalized airway conductance (G/Go), vs. extent of the model�s VDef�s.  Linear 

regressions were also conducted for baseline-normalized airway conductance at 0.15 Hz during 

bronchoconstriction (GMch/GBase) vs. the fraction of imaged lung volume covered by VDef�s.  

RESULTS 

The sets of airway diameters of the model that simulated measured lung mechanics at 

baseline for all subjects, involved a substantial constriction (mean=0.42) with a small level of 

heterogeneity (standard deviation= 0.08). These adjusted airway diameters defined baseline 

conditions for each subject.  

During bronchoconstriction all subjects showed a considerable increase in the frequency 

dependence and mean levels of RL and EL compared to baseline (closed symbols in Figure 3).  

The severe reduction in terminal bronchiolar diameter, imposed on the model�s VDef�s (Model 

A), caused only minor elevations in RL and EL from baseline that could not account for the 

obstructive changes in mechanics during bronchoconstriction (Dotted line in Figure 3). 

Additional constriction to all airways of the tree feeding VDef�s (Model B) caused only a minor 

elevation in RL and EL relative to Model A (Dashed line in Figure 3).  However, additional 

heterogeneous reduction in diameters of airways feeding the rest of the lung (Model C) 

substantially improved the match between simulated and measured values of RL and EL (Figure 

3, grey solid line).  As a result, there were systematic and significant reductions in SI�s between 

Models A and B and between Models B and C (p<0.05) (Figure 4). 

It is therefore clear that, in addition to severe constriction of terminal bronchioles within 

VDef�s and airways leading to them, a certain degree of heterogeneous constriction needs to be 

applied to the rest of the airway tree to explain the changes in oscillatory mechanics measured in 

the subjects during bronchoconstriction.  There was substantial variability in the extent of 
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VDef�s amongst subjects, ranging from 19% to 80% of the imaged lung (Figure 1). This 

variability was not associated with the level or heterogeneity in constriction of airways not 

feeding VDef�s (Figure 5).  However, the average of baseline-normalized airway diameters 

(D/Do) for all airways in each of the subject-specific models was negatively correlated (r =-0.91) 

with the relative extent of the model�s VDef�s can be fit by linear regression as:  

D/Do= 0.9012 � 0.38 TB 

where TB is the fraction of terminal bronchioles encompassed within the VDef�s (Figure 6,left). 

Assuming an average baseline-normalized airway conductance (G/Go) for the model as 

proportional to baseline-normalized airway diameter to the fourth power (D/Do) 4, yielded also a 

negative correlation (r=-0.91) between G/Go and TB which can be approximated by linear 

regression as : 

G/Go= 0.60 � 0.68 TB 

This relationship (Figure 6) was consistent with the linear regression between a baseline-

normalized conductance, measured during methacholine-induced bronchoconstriction 

(GMch/GBase), and the fraction of imaged lung volume encompassed by VDef�s in the PET images 

(r=-0.48) : 

( )
Base

Mch
BaseMch R

RGG
/1
/1/ = =0.549-0.36 VDef 

where RMch and Rbase are oscillatory lung resistance measured at 0.15Hz during 

bronchoconstriction and at baseline, respectively, and VDef, is the fraction of voxels of imaged 

lung encompassed within the VDef�s (Figure 6, right). The correlation was substantially reduced 

(r<0.001) when GMch/GBase at 8 Hz was used. 
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DISCUSSION 

The main findings of this study were:  1) Severe constriction of terminal bronchioles and 

airways leading to VDef�s was not enough to explain the mechanical obstruction measured in 

bronchoconstriction, 2) A significant degree of heterogeneous constriction of the rest of the 

airway tree was necessary to account for the measured changes in oscillatory mechanics of each 

subject and 3) Inter-subject differences in the average degree of constriction of airways not 

leading to VDef�s were not correlated with the extent of VDef�s  

Before discussing these findings, it is important to point out methodological assumptions 

and limitations of our methodology.  We initially adjusted baseline airway diameters of the 

model to match measured baseline RL and EL.  We started with a previously published model of 

airway dimensions (13) derived from a generic normal lung in the upright position for baseline 

conditions, as a result, the airway diameters had to be adjusted to account for the airway size 

differences between that generic model and the lung of each asthmatic subject studied. The 

actual amount of adjustment is also justified because subjects were studied when lying down, a 

condition expected to reduce lung volume (at FRC). Thus, it can be expected that to match the 

baseline oscillatory mechanics, the generic model required a significant mean level of 

constriction (mean=0.42).  Interestingly, the SD of the adjustment was low (0.08) and thus 

represented a relatively homogenous constriction pattern.  

Regions of VDef�s, identified from PET images, were mapped into an anatomically 

consistent 3D model of the lungs.  In that model severe constriction of the terminal bronchioles 

of as much as 20% of the baseline diameter was defined because previous modeling analysis(5) 

showed that at least that much was required to simulate the elevation of elastance at normal 

breathing frequencies observed in asthmatics during bronchoconstriction.  Terminal bronchioles 
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in the model were not fully obstructed because analysis of the PET images showed that units 

within VDef�s ventilated slowly but were usually not totally unventilated.  Preliminary analysis 

of the data also showed that such a reduction in diameter resulted in regional ventilation of 

VDef�s that was consistent with that observed in poorly ventilated units with PET (3, 4, 14).  

Previous analysis of the PET images has showed that voxels within the VDef�s were not 

uniformly hypoventilated but instead had a mixture of ventilating units and hypoventilating units 

(4, 15).  To account for this we assumed that 40% of terminal bronchioles within the VDef�s of 

the model were severely constricted while the diameters of the rest were kept at baseline levels.  

No significant differences in the impedance spectrum predicted by the model were observed 

when as much as 100% of the terminal bronchioles within the VDef�s of the model were severely 

constricted. Diameters of airways feeding VDef�s were reduced to 30% of baseline consistent 

with previous modeling results (6).  The simulations showed that exclusive constriction to 30% 

or less of baseline in airways leading to VDef�s had only a minimal effect on elevating RL and 

EL.  Heterogeneous constriction of airways outside the VDef�s was defined by random sampling 

of constriction factors from Gaussian probability distributions (7).  The constricted diameter of 

each airway was constrained to be no less than 20 % and no larger than 110% of its baseline 

diameter.  Airway diameters as large as 110% of baseline were allowed since airway dilation, 

possibly by increased parenchymal tethering forces, has been visualized with CT in certain 

airways during bronchoconstriction (16, 17).  However, the minor fractional changes in diameter 

introduced with this assumption had only minimal effect on the simulated oscillatory mechanics.  

Introducing the above constraints resulted in distributions of final airway diameters with mean 

and standard deviations that were different from those defining the original constriction factor 
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Gaussian distributions.  This report presents the means and standard deviations of the airway 

diameters actually imposed on the model. 

Integration of ventilation imaging and lung mechanics 

Topographical information from PET images was synthesized into a 3D model of the 

airway tree and used to test the effects of regional changes in airway diameter on lung 

mechanics.  Consistent with previous studies (6) it was found that most of the frequency 

dependence of RL and EL after broncho-provocation could only be accounted for if 

heterogeneous constriction was added to the airway tree.  

 Both the mean and standard deviation of constriction in the best match simulations were 

fairly similar amongst subjects and uncorrelated with the extent of their respective VDef�s 

(Figure 5).  In other words, the degree of heterogeneous constriction of the rest of the tree 

appeared independent of the extent of the VDef�s.  This constriction corresponded to an average 

airway diameter of ~90% of baseline.  The specific value of such constriction could have been 

affected by various model assumptions.  This study assumed that all airways distal to the 3rd 

generation were submitted to a similar degree of heterogeneous constriction.  This was assumed 

because cartilaginous protection decreases rapidly for airways distal to that generation. To our 

knowledge, there is no experimental evidence showing preferential constriction of airways of a 

given set of generations proximal to the terminal bronchioles.  Instead, direct imaging of 

bronchoconstricted airways of animals (18) and humans (16, 19) has shown heterogeneous 

reductions in airway diameter at all levels of the tree within the imaging resolution of CT 

(>2mm).  

The best match simulations yielded a negative correlation between the average baseline 

normalized airway diameters and the extent of the VDef�s amongst subjects.  This finding 
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implies that part of the differences in global mechanical response among subjects (Figure 6) 

could be explained by differences in extent of their respective VDef�s and, thus, by the number 

of severely constricted terminal units. 

The inverse relationship between mean baseline-normalized diameter of all airways of 

the model and the fraction of terminal bronchi involved in the VDef�s was consistent with the 

equivalent relationship for experimental data obtained between the baseline-normalized airway 

conductance, measured at 0.15 Hz, and the fraction of the imaged lung involved in VDef�s.   

Both modeling and experimental correlations can be expected given the concentration of 

severely constricted terminal airways in the VDef�s from the model and imaged lungs.  A less 

expected finding was that both, modeling and experimental relationships (Figure 6) had y-

intercepts that were lower than unity (airway conductance reduction for VDef�s of negligible 

size).  In fact, the y-intercept of the experimental relation (0.60) and that for the model generated 

relation (0.52) were quite similar.  This suggests that a critical reduction of conductance of as 

much as 40 to 50% may take place before a patchy pattern of ventilation distribution develops. 

Airway conductance (G) calculated as the inverse of RL is usually regarded as a surrogate 

for changes of the airway lumen.  Both G and RL are typically measured at relatively high 

frequencies (5 to 8Hz) because of the minimal contribution of tissue resistance and parallel 

heterogeneity exhibited at these frequencies as previously depicted by network models of lung 

mechanics using rigid airways. When using models with rigid airways, heterogeneity is in fact 

more of a contributor to the low frequency data (0.15Hz) compared to the high frequency data 

(8.0Hz) (20).  To test whether in realistic conditions the presence of airway compliance could 

affect that conclusion, G/Go was also estimated at 8Hz assuming rigid walls with the constriction 
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conditions found to best match the measured changes in mechanics during bronchoconstriction 

for each subject.  If G/Go at 8 Hz for the rigid airways is taken as the best indicator of changes in 

average airway lumen during bronchoconstriction, then the deviation between it and G/Go 

derived with compliant airways, at any frequency, could be considered as the error in assessing 

the change in airway lumen under realistic conditions at that frequency.  It was found that, in the 

models with compliant airways, G/Go at 8Hz deviated (0.15 ± 0.13 l/ (cmH20.s)) three times 

more than G/Go at 0.15Hz (0.053 ± 0.0408 l/ (cmH20.s)) relative to G/Go at 8Hz obtained 

assuming rigid airways: this was true in the models of nine out of ten subjects.  It is concluded 

due to the presence of airway compliance; the change in global airway conductance measured at 

breathing frequency (0.15 Hz) can better approximate the change in airway caliber than when 

measured at 8 Hz.  This may explain the better correlation obtained in Figure 6 when G/Go is 

plotted for low instead of high frequency.  

The suggestion that a critical reduction of conductance take place before a patchy pattern 

of ventilation distribution develops is consistent with the behavior of the network model of the 

airway tree (4). This network model is predictive of the formation of the VDef�s and change in 

airway diameter as a result of dynamic interactions amongst different airways of the tree unlike 

the 3D airway tree model, which is not predictive of the formation of the VDef�s, and needs the 

airway diameters and the location of ventilation defects as inputs.  More specifically, the network 

model incorporated the effects of tidal stretch on smooth muscle (21, 22), the interdependence 

between airway wall and parenchymal forces (23, 24) and the interdependent behavior between 

airways within a branching tracheobronchial tree (25). That model was assumed to be virtually 

symmetric and with uniform structural and functional properties to demonstrate that 

heterogeneity in those properties was not a requirement to develop the heterogeneity in 
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constriction observed in asthma.  Indeed, the model showed that progressive increases in smooth 

muscle tone up to a critical level resulted in progressive but uniform airway constriction.  

However, smooth muscle activation beyond that critical level lead to a very heterogeneous 

pattern of ventilation, and airway obstruction with large clusters of constricted terminal 

bronchioles(4) which were equivalent to large VDef�s observed with PET (15).  Further 

activation of smooth muscle in the model expanded the extent of the VDef�s as well as the 

number of severely constricted terminal bronchioles within them, while the rest of the lung 

remained uniformly ventilated.  The findings of the present study are consistent with the 

following predictions of that theoretical model (4): 1) exclusive constriction of airways leading 

to ventilation defects, whether peripheral or more central, was not enough to explain the 

obstructive changes in lung mechanics measured in the asthmatic subjects.  To explain those 

changes, a certain degree of heterogeneous airway constriction to the rest of the airway tree was 

also required 2) although the differences in mechanical response to bronchoconstriction amongst 

different subjects were associated with differences in the extent of their VDef�s, the constriction 

of airways leading to the rest of the lung was not associated with the inter-subject differences in 

the extent of the VDef�s.  In other words, it appears that once VDef�s start to form, further 

smooth muscle constriction increases the relative extent of the VDef�s but not the degree of 

constriction of airways leading to the rest of the lung and 3) a non-unity y-axis intercept between 

the baseline-normalized conductance and the relative extent of VDef�s is consistent with the 

prediction that a critical level of airway narrowing needs to be reached before sizable ventilation 

defects are developed.   

In contrast to the highly uniform distribution of ventilation predicted by the theoretically 

symmetric network model for regions outside the VDef�s (4), the mechanical model in this study 
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showed that to explain the measured changes in oscillatory mechanics heterogeneity had to be  

present in airways not leading to VDef�s.  This is also consistent with results of regional analysis 

of the ventilation PET images (15).  This result is to be expected because the asymmetry in 

structural and functional properties intrinsic to the asthmatic lung.  

Summary 

This study demonstrates that in addition to the large scale ventilation heterogeneity 

caused by clustering of severely constricted distal airways in ventilation defects (4), an average 

degree and heterogeneity of constriction in the rest of the airway tree was required to explain the 

measured changes in mechanical obstruction.  Such heterogeneity was similar among the 

subjects studied and was not related to the extent of the VDef�s.  However, differences in 

mechanical response amongst patients could be attributed in part to the extent of the lung 

involved in ventilation defects for each patient.  These findings are consistent with predictions of 

a recent computational integrative model of a constricting lung (4) in which smooth muscle 

activation above a critical level results in clusters of highly constricted distal airways and a 

certain level of constriction of the rest of the tree, albeit to a much lesser extent than that of 

airways leading to VDef�s. Both experiments and modeling suggest that for smooth muscle 

activation exceeding that critical level, VDef�s increase in their extent while the rest of the 

airway tree does not constrict any further.   

In conclusion, the presence of VDef�s appears to explain not only the gas exchange 

impairment (3) during bronchoconstriction but, in combination with a VDef�s-size-independent 

level of heterogeneous constriction of the rest of the airway tree, also explain the increased 

pressure losses and mechanical impairment in asthma.  Finally, the results support the concept 
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that the heterogeneous and patchy distribution of ventilation in asthma is a manifestation of a 

complex behavior of the system rather than the independent behavior of individual airways. 
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FIGURE LEGENDS 

Figure 1 

Relationship between the percent of PET imaged lung volume covered by VDef�s (%VDef�s) 

and the percent of terminal bronchi (%TB) within the corresponding VDef�s mapped into the 3D 

model for each asthmatic subject.  Also displayed are exemplary 3D surface renderings of the 

PET imaged lung field (light blue) and the VDef�s (red) for two subjects with the largest and 

smallest extent of VDef�s. 
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Figure 2 

Plot of simulation index (SI), presenting all simulations conducted with Pattern C, for a typical 

subject.  In each simulation constricted diameters of airways feeding regions outside if the 

ventilation defects were defined by random draw of a constriction factor from a given Gaussian 

probability distribution with mean , uconst, and standard deviation, SDconst.  A unique minimum 

SI, identifies the pair of uconst and SDconst that provided best match between model and measured 

lung mechanics during bronchoconstriction. 
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Figure 3 

Typical plots of lung resistance, RL, (top) and lung elastance, EL, (bottom) versus frequency for 

two subjects (right and left) during baseline and bronchoconstriction conditions.   For both 

subjects at baseline conditions (●), measured RL and EL show small frequency dependence.  As a 

result, the model simulations (solid lines) that best matched the measured lung mechanics at 

baseline involved only minor degrees of heterogeneous airway constriction.  During 

bronchoconstriction (○), the mean levels and the frequency dependence of RL and EL were 

substantially elevated compared with those measured at baseline.  Model simulations with only 

severe constriction of 40% (dotted, Pattern A) terminal bronchioles within the mapped VDef�s, 

and in conjunction mild constriction only of airways leading to the VDef�s (Pattern B) could  

account for a small part of the measured changes in mechanics caused by bronchoconstriction.    

In contrast, the best match simulation with Pattern C that also involved heterogeneous reduction 

in diameter of airways not feeding the VDef�s (MCh, C solid grey line) were able to better 

approach the mechanics measured during bronchoconstriction.  Note, however, that the degrees 

of matching achieved by the model was not perfect with EL better matched for one subject and 

RL for the other.   
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Figure 4 
 
Improvement in simulation indices (SI) for Patterns B and C relative to those in Pattern A.   Plot 

shows SI for each subject for Patterns B and C normalized by the corresponding SI obtained for 

constriction Pattern A.  All simulations involved severe constriction of 40% of the terminal 

bronchioles within the mapped ventilation defects.  Note the systematic reduction in SI (closer 

match in mechanics) between Patterns B and C.  There were significant reductions in SI�s 

between Patterns A and B (§p<0.001) and additional reductions between Patterns B and C 

(*p<0.05). 
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Figure 5 

Plot of the average (●) and standard deviation, SD (○), of baseline-normalized airway diameter 

(D/Do) of branches in the model feeding terminal units outside ventilation defects (VDef�s) for 

the best match constriction Pattern C. Data for each subject is plotted as a function of the fraction 

of total terminal bronchioles (TB) encompassed within the mapped VDef�s.  Both the degree and 

heterogeneity of the best match constriction patterns were similar amongst subjects and not 

correlated with the extent of the subject�s VDef�s.  
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Figure 6 

Relationship between airway obstruction and extent of ventilation defects for model derived 

(left) and experimentally measured data (right).  The graph on the left plots baseline-normalized 

average airway diameters (D/Do, ○) and estimated baseline-normalized airway conductance 

(G/Go, ●). Data for each subject is the average of all airways from the best match simulation in 

Pattern C ( i.e. for the model simulation that yielded the lowest SI ). The graph on the right plots 

the baseline-normalized airway conductance, measured for each subject during methacholine-

induced bronchoconstriction (GMch/GBase), against the fraction of the imaged lung volume 

covered by VDef�s.  Note that D/Do and G/Go are negatively correlated (r =-0.91) with the 

fraction of terminal bronchioles of the model within the VDef�s.  Measured GMch/GBase is also 

negatively correlated (r=-0.48) with the fraction of imaged volume covered by VDefs� on the 

PET images.    Both modelling and experimental relationships have extrapolated y axis intercepts 
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lower than unity suggesting that a critical reduction in airway diameter to 90%, of baseline or in 

airway conductance to 60% of baseline need to occur before sizable VDef�s develop in the lungs.  
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