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Figure 71.  Greyscale (top), CT-PBV (middle), and CT-PBF (bottom). Color map 

comparison of CT-PBF and CT-PBV from an example pig studied over five different 

lung volumes, used to achieve a range of pulmonary perfusion values.  For each condition 

color-coding is the same with low to high values represented by from blue to red colors 

respectively for both CT-PBV and CT-PBF. 
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(Panel A) 

 
(Panel B) 

Figure 72.  Comparison of normalized mean and coefficient of variation of CT-PBF 

vs. CT-PBV.  Data are from two animals studied using the balloon occlusion model, used 

to achieve a range of pulmonary perfusion values and heterogeneities. The comparison of 

normalized mean values for animals 1 and 2 are in panels A and C respectively with the 

comparison of CV of normalized values in panels B and D. 
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(Panel C) 

 
(Panel D) 

 

Figure 72 (Continued) 
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(Panel A) 

 
(Panel B) 

Figure 73.  Comparison of normalized mean and coefficient of variation of 

CT-PBF vs. CT-PBV.  Data is from two animals studied over five different lung 

volumes, used to achieve a range of pulmonary perfusion values and heterogeneities. The 

comparison of normalized mean values for animals 3 and 4 are in panels A and C 

respectively with the comparison of CV of normalized values in panels B and D. 



 

 

193 

 
(Panel C) 

 
(Panel D) 

 

Figure 73 (Continued) 
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Balloon Occlusion Model Lung Inflation Model 

State 

Animal 1 Animal 2 Animal 3 Animal 4 

Inflation 
Level CT-PBF 

vs.      
CT-PBV 

CV of 
CT-PBF 

vs.      
CV of 

CT-PBV 

CT-PBF 
vs.      

CT-PBV 

CV of 
CT-PBF 

vs.      
CV of 

CT-PBV 

CT-PBF 
vs.      

CT-PBV 

CV of 
CT-PBF 

vs.      
CV of 

CT-PBV 

CT-PBF 
vs.      

CT-PBV 

CV of 
CT-PBF 

vs.      
CV of 

CT-PBV 

Baseline 0.96 0.77 0.98 0.75 0.96 0.64 0.95 0.64 5 cm H20 

Balloon 1 0.93 0.51 0.99 0.72 0.97 0.76 0.97 0.69 10 cm H20 

Balloon 2 0.93 0.74 0.98 0.93 0.94 0.84 0.96 0.79 15 cm H20 

Balloon 3 0.96 0.78 0.98 0.83 0.95 0.75 0.96 0.76 20 cm H20 

- - - - - 0.95 0.77 0.97 0.68 25 cm H20 

Combined 0.91 0.73 0.98 0.87 0.94 0.74 0.94 0.69 Combined 

Table 11. Pearson R values from the comparison between normalized values of CT-

PBF and CT-PBV and from the coefficient of variation (CV) of normalized values of CT-

PBF and CT-PBV.  Data are from all animals using either method to create range of 

pulmonary perfusion values and heterogeneities. All values are statistically significant to 

the 0.01 level. 
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CHAPTER 9: CONCLUSION & FUTURE CONSIDERATIONS 

Pulmonary diseases such as emphysema and COPD are characterized by both 

small-scale and large-scale alterations in structure and function of the lung.  It is therefore 

critical to accurately measure structure and function on both large and small-scales.  In 

recent years, MDCT has emerged as a powerful tool for the quantitative assessment of 

parenchymal destruction, air trapping (density metrics) and airway remodeling (metrics 

relating airway wall and lumen geometry) in COPD and asthma (16-23).  With the latest 

advances in MDCT and DECT, along with novel imaging techniques and contrast agents, 

the ability to measure regional function in addition to structure has finally become a 

clinical reality.  In this thesis we focused on developing and evaluating MDCT-based 

tools for measuring regional lung function.  We did initial development and testing in 

animal models and then transitioned these methods so that they were also suitable for 

studying human subjects.   

We begin by validating regional ventilation measurements from the wash-in 

xenon-CT method by performing a comparison with inhaled fluorescent microspheres, a 

highly invasive but recognized gold standard for measuring regional ventilation.  Wash-in 

xenon-CT correlated well with FMS and demonstrated similar vertical gradients in the 

prone and supine postures.  Small-scale measurements of regional ventilation with wash-

in xenon-CT seem to be less susceptible to partial volume errors and resulted in reduced 

scatter in regional ventilation measurements. 

Once validated with FMS, we began the process of transitioning the wash-in 

xenon-CT method from animals to humans by systematically developing the tools 

necessary to adequately control the conditions under which subjects were scanned.  Our 

goal was to acquire measures of regional structure and function on awake-free-breathing 

humans.  Since a critical factor of the accuracy and interpretability of MDCT-derived 

metrics is the assurance that the lungs are scanned during at a standardized volume, we 
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realized it was necessary to develop and validate systems appropriate for lung volume 

standardization during static and dynamic breathing.   

The next step in the transition process was the development of a 4D image 

registration program to properly align time-series datasets and make them robust in the 

face of variability caused when scanning awake-free-breathing subjects.  After alignment, 

airway and vessel segmentation was used to prepare xenon-CT datasets for analysis.  Due 

to the anesthetic effects of xenon gas on awake-human subjects, it was necessary to use 

30% rather than 55% xenon concentration used previously in animal models.  By 

lowering the xenon gas concentration, the available signal enhancement diminished 

resulting in a lower signal-to-noise ratio.  A lower signal-to-noise ratio made it more 

difficult to fit time-series data to the single exponential curve-fit algorithm available and 

required improvements to increase its accuracy in order to bolster our confidence in 

regional ventilation measurements from human subjects. 

We were then able to use these tools to compare regional ventilation between 

normal never-smokers (NS), normal smokers (SNI), normal smokers with early signs of 

centrilobular emphysema not evident by PFTs (SCE) and smokers with COPD.  In this 

study we showed an increase in regional ventilation heterogeneity in SNI compared to 

NS along with lengthened time constants in COPD and SCE.  We also showed that 

smokers with normal PFTs could be split into two groups based on their regional 

ventilation parameters, those susceptible and demonstrating early signs of emphysema 

not evident by PFTs (SCE) and those with normal lung parenchyma (SNI).  These 

findings are consistent with our hypothesis that, while patchy inflammation will occur in 

all smoking subjects, there is a subset of the population in which perfusion will be 

decreased because of a failure to block HPV creating a susceptibility to emphysema. 

In order to make studying regional lung function possible in a clinical 

enviornment, simpler-to-perform dual-energy-CT measures of regional ventilation and 

perfusion were devised and evaluated to replace time-series laboratory-centered 
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techniques.  DECT ventilation measures using xenon gas were optimized through a series 

of phantom and animal studies designed to determine the proper three-material 

decomposition calibrations, the best set of imaging parameters, and the proper gas 

mixture and delivery protocol.  These studies showed that the greater contrast provided 

by using the 80/140 kVp pair was superior to the 100/140 kVp pair and reduced 

measurement noise.  Furthermore, by replacing a portion of the oxygen with helium in 

the xenon / oxygen gas mixture we were able to decrease gas density improving the 

distribution of gas to gravitationally non-dependent airways while not affecting 

radiodensity.  DE CT-PBV was then validated as a surrogate for CT-PBF in a series of 

animal studies in which blood flow patterns were altered either by increasing lung 

inflation or by occluding a portion of the vascular bed with a balloon catheter.  The value 

of CT-PBV and the CV of CT-PBV correlated well with the value of CT-PBF and the CV 

of CT-PBF in both models of blood flow alteration thus demonstrating the suitability of 

DE CT-PBV as a simpler-to-perform surrogate for CT-PBF. 

In summary, we have validated a dynamic xenon wash-in methodology for 

assessing regional ventilation by MDCT; we have established the lung volume control 

system used to translate this wash-in methodology to humans.  In a series of human 

studies comparing smokers with never-smokers, we have provided evidence that 

smokers, with and without evidence of emphysema susceptibility, show ventilation-based 

signs consistent with the presence of inflammatory processes serving to interfere with 

regional ventilation, consistent with our notion that all smokers have inflammatory 

processes present but only a portion of those smokers show an aberrant perfusion 

response to inflammation whereby HPV is not attenuated in the regions of inflammation.  

To allow for the extension of our ventilation studies to a broader set of clinical centers, 

we have established dual-energy methods for assessing regional ventilation heterogeneity 

and we have established that similar technology can be used to assess regional perfused 

blood volume as a surrogate for parenchymal perfusion.  To aid in the analysis of the 
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resultant images from the above work, we have established a series of software tools for 

time series analysis of ventilation and perfusion-based images and have established 

methods to register images within a time series study, required for use in human data sets 

where temporal stability of gated time series are less reliable than when an animal is 

studied on a ventilator. 

The key element necessary to examine the complexity of lung function and 

provide greater insight into the effects of the disease processes and their etiology is the 

ability the describe the parameters of gas-exchange not only globally but on a small-scale 

as well.  Novel MDCT-based techniques provide the spatial resolution necessary to 

examine ventilation and perfusion on a small-scale offering an avenue to identify novel 

phenotypes that may not only yield insights into disease processes but also may provide 

tools leading to drug and device developments, outcomes assessment and ultimately to 

the selection of subpopulations suitable for a particular intervention.     
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