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Abstract

Rationale: There is no agreed upon method for quantifying ventilation defect percentage (VDP) 

with high sensitivity and specificity from hyperpolarized (HP) gas ventilation MR images in 

multiple pulmonary diseases for both pediatrics and adults, yet identifying such methods will be 

necessary for future multi-site trials. Most HP gas MRI ventilation research focuses on a specific 

pulmonary disease and utilizes one quantification scheme for determining VDP. Here we sought 

to determine the potential of different methods for quantifying VDP from HP 129Xe images in 

multiple pulmonary diseases through comparison of the most utilized quantification schemes: 

linear binning and thresholding.

Materials and Methods: HP 129Xe MRI was performed in a total of 176 pediatric (n=125) and 

adult (51) subjects (age 20.98±16.48 years) who were either healthy controls (n=23) or clinically 

diagnosed with cystic fibrosis (CF) (n=37), lymphangioleiomyomatosis (LAM) (n=29), asthma 

(n=22), systemic juvenile idiopathic arthritis (sJIA) (n=11), interstitial lung disease (ILD) (n=7), 

or were bone marrow transplant (BMT) recipients (n=47). HP 129Xe ventilation images were 

acquired during a ≤16 second breath-hold using a 2D multi-slice gradient echo sequence on a 

3T Philips scanner (TR/TE 8.0/4.0ms, FA 10–12°, FOV 300×300mm, voxel size≈3×3×15mm). 

Images were analyzed using four different methods to quantify VDPs: linear binning (histogram 

normalization with binning into 6 clusters) following either linear or a variant of a nonparametric 

nonuniform intensity normalization algorithm (N4ITK) rf-bias correction, thresholding ≤60% of 

the mean signal intensity with linear rf-bias-correction, and thresholding ≤60% and ≤75% of the 

mean signal intensity following N4ITK rf-bias-correction. Spirometry was successfully obtained 

in 84% of subjects.

Results: All quantification schemes were able to label visually identifiable ventilation defects 

in similar regions within all subjects. The VDPs of control subjects were significantly lower 
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(P<0.05) compared to BMT, CF, LAM, and ILD subjects for most of the quantification methods. 

No one quantification scheme was better able to differentiate individual disease groups from the 

control group. Advanced statistical modeling of the VDP quantification schemes revealed that in 

comparing controls to the combined disease groups, N4ITK-biased corrected 60% thresholding 

had the highest predictive efficacy, sensitivity, and specificity at the VDP cut-point of 2.3%. 

However, compared to the thresholding quantification schemes, linear binning was able to capture 

and label subtle low-ventilation regions in subjects with milder obstruction, such as subjects with 

asthma.

Conclusions: The difference in VDP between healthy controls and patients varied between 

the different disease states for all quantification methods. Although N4ITK bias corrected 60% 

thresholding was superior in separating the combined diseased group from controls, linear binning 

is able to better label low-ventilation regions unlike the current, 60% thresholding scheme. For 

future clinical trials, a consensus will need to be reached on which VDP scheme to utilize, as there 

are subtle advantages for each for specific disease.

Keywords

Hyperpolarized 129Xe MRI; ventilation defect percentage; linear binning; thresholding

Introduction:

Major achievements have been made in hyperpolarized (HP) noble (3He and 129Xe) gas 

magnetic resonance imaging (MRI) over the course of 25 years, which has now expanded 

to tens of sites world-wide (1,2). As such the quantification of regional obstruction of 

ventilation (so called “ventilation defects”) has evolved over time, with each site developing 

very similar and reasonable, but non-equivalent, quantification schemes. Initially, HP noble 

gas ventilation MRI relied on reader scoring to detect and quantify ventilation defects in 

subjects with cystic fibrosis and then asthma (3–7). Subsequently, diffusion HP gas MRI has 

been utilized within the lungs to measure regional airspace size, which provides additional 

lung structure information, particularly useful in quantifying enlarged airspaces caused by 

emphysema or alveolar simplification (8,9). Furthermore, Xe possesses the unique property 

of being slightly soluble in lung tissue and blood, therefore, allowing for regional mapping 

of gas exchange from the alveolar airspace to the capillary bed (10,11).

While more straightforward and routine than restricted diffusion or gas-exchange MRI, 
129Xe ventilation MRI has demonstrated direct clinical and translational relevance and very 

high sensitivity to early or mild obstruction. By combining HP gas and anatomical proton 

lung MR imaging, studies were able to quantify global lung ventilation using the percent 

lung-ventilated volume. This quantification scheme initially showed strong correlations to 

the reader scoring method, and further evolved into quantifying ventilation defect volume 

or ventilation defect percentage (VDP), with clear differences between chronic obstructive 

pulmonary disease, asthma, cystic fibrosis, or radiation induced lung injury and healthy 

subjects.(12–21).

From these foundations, more sophisticated and semi-automated methods for quantifying 

ventilation, with less human bias, have been implemented (22,23). The K-means clustering 
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algorithm was developed whereby the histogram intensity distribution was partitioned into 

four clusters based on an expert radiologist’s interpretation of the clinical meaning of 

intensity differences. In short, K-means performs an initial histogram analysis to classify 

pixels into 4 clusters, which include no signal and hypointense pixels (cluster 1) to 

hyperintense pixels (cluster 4). Next an additional round of clustering is performed on 

cluster 1, representing signal voids and hypointense regions, to determine the ventilation 

defects from low-ventilated regions (22). This method has been successfully applied to 

asthma, chronic obstructive pulmonary disease (COPD), and cystic fibrosis (CF) subjects 

(22–29)

A “linear binning” scheme has been used recently, whereby the ventilation histogram is 

initially rescaled from 0 to 1 by using the 99th percentile of the signal intensity distribution 

and then assigning pixels into different bins using predetermined thresholds (30–33). These 

thresholds are then used to classify pixels as having ventilation that is zero, low, medium, 

and high. This technique was further refined through the utilization of healthy controls to 

determine binning thresholds based on the control group’s mean and standard deviation 

from their intensity distribution in HP gas ventilation MRI. As with K-means clustering, 

this method classifies pixels into different bins or clusters and has been successfully applied 

in healthy controls and subjects with either COPD or asthma (30–33). Furthermore, a 

comparison study of linear binning and K-means clustering demonstrated there was a 

significant correlation between these two quantification schemes in determining VDP in 

both healthy controls and asthmatics (33).

Our group has routinely applied a simpler VDP quantification scheme via mean signal 

intensity thresholding, where an individual’s mean signal intensity is utilized in determining 

which pixels are classified into 3 categories: either ventilation defect, normal ventilation, 

or hyperventilation. A threshold cutoff for ventilation defects was initially empirically 

determined by calculating the maximum difference in VDP between adult asthma subjects 

and healthy controls (17). This maximum difference between controls and patients with 

lung disease was also found to be at a threshold near 60% mean whole lung signal when 

applied to pediatrics and adults with other pulmonary diseases such as asthma, CF, and LAM 

(17,34–36). This technique has been successfully implemented at two separate sites utilizing 

the same subject data, demonstrating very high inter-site reproducibility in analysis (37).

Overall, individual sites across the HP gas MRI community utilize one of these major 

ventilation defect quantification schemes (histogram linear binning, K-means clustering, or 

mean signal intensity thresholding), yet each site tends focus on a select few pulmonary 

diseases and/or age groups. As such, there is no yet agreed upon method used for 

quantifying VDP from HP noble gas ventilation MR images across different pulmonary 

diseases in both pediatric and adult subjects. While differences in analysis are subtle, 

identifying which VDP method provides both high sensitivity and specificity for an 

individual pulmonary disease is necessary for future multi-site trials and the eventual 

transition into clinical practice. In an attempt to provide additional objective data for future 

consensus within the community, here we compare the performance of linear binning and 

mean signal thresholding using two different B1 inhomogeneity bias correction techniques, 

linear and a variant of a nonparametric nonuniform intensity normalization algorithm 
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(N4ITK) bias-field correction (17,38). We sought to determine the optimum method for 

quantifying VDP from HP 129Xe images of pediatric and adult subjects over a range of 

pulmonary diseases.

Methods:

This study was approved by our institutional review board (IRB approval number 2014–

5279) following United States Food and Drug Administration investigational new drug 

approval (IND 123577). HP 129Xe MRI was performed in a total of 176 subjects from 

02/23/2015 to 08/15/2019 (125 pediatrics and 51 adults), which are summarized in Table 

1. Subjects included healthy controls (n=23), patients with cystic fibrosis (CF) (n=37), 

lymphangioleiomyomatosis (LAM) (n=29), asthma (n=22), systemic juvenile idiopathic 

arthritis (sJIA) (n=11), interstitial lung disease (ILD) (n=7) (either diagnosed with interstitial 

pulmonary fibrosis or Hermansky-Pudlak syndrome), or were a bone marrow transplant 

(BMT) recipient (n=47). Spirometry, percent predicted forced expiratory volume in one 

second (FEV1%) and percent predicted forced vital capacity (FVC), were clinically acquired 

within one year of the scan or were acquired same day on most subjects prior to imaging 

according to ATS/ERS guidelines.

Due to the variance in lung size from pediatrics to adults, one of two home-built, single-

channel, saddle coils tuned to 35.3 MHz (129Xe frequency at 3T), were used to acquire 

all 129Xe MR images (39). Hyperpolarized 129Xe MRI gas (85% 129Xe-enriched, Linde, 

Gas, Stewartsville, NJ) was prepared using a commercial polarizer (Polarean 9810 or 9820, 

Polarean Imaging PLC, Durham, NC) with polarization ranging from approximately 10% 

to 40%. The range in polarization is due to upgrades in commercial polarizer equipment 

along with technical advancements achieved over the 4 plus years of the subjects scanned 

within our study. In accordance with our institutional review board protocols and FDA 

Investigational New Drug application (IND 123577), the volume of 129Xe accumulated and 

delivered to a research participant was equivalent to one-sixth of a subject’s predicted total 

lung capacity, calculated using predictive equations, taking into account the subject’s sex 

and height. Dosing volumes in our center typically range from 200mL (small child) to 

1000mL (adult).(40) Subjects were coached to exhale to functional residual capacity prior 

to inhaling the HP 129Xe gas, which was delivered to subjects in a Tedlar bag (Jensen 

Inert Products, Coral Springs, FL). Heart rate and SpO2 were monitored throughout imaging 

protocol by a medical professional. After conventional 1H locator scans, a small (~200 mL) 

calibration dose of hyperpolarized 129Xe gas was administered via a breath-hold maneuver 

to optimize the ventilation acquisition flip angle. HP 129Xe ventilation images were acquired 

in all subjects during a ≤16 second breath-hold using a 2D multi-slice gradient echo 

sequence on a 3T Philips Achieva scanner (repetition time 8.0ms, echo time 4.0ms, flip 

angle 10–12°, field of view 300 × 300mm, voxel size ≈ 3 × 3 × 15mm, number of slices 6 

to 16). During the same imaging session, structural lung images were acquired via a radial 

3D 1H ultrashort echo-time (UTE), stack of stars, MRI sequence. Images were acquired with 

the following parameters: repetition time 4.7ms, echo time 0.2 ms, field of view 300×300 

to 400×400 mm2, voxel size 1.39×1.39×4.00 mm3. An echo navigator was positioned on 

the lung-liver interface to gate the acquisition and capture lung signal at functional residual 

capacity.
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129Xe ventilation images were manually segmented using 1H UTE images as guides, 

processed using custom software in MATLAB (Mathworks). Additionally, signal to noise 

ratio (SNR) was quantified in these same images. In short, a background noise mask was 

generated by dilating the lung mask using a square structural element of 20×20 or 25×25, 

which removed trachea voxels and partial volume voxels around the boundary of the lung 

mask, then the complement image set was acquired. The mean signal with the generated 

lung mask and standard deviation of the signal within the background noise mask was used 

to determine the SNR slice-by-slice and averaged to obtain a single SNR for each subject.

Due to coil B1 inhomogeneity, the ventilation images were subject to low frequency 

imaging artifacts, which can confound ventilation defect analysis. Therefore, to correct 

for this artifact, prior to VDP analysis, linear or N4ITK bias-field corrections were 

separately applied to the same set of images, to allow for comparisons between the 

two bias correction techniques (38). The linear RF bias correction was determined for 

each subject by dividing the intensity image set by the mean signal intensity value in 

each dimension. This linear correction reduces the RF bias in the intensity image while 

preserving subtle and heterogenous ventilation defects. N4ITK bias-field correction in 

Advanced Normalization Tools (http://picsl.upenn.edu/software/ants/) is a nonparametric 

nonuniform intensity normalization method, which was introduced by Tustison et al and 

applied to HP 3He MR images (38). The main advantage of N4ITK bias correction is that 

it utilizes a B-spline approximation to spatially smooth and the slowly varying intensity 

bias across the image, which is iteratively applied to correct the image. The parameters of 

the N4ITK-bias correction were: shrink factor 1, iterations of 100, 50, 50, 50, tolerance 

of 1×10−10, and spline parameter of 200. This method is used more frequently in the 

hyperpolarized-gas community, but has the potential of changing the intensity of ventilation 

defects.

Thresholding VDP Quantification

The ventilation defect percentage (VDP) for all disease groups was thus quantified using 

the mean optimal threshold for all pulmonary diseases(<60% of the mean whole-lung 129Xe 

signal) on images with linear bias-correction, which was previously determined for similar 

groups (17,34–37). For N4ITK bias corrected images, an optimal threshold of <75% of 

the mean whole-lung 129Xe signal was utilized as it was determined empirically to be 

the maximum difference between controls and all disease groups combined. Additionally, 

for N4ITK bias corrected images, VDPs were quantified using a threshold <60% mean 

whole-lung 129Xe signal, similar to the linear bias correction method for direct comparison. 

As per our VDP analysis scheme, a median filter (3×3 kernel) was applied to the defect 

mask array to eliminate ”hot” pixels and small vessels, which can alter the quantification of 

ventilation defects.

Linear Binning VDP Quantification

For the linear binning method, signal from the airways was retained to equalize and rescale 

the histograms from 0 to 1 using the 99th percentile of the cumulative distribution for each 

image set. After histogram rescaling the airway signal was excluded from the quantitative 

analysis. Twenty-three healthy controls with SNR > 8 and no visible ventilation defects 

Roach et al. Page 5

Acad Radiol. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://picsl.upenn.edu/software/ants/


were utilized to establish an unbiased reference distribution of signal intensity. The mean 

and standard deviation of the averaged rescaled intensity histogram from these controls 

was used to define the threshold values of 6 bin-map boundaries. These bins identified 

ventilation defects, low ventilation, two normal ventilation, and two high ventilation regions. 

For images with linear bias correction the mean and standard deviation (SD) was determined 

to be 0.54±0.15 while for the same images with N4ITK bias field correction was calculated 

to be 0.68±0.14. The boundary between bins 3 and 4 was defined as the mean of this 

distribution with the width of each bin assigned to1 SD and the bin with the lowest intensity 

(mean – 2SD) was defined as VDP (30–33).

Statistics

Ventilation defect percentage means and SDs were calculated for each group. Two-sided 

t-tests were applied to comparisons between controls and the combined disease group data 

in addition to demographics difference between the individual disease groups and controls. 

For VDP and spirometry analysis individual groups, a Tukey-Kramer post-hoc analysis was 

utilized to compare controls and the different pulmonary disease groups, where a P value ≤ 

0.05 was considered significant. The associations between diseases and each VDP measure 

were assessed using univariate logistic regression models. For each model, we plotted the 

corresponding VDP scores using ROC curves and obtained an optimal cutoff point based 

on the minimum distance between sensitivity and specificity of the VDP scores in the ROC 

curve. Here sensitivity is defined as the true positive rate by the proportion of the disease 

group as being correctly identified as non-healthy, and specificity is defined as the true 

negative rate by the proportion of healthy controls that are correctly identified as healthy. 

Sensitivity analyses were conducted by using two additional cut points that were ± 0.1 

different from the optimal one. C-statistics were used to evaluate different VDP analyses. 

Bland-Altman plots were generated to compare threshold mean signal and linear binning 

quantification schemes.

Results:

Table 1 lists the demographics for each patient group. Table 2 lists spirometry, SNR, 

and the mean, standard deviation, C-statistic, sensitivity, and specificity of the calculated 

VDPs utilizing the five different quantification methods in addition to spirometry results. 

Compared to controls, the percent predicted FEV1% was significantly lower in BMT and the 

combined disease group. Percent predicted FVC% was significantly lower in BMT and ILD 

groups when compared to controls. The ratio of FEV1/FVC was significantly lower in the 

LAM subjects and the combined disease group when compared to controls. The SNR varied 

between the individual groups with the average SNR of all groups combined being 14.1±9.1. 

When compared to the controls, the SNR of the individual disease groups and the combined 

disease group were not significantly greater.

In the thresholding quantification scheme, a range of thresholds from 5% to 100% of the 

mean whole-lung Xe signal, in increments of 5%, were utilized to determine the optimal 

cut-off in maximizing the average VDP difference between healthy controls and subjects 

with pulmonary disease. There were disease-specific differences in the optimal threshold 
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percentages for linear bias corrected images: 60% for BMT, 50% for Asthma, 70% for CF, 

70% for LAM, 40% for sJIA, and 70% for ILD. The optimal thresholds for N4ITK bias 

corrected images were: 80% for BMT, 75% for Asthma, 80% for CF, 80% for LAM, 60% 

for sJIA, and 80% for ILD. However, for the combined disease group the optimal threshold 

percentage for linear bias corrected images was determined to be 60% while for NITK bias 

corrected images it was determined to be 75%.

The VDPs of control subjects were significantly lower compared to BMT, CF, LAM, ILD 

subjects and the combined disease group for some or all quantification methods (P<0.05). 

However, the mean VDPs of the asthma and sJIA groups were not significantly greater than 

the controls (P>0.05); this is also reflected in the nonsignificant difference in spirometry 

compared to controls. Furthermore, there were variations in the average VDP measures 

between the individual disease groups, indicating a wide range of ventilation impairment. In 

particular, compared to CF subjects, the VDPs of the asthma subjects were significantly 

lower (P<0.001) for each quantification scheme while FEV1% (P>0.12) and FVC% 

(P>0.79) were not. Additionally, for all subjects with spirometry, all VDP quantification 

schemes displayed moderated and signification correlations to FEV1% (r=0.51 to 0.58, 

P<0.0001) but there was no correlation between VDP and FVC%.

Importantly, no single quantification scheme was better at differentiating all of the individual 

disease groups from controls. However, Figure 1 illustrates this in part, with ventilation 

defect maps generated from the quantification schemes and illustrates how well each 

technique identifies similar ventilation defect regions, though with subtle differences, within 

the same slice of three different subjects (control, ILD, CF, and LAM). The visible defects in 

the control images are due to vascular artifacts not removed by the median filter technique. 

It also shows how VDPs vary for the different quantification schemes and how the two 

bias correction schemes alter VDPs. Figure 2 displays the threshold VDP quantification 

method plotted against linear binning VDP method with a strong and significant correlation 

between both schemes with linear and N4ITK bias-field corrections (R2>0.88,P<0.001). 

Bland-Altman plots, displayed in Figure 3, compare the two quantification schemes with the 

different bias-field corrections. There is evidence of large differences in the VDPs of several 

LAM, ILD, and CF subjects as measured via linear binning vs thresholding quantification 

schemes (−31.9% to 47.8%). The effect of linear and N4ITK bias-field correction on the 

different VDP quantification schemes is illustrated in Figure 4, which displays a single 

slice of a severe asthma subject’s 129Xe ventilation MR images. This demonstrates how 

the two bias corrections differ in removing or reducing the differences in regions of 

minor defects. Additionally, Figure 4 demonstrates how linear binning is more sensitive 

in identifying subtle ventilation defects compared to thresholding. The effect of the median 

filter on a control and CF subject ventilation maps, quantified via 60% threshold of the 

mean signal, are displayed in Figure 5. The red ovals within the Figure 5 highlight the 

isolated pixels removed by the median filter and how this affects the overall VDP for each 

subject (Control VDP goes from 1.0% to 3.0% and CF VDP goes from 27.8% to 32.3%). 

Overall, the statistical modeling of the VDP quantification schemes revealed that N4ITK 

60% thresholding had the highest overall predictive efficacy, sensitivity, and specificity at 

differentiating the combined disease group from healthy controls.
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Discussion:

With the HP gas MR imaging community expanding its imaging studies to a wider range of 

ages and diseases, we sought to understand which quantification scheme provides a robust 

and accurate method in determining impaired ventilation regions. Here the differences in 

VDP between healthy controls and diseased patients varied for all of the quantification 

methods, as anticipated over this range of ages and pulmonary diseases. A recent study 

found that regional gas distribution and VDP were dependent on a combination of gas 

mixture composition and or SNR. (41) However, in our study the gas mixtures were 

consistent for each subject and there was no statistically significant difference in SNR 

between controls and individual disease groups. The more advanced statistical modeling 

determined that N4ITK-biased 60% thresholding had the highest sensitivity and specificity 

of all quantification schemes in separating the combined group of all diseased subjects 

from healthy controls, but no quantification scheme was universally the most sensitive or 

specific in separating individual disease groups from controls. Additionally, the sources 

of ventilation defects caused by either airway obstruction, small airway disease, mucus 

plugging, air trapping, and or local atelectasis vary between the different disease states 

studied here. Therefore, a particular VDP quantification method with a high sensitivity and 

specificity in differentiating a specific disease type from healthy control may be better suited 

and more applicable than a single universal VDP quantification approach.

For each quantification scheme, there are variations in VDP measurements between the 

individual disease groups with similar ranges of spirometrically measured lung function. 

These differences are most notable between the closely aged asthma and CF subjects, whose 

lung function measurements were not significantly different. Although the asthma subjects 

studied here ranged from mild to severe, the average VDP was significantly lower than that 

of the CF subjects for each quantification scheme. Furthermore, no quantification scheme 

was better able at differentiating either asthma or sJIA subjects from controls, likely due to 

the majority of these subjects having mild disease as reflected in their spirometry results. 

Long breath-holds and multibreath 129Xe MR imaging is likely more sensitive to these 

disease states with delayed ventilation(42–45). Recent studies have demonstrated that subtle 

defects in asthma may still be better quantified by reader scoring, though we anticipate that 

artificial-intelligence algorithms will capture these more subtle defects in the future (46).

Not explicitly demonstrated here are the comparisons between different sub-classifications 

of ventilation between the quantification schemes. The thresholding quantification scheme 

traditionally identifies ventilation defects, normal ventilation, and hyper-ventilated regions, 

but no specific “low ventilation” regions like that of linear binning. Because of these 

differences we have focused on each technique’s ability to identify and label ventilation 

defect regions over a range of ages and pulmonary diseases. Both linear binning and 

mean signal thresholding quantification schemes perform similarly at identifying ventilation 

defects, and both can be adjusted in the future to similar sub-classifications of ventilation. 

For the thresholding quantification scheme, the mean intensity signal of the whole lung for 

each individual subject is used to establish ventilation classification cutoffs via an objective, 

empirically determined threshold. This ventilation defect threshold is determined via the 

maximum difference between healthy control VDPs and the disease group VDPs, and our 
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findings revealed that the maximum difference varied between all the diseased groups 

studied here. As such the VDP threshold cutoff for one disease population may be different 

from another and may differ between mild and severe obstructive diseases. Future studies 

identifying specific VDP thresholds or approaches for various diseases with differentiation 

in disease severity will need to be addressed and agreed upon.

For linear binning, a healthy control cohort was utilized to define the histogram binning 

thresholds for determining ventilation classification categories. As the HP gas signal 

intensity distribution is not static with age, there will be a need for guidelines in determining 

appropriate matched aged controls to accurately quantify VDPs over a range of ages. This is 

evident in part in the Bland-Altman plots, where compared to the controls the significantly 

older LAM (49.18±11.62,P<0.05) and ILD (48.90±21.83,P<0.05) subjects lay outside the 

95% limits of agreement. To correct for this bias appropriate control groups will need to 

be acquired in order to more accurately determine VDPs via linear binning in a specific 

grouping of ages. Unlike the threshold quantification scheme, linear binning classifies a 

cluster in-between the ventilation defects and normal ventilation regions as low ventilation 

region, which can visibly label the subtle ventilation defects observed in Figure 4. Thus, 

linear binning has greater potential ability to differentiate those subjects with mild disease 

such as the asthma and sJIA groups from healthy controls. A similar method can be applied 

to the thresholding technique, however, an expert reader may be needed to intervene in 

selecting an appropriate threshold as there might not be a universal threshold for subtle 

ventilation defects labeling.

There is a wide range of image preprocessing steps prior to VDP quantification, one of the 

most utilized tools is B1 inhomogeneity correction. Progress has been made in ameliorating 

B1 inhomogeneity either by a simple linear bias-field correction scheme (18) or a more 

complex N4ITK bias-field correction scheme (38). Both bias-field corrections have their 

advantages and disadvantages, with a linear bias correction retaining subtle ventilation 

defects while not fully correcting for all the B1 inhomogeneities. The N4ITK bias-field 

correction method removes most of the B1 inhomogeneities but also tends to overly smooth 

and homogenize the intensity profile, potentially removing subtle ventilation defects. This 

can be problematic for subtle ventilation defects in subjects with early lung and small 

airway disease, thereby resulting in an underestimation of true VDP. N4ITK has not been 

thoroughly validated in functional lung imaging and that based on flip angle maps derived 

from 3D-radial acquisitions of ventilation image it over-corrects the bias field thereby 

removing physiological gradients (47). Further, “static” ventilation imaging really is slightly 

dynamic in that slow-filling regions increase with long breath-holds. In our study, breath-

hold time was near constant for all subjects.

Small blood vessels observed as dark areas within the ventilation images and can be 

incorrectly labeled as defects and as such various techniques have been developed to 

eliminate this issue. A vesselness filter has been developed and utilized by different groups 

though with variations in the technique (23,30,33,48). Unlike He ventilation images with 

higher SNR and spatial resolution, Xe ventilation images require a co-registered proton 

image set of the thoracic cavity to correctly identity and label vasculature to be removed 

from the ventilation image (30,33). In our study, an inspiratory level matched thoracic 
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proton image set was not acquired, therefore, we utilized a median filter after manual lung 

and large vessel segmentation prior to VDP quantification. The original intention of the filter 

was to remove defect artifacts caused by vessels, pixel intensity hot spots, and single-voxel 

partial volumes at the lung mask boundaries. The filter reduces the number of isolated defect 

voxels thereby a providing a more reliable contrast between controls and subjects with 

pulmonary disease (18). However, the application of the median filter also tends to remove 

subtle ventilation defects leading to a potential artificial decrease in VDP in subjects with 

mild to moderate respiratory disease. Overall, an agreed upon approach for removing small 

blood vessels from ventilation images will reduce bias between sites and between studies.

In conclusion, we have demonstrated similarities and differences between linear binning 

and thresholding quantification schemes in calculating VDPs over a wide range of ages and 

pulmonary disease. With caveats discussed above, linear binning with N4ITK bias correction 

provides superior group differentiation in most of the disease groups studied here with 

the ability to quantify subtle low ventilation regions. We propose that most future clinical 

trials will benefit from N4ITK linear binning analysis for ventilation, though individual 

patient groups, such as mild asthma, may benefit from different methods. As such additional 

thresholds or other scoring may be needed to address specific ventilation classifications. 

Greater consensus on the optimum of method and image processing tools for individual 

pulmonary diseases and their severity will benefit future clinical trials and the eventual 

transition of hyperpolarized-gas MRI into routine clinical practice.
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Figure 1. 
Ventilation defects (blue) quantified in a control, ILD, CF, and LAM subjects via the 

different quantification schemes where LB = linear bias corrected, N4ITK = N4ITK-bias 

field corrected, TH60 is thresholding at 60% mean lung signal, TH75 is thresholding at 75% 

mean lung signal, and Lbin = Linear Binning.
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Figure 2. 
a) 129Xe ventilation defect percentage (VDP) quantified via linear bias corrected 60% 

threshold mean signal plotted against linear binning. b) 129Xe VDP quantified via N4ITK-

bias corrected 60% threshold mean signal plotted against linear binning. c) 129Xe VDP 

quantified via N4ITK-bias corrected 75% threshold mean signal plotted against linear 

binning. LB = linear bias corrected, N4ITK = N4ITK-bias field corrected, TH60 is 

thresholding at 60% mean lung signal, TH75 is thresholding at 75% mean lung signal, 

and Lbin = Linear Binning.
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Figure 3. 
Bland-Altman plots comparing thresholding mean signal and linear binning ventilation 

defect quantification schemes. a) 129Xe ventilation defect percentage (VDP) quantified 

via linear bias corrected 60% threshold mean signal and linear binning. b) 129Xe VDP 

quantified via N4ITK-bias corrected 60% threshold mean signal plotted against linear 

binning. c) 129Xe VDP quantified via N4ITK-bias corrected 75% threshold mean signal 

plotted against linear binning. LB = linear bias corrected, N4ITK = N4ITK-bias field 

corrected, TH60 is thresholding at 60% mean lung signal, TH75 is thresholding at 75% 

mean lung signal, and Lbin = Linear Binning.
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Figure 4. 
Blue identifies ventilation defects determined via the different quantification schemes where 

LB = linear bias corrected, TH60 is thresholding at 60% mean lung signal, TH75 is 

thresholding at 75% mean lung signal, N4ITK = N4ITK-bias field corrected, and Lbin = 

Linear Binning. Yellow identifies low ventilation regions identified via linear binning.
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Figure 5. 
Median effect on ventilation defects (blue) quantified in a control and a CF subject via 60% 

thresholding mean signal. Red circles highlight pixels affected by median filter.
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Table 1.

Subject demographics and spirometry results.

Subject Group # Subjects Age (Years) Sex

Controls 23 12.10±4.12 13M/10F

BMT
(Ttest vs Controls)

47 13.53±4.36
(P=0.874) 23M/24F

Asthma
(Ttest vs Controls)

22 12.82±2.99
(P=0.284) 10M/12F

CF
(Ttest vs Controls)

37 17.01±8.74
(P=0.084) 20M/17F

LAM
(Ttest vs Controls)

29 49.18±11.62
(P<0.001) 29F

sJIA
(Ttest vs Controls)

11 10.04±4.33
(P<0.05) 2M/9F

ILD
(Ttest vs Controls)

7 48.90±21.83
(P<0.01) 6M/1F

All Disease Groups
(Ttest vs Controls)

153 22.32±17.22
(P<0.0001) 61M/92F
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Table 2.

Spirometry and VDP Analysis.

Subject 
Group

FEV1% 
Predicted

FVC%
Predict

FEV1/FVC SNR

Linear-Bias 
Linear

Binning 
VDP

N4ITK-
Bias Linear

Binning 
VDP

Linear-Bias 
VDP
60% 

Threshold

N4ITK-
Bias VDP

60% 
Threshold

N4ITK-Bias 
VDP
75% 

Threshold

Controls 101.50±18.90
(n=18)

103.78±16.58
(n=18)

85.22±7.28
(n=18) 16.2±6 2.60±2.05 3.80±2.27 4.28±2.14 1.58±1.00 5.54±2.34

BMT
Cut-

point, C 
Stat,
Sens., 
Spec.

(Tukey-
Kramer 

vs 
Controls)

79.13±21.86
(n=38,P=0.0071)

86.76±18.30
(n=37,P=0.0145)

80.17±13.96
(n=37,P=0.809)

15.2±8.3
(P=0.99)

10.41±12.72
> 2.3, 0.623,

63.8%, 
60.9%

(P=0.192)

17.36±17.50
>4.8, 0.742,

74.5%, 
73.9%

(P=0.0337)

9.32±8.90
> 4.2, 0.602,

59.6%, 
60.9%

(P=0.201)

8.01±9.09
>2.0, 0.720,

74.5%, 
69.6%

(P=0.0746)

14.18±10.54
>7.1, 0.753,

72.3% 78.3%
(P=0.011)

Asthma
Cut-

point, C 
Stat,
Sens., 
Spec.

(Tukey-
Kramer 

vs 
Controls)

96.43±18.61
(n=21,P=0.990)

107.48±15.27
(n=21,P=0.994)

78.96±8.92
(n=21,P=0.723)

21.3±14.8
(P=0.36)

4.35±4.64
> 2.0, 0.601,

63.6%, 
56.5%

(P=0.992)

9.37±9.31
>4.6, 0.689,

68.2%, 
69.6%

(P=0.929)

6.04±4.30
>4.2, 0.600,

59.1%, 
60.9%

(P=0.991)

4.42±4.11
>2.0, 0.689,

68.2%, 
69.6%

(P=0.936)

9.74±5.85
>6.6, 0.689,

68.2%, 69.6%
(P=0.774)

CF
Cut-

point, C 
Stat,
Sens., 
Spec.

(Tukey-
Kramer 

vs 
Controls)

87.21±23.92
(n=34,P=0.264)

98.12±16.65
(n=33,P=0.926)

77.61±11.50
(n=33,P=0.276)

10.1±6.7
(P=0.09)

20.94±13.54
> 6.8, 0.911,

86.5%, 
95.7%

(P<0.0001)

35.68±20.85
>7.0, 0.916,

91.6%, 
91.3%

(P<0.0001)

16.91±9.84
>8.1, 0.911,

86.5%, 
95.7%

(P<0.0001)

15.97±11.40
>3.5%, 
0.924,
89.2%, 
95.7%>

(P<0.0001)

23.40±11.96
10.1, 0.911,

86.5%, 
95.7%

(P<0.0001)

LAM
Cut-

point, C 
Stat,
Sens., 
Spec.

(Tukey-
Kramer 

vs 
Controls)

84.17±23.83
(n=27,P=0.125)

95.31±18.43
(n=27,P=0.680) 70.18±16.78

(n=27,P=0.003)

10.5±5.6
(P=0.18)

22.80±19.30
>6.8, 0.909,

86.2%, 
95.7%

(P<0.0001)

31.84±21.99
>7.3, 0.939,

96.6%, 
91.3%

(P<0.0001)

15.44±10.66
>8.1, 0.892,

82.8%, 
95.74%

(P<0.0001)

13.05±11.63
>3.5, 0.927,

89.7%, 
95.7%

(P=0.0002)

20.83±12.09
>10.1, 0.927,
63.6%,95.7%

(P<0.0001)

sJIA
Cut-

point,C 
Stat,
Sens., 
Spec.

(Tukey-
Kramer 

vs 
Controls)

101.00±14.56
(n=7,P=1.0)

105.06±17.78
(n=7,P=1.0)

86.97±5.19
(n=7,P=0.999)

19.1±6.0
(P=0.96)

2.69±2.36
No optimal
points found

(P=1)

5.79±4.71
>3.5, 0.646,

72.7%, 
56.5%

(P=0.999)

4.10±2.78
No optimal
points found

(P=1.00)

3.25±2.32
>1.4, 0.670,

81.8%, 
52.2%

(P=0.998)

7.31±3.77
>5.5, 0.623,

63.6%, 60.9%
(P=0.999)

ILD
Cut-

80.71±19.90
(n=7,P=0.322) 79.65±17.50

(n=7,P=0.045)

79.82±15.40
(n=7,P=0.963)

6.7±2.9
(P=0.12) 40.21±17.74

Over 
54.10±24.86

Over 
20.83±9.51

Over 
19.84±10.98

Over 28.16±10.88
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Subject 
Group

FEV1% 
Predicted

FVC%
Predict

FEV1/FVC SNR

Linear-Bias 
Linear

Binning 
VDP

N4ITK-
Bias Linear

Binning 
VDP

Linear-Bias 
VDP
60% 

Threshold

N4ITK-
Bias VDP

60% 
Threshold

N4ITK-Bias 
VDP
75% 

Threshold

point, C 
Stat,
Sens., 
Spec.

(Tukey-
Kramer 

vs 
Controls)

Fitting
(P<0.0001)

Fitting
(P<0.0001)

Fitting
(P=0.0001)

Fitting
(P<0.001)

Over Fitting
(P<0.0001)

All 
Disease 
Groups

Cut-
point, C 

Stat,
Sens., 
Spec.

(T-test vs 
Controls)

86.13±22.50
(n=134,P=0.0042)

95.24±18.86
(n=131,P=0.056)

77.54±13.59
(n=131,P=0.0007)

13.8±9.4
(P=0.12)

15.24±16.13
>2.9,0.720,

74.5%, 
69.9%

(P<0.001)

24.23±21.86
>4.9, 0.797,

81.0%, 
78.3%

(P<0.0001)

11.99±9.90
>4.8, 0.701,

70.6%, 
69.6%

(P<0.0001)

10.57±10.57
>2.3, 0.817,

76.5%, 
87.0%

(P<0.0001)

17.18±11.84
>7.1, 0.790,

79.7%,78.3%
(P<0.0001)

VDP Mean ± Standard Deviation, VDP Cut-point C-statistics, Sensitivity, Specificity

*
Bold indicates statistically significant, Yellow = most sensitive method
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