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Abstract

Rationale and Objectives: COPD is highly heterogeneous and not well understood. 

Hyperpolarized xenon-129 MRI provides a unique way to assess important lung functions such as 

gas uptake. In this pilot study, we exploited multiple imaging modalities, including CT, 

gadoliniumenhanced perfusion MRI, and xenon-129 MRI, to perform a detailed investigation of 

changes in lung morphology and functions in COPD. Utility and strengths of xenon-129 MRI in 

assessing COPD were also evaluated against the other imaging modalities.

Materials and Methods: Four COPD patients and four age-matched normal (AMN) subjects 

participated in this study. Lung tissue density measured by CT, perfusion measures from 

gadolinium-enhanced MRI, and ventilation and gas uptake measures from xenon-129 MRI were 

calculated for individual lung lobes to assess regional changes in lung morphology and function, 

and to investigate correlations among the different imaging modalities.

Results: No significant differences were found for all measures among the five lobes in either the 

COPD or AMN group. Strong correlations (R>0.5 or <−0.5, P<0.001) were found between 

ventilation and perfusion measures. Also gas uptake by blood as measured by xenon-129 MRI 

showed strong correlations with CT tissue density and ventilation measures (R>0.5 or <−0.5, 

P<0.001) and moderate to strong correlations with perfusion measures (R>0.4 or <−0.5, P<0.01). 

Four distinctive patterns of functional abnormalities were found in patients with COPD.

Conclusions: Xenon-129 MRI has high potential to uniquely identify multiple changes in lung 

physiology in COPD using a single breath-hold acquisition.
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INTRODUCTION

Chronic Obstructive Pulmonary Disease (COPD) is a leading cause of death and disability 

around the world. Clinical diagnosis and prognosis of COPD are still primarily based on 

irreversible airflow limitation measured by spirometry. However, multiple studies reported 

heterogeneous phenotypes of COPD that are far more complicated than being simply 

defined by irreversible airflow limitation (1–3). Loss of lung function and abnormalities of 

gas exchange develop early (4) and increase in prevalence as the severity of COPD increases 

(5). Chronic hypoxemia was reported to be closely related to decline in the patient’s quality 

of life, reduced exercise tolerance, and greater risk of death (6).

There are numerous unanswered questions about the mechanisms of hypoxemia in COPD. 

Whether hypoxemia is merely caused by ventilation-perfusion (V/Q) mismatch or diffusion 

impairment is unclear (6, 7). Conventional imaging techniques such as computed 

tomography (CT) and nuclear medicine scans, have limitations in the assessment of COPD. 

For example, chest CT provides detailed information about changes in lung morphometry, 

such as emphysema, bronchiectasis (8), but limited information about lung function. Dual 

energy chest CT scan can provide iodine distribution maps, which can be used as a surrogate 

for pulmonary perfusion (9). Nuclear medicine V/Q scan quantifies ventilation and perfusion 

(10), but with limited spatial and temporal resolution. In addition, pulmonary function 

testing (PFT) provides whole lung measurements of lung function, but lacks regional 

localization of abnormalities. Therefore, reliable, non-invasive imaging techniques that can 

offer detailed assessment and accurate quantification of regional lung function will not only 

promote the understanding of the pathophysiology of COPD, but will also provide directions 

for treatment and valuable information about prognosis.

Hyperpolarized xenon-129 (Xe129) dissolved phase (DP) MRI is a new imaging method 

that permits 3D regional mapping of both ventilation (airflow) and gas uptake by tissue and 

blood (gas exchange) in the human lung through a single breath hold acquisition (11–13). It 

is a non-invasive imaging method without ionizing radiation. Multiple outcome 

measurements can be produced from this method, and are sensitive to important pulmonary 

physiological factors such as alveolar tissue density, surface-to-volume ratio, pulmonary 

ventilation, perfusion and gas-blood barrier thickness (14, 15). These properties make it an 

ideal tool to investigate COPD. However, direct assessment of vasculature is desired to 

further validate findings from gas exchange parameters obtained by the hyperpolarized 

Xe129 DP MRI.

In our pilot study, multiple imaging methods (chest CT, perfusion MRI, ventilation and gas 

uptake MRI) were administered to investigate the in vivo pulmonary physiology of patients 

with COPD. Administration of MR contrast agents via two distinctive routes, inhalation of 

hyperpolarized Xe129 and intravenous infusion of gadolinium (Gd), enabled us to obtain 

more complete physiologic parameters of the lung. Data from these imaging methods were 
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further refined by our analytical approaches to interrogate the results in each anatomic lobe. 

These experimental and analytic approaches enabled us to describe pulmonary 

pathophysiology of patients with COPD that was clearly differentiated from healthy 

controls. They also demonstrated that a given subject with a diagnosis of COPD could 

exhibit several, diverse pathologic changes including “pulmonary shunt” and “dead space”. 

Therefore, our study demonstrated potential of using these multiple imaging modalities to 

increase our ability to better characterize complex phenotypes of COPD in patients.

MATERIALSAND METHODS

Human Subjects

Four patients with COPD and four age-matched normal (AMN) subjects were recruited, and 

each participant signed written informed consent before the study. COPD patients were 

categorized according to the GOLD severity classification (16). Criteria for inclusion of 

COPD patients were: physician diagnosis of COPD, clinically stable to participate in the 

study and smoking history >10 packs/year. Normal subjects were defined as people who 

currently feel well with normal spirometry and without respiratory symptoms, an absence of 

a history of lung disease and a smoking history of less than 100 cigarettes in their life. 

Subjects with FEV1 %predicted of less than 25%, or unable to hold their breath for 10 

seconds, were excluded from the study. Similarly, since Gd-enhanced perfusion scans were 

included, exclusion criteria included a glomerular filtration rate of less than 45 ml/min/1.73 

m2 based on creatinine drawn within 30 days of MRI or known hypersensitivity to Gd 

contrast agents. Each subject underwent pulmonary function tests (PFTs), including 

spirometry with and without bronchodilator, diffusion capacity for carbon monoxide 

(DLCO), and six minute walk (6MW). All subjects also completed chest CT, Gd-enhanced 

perfusion MRI, and hyperpolarized Xe129 MRI. All MRI studies were done on the same 

day. PFTs and CT scans were done within a 3-day window of the MRI studies for each 

subject.

Image Acquisitions:

Computed Tomography: Chest CT was done based on the COPDGene protocol (17). 

Subjects were coached to breathe after maximal inhalation to total lung capacity and hold 

their breath for about 3–6 seconds depending on the size of the lung. The CT scan was 

acquired using a SOMATOM Definition Flash (Siemens Healthcare, Forchheim, Germany) 

at 120 KV, and 200 mAs. The in-plane spatial resolution was approximately 1×1 mm and the 

slice thickness was 0.75 mm.

Gd-enhanced Perfusion MRI—All MR acquisitions were done using a 1.5T commercial 

whole-body MR scanner (Avanto; Siemens Medical Solutions, Malvern PA), and spine and 

body-array RF coils. Gd-DTPA (gadolinium-based MRI contrast agent) was injected at the 

standard dose (0.2ml/kg body weight), simultaneously with data acquisition. A three-

dimensional (3D) T1-weighted gradient-echo pulse sequence with echo sharing (Siemens, 

TWIST) was used to acquire a four-dimensional data set with a real temporal resolution of 

1.6–2 seconds, depending on the size of the lung (28 series total), during free breathing. 

Perfusion image resolution was 2×2×6 mm3, and total acquisition time was approximately 1 
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minute using a parallel-imaging acceleration (GRAPPA) factor of 2. Other sequence 

parameters were TE/TR= 0.78/2.27 ms, flip angle = 25°, bandwidth = 700 Hz/pixel. View 

sharing was applied to achieve a virtual temporal resolution of 0.8–1 second. The central 

region was defined as 28% of k-space and sampled at a density of 50% (18). The time to 

center was 3.3–3.5 seconds.

Combined Hyperpolarized Xe129 and Proton MRI: A combined hyperpolarized gas 

and proton MR acquisition during a single breath hold provides complementary functional 

and anatomical information of the lung and facilitates quantification of functional images 

(19). In this study, each participant underwent this acquisition, which in a single breath hold 

provides 3D images of Xel29 in pulmonary airspaces (“gas”), interstitial parenchyma and 

plasma (“tissue”), and red blood cells (RBCs) (11), and also 3D proton images covering the 

whole lung. The Xel29 acquisition time was approximately 10 seconds at a spatial resolution 

of 7.6 × 7.6 × 17 mm3. The 3D proton pulse sequence, which was appended to the Xe129 

dissolved-phase acquisition, had an acquisition time of approximately 3 seconds using 

acceleration factor of three (20) at an isotropic resolution of about 4 mm. So the total 

acquisition time for combined Xe129 dissolved-phase and proton MR acquisition was less 

than 15 seconds. A flexible, circularly-polarized, vest-shaped chest RF coil (Clinical MR 

Solutions, Brookfield, WI) was used for all Xe129 MRI acquisitions; proton acquisitions 

used the scanner’s body RF coil. Enriched xenon gas (87% Xe129) was polarized using a 

Polarean 9820 system (Polarean, Durham, NC) to polarization level between 25% and 40%. 

Each subject breathed in up to 1 liter of Xe129 mixed with nitrogen to a total volume of 1/3 

of their FVC based on spirometry results obtained right before the imaging study.

Imaging Post-processing:

Computed Tomography: Lung regions were divided into five lobes based on the 

detection of lung fissures (21). The bottom 15th percentile (Perc15) of the CT Hounsfield 

Unit (HU) numbers was calculated for each lobe to represent the average severity of 

emphysema in the lobe (22–24).

Gd-enhanced Perfusion MRI: First-pass dynamic Gd-enhanced images of the lung were 

processed as described in (25) based on indicator dilution theory (26, 27) to determine the 

quantitative total value of pulmonary perfusion. Three perfusion parameters, i.e., pulmonary 

blood volume (PBV), pulmonary blood flow (PBF), and mean transit time (MTT), were 

calculated on a pixel-by-pixel basis for assessment of regional pulmonary perfusion. The 

arterial input function (AIF) was obtained based on the signal intensity of the main 

pulmonary artery trunk. To quantitatively compare regional information obtained by 

different imaging methods, a recently developed lobar segmentation method for proton MRI 

was applied to the perfusion data (21). The mask for the whole lung was reviewed and 

adjusted manually for each subject to ensure the accuracy of segmentation. Mean PBV, PBF 

and MTT values in individual lobes were calculated for each subject.

Combined Hyperpolarized Xe129 and Proton MRI: From the combined Xe129/

proton MR acquisition, four image sets were obtained simultaneously in a single breath 

hold: Xel29 “gas” images reflecting ventilation, Xel29 “tissue” images reflecting gas uptake 
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by interstitial lung tissue and plasma, Xel29 RBC images reflecting gas uptake by RBCs in 

the blood, and also proton images of the lung anatomy. Two quantification methods were 

used to extract different functional information from this acquisition. First, to determine 

airflow limitation by measuring dead-space ventilation, lung regions were segmented based 

on signal intensity of the “gas” ventilation images to non-ventilated, hypo-ventilated, 

ventilated, and well-ventilated regions (28). The percentage of the lung with abnormally 

reduced ventilation (%Vd) was calculated as the sum of the non-ventilated and hypo-

ventilated volumes normalized to the total lung volume. Second, gas uptake images of the 

lung were generated as described in (11). Three ratio maps (tissue-to-gas, RBC-to-tissue and 

RBC-to-gas) are produced from the Xel29 images for quantitative comparison among 

subjects. The resulting calculated ratios are closely related to important lung physiological 

factors: the tissue-to-gas ratio mainly reflects tissue density and alveolar surface-to-volume 

ratio, the RBC-to-tissue ratio is affected by pulmonary perfusion and gas-blood barrier 

thickness while the RBC-to-gas ratio represents the overall gas exchange efficiency from 

lung airspaces to the blood, similar to what DLCO measures globally. Different from 

previous work (11, 12), gas uptake measurements including tissue-to-gas, RBC-to-gas and 

RBC-to-tissue in lung regions (defined by lung mask obtained from proton images acquired 

in the same breath hold) with no ventilation were defined as zero for this work, while 

regions with ventilation were assigned values calculated based on the description in (11).

The accelerated proton images of the lung (via undersampling) were reconstructed using 

compressed sensing as described in (29). The lobar segmentation method (21) was used to 

divide the proton images, acquired in the same breath hold as Xe129 images, into individual 

lung lobes. This segmentation information was then applied to the Xel29 images and ratio 

maps to determine gas uptake information for each lobe.

Data Analysis:

Features of the two study groups were compared using the Mann-Whitney two-tailed t-Test 

for scaled continuous data and the Chi Square distribution for categorical data. The Kruskal-

Wallis test was performed to compare the five lobes of the lung for different measurements. 

Correlations among different acquisitions and/or measurements were tested with Pearson 

correlation analysis. Due to the limited number of subjects recruited in this study, statistical 

analysis was only performed for lobar mean data, and not for whole-lung mean data. A p-

value less than 0.05 was considered statistically significant.

Institutional Review Board

The study was performed under a physician’s Investigational New Drug application for 

hyperpolarized Xel29 MRI using a protocol approved by the Institutional Review Board of 

our institute.

RESULTS

Subject Features

Subject demographics, PFT and 6MW results are shown in Table 1. Gold stage was assessed 

based upon the post bronchodilator spirometry. Within the four COPD patients, three of 
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them (C1-C3) were GOLD stage 2, and one (C4) GOLD stage 4. Significantly lower FEV1/

FVC, FEV1 %Pred, and DLCO %Pred were noted in the patients with COPD as anticipated.

Global and Regional Differences in Lung Function

Global Evaluation—Whole-lung mean metrics were calculated from the results of 

different imaging acquisitions. As shown in Table 2, COPD subjects had overall lower CT 

Percl5 values and lower Xel29 gas uptake measurements, including tissue-to-gas, RBC-to-

gas and RBC-to-tissue ratios and higher %Vd values than healthy volunteers.

Lobar Evaluation—Mean values of the different measurements in individual lobes were 

calculated based on lobar segmentation of CT and MR images (Table 3). Figure 1 shows 

representative lobar segmentation for CT and MR images/maps for a slice from subject H4. 

For the Xel29 MRI results (left column of images), it can be seen that since the Xel29 MR 

images were acquired in the same breath hold as the proton images, both the ventilation 

(“gas”) image and the generated tissue-to-gas ratio map align with the proton images very 

well. No within-group statistical difference among lobes was observed for any of the 

imaging measurements in either the AMN or COPD subjects (P>0.05). However, comparing 

between groups, COPD subjects had significantly lower CT Perc15 (P<0.001), MRI 

perfusion measurement PBF (P=0.047), and Xe129 gas uptake measurements including 

tissue-to-gas, RBC-to-gas and RBC-to-tissue ratios (P<0.001). Also the %VD in COPD 

subjects was significantly higher than that in the AMN group (P=0.006).

Correlations and Differences among Different Imaging Measurements

Correlations of lobar mean values from different imaging measurements are shown in Table 

4. CT Perc15 had strong correlations with Xe129 tissue-to-gas (R=0.74, P<0.001) and RBC-

to-gas ratios (R=0.62, P<0.001). CT Perc15 correlated moderately with PBV (R=0.38, 

P=0.016), PBF (R=0.38, P=0.016), MTT (R=−0.36, P=0.022) and %VD (R=−0.33, P=0.04). 

MRI perfusion measurements correlated significantly with all Xe129 MRI measurements, 

most strongly with the Xe129 %VD (PBV: R=−0.59, P<0.001; PBF: R=−0.62, P<0.001; 

MTT: R=0.59, P<0.001). Among the Xe129 gas uptake measurements, RBC-to-gas ratios 

had more significant correlations with perfusion measurements as compared to tissue-to-gas 

and RBC-to-tissue ratios. Not surprisingly, %VD showed strong negative correlations with 

all gas uptake measurements including tissue-to-gas ratio (R=−0.51, P<0.001), RBC-to-gas 

ratio (R=−0.64, P<0.001) and RBC-to-tissue ratio (R=−0.67, P=0.005).

Patterns of Functional Abnormalities

Five distinctive patterns of functional abnormalities were found in patients with For the first 

three cases (Area 1–3, Figure 2), consistent results were seen among chest CT, perfusion 

MRI and Xe129 MRI. However, in the latter two cases (Area 4 and 5, Figure 3), low gas 

exchange was found with Xe129 MRI but was not identified on chest CT or perfusion MRI. 

The first area (Area 1, Figure 2) exhibited the combination of emphysematous lung by chest 

CT, low perfusion (i.e., low MRI PBV), poor ventilation (high %VD), and poor gas exchange 

(i.e., low Xe129 RBC-to-gas ratios). The second area (Area 2, Figure 2) exhibited normal 

lung tissue without emphysema by chest CT, but nonetheless had low perfusion, poor 

ventilation and poor gas exchange (low Xe129 RBC-to-gas ratios). The major difference 
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between Areas 1 and 2 was the divergent appearance of tissue destruction found by chest 

CT, with clearly abnormal perfusion and gas exchange found by MRI. The third area (Area 

3, Figure 2) exhibited normal lung tissue without emphysema by chest CT and normal 

ventilation, but low perfusion and poor gas exchange. Thus this area appeared normal by 

chest CT, and was well ventilated, but had a fissure-like perfusion defect, and abnormally 

low gas uptake as measured by Xe129 DP MRI. The fourth area (Area 4, Figure 3) exhibited 

normal lung tissue without emphysema by chest CT and normal perfusion, but had poor 

ventilation and poor gas exchange. The fifth area (Area 5, Figure 3) had normal lung tissue 

without emphysema on chest CT, and normal perfusion and normal ventilation on MRI. 

Xe129 gas reached the lung tissue phase (i.e., normal tissue-to-gas ratios), but did not reach 

the blood phase (i.e., low RBC-to-gas ratios).

DISCUSSION

In this pilot study, we investigated pulmonary morphology and function in the lungs of 

patients with COPD by measuring tissue density with CT, pulmonary perfusion with Gd-

enhanced perfusion MRI, and ventilation and gas uptake with hyperpolarized Xe129 MRI. A 

lobar segmentation method for MRI enabled us to perform regional analysis of lung function 

and to quantitatively compare imaging results from the different imaging modalities.

Several key points emerged from analysis of the data. First, all imaging modalities could 

differentiate the lungs of patients with COPD from those of AMN. The CT Perc15, MRI 

PBF, Xe129 MRI %VD, and the three parameters from the Xe129 gas uptake MRI were 

significantly different between patients with COPD and AMN. Second, tissue integrity, 

reflected by the tissue density from the chest CT, correlated with pulmonary perfusion, 

ventilation, and Xe129 dissolved in the lung tissue and RBCs. Third, pulmonary perfusion 

was significantly correlated with the severity of ventilation abnormalities (%VD). Fourth, 

quantitative imaging parameters revealed different patterns of pulmonary physiology in 

patients with COPD. Xe129 ventilation and gas uptake MRI provided additional 

information, beyond that provided by chest CT and Gd-enhanced MRI, necessary to fully 

understand COPD-associated pathophysiology. For example, for the cases shown in Figure 

3, neither chest CT nor perfusion MRI could identify regional airflow limitation (Area 4) or 

potential impairment of gas exchange without reduced ventilation or perfusion (Area 5). 

Nonetheless, by using only the Xe129 DP MRI technique without perfusion imaging, r, we 

were not able to identify whether reduced gas exchange from interstitial tissue to blood 

results from reduced pulmonary perfusion (Area 3, Figure 2) or from impairment of gas 

exchange pathways (Area 5,Figure 3). These results demonstrated that combining multiple 

imaging modalities enabled us to further refine our understanding of the pathophysiology 

found in the lungs of patients with COPD.

Imaging results, such as those shown in Figure 2 and 3, further demonstrated the inter-

connectedness and usefulness of all imaging modalities, and highlighted how these 

modalities can reveal features of in-vivo pulmonary physiology pertinent to COPD. In this 

regard, there were also several important observations noted in this study which merit 

additional discussion. First, significant correlation between CT Percl5 and the Xel29 tissue-

to-gas ratio (R=0.74, P<0.001) was expected because these measurements represent 
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pulmonary tissue density and severity of emphysema. The Xel29 RBC-to-gas ratio was also 

highly correlated with CT Perc15 (R=0.68, P<0.001). The Xel29 RBC-to-gas ratio can be 

affected by emphysematous tissue destruction in two ways. Emphysema and/or hyper-

expansion of the lung would decrease CT Percl5 values by vascular pruning and/or vessel 

compression at the microvascular level (30). These changes would likely decrease 

pulmonary perfusion and thus the RBC-to-gas ratio. The Xel29 RBC-to-gas ratio would also 

be directly affected by changes in gas uptake through the lung tissue (tissue-to-gas ratio). A 

good example of this was seen in the Area 1 of subject C4, shown in Figure 2. With sever 

emphysema, Area 1 was suspected to have very little functioning tissue left as HRCT. Both 

ventilation (Xel29 “gas” image) and perfusion (PBV) were very low, which would have 

likely led to virtually no gas uptake in this area.

Second, pulmonary perfusion was correlated with %VD (PBV: R=−0.59, PBF: R=−0.62, 

MTT: R=0.59; all P<0.001) more significantly than with CT Perc15 (PBV: R=0.38, 

P=0.016; PBF: R=0.42, P=0.007; MTT: R=−0.36, P=0.022). This may mean perfusion 

variation from compensatory vasoconstriction response to ventilation changes to maintain 

V/Q coupling (31) dominates vascular pruning or hyper-expansion detectable by CT. A 

supporting example was Area 2 from subject C4 shown in Figure 2. Lung tissue in the Area 

2 appears to be intact based on CT, but ventilation and PBF were abnormally low. It is not 

surprising that strong correlations were found between %Vd and gas uptake measurements, 

since the first requirement for a functional region to uptake gas is to be ventilated. The 

stronger correlations of %VD with RBC-to-gas and RBC-to-tissue ratios than with tissue-to-

gas ratios also supported the inter-connections between ventilation and perfusion in these 

subjects as discussed above.

Third, it is worthwhile to note that the Xel29 RBC-to-gas ratio, an imaging counterpart of 

DLCO, correlated strongly with CT Percl5 (R=0.62, P<0.001), perfusion (e.g. MTT: R=

−0.52, P<0.001) and ventilation (R=−0.64, P<0.001). As a measurement of gas exchange 

efficiency along the complete pathway from the alveolar airspace to blood in the lung, the 

Xel29 RBC-to-gas ratio should be dependent upon changes in ventilation, perfusion, gas 

exchange, or tissue density.RBC-to-gas ratio is likely reduced for two situations (or certainly 

combination of the two); in pulmonary “shunt,” with normal perfusion and abnormal 

ventilation, and in “dead space,” with normal ventilation and abnormal perfusion. Our 

preliminary study clearly showed these two circumstances. A big ventilation defect in Area 

4 was accompanied by normal perfusion on the PBF map and normal lung tissue density on 

CT, a case of shunt. The underlying mechanism for Area 4 could be airway obstruction 

associated with chronic bronchitis (6) without destruction of lung tissue and blood vessels. 

By contrast, normally ventilated Area 3 in Figure 2 was accompanied by a prominent 

fissure-like perfusion defect and a low RBC-to-gas ratio in the middle of the left lung. The 

underlying mechanism for Area 3 could be a pathologic process limited to the pulmonary 

blood vessels (6) without abnormal airflow or loss of lung parenchyma.

Fourth, RBC-to-tissue ratios primarily reflect pulmonary perfusion and gas exchange 

efficiency from interstitial tissue to blood.As expected, the RBC-to-tissue ratio was 

significantly lower in COPD (P<0.001), but this parameter was only moderately correlated 

with perfusion measurements (PBV: R=0.35, P=0.028; PBF: R=0.38, P=0.015; MTT: R=
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−0.48, P=0.002). This suggests that the gas exchange efficiency may be dependent on other 

physiological factors such as alveolar septal wall thickness and integrity, which was shown 

be significantly altered in COPD (12, 32). Area 5 in Figure 3 provides evidences that 

strongly supported this hypothesis.

Finally, low CT Perc15 and Xe129 tissue-to-gas ratios in the right middle lobe were mostly 

due to lower tissue density in the right middle lobe compared to other lobes. Anatomically 

the right middle lobe resides in the anterior part of the body. In our study, subjects were 

imaged in supine position, which may have caused compression of posterior lung tissue due 

to gravity. Interestingly, this trend disappeared in the COPD group. We speculate that 

emphysema or hyper-expansion of the lung in patients with COPD could have reduced lung 

tissue elasticity, suppressing the lung’s response to gravity with postural change, consistent 

with other group’s findings (33, 34).

Our study is limited in several ways. First, a small number of subjects participated in our 

pilot study, and thus our statistical results should be interpreted with caution. Even though 

our lobar segmentation method enabled us to separate the lungs into individual lobes and to 

analyze relationship among different imaging acquisitions quantitatively, the functional 

alterations of the lung found in COPD patients may be biased. Therefore, we are currently 

conducting studies in additional subjects to confirm the results of this pilot study. Second, 

biological variation in pulmonary physiology is anticipated within a subject as well as 

between subjects. Further, longitudinal studies will help to validate the complex 

morphologic and functional changes observed. Third, while the heterogeneity of pulmonary 

physiology observed in some of the subjects is highly intriguing, observations from more 

control subjects are necessary. For example, pulmonary physiology of patients with 

homogeneous emphysema and patients with pure chronic bronchitic airway disease can 

serve as excellent positive control subjects for future studies.

In conclusion, by using chest CT, Gd-enhanced perfusion MRI, and Xel29 tion and gas 

uptake MRI, we assessed the quantitative changes in tissue density, pulmonary perfusion and 

gas uptake in patients with COPD as compared to age matched normal subjects. We found 

evidence for compensatory pulmonary vasoconstriction to match impairment of ventilation, 

and also pulmonary shunt and dead space. Furthermore, by incorporating a new lobar 

segmentation method for proton MRI, we were able to perform statistical analysis to 

evaluate the regional interrelationships of Xe129 gas uptake measurements with tissue 

density, perfusion, and ventilation. We demonstrated that Xe129 MRI has high potential to 

identify changes of multiple aspects of lung physiology in one acquisition not assessable by 

other existing imaging methods.
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Figure 1. 
Representative lobar segmentation of Xel29 MRI, Gd-enhanced perfusion MRI, and CT 

images. Left column: top row: ventilation image (“Gas”) overlaid on proton image acquired 

in the same breath hold as Xe129 images; middle row: generated tissue-to-gas ratio map on 

top of proton image; bottom row: lobar segmentation for proton image acquired with Xel29 

MRI acquisition. Middle column: top row: Gd-enhanced perfusion MRI image of the lung; 

middle row: generated pulmonary blood volume map (PBV) in the lung region; bottom row: 

lobar segmentation for Gd-enhanced perfusion MRI image. Right column: top row: high 

resolution CT image of the lung with regions lower than −950 HU marked by red dots; 

bottom row: lobar segmentation for CT was done based on the fissure detected. Images 

showed a representative slice of the 3-D Xe129, Gd-enhanced perfusion MRI and HRCT 

acquisitions from approximately the same position of the lung.
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Figure 2. 
Representative CT image, PBV, and Xe129 tissue-to-gas and RBC-to-gas ratio maps from 

subject C4 and C2. Alterations of lung function exhibited different patterns in the lung, as 

shown in areas 1–4 in the figure. The RBC-to-gas ratio measured by Xe129 MRI reflecting 

overall gas exchange to the blood was found to be low in concordance with low tissue 

density measured by CT (area 1), low perfusion measured by perfusion MRI (area 3), or the 

combination of both (area 2).
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Figure 3. 
Representative CT images, PBV maps, and Xe129 tissue-to-gas and RBC-to-gas ratio maps 

from subject C1 and C2 showed that Xe129 MRI could uniquely detect low gas exchange to 

blood by either low gas ventilation (area 4) or potentially impaired gas exchange from lung 

tissue to the blood (area 5). This information was not accessible by perfusion MRI or CT.
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Table 1.

Subject demographics and PFT results

Sex Age FEV1/
FVC

FEV1
%Pred

DLCO
%Pred

DLCO/Va
%Pred

6MW

H1 F 52* 91 111 91 93 587

H2 F 61 74 106 82 77 487

H3 F 60 83 93 93 114 442

H4 F 62* 79 99 77 78 450

C1 F 66 59 62 60 75 424

C2 F 56 69 63 85 96 425

C3 M 64 57 80 77 76 495

C4 M 58 24 25 44 49 225

*
Bold means upper limit for measurements in each group (healthy or COPD group); Bold+underline means lower limit for measurement in each 

group

Acad Radiol. Author manuscript; available in PMC 2020 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Qing et al. Page 17

Table 2.

Whole-lung average measurements obtained from imaging acquisitions

CT Gd-MRI HP Xe129 MRI

Perc15 PBV PBF MTT %Vd Tissue
/Gas

RBC
/Gas

RBC
/Tissue

H1 −881 6.6 77 8.9 21 0.95 0.34 0.35

H2 −889* 11.4 135 8.4 14 0.79 0.28 0.27

H3 −833* 8.7 118 8.3 31 0.92 0.28 0.20

H4 −849 5.9 68 9.6 36 1.06 0.26 0.21

C1 −897 8.2 119 7.3 26 0.89 0.23 0.20

C2 −884 6.7 69 10.1 38 0.85 0.27 0.18

C3 −905 7.8 80 9.1 34 0.36 0.21 0.18

C4 −941 3.6 30 11.9 62 0.25 0.15 0.11

*
Bold means upper limit for measurements in each group (healthy or COPD group); Bold+underline means lower limit for measurement in each 

group
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Table 4.

Correlation between different imaging measurements

GD-MRI XE129 MRI

PBV PBF MTT %Vd Tissue
/Gas

RBC
/Gas

RBC
/Tissue

CT 0.38(R)* 0.42 −0.36 −0.33 0.74 0.62 0.26

PERC15 0.016(P)* 0.007 0.022 0.04 <0.001 <0.001 0.10

PBV -- -- -- −0.59 0.37 0.42 0.35

<0.001 0.018 0.007 0.028

PBF -- -- -- −0.62 0.48 0.49 0.38

<0.001 0.002 0.002 0.015

MTT -- -- -- 0.59 −0.45 −0.52 −0.48

<0.001 0.004 <0.001 0.002

%VD -- −0.51 −0.64 −0.67

<0.001 <0.001 <0.001

*
R: non-parametric correlation coefficient (upper row of each item). P: p value of the correlation.
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