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Abstract (238/250words) 

Purpose: Imaging of the different resonances of dissolved hyperpolarized xenon-129 in the lung is 

performed using a 4-echo flyback 3D radial spectroscopic imaging technique and is evaluated in healthy 

volunteers (HV) and subjects with idiopathic pulmonary fibrosis (IPF). 

Methods: 10 HV and 25 subjects with IPF underwent dissolved 129Xe MRI at 1.5 T. IPF subjects 

underwent same day pulmonary function tests to measure forced vital capacity and the diffusion 

capacity of the lung for carbon monoxide (DLCO). A 4-point echo time technique with k-space chemical-

shift modelling of gas, dissolved 129Xe in lung tissue plasma (TP) and red blood cells (RBC) combined 

with a 3D radial trajectory was implemented within a 14s breath-hold. 

Results: Results show an excellent chemical shift separation of the dissolved 129Xe compartments and 

gas contamination removal, confirmed by a strong agreement between average imaging and global 

spectroscopy RBC/TP ratio measurements. Subjects with IPF exhibited reduced imaging gas transfer 

when compared to healthy volunteers. A significant increase of the amplitude of RBC signal 

cardiogenic oscillation was also observed. In IPF subjects, DLCO% predicted was significantly 

correlated with RBC/TP and RBC/GAS ratios and the correlations were stronger in the inferior and 

periphery sections of the lungs.  

Conclusion: Lung MRI of dissolved 129Xe was performed with a 4-echo spectroscopic imaging method. 

Subjects with idiopathic pulmonary fibrosis demonstrated reduced xenon imaging gas transfer and 

increased cardiogenic modulation of dissolved xenon signal in the RBCs when compared to healthy 

volunteers. 

 

Keywords: hyperpolarized 129Xe, Lung, IPF, spectroscopic imaging  
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Introduction 

Idiopathic Pulmonary Fibrosis (IPF) is a pulmonary disease of gas exchange and making the correct 

prognosis remains challenging due to a lack of sensitive biomarkers. It has no clear origin, affects 

mostly those over fifty years of age, causes fibrosis of the lung parenchyma and is rapidly progressive 

but unpredictable (1). Subjects with IPF present reduced gas exchange and therefore breathing difficulty 

during exercise, often associated with increased interstitial thickness. IPF progression is usually 

assessed via pulmonary function tests (PFTs) showing restriction of lung volumes measured by the 

forced vital capacity (FVC), reduced forced expiratory volume in 1s (FEV1) on spirometry and 

reduction in lung gas transfer efficiency that can be estimated with the diffusion capacity of the lung 

for carbon monoxide (DLCO). Those measurements are however insensitive to longitudinal change (2) 

and do not provide regional information about disease heterogeneity, thus new more sensitive 

biomarkers are required (3). MRI with hyperpolarized (HP) gases can be used to study regional changes 

in lung ventilation and microstructure (4). The solubility of HP 129Xe gas in lung tissues and blood is of 

particular interest for the assessment of gas exchange (5,6) as dissolved 129Xe exhibits two distinct 

resonance peaks corresponding to 129Xe dissolved in lung tissue/plasma (TP, ~197 ppm relative to 129Xe 

gas) and red blood cells (RBC, ~217 ppm). In IPF, spectroscopic measurements of 129Xe dissolved 

phase uptake such as the RBC/TP ratio have been shown to be sensitive to gas transfer impairment and 

correlate well with disease severity (7,8). Additionally, this measurement has shown good 

reproducibility and is sensitive to disease progression over a 12-month period (3). More recently, it has 

been shown that; dissolved xenon RBC chemical shift (CS) is dependent on blood oxygenation level 

(9), which is significantly different in subjects with IPF when compared to controls (10), that the 

tissue/plasma barrier signal could be made of two distinct peaks (10), and that the magnitude of 

cardiogenic oscillations of the RBC signal amplitude observed during dynamic spectroscopic 

measurements is higher in subjects with IPF (11,12).  

Imaging dissolved-phase 129Xe remains challenging as it represents only 1-2% of the total magnetization 

of the gas-phase 129Xe signal in the airways, and has a short transverse relaxation time T2
* (~2 and 1 ms 

at 1.5T and 3T respectively). Ultra-short TE sequences using radial (13) or spiral (14) k-space 

trajectories can help overcome this limitation. To perform CS separation and enable simultaneous 

imaging of 129Xe in its different dissolved phase compartments, several strategies can be applied. 

Conventional phase-encoded chemical shift imaging has been applied to dissolved 129Xe imaging of gas 

exchange in a pre-clinical setting (15), however long acquisition times have prevented successful 

application in human studies to date. The 1-point Dixon technique has been the most commonly used 

method in human studies to date (16). It requires a separate spectroscopic calibration acquisition 

performed at different echo times to derive the TE for which the TP and RBC signal have a 90-degree 

phase shift, since this value varies between subjects. This technique has been combined with image 

processing to display maps of the gas, TP and RBC signal ratios and compare the distribution of 
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RBC/TP ratios between healthy volunteers and subjects with IPF (17), and it has shown a good 

reproducibility in healthy subjects within one month (18). Another challenge in performing dissolved 

129Xe imaging is to design highly selective RF pulses with minimal off-resonant excitation of the gas 

phase (19). Due to imperfection of pulse design, residual gas signal contamination of a similar order of 

magnitude as the dissolved signal is usually observed and recently, the 1-point Dixon technique was 

modified to acquire a second echo time in order to perform gas phase signal contamination estimation 

and removal (20). However, the main limitation of the 1-point Dixon technique is the assumption that 

the k-space is acquired instantly at time TE and thus first-order phase evolution between the RBC and 

TP compartments during the acquisition readout time is neglected. With commonly used bandwidths 

(e.g. ~ 16 kHz) and a reported chemical shift value of 20 ppm, it can be estimated that a phase shift of 

approximately 10 occurs during the acquisition of each k-space point, which results in significant 

mixing of the different compartments’ signals away from the center of k-space and hence image 

blurring. Moreover, the 1-point Dixon technique would be ill-conditioned for the reliable detection of 

a second dissolved peak in the TP signal as previously suggested (10). 

More advanced multi-point Dixon or iterative decomposition of water and fat with echo asymmetry and 

least-squares estimation (IDEAL) (21) CS separation techniques are therefore advisable. A 3-point 

IDEAL 3D radial implementation has been used for dissolved xenon (22) and applied in populations of 

healthy volunteers and subjects with COPD and asthma (23), showing a significantly lower RBC/TP 

ratio in subjects with COPD and a good correlation with DLCO. The efficient acquisition of the 3 radial 

echoes in one TR made the 3D acquisition short enough to fit in a single breath-hold, but it was assumed 

that there was no gas contamination, the T2* for RBC and TP compartments was the same and k-space 

acquisition was instantaneous, by performing the CS separation in the image domain. Brodsky et al (24) 

proposed a signal model for IDEAL reconstruction which takes into account the additional phase 

accumulated by off-resonant spins at each point in the k-space acquisition trajectory. It has been applied 

to dissolved 129Xe imaging with a spiral trajectory to measure xenon gas transfer dynamics with multiple 

TRs (25) and to perform CSSR imaging in healthy subjects (26). More recently, Kammerman et al. (27) 

proposed a more extensive model-based reconstruction of the IDEAL method, using a 4-point 

spectroscopic imaging technique similar to the one presented in this paper and integrating estimates of 

T2
*, frequency shifts and field inhomogeneity maps, showing that the transverse relaxation rate of 

dissolved-phase 129Xe can be a biomarker of lung injury in IPF. 

In this work, a 4-point spectroscopic imaging technique with k-space decomposition of gas, TP and 

RBC signals via chemical-shift modeling combined with a 3D radial trajectory, is presented. By 

acquiring data at 4 different TEs, the gas phase signal contamination in the dissolved interleave can be 

modelled during the CS reconstruction and removed. The implementation of a radial trajectory also 

allows to sample rapidly the k-space center for each compartment and therefore investigation into the 

existence and amplitude of cardiogenic oscillations (9,11). This is a promising and complementary 
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addition for dissolved 129Xe imaging, enabling the distinction between different cardiopulmonary 

phenotypes (28). While this usually requires a separate dynamic spectroscopic acquisition, in the 

proposed implementation we combine both acquisitions in a single breath-hold. The proposed method 

is evaluated in healthy volunteers and patients with IPF and imaging outcomes are compared with 

pulmonary function tests in patients. 

Theory 

The methodology for CS imaging of 129Xe gas/dissolved compartments follows the chemical-shift 

modeling applied previously to 13C metabolic imaging (29) but with the implementation of a 3D radial 

echo-planar spectroscopic imaging (EPSI) k-space trajectory to acquire the 4 TEm data (m=1 to 4). The 

main equations of the signal modelling are recalled here for the HP 129Xe signal consisting of three main 

compartments q of airspaces, tissue/plasma and RBC. The signal acquired ym,n of the nth k-space sample 

location kn at the time after excitation τm,n = TEm + tn, can be expressed after discretization of the spectral 

resonance frequencies ɷq and spatial dimension rp as: 

𝑦𝑚,𝑛 = ∑ 𝑒𝑖𝒌𝑛𝒓𝑝𝑒𝑖(𝜔𝑞− 1 𝑇2,𝑞∗⁄ )𝜏𝑚,𝑛𝑥𝑞(𝒓𝑝)𝑝,𝑞  

[1] 

where xq(r) represents the distribution of the different resonances in image space. This model omits the 

regional magnetic field inhomogeneities that can cause additional, regionally varying frequency shifts 

in the measured signal and the decrease of longitudinal magnetization due to T1 relaxation and RF-

induced decay. It is possible to make a further few simplifications such as obtaining an estimate from a 

separate calibration spectrum of the resonance frequencies ɷq and T2,q
* values of each component. After 

accounting for the T2
* decay only between echo times but not during the acquisition time of each echo, 

the following expression for the k-space signal is obtained: 

𝑦𝑚,𝑛 = ∑ 𝐸𝑚,𝑞𝑒𝑖ɷ𝑞𝑡𝑛𝜉𝑞(𝒌𝑛)𝑞  

[2] 

with: 𝜉𝑞(𝒌𝑛) = ∑ 𝑒𝑖𝒌𝑛𝒓𝑝𝑥𝑞(𝒓𝑝)𝑝  and 𝐸𝑚,𝑞 =  𝑒𝑖(𝜔𝑞− 1 𝑇2,𝑞∗⁄ )𝑇𝐸𝑚 

where ξq(kn) represents the distribution of the different resonances in k-space. 

The CSI reconstruction consists of a two steps process:  

i. matrix inversion of the preconditioned CS encoding matrix E to reconstruct each ξq(kn) in k-

space (where ϯ denotes the Moore–Penrose pseudo-inverse): 𝜉𝑞(𝒌𝑛) = 𝑒−𝑖ɷ𝑞𝑡𝑛(𝐸ϯ𝑦𝑛)𝑞 
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[3] 

ii. using gridding (30) to reconstruct images of each compartment spatially. 
 

Moreover, the effective number of signal averages (NSA) approach (31) that depends on the 

conditioning of E can be used to optimize the echo time spacing ΔTE in order to minimize the noise 

amplification during the CS inversion of Eq. [3]:  

𝑁𝑆𝐴𝑞 = 1(𝐸𝐻𝐸)𝑞,𝑞−1  

[4] 

where H denotes the complex conjugate transpose. 

Methods 

Subject recruitment and PFTs 

All imaging protocols were performed under the approval of the UK national research ethics committee. 

10 healthy volunteers (HV) with no known respiratory conditions, and 25 patients with a clinical 

diagnosis of IPF were recruited and provided written informed consent. The diagnosis of IPF was 

established by a multi-disciplinary team at a single tertiary interstitial lung disease center. IPF subjects 

underwent pulmonary function tests on the same day as the MRI visit, including FVC, FEV1 and DLCO. 

Percent predicted values were calculated using Global Lung Initiative reference values in accordance 

with usual clinical practice (32). Subject demographics are presented in Table 1. 

MRI acquisition 

All imaging was performed on a 1.5T GE HDx scanner with HP 129Xe polarized to ~30% polarization 

and produced by a home-built flow mode spin exchange optical pumping polarizer at a production rate 

of 1L in 18 min (33). Using the effective number of signal averages approach (see Fig. 1.a and above 

Theory section), an optimum ΔTE of 0.7 ms was chosen such that a flyback implementation of 4 TEs 

(1st TE ~ 0.55 ms from the center position of the RF pulse) could be performed during the same TR 

(radial EPSI, see Fig. 1.b) in order to minimize the number of RF pulses applied, keep the readout length 

of the same order of magnitude as the dissolved xenon T2* and keep the total duration within a practical 

breath-hold time. A spoiled interleaved RF excitation of gaseous and dissolved-phase 129Xe (FA= 

0.7/40°, respectively with RF frequency centered on the TP peak for the dissolved xenon interleave) 

was implemented. A 0.8ms composite RF pulse with amplitude modulation, optimized previously for 

minimizing off-resonance excitation (19), was used. The 3D half-echo radial sequence had 332 

projections (uniform sampling with random ordering, 10% oversampling in the radial readout direction, 

11 data points acquired per echo time and 4-fold radial under-sampling at k max), 2 cm isotropic voxel 
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(FOV=40cm, BW=31.25kHz, 14s breath-hold acquisition, 1L of HP 129Xe) and a TR of 20ms. The TR 

is here defined as the time interval between the gas and dissolved xenon interleaves. 20 dummy RF 

pulses (10 on gas and 10 on dissolved xenon) were implemented at the start of the sequence to deplete 

the magnetization that was originally present in the blood in the pulmonary veins. A whole-lung 

spectrum (BW=8kHz, 512pts, 200 averages, TR=74ms, 22˚ flip angle) was acquired with a 600mL dose 

of 129Xe prior to imaging to improve reconstruction by providing accurate determination of the 

respective 129Xe resonance frequencies as previously described (29). 

Figure 1 – here 

Data analysis: 

The gaseous 129Xe interleave images were produced with a standard 3D radial reconstruction using the 

optimal Kaiser-Bessel convolution kernel formula from (30) for a minimal oversampling of 1.1 and a 

kernel width of 8. A triple Lorentzian fit of the calibration spectroscopy data in the frequency domain 

was performed similarly as in (7) to derive patient specific resonance frequencies and T2* values of 

each peaks. For the dissolved 129Xe interleave data, the same reconstruction was applied after 

performing chemical shift separation in k-space. Due to inconsistent off-resonant excitation of the gas 

phase in the dissolved interleave, the gas images produced from that interleave were only assessed and 

compared qualitatively to the gas interleave image and later discarded. After deriving a region of interest 

on the TP image (threshold based using SNR>5) and correcting for subject specific differences in T2* 

derived from the calibration spectrum, ratio maps of RBC/TP, TP/GAS and RBC/GAS were produced 

(Fig. 2). Global and regional averages (anterior/posterior, center/outer, inferior/middle/superior parts of 

the lungs) were derived for each subject. To derive the center (core) and outer (peel) regions of the 

lungs, an ellipsoid centered at the center of mass of the lung mask was created with radii in three 

directions defined as 0.79 time the original full mask radii. The value of 0.79 was chosen as it would 

correspond to half the volume of the original mask in the case of a sphere or an ellipsoid (0.79~0.51/3) 

aiming to obtain two zones of similar volumes. 

Figure 2 – here 

With the chosen radial encoding scheme, the center of k-space for each compartment was sampled every 

40 ms (2 x TR), enabling the observation of the dissolved 129Xe signal decay during breath-hold and 

also the periodic RBC signal oscillations due to the cardiac cycle (11). The peak-to-peak amplitude of 

these cardiogenic oscillations was calculated from the first half of the data where the SNR is sufficiently 

high by performing a band pass filtering (0.5 to 2.5Hz) and an automatic peak detection on the T1 decay 

corrected signal evolution of the RBC k-space center data after CS separation (Figure 3). All CS 

separation and data reconstruction were implemented in-house using MATLAB (MathWorks, Natick, 

Massachusetts, USA). 
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Figure 3 – here 

Statistical methods: 

Spearman’s rank correlation coefficient was used to assess similarities between the global RBC/TP ratio 

from spectroscopy and imaging sequences whereas Pearson’s rank correlation coefficient was used to 

assess the strength of correlation between PFTs and imaging metrics. Paired t-tests and one-way 

ANOVA were used to assess regional differences (anterior/posterior, center/outer, 

inferior/middle/superior parts of the lungs) of signal distribution and average ratio within each group. 

Unpaired t-tests were used to test for significant differences in RBC amplitude oscillations, and global 

and regional dissolved 129Xe imaging ratios between HV and IPF subjects. All statistical analyses were 

performed using GraphPad Prism (San Diego, USA), and statistical significance level was set at P<0.05. 

Results 

Statistics of the study population are summarized in Table 1. With a mean [min, max] predicted DLCO% 

of 71% [31%, 101%], the IPF cohort can be considered as mild on average but with a wide spread of 

disease severity. From the calibration spectroscopy data, the average TP and RBC chemical shifts from 

the gas resonance in healthy volunteers and IPF subjects groups are presented in Table 1 together with 

the average T2
* values for each compartment. The quality of the CS modeling reconstruction was 

assessed by comparing gas ventilation images from the gas excited interleave with gas contamination 

images from the dissolved 129Xe interleave. In all cases, the ventilation distributions inside the lungs of 

129Xe gas were equivalent with an average (±SD) pixel by pixel correlation of the signal intensity of 

r=0.93±0.03 over the entire IPF population. A representative example of a quantitative pixel by pixel 

correlation of normalized ventilation between the two images and a Bland-Altman analysis is displayed 

in Figure 4.a & 4.b. By comparing the average signal intensity in both non-normalized images, it is also 

possible to infer a flip angle corresponding to the off-resonance excitation in the dissolved interleave 

data. The ratio of the gas signal between the dissolved and gas interleave data was found to be 

0.15±0.02, which corresponds to a 0.1˚ flip angle for off resonance gas excitation. A high correlation 

was found between the global RBC/TP ratio derived from imaging and the ratio derived from whole-

lung calibration spectroscopy (Figure 4.c, r=0.90, p <0.0001), demonstrating further that the CS 

modeling reconstruction and subsequent production of 3D maps of TP and RBC uptake in the lung was 

successful.  

Figure 4 – here 

In both HV and IPF groups, RBC and TP mean signals were higher in the dependent (posterior) part of 

the lung (p<0.0001) as observed previously (13). The mean gas signal however was not significantly 

different (anterior/posterior: p=0.18 for HV and p=0.27 in IPF). The ventilation was also preferably 

distributed in the inferior part of the lung (p=0.02 for HV and p=0.0003 for IPF) and so was the 
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dissolved 129Xe in TP (p=0.0003 for HV and p<0.0001 in IPF). Looking at the barrier uptake (TP/GAS 

ratio), it was significantly higher in the dependent part of the lung (p=0.0006 for HV and p<0.0001 in 

IPF, Fig. 5.a & 5.b). The RBC gas transfer (RBC/GAS ratio) was also significantly higher in the 

posterior part (p=0.0009 for HV and p=0.0002 in IPF, Fig. 5.c & 5.d) and lower in the lung periphery 

(peel) than in the core, with p=0.002 for HV and p=0.02 in IPF subjects (see Fig. 5.e & 5.f). Regarding 

the RBC/TP ratio, there were no significant differences in anterior/posterior values in both groups. 

However, RBC/TP ratio was lower in the inferior part (p=0.02 for HV and p=0.0003 in IPF). 

Figure 5 – here 

When comparing HV and IPF groups, the average imaging RBC/TP and RBC/GAS ratios were 

significantly lower in subjects with IPF (Figure 5), with average values in HV of 0.47 and 0.22 in IPF 

(p<0.0001) for RBC/TP and 3.6 x 10-3 and 1.9 x 10-3 (p=0.002) for RBC/GAS respectively. But no 

significant difference was observed in TP/GAS ratio (average values of 7.5 x 10-3 and 8.3 x 10-3, 

p=0.20). Cardiogenic oscillations were observed in the time evolution of the RBC signal only (see 

example in Fig. 3) and the amplitude of the oscillations was significantly higher in subjects with IPF 

when compared to healthy volunteers (Figure 5.d, HV: 12.8 % and IPF: 18.8 % respectively, p=0.001). 

Figure 6 – here 

In the IPF cohort, DLCO% was significantly correlated with the whole-lung (global) RBC/TP ratio 

(r=0.60, p=0.002) and all mean regional ratios, but the correlations were stronger in the inferior (r=0.66, 

p=0.0004), posterior (r=0.62, p=0.0009) and peripheral parts of the lungs (r=0.63, p=0.0007) (see Figure 

6). Similarly, DLCO% correlated with global (r=0.53, p=0.007) and regional RBC/GAS ratios and the 

correlations were stronger in the inferior (r=0.62, p=0.001) and posterior parts of the lung (r=0.57, 

p=0.003). Center and outer parts of the lungs had a similar correlation as the global RBC/GAS ratio. 

No significant correlation was observed between TP/GAS ratios and DLCO% or between any imaging 

metrics and FVC% or FEV1%. The amplitude of the cardiogenic oscillations was not significantly 

correlated with DLCO% (r=-0.33, p=0.11). 

Figure 7 – here 

To assess the sensitivity of the chemical shift separation and derived average imaging ratios to the 

subject specific measurements of the T2
* and peak frequencies, an additional analysis of the IPF cohort 

data was performed taking the average values presented in Table 1 for the reconstruction of each data 

set. The mean absolute error on global RBC/TP, TP/GAS and RBC/GAS ratios was found to be 2.0 ± 

1.3 % , 2.6 ± 1.8 % and 3.5 ± 2.8 % respectively. The new correlation of the global RBC/TP and 

RBC/GAS imaging ratios with DLCO% were slightly lower with a correlation coefficient r of 0.55 

(p=0.004) and 0.49 (p=0.01) respectively. 
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Discussion 

We have presented an implementation of echo-planar spectroscopic imaging for dissolved HP 129Xe in 

the lung. Whereas other methods are usually empirically validated against clinical findings only, here 

we assessed and validated the performance of the CS separation by three different approaches: (i) a 

good agreement between the gas contamination from the dissolved 129Xe interleave and the gas 

ventilation image, (ii) the observation of cardiogenic oscillations at the k-space center for the RBC data, 

and (iii) a high correlation between the average imaging RBC/TP ratio and the ratio from whole-lung 

spectroscopy. It is worth noting that for the 1-point Dixon imaging technique (16,17), a calibration 

spectroscopic acquisition is required beforehand to calculate the RBC/TP ratio, which is used as prior 

knowledge to phase and align the RBC and TP signals on the real and imaginary channels of the 

receiver. Thus, global lung average ratio values are derived from assumptions made on the basis of 

results from a separate spectroscopic acquisition. However, in the present technique, the calibration 

spectroscopy sequence is only performed to derive patient specific resonance frequencies and T2* 

values for each compartment. As demonstrated in the results, when compared with a reconstruction 

based on assuming representative values for the IPF population, this prior knowledge can increase the 

accuracy of the reconstruction by a few percent. Moreover, in future work, the measurement of this 

spectrum can be readily integrated as an additional projection during the imaging sequence, as originally 

performed in Wiesinger et al (29) to further reduce the number of xenon doses required and shorten the 

MR protocol. It is worth noting that in the protocol of this study, the spectroscopic calibration was also 

required to generate additional outputs that are not presented here but the implementation of dummy 

RF excitation with longer acquisition time at the start of the sequence has now been performed in our 

center to make it a standalone sequence.  

The differences between the spectroscopic and imaging RBC/TP ratio values result from a difference 

in flip angle and TR values used for both sequences (22˚ and 74 ms when compared to 40˚ and 40 ms, 

respectively). With an almost twice longer TR for the global spectroscopic sequence, the amount of 

xenon blood uptake is higher and RBC/TP ratios are on average 10.9 % higher (see Fig. 4.c) consistent 

with previous CSSR spectroscopic studies (5). With average RBC/TP values of 0.47 and 0.22 for HV 

and subjects with IPF respectively, the results are in agreement with previously published data (0.55 

and 0.16 in (7), 0.50 and 0.15 in (16), 0.58 and 0.21 in (17)) and the correlation with DLCO confirms 

similar findings (7,17). This data supports our proposed 4-point spectroscopic imaging technique as a 

robust method for sensitive and non-invasive measurement of disease progression in patients with IPF. 

However, the elevated, but not statistically-significant increase, of TP/GAS ratio in subjects with IPF 

when compared to HV is different from previously reported results (wherein a clear significance was 

reported). With fibrosis resulting in thickening of the alveolar–capillary membrane, it can be expected 

to observe higher barrier uptake in addition to a reduced efficiency of xenon to transfer to capillary 

RBCs. A difference in disease severity in our IPF patient group when compared with other work (e.g. 
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average DLCO % predicted of 71% in the present study when compared to 48% in (8) and (17)) coupled 

with the difference in imaging parameters may explain why a significant difference in TP/GAS was not 

observed in this work. However, our results are in line with those acquired with a similar acquisition 

strategy recently by Kammerman et al. (27) and for which the average DLCO% predicted in the IPF 

subjects group was 56%. 

Looking at the regional differences in HV and IPF subjects, the increased TP/GAS and RBC/GAS ratio 

in the dependent part of the lung is expected considering a higher density of tissue and capillaries due 

to gravity. In subjects with IPF, it is not surprising to observe a reduced imaging gas transfer in the 

inferior part of the lung and stronger correlations of imaging metrics with DLCO% in inferior and outer 

parts of the lung, which can be explained by the predominantly basal and peripheral presentation of 

fibrosis. IPF is a spatially heterogeneous disease with normal lung tissue next to abnormal tissue. 

Producing images of regional gas exchange with dissolved xenon is therefore of great interest, providing 

regional insight into thickening of the alveolar interstitium, destruction of alveoli and capillary 

perfusion deficit. Additionally, cardiogenic oscillations of the dissolved 129Xe signal in the RBCs have 

been successfully observed with this spectroscopic imaging method, without requiring a separate 

additional dynamic spectroscopy acquisition (28). It is worth noting that a new imaging method 

combining 1-point Dixon and keyhole image reconstruction techniques has been recently reported to 

achieve similar potential (34).  Moreover, the significantly increased amplitude of these oscillations in 

the IPF subjects imaged agrees well with previous findings (11). It has been suggested that a reduced 

capillary blood volume in IPF with a cardiac output similar to HV would likely explain a higher 

percentage change of capillary blood volume during a cardiac cycle and therefore the percentage change 

of dissolved xenon in RBCs. 

Monitoring decline/progression in IPF is complex. CT imaging correlates poorly with lung function and 

symptoms. Pulmonary function testing is subject to 10% FVC and 15% DLCO inter-test variability. 

Interventions with anti-fibrotic therapies have consistently shown little effect on DLCO measures. Many 

patients with IPF have concomitant respiratory disease such as COPD or emphysema. Determining the 

cause of a respiratory symptomatic deterioration, therefore, is complex as PFTs simply measure total 

lung parameters, with reduced gas transfer, for example, possibly being attributed to non IPF 

components of lung disease. As such the use of regional imaging can more clearly delineate pathological 

progression and may be useful both clinically and in future research studies. 

One of the limitations of this study is that the healthy volunteers and subjects with IPF are not well age-

matched and that, although IPF is dominantly a male disease, the female population is equally 

underrepresented in the healthy subjects and IPF patients. The study was also performed at 1.5T and it 

might be expected that a lower SNR (due to approximately twice shorter dissolved 129Xe T2* values) 

would be observed at 3T. However, with a readout time of only ~ 2ms for the first three echo times (the 
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fourth echo time mainly helps model the gas signal during the reconstruction), the method should be 

translatable to 3T, similar to what was shown recently for the 1-point Dixon method (35). Alternatively, 

using twice as many dissolved phase interleaves and acquiring only two of the 4 echo per interleave (1st 

and 3rd echoes for first interleave and 2nd and 4th for the second interleave) could be implemented using 

a shorter optimum ΔTE of 0.35 ms at 3T and keep the same number of radial projection and image 

resolution by shortening the flip angle and repetition time. 

Since the 4-echo flyback radial acquisition strategy is similar to work recently published by 

Kammerman et al. (27), but the reconstruction approach used is different, a comparison of data analysis 

and results could be performed in future work to study the influence of optimizing the echo spacing on 

SNR and image artifact, evaluate the potential for T2
* to be a biomarker in IPF and implement a B0 

inhomogeneity correction iteratively. Results from that study seem to be well in line with our results in 

terms of average frequencies and T2
* values estimation from spectroscopy data in both groups and 

global average ratios differences between groups. Similar significant correlations with DLco% of the 

average RBC/TP and RBC/GAS ratios (but not for the TP/GAS ratio) were also found. It is worth noting 

that incorporating / not incorporating the chemical shifts and T2
* decay rates in their model yielded 

similar distributions of regional ratios in the lungs and that the omission of more complex modeling 

features in our reconstruction might have a limited impact on the results.  

Conclusions 

A  4-echo 3D radial EPSI technique for dissolved 129Xe imaging has been implemented and successfully 

validated against global lung spectroscopy measurements. Reduced regional gas transfer and higher 

cardiogenic oscillations were observed in patients with IPF when compared to healthy volunteers. The 

main advantage of the presented technique is the implementation of the chemical-shift modeling and 

separation in k-space. When performed in image space, the reconstruction assumes a singular echo time 

that may result in severe image blurring. Acquiring a higher number of echoes than the number of 

compartments also significantly improves peak separation, allowing clear gas phase contamination 

removal from the dissolved data. With the recent report of distinct xenon MRI signatures with diverse 

cardiopulmonary diseases (28), possible future applications could focus on longitudinal monitoring of 

IPF, early diagnosis of IPF, COPD and PAH and regional xenon gas transfer maps could provide 

complementary information to CT imaging. 
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Tables: 

Table 1: 

Demographics and spectral properties of HP 129Xe from the spectroscopic calibration 

 Healthy Volunteers IPF 

Subjects 10 25 

Female/Male 2/8 4/21 

Age (median [min, max]) 38yrs [25, 65] 74yrs [53, 80] 

FVC % predicted (mean ± SD) - 91% ± 16% 

DLCO  % predicted (mean ± SD) - 71% ± 16% 

FEV1 % predicted (mean ± SD) - 88% ± 15% 

 TP chemical shift in ppm 197.9 ± 0.3 197.5 ± 0.3 

RBC chemical shift  in ppm 216.9 ± 0.6 215.7 ± 0.9 

Gas T2
* in ms 14.2 ± 2.6 12.8 ± 2.4 

TP T2
* in ms 2.18 ± 0.06 2.4 ± 0.1 

RBC T2
* in ms 1.89 ± 0.05 2.3 ± 0.2 

 

Figure captions: 

 
Figure 1: a) Effective NSA as a function of the value of the echo time spacing ΔTE for 4 echo times. 
Simulations were performed assuming frequency values of -3.5 kHz for gas, 0 Hz for TP and 330 Hz for 

RBC at 1.5 T and T2* values of 20, 2.1 and 1.9 ms, respectively. A ΔTE value of 0.7 ms (dashed vertical 

line in a)) was chosen and implemented for the 3D half echo flyback radial trajectory whose 

corresponding absolute gradient strength during readout acquisition is displayed in b). 
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Figure 2: Example 129Xe MR images and ratio maps in a subject with IPF with 1L of HP 129Xe. a) Top: gas 

ventilation image after re-gridding and Fourier transform of the gas interleave data. Bottom: Gas, TP 

and RBC images of the same subject after EPSI reconstruction of the dissolved interleave 4 TE k-space 

data. Residual gas contamination from off resonance excitation can be observed and removed from 

dissolved phase data. b) Corresponding ratio maps after T2
* and flip angle correction. The yellow 

arrows highlight a region of low xenon blood uptake, although normally ventilated. 

 

 
Figure 3: Normalized amplitudes of the TP (a) and RBC (b) signals (k-space center absolute values) with 

breath-hold time in a healthy volunteer. A bi-exponential fit of the TP decay (red line in a)) is used to 

correct the RBC signal: c) RBC signal after decay correction. After filtering (red line), a peak detection 

algorithm is used to detect maxima (red triangles) and minima (blue squares) and calculate an average 

peak to peak amplitude oscillation for RBC signal. 
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Figure 4: Validation of the imaging chemical shift separation and reconstruction method. a) Visual 

comparison of 3 coronal slices of the 129Xe gas distribution in the lung of an IPF subject from the gas 

and dissolved interleave (gas contamination) data. b) Quantitative correlation and Bland-Altman 

analysis of the normalized pixel intensity of the gas images derived from gas and dissolved interleave 

data over the whole image in a representative subject (bias of 0; 95% limits of agreement: [-0.3, 0.3]). 

c) Validation of mean imaging RBC/TP ratio with whole-lung spectroscopy performed before imaging 

(correlation and Bland-Altman analysis, bias of 10.9 %). 
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Figure 5: Comparison (Box plots) of significant difference in regional average ratio in HV (a), c) & e)) 

and IPF subjects (b), d) & f)). 

 

 
Figure 6: Box plots of RBC/TP (a), RBC/GAS (b), TP/GAS (c) and RBC amplitude oscillations (d) between 

healthy volunteers and subjects with IPF (unpaired t-test p<0.0001, p=0.002, p=0.20 and p=0.001 

respectively). 
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Figure 7: Pearson correlation of global RBC/TP ratio (a) and RBC/GAS ratio (b) with the diffusing 

capacity of the lung for carbon monoxide DLCO%. c) to h): same correlation plots when using the 

average ratios of the inferior, posterior and outer parts of the lung. 


