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Purpose: Imaging of the different resonances of hyperpolarized 129Xe in the

brain and lungs was performed using a 3D sampling density-weighted MRSI

technique in healthy volunteers.

Methods: Four volunteers underwent dissolved-phase hyperpolarized 129Xe

imaging in the lung with the MRSI technique, which was designed to improve

the point-spread function while preserving SNR (1799 phase-encoding steps,

14-s breath hold, 2.1-cm isotropic resolution). A frequency-tailored RF excita-

tion pulse was implemented to reliably excite both the 129Xe gas and dissolved

phase (tissue/blood signal) with 0.1◦ and 10◦ flip angles, respectively. Images of

xenon gas in the lung airspaces and xenon dissolved in lung tissue/blood were

used to generate quantitative signal ratio maps. The method was also optimized

and used for imaging dissolved resonances of 129Xe in the brain in 2 additional

volunteers.

Results:High-quality regional spectra of hyperpolarized 129Xewere achieved in

both the lung and the brain. Ratio maps of the different xenon resonances were

obtained in the lung with sufficient SNR (> 10) at both 1.5 T and 3 T, making a

triple Lorentzian fit possible and enabling the measurement of relaxation times

and xenon frequency shifts on a voxel-wise basis. The imaging technique was

successfully adapted for brain imaging, resulting in the first demonstration of

3D xenon brain images with a 2-cm isotropic resolution.

Conclusion: Density-weighted MRSI is an SNR and encoding-efficient way to

image 129Xe resonances in the lung and the brain, providing a valuable tool to

quantify regional spectroscopic information.
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1 INTRODUCTION

MRI with hyperpolarized (HP) 129Xe has seen a renewed

interest thanks to the development of efficient means of

production of large quantities of HP gas,1–3 the progress

in dissolved xenon imaging techniques,4 and its clini-

cal translation for the measurement of lung gas trans-

fer, which has recently shown promise for assessing the

short and long-term effects of coronavirus disease 2019.5,6

Xenon gas can be safely inhaled, reaching the respiratory

airways of the lung where it is absorbed in the alveolar

membrane, diffusing into capillaries where it is directly

absorbed by the red blood cells. The approximate 8-s T1
of xenon dissolved in oxygenated blood7 means that it

can also be detected in other well-perfused organs such as

the brain and kidneys. Most “dissolved-phase” HP 129Xe

applications to date have focused on the lung, where
129Xe exhibits three distinct spectral resonance lines for

xenon as gas (0 ppm), dissolved in lungmembrane tissue/-

plasma (M, 198 ppm), and bound to hemoglobin via van

der Waals forces in the red blood cells (RBC, 217 ppm).

Measuring the signal uptake dynamics or the ratio of sig-

nal in the three compartments (RBC:M, RBC:GAS, or

M:GAS) with a simple spectroscopic sequence,8,9 more

advanced modeling with chemical shift saturation recov-

ery experiments10–12 or with frequency-encoded imaging

sequences4,13,14 provides a direct, quantitative, and in some

cases spatially resolved direct measurement of gas uptake

in the lungs. Clinical applications of HP 129Xe MR range

from quantification of chronic obstructive pulmonary dis-

ease15,16 and asthma15,17 to interstitial lung diseases,14,18

and it was recently hypothesized that distinct 129Xe MRI

signatures are associated with different cardiopulmonary

diseases.19

Imaging dissolved-phase xenon is enabled by rapid dif-

fusive uptake in tissues and the long gas phase T1 (∼20 s)

of the signal in the alveolar reservoir, but is challenging

due to short T∗

2 (in the lung: ∼2 ms at 1.5 T or ∼1 ms at

3 T) and low signal intensity (1%–2% of the gas phase sig-

nal). Methods to spatially and spectrally resolve the 129Xe

resonances tested in humans include 3D radial 1-point

Dixon,13 2D CSI,20 and 3D radial spectroscopic imag-

ing.14 However, these imagingmethods rely on underlying

assumptions such as neglecting gas-phase signal contam-

ination and instantaneous acquisition of the data for the

1-pointDixon technique, both ofwhich can introduce non-

negligible error in practice. While correction schemes can

be applied,21 it remains that the intensity of the three

main frequency components are measured at the expense

of discarding rich spectral information. For example, it

was demonstrated using global NMR spectroscopy that

the frequency shift of the RBC peak was sensitive to

blood oxygenation level,22 and that the M, RBC chemical

shift, and the T∗

2 relaxation time of the RBC peak were

significantly different between healthy volunteers and

subjects with idiopathic pulmonary fibrosis.14,23 Precise

maps of chemical shift in addition to transverse relaxation

times could therefore be beneficial to directly measure

blood oxygenation and related local field inhomogeneity

regionally. To our knowledge, only Kammerman et al.24

have been able to measure simultaneous maps of inten-

sity, transverse relaxation time, and chemical shift via the

implementation of amultiple-TE sequence and an iterative

modeling of the signal decay, similar to IDEAL recon-

struction methods,25 and their results suggested that the

RBC lung T∗

2 could be a biomarker of lung injury for the

idiopathic pulmonary fibrosis disease.

Applications of dissolved xenon imaging are, however,

not limited to the lung, and although other organs are

even more challenging due to the lower detectable sig-

nals, dissolved xenon MRI has been applied successfully

in the kidney26 and the brain,27 where results showed up

to five dissolved xenon resonances. StandardMRS, spoiled

gradient-recalled, and balanced SSFP imaging sequences

have been tested for kidney imaging with the goal to

measure perfusion as an alternative to arterial spin label-

ing. For the brain, using HP 129Xe has the advantage

of being an injection-free means of imaging the perfu-

sion of cerebral tissue and shows uptake of xenon to

the extravascular tissue compartment across the intact

blood–brain barrier, with images generally being weighted

toward uptake of xenon by gray matter. Recently, the fea-

sibility of using HP 129Xe for clinical applications such

as stroke,28 Alzheimer’s disease,29 and functional MRI30

has been reported. Dissolved 129Xe in the head exhibits

unique chemical shifts for various biochemical compart-

ments that can enable the estimation of gas transfer rates

between the compartments,31 thus potentially providing

additional physiological information. Most spectroscopic

studies have used whole-brain spectroscopy or full-plane

projection for CSI,27,32 and most MRI methods using con-

ventional frequency and phase encoding have used a thick

slice of 50mm or more.28–30 Thus, a key aspect limiting

the research and development of a wide range of MR

methods for HP 129Xe dissolved in the brain is low image

resolution.

In both lung and brain imaging with HP 129Xe, increas-

ing the spatial resolution of spectroscopic information

would enable regional quantification of MR parameters

related to oxygenation and gas exchange. CSI sequences

have been used previously, but have hitherto been dis-

regarded for imaging due to associated long acquisition

time and reduced image resolution. On the other hand,

spectroscopic imaging sequences have been developed

and optimized for different multinuclear spectroscopy

with similar SNR constraints, such as for 13C or 31P
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COLLIER et al. 3

applications. Greiser et al., for example, developed an

efficient density-weighted MRSI technique to tackle the

challenges of low SNR, reduced matrix size, and extended

FOV by varying the sampling density of phase encoding

in k-space.33 It was validated with in vivo 31P images of

the heart, demonstrating an improved shape of the spa-

tial response function and a reduced aliasing artifact due

to the small FOV used when compared with uniform sam-

pling. The purpose of this study was to implement the

3D density-weighted MRSI technique for dissolved xenon

imaging in the lung and the brain, therefore obtaining

spectral information while achieving higher or similar

image resolution than the currently used imaging tech-

niques. The method was tested in healthy volunteers at

field strengths of 1.5 T and 3 T with the implementa-

tion of a spectrally tailored RF pulse for dissolved-phase

imaging.

2 METHODS

2.1 MRSI acquisition

The density-weighted phase-encoding k-space sampling

scheme developed by Greiser et al.33 was implemented

in MATLAB (MathWorks, Natick, MA, USA) and used

to generate two different 3D spherical sampling pat-

terns. The first one was optimized for lung spectroscopic

imaging with a FOV of 30× 30× 15 cm3, targeted matrix

size of 14× 14× 7, 20-kHz bandwidth, and 88 sampling

points in the spectral dimension, using 1799 excitations.

The k-space sampling distribution is shown in Figure 1

together with its corresponding density compensation

function. An optimized crusher gradient and RF spoiling

scheme with TR = 8 ms resulted in a total acquisition

time of 14.4 s, suitable for a single breath-hold. The sec-

ond sampling pattern, tailored to brain imaging, consisted

of 1101 encoding steps (Figure S1), 288 sampling points,

10-kHz bandwidth, targeted 10× 10× 10 matrix size, and

an isotropic FOV of 18 cm and a TR of 31.2 ms, corre-

sponding to a 34.4-s scan duration. For lung imaging, a

spectrally tailored RF pulse with a duration of 1.2 ms

and partial self-refocusing was designed for scanning at

1.5 T to excite the dissolved and gas phase with flip angles

of 10◦ and 0.1◦, and passbands of 500 Hz and 200Hz,

respectively. The RF pulse shape and frequency distribu-

tion can be seen in Figure 2. The same RF pulse shape

was also implemented at 3 T after reducing its pulse

width by a factor of 2 to 0.6 ms. For brain imaging, a

simpler rectangular non–spatially selective RF pulse of

144 μs that offered partial suppression of any remaining

gas signal leaking in from the air cavity in the mouth was

implemented.

F IGURE 1 A,B, Three-dimensional radial k-space sampling

matrix (1799 phase-encoding steps) of the density-weighted

spectroscopic imaging used for hyperpolarized (HP) 129Xe lung MRI

(A) and the corresponding sampling density as a function of

normalized k-space position (B). The red star represents a density of

1 at the k-space location corresponding to the targeted resolution

Brain MRSI was performed on a multinuclear 1.5T

GE HDx scanner with a home-built 4-channel receiver

RF coil.34 Lung imaging was performed with a quadra-

ture flexible transmit-receive 129Xe vest RF coil (CMRS,

Brookfield, WI, USA) on the same scanner, and 1 volun-

teer was scanned at 3 T on a GE SIGNA PET/MR scanner.

The enriched 129Xe gas was hyperpolarized to an approx-

imate 30% polarization using a regulatory approved spin

exchange optical pumping polarizer (POLARIS, Sheffield,

UK).1 One-liter doses of pure xenon (86% enriched 129Xe)

were used for all experiments, and imaging was performed

during breath-hold. For brain spectroscopic imaging, the

start of the sequence was delayed by 4 s to allow dissolved

xenon to reach the brain from the lungs via the systemic

circulation. Due to the duration of the sequence, the vol-

unteers were instructed to breathe normally 20 s after the

start of the breath-hold. Two healthymale volunteers (ages

37 and 38 years) underwent brain imaging, and 4 addi-

tional males (ages 30, 31, 35, and 38 years) volunteered

for lung imaging at 1.5 T and 1 also at 3 T. All imaging
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4 COLLIER et al.

F IGURE 2 A,B, Amplitude envelope of the frequency-

tailored RF pulse used for lung imaging at 1.5 T (A) and the

frequency response (B). The RF pulse was 1.2 ms long with an

isodelay (or time from the peak to the end of the RF excitation

pulse) of 0.3 ms and designed to provide 10/0.1◦ flip angle on the

dissolved and gas phase frequencies, respectively

protocols were performed under the approval of the UK

National Research Ethics Committee.

2.2 Data analysis

Data were reconstructed via slow spatial Fourier transfor-

mation (i.e., matrix multiplications) directly to a Cartesian

grid of 28× 28× 14 for lung MRSI and 323 for brain MRSI

data, respectively, obviating gridding of non-Cartesian

k-space locations. The spectral dimension was zero-filled

to 256/512 samples for lung/brain data and reconstructed

via fast Fourier transformation. Due to the clear sepa-

ration of the gas, M, and RBC xenon resonances in the

lung, a triple Lorentzian automatic fitting routine similar

to the method published in Kaushik et al.35 was imple-

mented in the analysis of the frequency spectrum of each

pixel of the lung spectroscopic data, to derive not only the

amplitude signal of each component but also its frequency

and FWHM/ T∗

2 (see Figure 3). After correcting for differ-

ences in excitation flip angle between the gas and dissolved

resonant frequencies, the RBC:M, RBC:GAS, and M:GAS

fractional maps were generated along with T∗

2 decay maps

andmaps of frequency shifts using the gas resonance as the

reference. SNR was also calculated as the maximum peak

height of each component divided by the RMS of the noise.

The noise was measured as the RMS of the real values of

F IGURE 3 Example 129Xe 3D MRSI results in the lung of 1

healthy volunteer at 1.5 T. Top: The data-analysis process for one of

the unphased spectra via a triple Lorentzian fitting of the real and

imaginary components. Bottom: A montage of the spectra in one

coronal slice. The data were reconstructed to the original acquired

resolution of 14× 14× 7, and a zoom was applied in the frequency

and spatial domains in this figure for clarity. In this slice, the

trachea can be seen at the top, where a prominent gas peak is

clearly visible in the corresponding spectra. For the pixels covering

the heart, the RBC peak represents the main component
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COLLIER et al. 5

the spectra outside the lung areas and at frequencies far

from the three main xenon resonance frequencies. Masks

of the thoracic lung cavity excluding the trachea and the

heart were drawn as the region of interest to report mean

and SD of the imaging-output parameters. For brain spec-

troscopic imaging data, the different visible resonances of

dissolved xenon reported previously27were not sufficiently

spectrally resolved with the spectral sampling used here,

and a simple integration of the peak areas correspond-

ing primarily to dissolved xenon in the gray matter was

therefore used to generate images in all three planes.

3 RESULTS

3.1 Lung MRSI

Three-dimensional density-weighted MRSI in combina-

tion with the frequency-tailored RF pulse yields spectra in

the lungs with sufficient SNR to enable extraction of gas,

tissue, and blood maps with robust three-peak Lorentzian

fits. Example spectra from the CSI data and results of the

triple Lorentzian fitting routine are shown in Figure 3 and

Figure S2 for 2 volunteers at 1.5 T and 3 T. Average SNRs

of 70, 40, and 19 across the 4 subjects were found for the

xenon GAS,M and RBC peaks, respectively (Table 1). Rep-

resentative signal-amplitude images of the different 129Xe

frequency resonances are shown in Figure 4 for a subject

at 1.5 T, together with the corresponding ratio maps of sig-

nal amplitude (after being corrected for differences in flip

angle between dissolved and gas RF excitation) and maps

of RBC frequency shift. Similar maps and results obtained

at 3 T are illustrated in Figure 5. As can be seen at both field

strengths, images are of good quality with lung boundaries

distinctly defined and with minimal signal contamination

outside the lung, despite the coarse targeted acquisition

matrix size of 14× 14× 7, demonstrating an appropriate

shape of the spatial response from the density-weighted

encoding scheme. In the images of all 4 volunteers, the

dissolved xenon signal was clearly visible in the left cham-

bers of the heart, especially from the RBC component, due

to the absence of any preliminary dummy RF saturation

pulses at the start of the sequence and the accumulation of

dissolved xenon in the pulmonary vasculature that supply

the left heart. This extended contribution from xenon dis-

solved in the pulmonary veins downstream of the alveolar

capillary gas exchange surface could also in part explain

the high signal amplitude ratios reported in Table 1, with

average RBC:M, RBC:GAS, and M:GAS values of 0.68,

0.0086 and 0.0123, respectively, across the 3 volunteers at

1.5 T.

The M and RBC frequency chemical shifts from the

gas resonance are also reported in Table 1. Global val-

ues of approximately 198.5 and 215.9 ppm, respectively,

and a span of about 0.5 ppm within the lungs were

expected for healthy volunteers at 1.5 T and are in line

with previously reported publications.14,35 T∗

2 values of

approximately 1.8 and 1.5 ms were also measured via

the Lorentzian data fitting for dissolved xenon in lung

M and RBC, which is shorter than the reported global

spectroscopic values in the aforementioned publications

at 1.5 T. Differences of T∗

2 values between imaging and

whole-lung spectroscopy have been previously reported

while using a 4-TE image-acquisition strategy and an itera-

tive signal-based model reconstruction.24 However, the T∗

2

values reported here are higher than the global spectro-

scopic values reported in this latterwork. TheT∗

2 relaxation

time was shorter at 3 T, as expected at this field strength,36

TABLE 1 Lung imaging results in the 4 healthy volunteers

Subject 1 (1.5 T) 2 (1.5 T) 3 (1.5 T) 4 (3 T)

RBC:M 0.63 ± 0.18 0.75 ± 0.17 0.67 ± 0.15 0.45 ± 0.10

RBC:GAS 0.0086 ± 0.0042 0.0090 ± 0.0061 0.0083 ± 0.0051 0.0050 ± 0.0028

M:GAS 0.0134 ± 0.0030 0.0116 ± 0.0043 0.0121 ± 0.0041 0.0108 ± 0.0030

T∗

2M 1.78 ± 0.06ms 1.79 ± 0.06ms 1.91 ± 0.11ms 1.13 ± 0.08ms

T∗

2RBC 1.52 ± 0.08ms 1.47 ± 0.06ms 1.5 ± 0.17ms 1.08 ± 0.12ms

M chemical shift in ppm 199.0 ± 0.3 198.7 ± 0.3 197.9 ± 0.4 197.8 ± 0.4

RBC chemical shift in ppm 215.9 ± 0.6 216.0 ± 0.5 215.7 ± 1.2 218.3 ± 0.7

SNR GAS 72 ± 26 100 ± 47 64 ± 27 76 ± 28

SNR M 46 ± 20 50 ± 22 36 ± 13 28 ± 11

SNR RBC 21 ± 9 28 ± 12 16 ± 7 11 ± 4

Note: Values are displayed as mean± SD over a lung region of interest excluding the heart and the trachea. T∗

2 values were calculated as the inverse of Pi times

the FWHM derived from the fitting routine. The SNR was calculated as the maximum absolute peak value divided by the noise RMS.
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6 COLLIER et al.

F IGURE 4 The 3D MRSI of the lung

of a healthy volunteer at 1.5 T. A, ventilation

image. B, Membrane (M) image. C, Red

blood cells (RBC) image. D, RBC:M ratio

map. E, T∗

2 RBC map. F, RBC frequency shift

map (in ppm from M reference)

F IGURE 5 The 3D MRSI

of the lung of a healthy

volunteer at 3 T. A, Ventilation

image. B, Membrane image. C,

RBC image. D, RBC:M ratio map

with average values of 1.13 and 1.08ms obtained for the

healthy volunteer scanned.

3.2 Brain MRSI

Images of dissolved xenon resonance peaks corresponding

to the gray matter are displayed for the 2 healthy volun-

teers’ brain MRSI in Figure 6 with SNR values of 21± 5

(mean± SD) and 20± 6 for the 2 volunteers. The contrast

between white and gray matter is clearly visible, and to

our knowledge this is the first time that 3D imaging of

dissolved xenon in the human brain at the resolution of

2-cm isotropic voxel size has been reported. Although

images within the region of interest are of good quality, it

is worth noting that signal outside the brain was present

for one of the volunteers (Figure 6B), in whom the gas

signal was visible in the oral cavity for both volunteers

but images are not shown here. The SNR for the xenon

in the blood was too low to display corresponding images,

as only the locations of the carotid artery could be clearly
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F IGURE 6 The 3D-MRSI results of 129Xe in the brain of 2

healthy volunteers. A, A single spectrum for volunteer 1 showing

the different resonances of xenon in the head. The vertical dashed

lines represent the limits for integration of the absolute signal of the

three main components: gas from the oral cavity at 0 ppm, multiple

peaks but mostly weighted by gray matter at approximately

196 ppm and blood at 220 ppm. B, Axial images of the gray-matter

peak for volunteer 1. C, Sagittal images for Volunteer 2. Images

were reconstructed to a 0.625-cm isotropic resolution

visualized. The frequency shift of the graymatter peak was

about 196 ppm apart from the gas reference peak, in line

with previously published results.27

4 DISCUSSION

Anefficient sampling strategy for 3DMRSI of dissolvedHP
129Xe in thehumanbrain and lungs has beendemonstrated

and validated in healthy volunteers. Results showed that

SNR was high enough to obtain good-quality images of

the dissolved xenon in the membrane and pulmonary vas-

culature of the lung as well as good-resolution images of

xenon in the gray matter of the brain. With an acquired

isotropic resolution of 2 cm, the previously reported slice

thickness of 5 cm has been improved by a factor of 2.5,34

enabling 3D imaging of the brain to be performed. This

addresses themain limitation of our previous 2DCartesian

spoiled gradient-recalled technique for clinical translation

of HP 129Xe in the brain.28 While the implementation of

an efficient 3D k-space density-weighted CSI33 is partially

responsible for the increase in SNR/decrease in achiev-

able CSI slice thickness, we acknowledge that a significant

factor contributing to the improvement when compared

with previous 2D-CSI results27 is the implementation of

our four-channel RF coil described in Rao et al.34 Further-

more, the choice of achieving higher-resolution images of

dissolved xenon in the brain has beenmade at the expense

of spectral resolution and displaying solely gray-matter

uptake images. Although SNR, spatial, and frequency res-

olutions are interdependent and subject to the application,

the slice thickness could be increased to achieve a better

spectral resolution of the xenon peaks in the brain.

For lung imaging, the achieved resolution is com-

parable to the multi-TE 3D radial spectroscopic imag-

ing published in Collier et al.14 and Qing et al.4

while using a similar acquisition time and obtaining

additional spectral information for each voxel. Stud-

ies with 1-point Dixon imaging techniques currently

report acquiring higher image resolution of approximately

0.7–1.25 cm3,13,36 although it is far from being the real

image resolution, as a kernel sharpness of 0.14 is used dur-

ing the image reconstruction, which considerably reduces

the weighting of the acquired high spatial frequencies.37,38

It is worth noting that the acquired resolution is the true

image resolution presented in this work.

With a density-weighted phase-encoding strategy, the

shape of the spatial response function is improved, and

higher SNR was achieved when compared to standard

Cartesian CSI with apodization. However, this is at the

expense of k-space efficiency, as it requires more phase

encodes than with a Cartesian sampling strategy. In gen-

eral, the short T∗

2 of dissolved-phase xenon of approxi-

mately 1.8 ms (at 1.5 T) in the lung is not favorable to the

use of long readout gradients, and it makes a full MRSI

strategy similarly RF encoding–efficient as other tech-

niques. Acquiring the full spectrum improves separation

of signals, robustness, and confidence in the results. Lung

MRSIwas successfully implemented at 3 T, a common field

strength of choice for scanners with multinuclear capabil-

ity. BrainMRSI was not tested at 3 T here but is planned in

further work.

The RF pulse design for lung MRSI worked robustly

and yielded the expected excitation level on the 129Xe gas

resonance. The RF pulse was tested before its implemen-

tation for MRSI in vitro with a proton phantom and with

a bag of HP 129Xe gas, where results showed a reliable 1%
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excitation within the pass-bands at 3.5 kHz (7 kHz at 3 T)

off resonance. Other groups have previously tried to sup-

press the gas signal completely from the dissolved xenon

data, either because it would be incompatible with the

choice of the imaging technique (e.g., 1-point Dixon) or

because the gas signalwas chosen to be acquired reliably in

an RF-excitation interleaved fashion.4,14 However, incon-

sistent results have been obtained due to potential non-

linearity of the power response of the RF transmit chain

seen on most MRI systems.39,40 Furthermore, additional

correction to remove gas contamination from the signal is

necessary.21 As suggested by our results, we believe that

it is much easier to excite the gas phase with a small but

defined flip angle than to try to completely suppress it.

Moreover, exciting gas signal with a known 0.1◦ flip angle

could offer the advantage of having a reliable gas signal

from which quantitative fractional ventilation maps can

be derived in the lungs, obviating the need for a separate

gas-phase data acquisition, and therefore increasing the

number of radial projections and scan-time efficiency.

Regarding the clinical application of MRSI for imag-

ing lung gas transfer with HP 129Xe, a recent effort from

the HP 129Xe MRI community resulted in the publication

of a standardized protocol,41 recommending the use of

15-ms TR and 20◦ flip angle to be able to compare imaging

ratios among different centers for multisite clinical trials.

Due to the processes of gas exchange and blood trans-

port by the pulmonary circulation, the dissolved xenon

signal in the lung is highly dependent on these two imag-

ing parameters. It could therefore be desirable to use these

parameters and to add some dummy scans at the start of

the sequence, to suppress any prior build-up of xenonmag-

netization in the pulmonary venous system downstream

from the alveolar capillary bed before imaging. However,

using a 15-ms TR for the MRSI sequence parameters used

here would not be practical, as it would increase the scan

time to 27 s for the same sampling pattern, rendering it

an inefficient scanning strategy. Ruppert et al.42 published

a flip angle–TR equivalence formula that aims to facil-

itate standardization of dissolved-phase xenon imaging

results. More recently, the same signal model was applied

in humans to reduce the scan time of the 1-point Dixon

imaging sequence by using the equivalent flip angle/TR

parameters of 12◦ and 5.4 ms.43 Following this principle

and model, the imaging ratios from the MRSI sequence

could be directly comparable with most of the published

data in the literature by just increasing the flip angle from

10◦ to 14.6◦, adding some dummy scans at higher flip angle

at the start of the sequence and keeping the same TR of

8 ms, which can be easily implemented. In the present

work, dummy saturation pulses were not implemented in

order to maximize SNR and to be able to visualize the

dissolved xenon in the blood post capillary and in the

heart as a means to further validate the spatial precision of

the technique. We expect that, once the dummy scans are

implemented, the SNR of dissolved xenon images would

drop by about 15%–20% for both lung and brain imaging.

The main limitation of this work was the small vali-

dation cohort of healthy volunteers for whom the imag-

ing technique was tested. After implementing the dummy

scans and the flip angle/TR parameters equivalence, it

would be desirable to acquire data in a large enough cohort

to be able to compare our imaging ratios with alternative

dissolved-phase imaging techniques. Work is now under-

way. In addition to the healthy volunteers scanned in this

proof-of-principle study, it would also be interesting to

test the sensitivity of MRSI with subjects showing abnor-

mally low gas transfer in the lungs (e.g., subjects with

interstitial lung diseases or long coronavirus disease symp-

toms) or reduced brain perfusion (e.g., following stroke).

Although it is not possible with this method to measure

the amplitude of the 129Xe RBC signal oscillation, as in

the case of multi-echo radial spectroscopic imaging,14 the

possibility with this work to assess spectral information

for each voxel while achieving a reasonable resolution

makes this technique particularly interesting for measur-

ing regional oxygenation in the lung via RBC frequency

shift22 or 129Xe transverse relaxation rates that have been

proposed as a biomarker of lung injury.24 Future work for

the brain will focus not only on implementing more com-

plex one-dimensional NMR lineshape fitting routines to

assess the different peaks of dissolved xenon regionally in

various biochemical compartments in the brain, but also

to evaluate whether further improvement in spectral reso-

lution and/or SNR can be obtained at 3 T. Future studies

in the lung will aim at benchmarking 1-point/multipoint

Dixon types sequences against density-weightedMRSI and

compare the results in a group of patients.

5 CONCLUSIONS

Density-weighted MRSI in combination with

frequency-tailored RF excitation is a robust and

SNR-efficient approach for detecting xenon gas dissolved

in lung tissue and blood with higher spectral resolution

than achieved with echo-planar (Dixon/IDEAL) meth-

ods. Ratio maps obtained with MRSI could be used to

compare results with these imaging techniques and val-

idate the correctness of their underlying assumptions.

Two-centimeter isotropic imaging of 129Xe in the brain

has also been demonstrated in this work.
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SUPPORTING INFORMATION

Additional supporting information may be found in the

online version of the article at the publisher’s website.

Figure S1. A,B, Three-dimensional radial k-space

sampling matrix (1101 phase-encoding steps) of the

density-weighted spectroscopic imaging used for hyper-

polarized (HP) 129Xe lung MRI (A) and the corresponding

sampling density as a function of normalized k-space

position (B)

Figure S2.Example 129Xe 3D-MRSI results in the lung of 1

healthy volunteer at 3 T. Top: The data-analysis process for

one of the unphased spectra via a triple Lorentzian fitting

of the real and imaginary components. Bottom: Amontage

of the spectra in one coronal slice. The data were recon-

structed to the original acquired resolution of 14× 14× 7

and a zoom was applied in the frequency and spatial

domains in this figure for clarity. In this slice, the trachea

can be seen at the topwhere a prominent gas peak is clearly

visible in the corresponding spectra. For the pixels cover-

ing the heart, the red blood cell (RBC) peak represents the

main component
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