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Abstract: Hyperpolarized (HP) 129Xe MRI uniquely images pulmonary ventilation, gas exchange, 

and terminal airway morphology rapidly and safely, providing novel information not possible using 

conventional imaging modalities or pulmonary function tests. As such, there is mounting interest 

in expanding the use of biomarkers derived from HP 129Xe MRI as outcome measures in multi-

site clinical trials across a range of pulmonary disorders. Until recently, HP 129Xe MRI techniques 

have been developed largely independently at a limited number of academic centers, without 

harmonizing acquisition strategies. To promote uniformity and adoption of HP 129Xe MRI more 

widely in translational research, multi-site trials, and ultimately clinical practice, this position paper 

from the 129Xe MRI Clinical Trials Consortium (https://cpir.cchmc.org/XeMRICTC) recommends 

standard protocols to harmonize methods for image acquisition in HP 129Xe MRI. 

Recommendations are described for the most common HP gas MRI techniques — calibration, 

ventilation, alveolar-airspace size, and gas exchange — across MRI scanner manufacturers most 

used for this application. Moreover, recommendations are described for 129Xe dose volumes and 

breath-hold standardization to further foster consistency of imaging studies. The intention is that 

sites with HP 129Xe MRI capabilities can readily implement these methods to obtain consistent 

high-quality images that provide regional insight into lung structure and function. While this 

document represents consensus at a snapshot in time, a roadmap for technical developments is 

provided that will further increase image quality and efficiency. These standardized dosing and 

imaging protocols will facilitate the wider adoption of HP 129Xe MRI for multi-site pulmonary 

research.  

KEYWORDS: Hyperpolarized 129Xe, Ventilation, Diffusion, Gas Exchange, Protocol 

Standardization

1. INTRODUCTION

Over the last 30 years, hyperpolarized (HP) gas magnetic resonance imaging (MRI) with the 

stable isotopes 3He and 129Xe has been developed to allow the non-invasive 3D characterization 

of pulmonary function, with 129Xe seeing increasingly greater usage in the last decade (1,2). HP 

129Xe has most commonly been used to image and quantify regional ventilation distribution (3) 

and assess alveolar microstructure through the restricted self-diffusion of gas within pulmonary 

airspaces (2). Xenon gas is also soluble in blood and other pulmonary tissues (Ostwald solubility 

10-20%) (4), and exhibits distinct chemical shifts for 129Xe in different compartments 

corresponding to gaseous (0 ppm), dissolved in red blood cells (RBCs, 218 ppm), and dissolved 

Page 2 of 52

Magnetic Resonance in Medicine

Magnetic Resonance in Medicine

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For Peer Review

3

in pulmonary interstitium and blood plasma (197 ppm) (5). This peak at 197 ppm encompasses 

signal from all non-RBC pulmonary tissues and has at times been referred to as the “barrier” or 

“tissue/plasma” peak. Recent work (6) has shown that the 197 ppm peak appears to reflect on 

the membrane component of diffusing capacity, suggesting that this peak may fittingly be called 

the “membrane” peak. Ultimately, there is a lack of consensus regarding a convenient, intuitive, 

and physiologically accurate shorthand for this peak at 197 ppm. For the time being, the term 

“tissue/plasma” will be used throughout this position paper. Regardless of naming conventions, 

the unique chemical shifts of hyperpolarized 129Xe allow pulmonary gas exchange to be quantified 

utilizing whole-lung 129Xe MR spectroscopic (MRS) measures of “dissolved-phase” xenon (7-9). 

Recent advancements have enabled gas, RBC, and tissue/plasma 129Xe to be imaged 3-

dimensionally using MR spectroscopic imaging (MRSI) (7,10-13).

Imaging of ventilation, alveolar-airspace size, and gas exchange using HP 129Xe MRI has shown 

sensitivity to altered lung microstructure and/or abnormal lung function in a wide variety of 

pulmonary diseases, including cystic fibrosis (14-18), asthma (19-22), chronic obstructive 

pulmonary disease (COPD) (19,23-30), lymphangioleiomyomatosis (LAM) (31), pulmonary 

hypertension (32,33), and idiopathic pulmonary fibrosis (IPF) (9,33-37). In addition to showing 

sensitivity to pulmonary microstructure and function, excellent safety and tolerability of HP 129Xe 

MRI has been demonstrated in both pediatric and adult patients (38-40). In the UK, Medicines 

and Healthcare products Regulatory Agency (MHRA) approval was obtained for routine 

diagnostic use in 2015 at the University of Sheffield for manufacture of HP gases for clinical MRI 

indications, which has led to >500 patient referrals nationwide to date through the National Health 

Service. In the United States, phase-III clinical trials were successfully completed in January 2020 

and a new drug application (NDA) has been filed, with Food and Drug Administration (FDA) 

approval anticipated in 2021 (41,42). Health Canada approval is expected to follow FDA approval. 

As a non-invasive technique, that is free of ionizing radiation and exhibits excellent reproducibility 

and high sensitivity to regional abnormalities, HP 129Xe MRI is ideally suited for use in clinical trials 

evaluating the efficacy of novel therapies and in clinical care where precise identification of 

changes in regional lung function are beneficial.

There are several remaining limitations to widespread dissemination of hyperpolarized 129Xe MRI. 

As a relatively new imaging technology, HP 129Xe MRI is currently limited to ~20 research sites 

worldwide. Given the increased availability of polarizer systems from commercial and academic 

manufacturers (43,44), and resolution of regulatory barriers for clinical and research applications 

in the US and UK, arguably the largest remaining challenge is to harmonize acquisition strategies 
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and quantitative measurement methods into uniformly accepted imaging and analysis protocols 

across current (and emerging) sites. Necessarily, the early focus in the field was centered on 

imaging technique development that has occurred largely independently at individual research 

sites. Moreover, as a multinuclear technique, manufacturer support has historically been 

inconsistent, and has required sites to develop imaging sequences and protocols from software 

optimized for conventional proton MRI. As such, there are currently no protocols for imaging 

ventilation, alveolar-airspace size, or gas exchange that are uniformly used across all 129Xe 

imaging sites and MRI vendors. To address this gap, this position paper proposes dosing 

strategies, 129Xe image biomarkers (Table 1), protocols for dissolved 129Xe spectroscopy/scanner 

calibration, and imaging of HP 129Xe ventilation, alveolar-airspace size, and gas exchange that 

can be acquired in a breath-hold and have been endorsed for imaging adult subjects by the 129Xe 

MRI Clinical Trials Consortium (https://cpir.cchmc.org/XeMRICTC). This group is dedicated to 

facilitating clinical research, education, and awareness of the capabilities of 129Xe MRI. Given the 

focus on harmonization, the proposed protocols necessarily omit some novel techniques and 

recent innovations. We thus provide a roadmap for such continued innovation and advancement, 

while herein providing protocols that can be readily and broadly implemented to reduce variation 

and potential error. 

2. BACKGROUND

The various HP 129Xe MRI methods are commonly classified according to the aspect of lung 

physiology being measured: Ventilation, alveolar-airspace size (commonly restricted diffusion or 

apparent diffusion coefficient, ADC-mapping), and gas exchange (Table 1). In the sections to 

follow, we provide detailed recommendations related to pulse sequence and protocol settings for 

imaging each of these contrasts in adults. We begin with a brief literature review that provides 

motivation for our specific recommendations.

2.1 Calibration

In conventional proton (1H) MRI, essential acquisition parameters, including transmitter power, 

excitation frequency, and receiver frequency are typically calibrated using vendor-supplied, 

automated protocols. Unfortunately, these are not applicable to imaging 129Xe, because signal is 

only present after the administration of hyperpolarized 129Xe and because, unlike traditional 

thermally polarized 1H, HP 129Xe signal depletes with time and RF excitation without recovery. 

Quality assurance can be performed using thermally polarized, pressurized xenon phantoms prior 

to human imaging (See Supporting Information S1.1) (45), but this does not provide any 
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information about dissolved-phase xenon, patient-specific coil loading, or the center frequency of 

129Xe signal in the locally heterogeneous environment of the lungs. 

The resonance frequency for gas-phase 129Xe can be estimated to within ±20 Hz at 3 Tesla by 

dividing the proton resonance frequency by the ratio of the 1H/129Xe gyromagnetic ratios 

(3.61529). Similarly, a reasonable estimate of transmit voltages can be made by scaling to patient 

weight or from transmit power required for proton imaging with the body coil (46). However, while 

adequate images of ventilation and airspace diffusivity can be generated without one, a calibration 

scan is recommended to ensure optimal image quality. 

Dissolved-phase imaging demands a more exact flip angle calibration, exact knowledge of the 

resonant peak frequencies and, for single point methods recommended herein, a precise 

calibration of sequence timing parameters (47). Typically, calibration scans based on MR 

spectroscopy include a series of RF excitations on both the gas and dissolved frequencies. 

Spectra from the dissolved 129Xe signal can be used to calibrate the echo time (TE) parameter 

when using 1-point Dixon approaches (11) based on the relative phase difference between the 

RBC and tissue/plasma peaks. Moreover, these spectra can be used to acquire potentially 

important biomarker information such as RBC chemical shift and global hemodynamics. The gas 

spectra can be used to calibrate flip angle, , by fitting peak intensities to a simple model of gas 𝛼
signal decay (neglecting T1 relaxation).

(1)𝑆𝑖 = 𝑆0cos (𝛼)𝑖 ― 1 +𝐶
In this equation,  is the magnitude of the signal intensity resulting from the th excitation,  is 𝑆𝑖 𝑖 𝑆0

the magnitude of the signal from the first excitation, and  is a noise offset useful for improving fit 𝐶
quality. 

2.2 Ventilation

Ventilation imaging is the simplest, most intuitive, and most widely used application of HP 129Xe 

MRI (2). This imaging approach provides quantifiable visualization of inhaled gas distribution 

within the lungs. Conventionally, ventilation images are acquired using 2D slice selective or 3D 

imaging with Cartesian encoding, which is accomplished with a fast gradient echo or steady state 

sequence (2,3,16,41,48,49). Using these techniques, 10-24 slices of the lungs are imaged with 

high in-plane resolution relative to nuclear scintigraphy, SPECT, and PET imaging of ventilation, 

providing maps of the ventilation distribution throughout the lungs. 
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While the current manuscript is primarily focused on imaging protocols rather than analysis, it is 

necessary to note that ventilation images are most commonly quantified by expressing the 

percentage of lung voxels exhibiting no signal or low signal intensity, representing non-ventilated 

or under-ventilated airspaces, which is referred to as the ventilation defect percentage (VDP). A 

basic definition for VDP can be given as (50):

(2)𝑉𝐷𝑃 =  
1 ― 𝑉𝑉𝑇𝐿𝑉 × 100%

In equation 2, VV is the lung ventilated volume, and total lung volume (TLV) is calculated by 

segmentation of the thoracic cavity. Ventilation imaging using HP 129Xe has shown sensitivity to 

early lung function decline and disease progression in a wide variety of pulmonary diseases 

including asthma, COPD, LAM, and CF (14,21,31,51-53). Moreover, it has been implemented 

using both 3He and 129Xe in multi-site trials (54,55), with notable HP 129Xe multisite studies that 

included evaluation of CF (16) and asthma patients (22), as well as recent phase III clinical trials 

of patients being evaluated for resection and transplant (41,42). Most notably, ventilation imaging 

will be the initial indication to be approved by the FDA in the USA, which also represents the driver 

for more than half of referrals received in the clinical setting in the UK to date.

2.3 Alveolar-Airspace Size

The diffusive motion of polarized 129Xe atoms within the restrictive airspace environment of the 

lung alveoli and terminal airways can be measured to provide a marker of alveolar-airspace 

dimensions in the lungs (56). Collisions with the alveolar/acinar walls restrict the diffusive motion 

of xenon, reducing the apparent diffusion coefficient (ADC) compared free xenon (0.06 cm2/s in 

pure xenon and 0.14 cm2/s at infinite dilution in air) (57). However, when airspaces are enlarged 

through normal aging or disease (e.g., emphysema), the diffusive motion of xenon is less 

restricted, which manifests as a larger measured ADC (25,58,59). Such imaging has proven 

sensitive to age- and disease-related alterations to the pulmonary microstructure (24-

26,29,58,60). Moreover, HP 129Xe ADC measurements have been rigorously benchmarked 

against HP 3He diffusion weighted imaging measurements (26,60,61) that have been validated in 

comparison to lung tissue histology.

Alveolar-airspace size imaging is most often performed using a diffusion weighted, 2D slice 

selective gradient echo sequence with bipolar diffusion gradients (24,26,60,62,63). For 

applications requiring only ADC, it is common to use two diffusion weightings (b-values), often b 

= 0, and 12 s/cm2 (24,26). ADC is calculated using
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 (3)𝑆𝑏 = 𝑆0exp ( ― 𝑏 ∙ 𝐴𝐷𝐶)
where  is the signal without diffusion weighting and  is that for the image acquired with b-𝑆0 𝑆𝑏
value . To minimize motion sensitivity and ensure similar RF history between images acquired 𝑏
at different b-values, an interleaved approach is employed in which the two b-values are acquired 

in order (e.g. b = 0 s/cm2 followed by b = 12 s/cm2) for each line of k-space. 

Alternatively, advanced diffusion weighted imaging can be combined with a theoretical model of 

the pulmonary geometry or a mathematical model of diffusion behavior to calculate lung 

morphometry parameters (61,64,65); this requires acquiring additional b-values at the expense 

of longer scan times or reduced spatial resolution. Such diffusion morphometry techniques have 

been well-validated in animals, humans, and realistic airway geometries (28,29,66-70).

2.4 Gas Exchange 

The solubility of 129Xe in tissue/plasma (197 ppm) and RBCs (218 ppm) with distinct chemical 

shifts makes hyperpolarized 129Xe MRI uniquely capable of characterizing regional gas exchange 

(4,5). 

MR spectroscopy can be used to quantify tissue/plasma uptake and RBC transfer in the whole-

lung. This provides measures of RBC chemical shift that are sensitive to blood oxygenation levels 

(8) while the RBC/TP ratio has demonstrated sensitivity to longitudinal changes in IPF patients 

(35). Moreover,  cardiogenic oscillations in the RBC signal (8) occurring within the breath-hold are 

sensitive to disease state in IPF and PAH (9,33,71). Alternatively, by acquiring spectra after a 

variety of uptake times (i.e. acquire spectra with multiple different TRs), gas exchange dynamics 

can be probed (12). This technique is known as chemical shift saturation recovery (CSSR), which 

can be fit to a model of gas uptake to extract parameters describing pulmonary structure, including 

surface-area-to-volume ratio and septal wall thickness (7,19,58,72-77). 

It is also possible to quantify regional gas exchange using MR spectroscopic imaging techniques. 

Techniques implemented for “gas exchange imaging” include the 1-point Dixon method (11), and 

several multi-echo approaches (10,13,36,78). While multi-echo techniques are experimentally 

more robust (see Section 4.4), we focus here on 1-Point Dixon imaging based on the body of 

clinical experience to date. In this technique, gas and dissolved phase signal are simultaneously 

acquired using 3D radial imaging with an echo time such that RBC and tissue/plasma signal are 

90° out of phase (11). This 90° phase separation allows the dissolved phase signals to be 

separated into their constituent RBC and tissue/plasma images. Combined with the interleaved 
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gas-phase data, this approach produces images of ventilation, tissue/plasma, and RBC within a 

single breath hold. These methods have been demonstrated at both 1.5T and 3T and across 

multiple imaging platforms (47). Moreover, they have been used in a broad range of disease 

states (33,34,79), and have been shown to predict outcomes (80) and detect therapy response 

(81,82).   

3. IMAGING RECOMMENDATIONS

In the following section, we provide specific recommendations for xenon dosing, acquisition order, 

physiologic monitoring, and imaging of the different HP 129Xe MRI contrasts. Recommendations 

are limited to dosing and imaging, but some discussion of practical considerations such as 

instrumentation and technical requirements (Supporting Information S1.2) and subject positioning 

and physiologic monitoring (Supporting Information S1.3) are also provided. 

3.1 Xenon Dosing

Standardized dosing is essential for generating reproducible signal-to-noise-ratio (SNR) and lung 

inflation, and thus for obtaining repeatable quantitative imaging biomarkers. The dose is 

administered by inhalation from a delivery bag that contains HP 129Xe as well as other stable Xe 

isotopes and buffer gas (nitrogen or helium), which are added to tailor the overall volume for 

consistent lung inflation. The dose attributes that determine image SNR are threefold — the 

volume of Xe gas administered, the 129Xe isotopic abundance, and its degree of hyperpolarization 

(Figure 1). This can be described as the dose equivalent volume (DEV), given by 𝐷𝐸𝑉 = 𝑓129 × 𝑃129 × 𝑉𝑋𝑒
where  is the isotopic fraction of 129Xe,  is 129Xe nuclear spin polarization, and VXe is the 𝑓129 𝑃129

total volume of xenon gas. Conceptually the DEV represents an equivalent 129Xe volume  that is 

100% isotopically enriched and 100% polarized (83). Xenon gas is typically purchased in naturally 

abundant (~26% 129Xe) or isotopically enriched mixtures (>80% 129Xe). The use of enriched xenon 

leads to higher DEV for a given xenon dose volume, which is beneficial for many imaging 

applications. Naturally abundant xenon ( = 26%) is a low-cost alternative (~1/10 the cost of 𝑓129

enriched xenon) that has proven effective for ventilation imaging assuming sufficiently high  𝑃129

can be achieved to offset the lower  (49). The DEV required for a given scan is determined 𝑓129

by the desired resolution and SNR requirements of that scan. For example, the DEV used for 

ventilation imaging in the recent phase III clinical trials was a target of 75 mL, with a minimum 

allowable value of 50 mL (41,42), which consistently led to ventilation images with SNR of 20-30. 
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Generally, calibration and ventilation imaging require lower DEV (~75-150 mL), while alveolar-

airspace size and gas exchange imaging require higher DEV (>150 mL). The DEV should be set 

to target an SNR 30-50 in ventilation images, SNR > 15 in alveolar-airspace size images (for all 

b-values), and SNR > 15 in dissolved phase images. 

From an operational perspective, the target DEV for a given scan should be achieved with the 

smallest possible xenon volume since this both reduces cost and the dose constituent that most 

influences the adverse event (AE) profile. The first study of HP 129Xe MRI safety and tolerability 

administered a total of 3-4 doses of 1-L of pure xenon, and while reporting good safety and 

tolerability, a very high incidence of transient effects (91%) after each dose, such as dizziness 

(59%), paresthesia (34%), hypoesthesia (30%), and euphoric mood (30%) (39). While these 

effects resolved rapidly without intervention (1.6±0.9 min), many subsequent studies have limited 

the single dose xenon volume to ≤750 mL. A study of safety and tolerability using only 500 mL of 

xenon reported only 1 event of light-headedness (out of 136 dose administrations), and this 

resolved within 2 minutes without intervention (40).

Beyond the 129Xe-dose-related aspects that impact SNR, the level of lung inflation at the time of 

imaging affects repeatability of quantitative markers of ventilation, alveolar-airspace size, and gas 

exchange imaging (19,84-86). Lung inflation during HP gas MRI is determined both by the initial 

inflation state of the lungs prior to xenon inhalation and by the total volume of gas delivered to the 

subject. To date, the majority of studies have had subjects inhale doses from functional residual 

capacity (FRC) (1,38,48,59,62,83,87,88), though some have started from residual volume (RV) 

(58,63). Ultimately, it is unclear whether inhaling from FRC or RV provides better reproducibility 

of lung inflation. However, given that FRC is a more natural lung volume for subjects and that it 

has been used in the preponderance of studies, we recommend inhalation from FRC using a 

standardized coaching pattern (see Supporting Information S1.5). 

Most commonly, the total volume of gas delivered to subjects (usually 1 L) has been held constant 

for all subjects independent of age and lung size (20,24,31,48,62,83). However, others have 

tailored total volume based on a subject’s total lung capacity (TLC) (16,38) or forced vital capacity 

(FVC) (10,63). To date, a consensus has yet to be reached regarding best practices for calculating 

dose volumes. However, because lung volumes vary widely across lung diseases, and HP 129Xe 

MRI biomarkers are known to be affected by lung inflation (89), we suggest tailoring total gas 

volume to the individual. One relatively straightforward method of doing so is to use 1/6 of the 

subject’s calculated TLC or 20% of their measured FVC. This dose volume is roughly twice the 

subject’s tidal volume, making it comfortable for inhalation. Moreover, lung volumes can be readily 
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obtained at bedside using spirometry in advance of imaging or can be estimated based on race, 

sex, age, and height (90,91), for example using the prediction tool provided by the Global Lung 

Function Initiative (http://gli-calculator.ersnet.org/index.html).

Once polarized, xenon should be dispensed into a Tedlar (polyvinyl fluoride) dose bag for delivery 

to the subject. Tedlar is used because it is inert and induces minimal relaxation of hyperpolarized 

129Xe (43,92). The bag should be sized close to the desired dose volume, because partially filled 

bags will experience faster signal relaxation (92).

The choice of buffer gas should also be standardized within an individual trial due to possible 

differences in dose weight, density, diffusivity, and viscosity, which could affect ventilation 

distributions and ADC measurements (20,22). The buffer gas should be physiologically inert;  

previously, both nitrogen (N2) (16,64) and helium (4He) (29,60) have been used to balance xenon 

gas to the desired dosage volume. Because xenon is heavier than air, helium has the advantage 

of bringing the mean molecular weight of the dose closer to room air, which allows higher relative 

Brownian diffusivity and more temporally efficient measurement of alveolar and airway 

microstructures  (60). However, current commercial polarization technology and the relatively high 

cost of 4He (~ a factor of 10 greater cost) supports the use of N2. Regardless of buffer gas choice, 

every effort should be made to remove all oxygen from the dose bag; being paramagnetic oxygen 

is the most potent driver of 129Xe relaxation.

3.2 Scan Acquisition Order

Once hyperpolarized xenon is dispensed into a Tedlar bag, it should be kept within a static 

magnetic field of >0.5 mT (>5 Gauss) to maintain its polarization until administration. 

Hyperpolarized signal decays by longitudinal relaxation (at 2 mT, T1~1.5-2 hrs), and therefore 

129Xe polarization should be measured using a polarimeter (see Supporting Information S1.2)  

within 5 min of administration. In settings where the distance between polarizer and MRI is large, 

or where polarization performance is insufficient to support “on demand” gas preparation, it is 

preferable to perform the more “signal-starved” scans (e.g. gas exchange) with freshly dispensed 

doses, while others (e.g. calibration, or static ventilation) can use those that have been allowed 

to relax for some time. Because the time required to prepare a dose of HP 129Xe varies with the 

production rate of the polarizer (~1 – 5 L/hr), it is often not feasible to prepare an additional dose 

quickly if images are unacceptable (subject moves, exhales, etc.). Thus, for particularly 

challenging patients in whom there is risk of poor compliance, the primary endpoint scan may be 

acquired with the first xenon dose to allow for additional re-scans. If 129Xe MRI is being performed 
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in conjunction with gadolinium dynamic contrast enhanced 1H perfusion MRI, 129Xe MRI should 

be completed before IV contrast administration.

3.3 Dissolved Phase Spectroscopy/Flip Angle, Center Frequency, and Timing Calibration

For calibration, we recommend a dedicated scan that measures flip angle and characterizes the 

dissolved-phase 129Xe signal while also providing a maximally accurate measure of center 

frequency. Here, we recommend a non-localized, spectroscopic acquisition that can further be 

analyzed for several physiologically-relevant parameters, including a careful measure of RBC 

chemical shift (as a measure of capillary blood oxygenation) (8) as well as cardiogenic oscillations 

in RBC amplitude (9). 

This calibration sequence consists of 500 free induction decay (FID) acquisitions with RF 

excitation centered at the dissolved 129Xe frequency followed by 20  at the gaseous frequency. 

These enable calculating the gas and dissolved phase frequencies, while determining the timing 

parameters and flip angle for each subject. In addition to flip angle, acquisition TR is the strongest 

determinant of the relative ratio of RBC to tissue/plasma signal and has been set to 15 ms to 

match the gas exchange acquisition discussed later (11,47). This TR does sacrifice some spectral 

resolution, given the large spectral width of the RBC and tissue/plasma peaks, does not 

compromise their measurement. Recommended parameters are shown in Table 2.

This calibration sequence should be analyzed (Figure 2) during the imaging session and prior to 

prescribing the subsequent imaging scans. In practice, calibration data are analyzed immediately 

following the scan, either online on the scanner, or after exporting into an offline processing 

program. It is useful to use time domain fitting to analyze gas and dissolved phase spectra from 

the calibration scan, which provides high quality fitting even given the relatively coarse spectral 

resolution (93). The total time for calibration analysis typically is 1-3 minutes, depending on 

specific calibration software used and computing power. 

The first 100 dissolved FIDs should be discarded, as they contain 129Xe signal that has 

accumulated during inhalation in the larger vasculature “downstream” of the pulmonary capillary 

bed. This number of discarded FIDs could be reduced by using a smaller number (~10) of dummy 

scans with a high flip angle prior to signal acquisition with a 20° flip angle, but, for simplicity, our 

current recommendation uses this more basic approach. The 67 following FIDs (i.e. FID 101-168) 

should be averaged and fit to obtain the ratio of RBC signal to tissue/plasma signal and to 

determine the TE at which RBC and tissue/plasma are 90° out of phase (TE90). Such averaging 
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encompasses approximately one full cardiac cycle to account for cardiogenic changes to RBC 

signal amplitude or chemical shift (9). From this calibration spectrum, TE90 can be calculated as

.                            (4)𝑇𝐸90 = 𝑇𝐸 +
90 ― (𝑃ℎ𝑎𝑠𝑒(𝑅𝐵𝐶) ― 𝑃ℎ𝑎𝑠𝑒(𝑡𝑖𝑠𝑠𝑢𝑒/𝑝𝑙𝑎𝑠𝑚𝑎))

360 × (𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦(𝑅𝐵𝐶) ― 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦(𝑡𝑖𝑠𝑠𝑢𝑒/𝑝𝑙𝑎𝑠𝑚𝑎))

where TE is the echo time used in the calibration scan (0.45 or 0.8 ms for 3T or 1.5T). For imaging 

at 3T (1.5T), TE90 should be in the range 0.45-0.50 (0.8-1.1) ms. If calibration analysis results fall 

outside of this range, we suggest TE90 = 0.47 (1.0) ms.

A generic Matlab (Mathworks, Natick, MA) function has been created and made available for this 

calibration analysis (https://github.com/pniedbalski3/Xenon_Generic_Calibration). 

The remaining dissolved FIDs can optionally be used at a later time to analyze RBC oscillation 

amplitude and frequency dynamics (9). FIDs 501-520 contain the gas phase signal and should 

be used to establish the in vivo gas-phase center frequency and to calibrate the true applied flip 

angle using Equation 1.

3.4 Ventilation Imaging

To date, most studies reporting ventilation imaging have employed 2D slice selective imaging with 

fast gradient echo encoding. Such Cartesian encoding of k-space typically requires the least 

specific sequence programming on all scanner platforms and does not require sophisticated off-

line reconstruction or corrections. As such, we recommend that ventilation imaging be performed 

using a 2D RF-spoiled gradient echo imaging sequence. Proposed imaging parameters are 

shown in Table 3, with representative images  in Figure 3. The proposed resolution (4x4 mm2 in-

plane) was selected to adequately capture ventilation details, while being sufficiently conservative 

to ensure high image SNR and quality, even without a dedicated calibration scan. 

For effective quantification of ventilation defect percentage most analysis techniques employ an 

anatomical image acquired using an 1H coil (often the body coil) immediately before or after the 

ventilation scan (50,94). This should be acquired during a breath-hold of room air that is volume-

matched to the xenon dose and using the same breath hold coaching. This scan should reveal 

the outline of the thoracic cavity for masking and major blood vessels so that they can be 

segmented out of the mask. It can also be beneficial to minimize susceptibility artifacts from the 

ribs which can be present in a GRE sequence, although improved segmentation algorithms 

mitigate this requirement. Because it is robust to susceptibility artifacts from the ribs, we 

recommend using a RARE sequence (Rapid Imaging with Relaxation Enhancement (95)) with the 

suggested parameters in Table 4 and example images in Figure 4.
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3.5 Alveolar-Airspace Size Imaging

For basic calculation of the ADC, images are often acquired with only two different levels of 

diffusion weighting (b-values). If subsequent analysis to perform diffusion morphometry is desired, 

additional b-values must be acquired. However, this can be challenging due to the time 

constraints of a 16 s breath-hold (see Section 4.3), and acceleration strategies such as 

compressed sensing may be needed (64,96). The current recommendations for diffusion-

weighted imaging (Table 5) include parameters for either a 2 b-value ADC acquisition or a multiple 

(4) b-value diffusion morphometry approach with compressed sensing. Example images acquired 

using these parameters are shown in Figure 5.

The recommended 129Xe diffusion time of 8.5 ms is optimized to probe a diffusion regime that is 

similar to that explored for 3He diffusion/ADC imaging, and allows comparable diffusion 

morphometry metrics to be derived from 3He and 129Xe (64). This could facilitate retrospective 

comparisons with previously acquired 3He diffusion imaging data, while using a diffusion time 

applicable for diffusion morphometry with both cylinder and stretched exponential models (61).

We note that, while we provide a recommendation for vendor-specific sequence type, bipolar 

diffusion sensitizing gradients will need to be applied prior to the readout. Furthermore, the 

transient and non-recoverable nature of the hyperpolarized 129Xe signal requires that every b-

value be acquired for a given phase encoding line prior to the next and every phase encoding line 

for a given slice be acquired prior to moving onto the next slice. Careful attention should be given 

to this ordering, as some product sequences may use some other non-suitable looping order.

3.6 Gas Exchange Imaging

In 1-point Dixon imaging, gas and dissolved xenon are simultaneously imaged using an 

interleaved 3D radial imaging sequence to overcome the very short T2* of dissolved xenon. The 

echo time is set such that RBC and tissue/plasma signals are 90° out of phase at the beginning 

of the imaging readout. After image reconstruction, a phase shift is applied such that the RBC 

and tissue/plasma signals are shifted to be contained within the real and imaginary channels of 

the dissolved image. Recommended parameters for 1-point Dixon Imaging are provided in Table 

6, and a conceptual sequence diagram and representative images are shown in Figure 6.

As with ventilation imaging, an anatomic scan should be acquired immediately before or after the 

xenon gas exchange scan and its geometry should be as closely matched to the xenon scan as 

possible. Recommended parameters are shown in Table 7.
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3.7 Exporting Images and Image Analysis

After imaging is complete, images must be reconstructed and/or exported from the scanner for 

analysis and quantification. For the current recommendations, ventilation images can be 

effectively reconstructed using vendor reconstruction tools on the scanner. Such images should 

be exported in a DICOM format using the minimum level of interpolation allowed. However, 

images of gas exchange and alveolar airspace size may require off-line reconstruction so that 

proper diffusion analysis and separation of dissolved and gas images and subsequently RBC and 

tissue/plasma images can be consistently achieved. These reconstruction methods are outside 

the scope of this position paper, but readers are directed to the work of Chan et al. (61,64) for  

alveolar airspace size analysis and Kaushik et al. (11) and Wang et al. (47,79) for reconstruction 

and analysis of gas exchange imaging using the 1-point Dixon method.

There is currently significant discussion within the hyperpolarized 129Xe MRI community regarding 

best practices for image analysis, including bias field correction, VDP calculation (3,14,50,97-99), 

ADC calculation (61,65,70,100), and gas exchange quantification (13,79). While these analyses 

are essential to the HP 129Xe MRI process and must be standardized for any subsequent trial, 

they are outside the scope of this position paper. Our hope is to address such topics in a future 

position paper to facilitate site-to-site analysis standardization.  

4. CHALLENGES AND AREAS FOR DEVELOPMENT

To deploy the wide variety of regional lung structure and function biomarkers provided by 

hyperpolarized 129Xe MRI as an endpoint in multi-site clinical trials, requires standardized imaging 

sequences. However, this must be done while recognizing the ample room for further 

development and optimization of the various imaging techniques. Many of the more recent 

advances in HP 129Xe MRI methodology provide improved imaging efficiency or additional 

biomarkers but may currently be overly challenging to widely implement due to hardware, pulse 

programming, or analysis considerations across vendors and sites. In the following sections, we 

detail some of the needed developments to HP 129Xe MRI that will be necessary to improve upon 

the current recommendations provided.

4.1 Shimming

MRI vendor methods for shimming use 1H signal to improve magnetic field homogeneity. 

However, minimal 1H signal originates from within the lungs, which renders these methods largely 

ineffective for hyperpolarized gas imaging. Our recommendation is to use default (non-patient-
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specific) shim settings for hyperpolarized gas imaging. However, the effect of shimming on image 

quality and quantitative metrics in HP 129Xe MRI is not well studied, and future work may 

demonstrate that more attention is required in shim settings (101).

4.2 Ventilation Imaging

The primary motivations for improvement to ventilation imaging are higher SNR, faster image 

acquisition, improved quantitative markers, and 3D isotropic image resolution. To that end, steady 

state free precession (SSFP) imaging, spiral encoding, compressed sensing, 3D imaging, or 

some combination of these are among the more promising methods that may ultimately become 

standard for ventilation imaging. SSFP imaging has proven to provide high-SNR ventilation 

images (49,102). It has been most heavily used for imaging at 1.5T, as there is an increase in off-

resonance-related banding artifacts when imaging at 3T. “Stack of spirals” imaging has enabled 

full lung coverage in 1-2 s (98,103-105), which mitigates concerns of subjects exhaling early, 

particularly in those with severe lung disease. Furthermore, such rapid encoding–which can also 

be achieved via compressed sensing techniques (106)—enables both ventilation and 1H 

anatomical images to be acquired within the same breath, thereby improving image registration 

and quantitative analysis (107). 3D imaging has several potential advantages, including improved 

SNR and  spatial contiguity of data (108), but is more prone to motion artifacts from respiratory 

and cardiac motion. Such artifacts can be mitigated through the use of methods that sample k-

space from the center-outward, such as radial or spiral imaging (83,109). Moreover, these 

techniques are robust to undersampling, which mitigates the concerns of early exhalation. 3D 

radial and spiral sequences are not typically as fast as slice-selective spirals, but allow improved 

slice resolution and can provide quantitative corrections for signal depletion (110,111). 

The primary downside of these novel techniques at present for clinical trials is that each requires 

significant pulse programming and image reconstruction, which is difficult to standardize between 

sites. Currently, none of the major MRI vendors provide product support for the required spiral or 

radial imaging sequences as clinical products. Providing multi-platform, standardized tools for 

fast, quantitative, and high-resolution imaging will be essential to replace fast gradient echo as 

the standard for ventilation imaging.

An additional area for improvement is the true quantification of ventilation in 129Xe images. While 

VDP has shown high sensitivity to disease, ventilation imaging fails to provide a traditional 

physiologic measure of ventilation such as true ventilation (in L/min) or specific ventilation. 

Approaches for quantifying fractional ventilation have employed multiple breath imaging 
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techniques (112,113). This presents the requirement of coaching subjects in a multi-breath 

maneuver, which limits the widespread use of these techniques. A single-breath technique for 

quantifying regional ventilation in the context of traditional measurements would present a 

significant advance to the field. 

While it is somewhat outside of the scope of the current manuscript, it should be noted that a 

significant open question in ventilation imaging is how to account for B1 or receiver-related 

inhomogeneity bias in ventilation images. The presence of low-frequency signal intensity 

modulation can have a significant impact on quantitative metrics acquired from images. This is 

currently managed using N4ITK  (114) bias-field correction, but this technique requires 

standardization, as different input parameters can lead to different values for VDP. Moreover, 

overly aggressive bias-field corrections can obscure physiological variations in the HP 129Xe 

signal. Other, protocol-dependent methods enable the mapping of signal decay (110,115), which 

could lead toward a “ground truth” map of bias field, enabling a more well-standardized correction. 

A standardized method of bias-field correction is essential to multi-site harmonization of 

ventilation imaging analysis.  

4.3 Alveolar-Airspace Size Imaging

For alveolar-airspace size imaging, the main targets for improvement are fast acquisitions, optimal 

b-value settings, and standardized analysis. Because multiple b-value images are required to 

map ADC, this imaging method typically requires a longer breath hold or larger voxel sizes than 

ventilation imaging. Increases in encoding efficiency, such as using spiral trajectories or a 

standardized compressed sensing method, would be highly beneficial to alveolar-airspace size 

imaging (61,62,64,96). 

Additionally, analysis should be standardized. Basic mapping of ADC is relatively straightforward 

using Equation 3, but more advanced diffusion morphometry analysis requires multiple images 

with different diffusion weighting. There are two established methods of diffusion morphometry 

analysis, and it is not currently agreed upon which method is preferable. One method, pioneered 

at Washington University, uses a cylindrical model of acinar geometry to estimate alveolar-duct 

and alveolar dimensions (65). The other, developed at the University of Sheffield, uses a stretched 

exponential model to characterize pulmonary morphometry (100). Importantly, both models can 

be used on the same set of diffusion weighted images provided that the diffusion time (Δ) is set 

to ensure that images are acquired in the proper diffusion regime (64,65). Each method has 

shown utility and has been validated against conventional histology (70,116). For future multi-site 
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studies that involve diffusion morphometry (not simple ADC), a consensus will need to be reached 

on which model is preferable.

4.4. Gas Exchange Imaging

Gas exchange imaging, as the newest and most complicated method of hyperpolarized 129Xe 

MRI, has the most room for development. Currently, imaging using the 1-point Dixon technique 

is the most broadly implemented method for regional quantification of RBC and tissue/plasma 

signal due to its relative simplicity and robustness to short T2* signal decay. However, there are 

substantial limitations of the technique that need to be addressed. These include the high degree 

of undersampling, excitation pulse design, disregard of local phase variations, and chemical-shift-

induced phase evolution during the radial read-out.  

For the most commonly used radial 1-point Dixon method, pulmonary MR spectroscopic imaging 

is challenged by the need to acquire images within a breathhold. Spectroscopic imaging requires 

sampling of both gas and dissolved signals with adequate delay time for gas to diffuse into the 

tissue/plasma and RBC compartments (117), leading to images being acquired with ~15% of the 

radial arms required for 100% Nyquist sampling. Radial imaging in this setting is particularly 

robust to undersampling but can lead to blurring and image artifacts. Spiral k-space trajectories, 

which are very useful for improving the efficiency of gas-phase imaging (T2* > 20 ms) (118), are 

of limited use for 3D imaging of the dissolved phase where transverse signal decays more rapidly 

(T2* = 1-2 ms) (36,47,119). Sampling can be improved by using 2D projection imaging (78,120), 

but this sacrifices the 3D information content of 1-point-Dixon imaging. Rather than 2D imaging, 

3D imaging with coarser resolution has also been implemented, which likewise improves the 

sampling percentage of images (10,13). An alternative approach to increasing sampling 

percentage is to reduce the repetition time of scans alongside a corresponding decrease to 

applied RF flip angle (117). In doing so, more radial projections can be sampled while retaining 

similar magnetization dissolved in red blood cells and tissue/plasma. Ultimately, improvements to 

the sampling percentage of 1-point Dixon imaging would significantly improve image quality and 

real resolution.

Excitation pulse design plays a significant role in the quantitative metrics achieved from images. 

The recommended RF pulse (1-lobed(3-lobed) windowed sinc for 3T(1.5T)) has a narrow 

frequency profile to avoid gas excitation, but when centered on the RBC resonance can yield a 

reduced flip angle at the tissue/plasma resonance. This unequal excitation can have a significant 

impact on standard imaging markers, such as the RBC/TP ratio. Moreover, even with this narrow 
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excitation profile, there is often some excitation of gas signal. Gas signal generated by imperfectly 

selective, dissolved-phase resonance excitation can deleteriously impact quantitative analysis of 

dissolved phase images. Several methods could be used to mitigate this issue. A more optimal 

RF pulse could reduce the intensity of off resonance gas-phase excitation. Rather than changing 

the excitation pulse, gas contamination can also be mitigated using pulse sequence or analysis 

methods. One such method is to adapt the pulse sequence to acquire a second set of dissolved 

and gas phase images at longer echo time. Because the T2* of dissolved phase 129Xe is very short 

(~1(2) ms at 3T(1.5T)) (36,47,119), images at longer echo time will contain only gas-phase signal, 

providing a simple measurement of the degree of gas phase contamination (121). Alternatively, 

gas contamination can be removed through the use of multi-echo sampling techniques (13). Gas 

contamination can also be removed in analysis by estimating the gas contamination based on the 

intensity and phase of the gas-phase signal (122). It is unclear which of these methods provides 

the most robust and easily standardized gas contamination removal. Ultimately, improved pulse 

shape or pulse sequence design, implemented in a standardized, multi-platform manner, will 

significantly improve the ability to differentiate gas-phase and dissolved-phase signal in gas 

exchange imaging.

The separation of RBC and tissue/plasma images in 1-point Dixon imaging is accomplished by 

acquiring images at the dissolved frequencies at TE90, where there is a 90° phase separation 

between the two at the beginning of the readout. As a result, they are only perfectly separated at 

the center of k-space, which encodes image contrast (i.e. signal intensity). However, the phase 

separation between RBC and tissue/plasma signal continues to evolve throughout the radial 

readout, which likely causes blurring to the fine detail of images. The extent to which this impacts 

the derived quantitative imaging metrics not been rigorously examined. Other methods that have 

demonstrated the ability to separate RBC and tissue/plasma signals in the context of 3D imaging 

are 3D CSI (123) and multi-point imaging methods (10,13). Both of these methods are likely to 

provide improved separation of RBC and tissue/plasma signal over 1-point Dixon imaging, but 

neither of these methods have been as well-published or broadly disseminated as the 1-point 

Dixon approach. 3D chemical shift imaging can generate full spectra for each voxel and thus 

generate T2* images for each slice and images of the relative chemical shift position of each peak 

in the same acquisition (124). It is slower than 1-point Dixon and thus requires slightly coarser 

resolution, but recent improvements suggest the ability to get similar resolution to 1 Point Dixon 

imaging within a 9 s breath-hold. This CSI method showed the ability to detect regional physiologic 

lung changes in disease (124).  3D imaging using Multi-point imaging has been reported at 1.5T 

(10,13,36), but its use at 3T has not been published. Implementations at 1.5T used maximum TEs 
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of 3.98 ms (10), 3.1 ms (36), and 2.6 ms (13), all of which are considerably beyond the dissolved 

phase T2* at 3T (T2* ~ 1 ms). Thus, further work is necessary to demonstrate and standardize 

multi-point-based 3D gas exchange imaging at 3T, the field strength of most commercial multi-

nuclear MRI scanners.  

Finally, the 1-point Dixon method of imaging gas exchange provides only a single static 

“snapshot” of the gas uptake process, which is inherently dynamic. Conversely, there are a 

number of methods that provide improved temporal analysis of gas exchange at the sacrifice of 

the comparatively high spatial resolution provided by 1-point Dixon imaging (7,74,120,125). 

Methods that are able to achieve temporal sampling of gas exchange while maintaining sufficient 

spatial resolution are needed to fully quantify the complex dynamics of the gas exchange process.

4.5 Pediatric Imaging

We have provided our recommendations specifically for adult imaging. Each of these protocols 

can be used for imaging pediatric subjects (with an active, multi-site study in pediatric CF currently 

ongoing), although small changes may be necessary based upon the size range and patient 

populations. Pediatric imaging poses several challenges, including increased likelihood of breath 

hold non-compliance, smaller anatomy, and difference in disease pathophysiology. As such, 

protocols may need to be adapted to change dosage volume, increase imaging resolution (due 

to decreased field of view), or shorten breath holds (14-16,38,51,113,126).  

CONCLUSIONS

Researchers are continuously developing and improving methods of imaging hyperpolarized 

129Xe to quantify pulmonary structure and function. However, this continuous state of development 

can hinder the use of hyperpolarized 129Xe MRI in clinical trials, as there are currently no published 

standard imaging sequences for multi-site studies. In this position paper, we have presented 

recommended imaging protocols from the 129Xe MRI Clinical Trials Consortium for HP 129Xe MRI 

in adults, including calibration, ventilation, diffusion, and gas exchange scans. These 

recommended protocols are based on well-validated methods and have demonstrated ability to 

quantify aberrant lung structure and function across vendors and sites. At the same time, 

parameter settings are sufficiently generic and conservative that any site enabled for HP 129Xe 

MRI will be capable of reproducing the parameters specified herein and producing high quality 

images. While seeking to be widely applicable, these recommended protocols necessarily omit 

some of the highly effective sequences used by some HP 129Xe MRI sites. It is our hope that such 

novel techniques will be further standardized using a procedure similar to that used by the 
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Quantitative Imaging Biomarkers Alliance (QIBA). Namely, new sequences will be discussed 

within the 129Xe MRI Clinical Trials Consortium, with opportunities for comments from those within 

the field. Then, proposed new methods will require technical confirmation by being implemented 

at multiple new sites and across vendors. As a final step, methods will require clinical confirmation, 

where they are used successfully in a multi-site clinical trial. Ultimately, we hope that this 

dissemination of current protocols and roadmap for next steps will accelerate the adoption of HP 

129Xe MRI as a modality for multi-site trials and for clinical implementation.    
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Figure Captions:

Figure 1. Constituent pieces of a hyperpolarized 129Xe imaging dose. Xenon gas naturally 
contains 26% 129Xe, but this can be enriched to >80%. This 129Xe is highly polarized and is the 
portion of the dose that is used for imaging. The remainder of the dose includes other, non-
polarized isotopes of xenon and N2, used to balance the dose to the desire volume.  

Figure 2. Information obtained from the dedicated calibration scan using parameters specified in 
Table 2. A The gas-phase spectrum provides the center frequency for gaseous 129Xe in the lungs.  
B The dissolved spectrum can be fit to provide the amplitude and phase of the RBC and 
tissue/plasma peaks. From these, the expected RBC/TP ratio and required TE90 can be 
calculated. C. The decay of gas signal intensity can be fit to equation 1 to obtain the applied RF 
flip angle, and the ratio between prescribed and applied flip angle used to calibrate the system. D 
In addition to the calibration information, dissolved spectra can be examined to assess global 
pulmonary hemodynamics. For clarity, dissolved spectra are smoothed using a sliding window 
filter and only every 5th spectrum is shown. The dose equivalent delivered to the subject was 39 
mL (0.5 L of natural abundance 129Xe polarized to 30%). Data shown in A and B were fit in the 
time domain using open source spectroscopy fitting tools in Matlab 2020a (Mathworks, Natick, 
MA) assuming a Voigt lineshape (93).

Figure 2. Hyperpolarized 129Xe ventilation images acquired in two healthy volunteers using the 
parameters specified in Table 3. A The dose equivalent volume delivered to the subject was 55 
mL (0.6 L of natural abundance 129Xe polarized to 35%) and the SNR is 22. B The dose equivalent 
volume delivered to the subject was 100 mL (0.38 L of enriched 129Xe polarized to 33%) and the 
SNR is 39. 

Figure 3. 1H anatomic images acquired in a healthy volunteer using the parameters specified in 
Table 4. 

Figure 4. Hyperpolarized 129Xe alveolar-airspace size imaging in a healthy volunteer using the 
diffusion morphometry parameters specified in Table 5. (a) Images with no diffusion weighting 
(b = 0 s/cm2, SNR = 40). (b) Apparent Diffusion Coefficient (ADC) for alveolar-airspace size, 
based on the b=12 s/cm2 diffusion-weighted images (Mean ± SD = 0.032 ± 0.009 cm2/s). (c) 
Mean diffusive length scale (LmD) from the stretched exponential model for measurement of 
mean acinar dimension calculated from four b-values (Mean ± SD = 271 ± 61 µm). The dose 
equivalent delivered to the subject was 165 mL (0.55 L of enriched 129Xe polarized to 30%).

Figure 6. A Conceptual sequence diagram for gas exchange imaging using a radial 1-Point 
Dixon technique. Radial acquisitions are alternated between the gas and dissolved frequencies, 
with a 0.5° flip angle used for gas excitation, and a 20° flip angle used for dissolved excitation. B 
Representative gas and dissolved images acquired using the recommended protocol described 
in Table 6. The dissolved image can subsequently be separated into its constituent RBC and 
tissue/plasma images. 
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Tables:

Protocol Duration Biomarker Basic Purpose

Calibration 
and 
Spectroscopy

~9 s Global RBC/TP1, RBC 
Chemical Shift, RBC 
Oscillation Amplitude2 

Calibration of center frequency, 
transmitter power, TE for 
spectroscopic imaging, global 
RBC/TP for imaging scans, and 
quantification of global 
hemodynamics 

Ventilation ~8-12 s Ventilated volume and 
defect percent (VDP), 
Ventilation Heterogeneity

Quantification of ventilation 
heterogeneity and defects in the 
lungs

Alveolar-
Airspace Size

≤16 s Apparent Diffusion 
Coefficient (ADC), Acinar 
Airway Dimensions

Quantification of pulmonary airway 
microstructure dimensions

Gas 
Exchange

≤16 s Tissue/Plasma Uptake, 
RBC Transfer, RBC/TP, 
RBC Oscillation Amplitude

Regional 3D quantification of gas 
exchange, Tissue/Plasma uptake, 
RBC transfer, and RBC Signal 
Oscillation Amplitude 

Anatomic 
Reference

≤16 s Thoracic Cavity Mask Provide anatomic reference image 
for the creation of a thoracic cavity 
mask, easing xenon image 
quantification.

Table 1. Imaging protocols and the associated quantitative biomarkers used for 

hyperpolarized 129Xe MRI. Notes: 1The global RBC/TP refers to the ratio of the spectroscopic 

signal of xenon dissolved in red blood cells to xenon dissolved in other tissue/plasma. 2The signal 

from xenon dissolved in red blood cells oscillates with time; the frequency of this oscillation 

corresponds to the heart rate and its amplitude appears to be sensitive to various disease states. 

Abbreviations: RBC – Red Blood Cell, TP – Tissue/Plasma, TE – Echo Time, VDP – Ventilation 

Defect Percentage, ADC – Apparent Diffusion Coefficient. 
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Parameter Parameter Value

TR 15 ms

TEa 0.45 ms, 0.8 ms (1.5T)

RF Pulseb 1 lobed Windowed Sinc (3T), 3 lobed Windowed Sinc (1.5T)

RF Durationc 0.65-0.69 ms (3T), 1.15 – 1.25 ms (1.5T)

Flip Angle 20°

RF Frequency 218 ppm, 0 ppm

Dwell Time 39 µs

Bandwidth 25.6kHz

Number of Samples 256

Readout Duration 10 ms

Number of FIDs 500 (dis), 20 (gas)

Gradient Spoiling 15 mT/m-ms (each axis)

Duration 8.4 s

Table 2. Recommended parameters for 129Xe flip angle, timing, and center frequency 

calibration. Notes: aTE is measured from the center of the RF pulse to the first point of the FID. 
bThe RF pulse should be the same as used for 1-point Dixon imaging (See Section 3.6). cThe 

duration of the RF pulse should be separately optimized to minimize gas-phase excitation (See 

Supporting Information S1.4). 
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Parameter Parameter Value

Sequence Type SPGR (GE), T1-FFE (Philips), FLASH (Siemens)

TR <10 ms

TE < 5 ms

Flip Anglea 8-12°

Slice Thickness 15 mm

Slice Gap 0 mm, 0% (Siemens)

Slice Orientation Coronal

Slice Order Sequential – Anterior to Posterior

Phase-encoding 
Order

Sequential – Left to Right

Phase 
Undersampling

Not more than 7/8 partial Fourier

Asymmetric Echo Allowed (62.5% by default)

Number of Slices Full lung coverage (≥12)
FOV Full lung coverage

Voxel Sizeb 4 x 4 x 15 mm3

Rx Bandwidth 7.5-10 kHz (GE), Fat/Water Shift 0.35-0.45 pixels (Philips), 150-200 
Hz/pixel (Siemens)

Scan Duration 8-12 s

Table 3. Recommended imaging parameters for ventilation imaging. Where appropriate, 

vendor-specific parameters have been provided. Notes: aImage SNR is optimized by setting the 

flip angle ( ) such that the signal intensity of the center line of k-space is at a maximum: 𝛼 𝛼 =

, where  is the total number of phase encoding steps. bSlice thickness can be reduced tan ―1 2𝑁 𝑁
from 15 mm as needed to ensure that full lung coverage and the desired number of imaging slices 

are achieved, at sufficiently high SNR.
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Parameter Parameter Value

Sequence Type SS-FSE (GE), SSH-TSE (Philips), HASTE (Siemens)

TR Infinite (≤1 s between excitations)

TE < 50 ms

Echo Spacing 3-5 ms

Slice Thickness 15 mm

Slice Gap 0 mm, 0% (Siemens)

Slice Orientation Coronal

Slice Order Sequential – Anterior to Posterior

Number of Slices Full lung coverage

FOV Full lung coverage

Phase 
Oversampling

Adequate to suppress aliasing from arms

Phase 
Undersampling

4/8 partial Fourier 

Voxel Sizea 4 x 4 x 15 mm3

Rx Bandwidth 65-87 kHz (GE), Fat/Water Shift 1.6-2.0 pixels (Philips), 700-900 
Hz/pixel (Siemens)

Scan Duration ≤ 16 s

Table 4. Recommended imaging parameters for anatomical scanning. Where appropriate, 

vendor-specific parameters are provided. Notes: aVoxel size for the anatomical scan should match 

the ventilation scan as closely as possible. Similarly, the geometry prescription should be copied 

from the ventilation scan to ensure that the slices for the two scans are in the same location. In 

some cases, vendor specific limitations may prevent imaging 1H with the coarse resolution 

specified here. In this case, the voxel size should be set to 2 x 2 x 15 mm3 or some other suitable 

fractional resolution of the 129Xe scan.
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Parameter Parameter Value

ADC imaging (2D) Diffusion morphometry (3D)

Sequence Type SPGR (GE), T1-FFE (Philips), FLASH (Siemens)

TR <20 ms

TE <15 ms

Flip Angle 3-5°

Slice Thickness 30 mm 15 mm

Slice Gap 0 mm, 0% (Siemens)

Slice Orientation Coronal

Slice Order Sequential – Anterior to Posterior

Phase-encoding Order Center-out

Number of Slices Full lung coverage (≤9) Full lung coverage (≤18)
FOV Full lung coverage (~40 cm)

b-values 0, 12 s/cm2 0, 12, 20, 30 s/cm2

Diffusion Time (Δ) 8.5 ms

Gradient flat time 2.3 ms

Gradient separation time 5.6 ms

Gradient ramp time 0.3 ms

Voxel Size 6 x 6 x 30 mm3 6 x 6 x 15 mm3

Rx Bandwidth 10 - 20 kHz (GE), Fat/Water Shift: 0.35-0.7 pixels (Philips), 
150-300 Hz/pixel (Siemens)

Acceleration Fully sampled CS 4x undersampling

Scan Duration ≤ 16 s

Table 5. Recommended parameters for diffusion weighted imaging. Vendor specific 

parameters are supplied where appropriate. 
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Parameter Parameter Value

Sequence Type 3D Radial

Base Resolution 64 x 64 x 64

FOV 400 x 400 x 400 mm3

Points per Radial 
Arm

64

Bandwidth 25 kHz (GE), Fat/Water Shift: 1.78 pixels (Philips), 781 Hz/Pixel 
(Siemens)

Read-out Duration 0.64 ms

Radial projections 1000/1000 (gas/dissolved)

TRa 15 ms

TEb TE90

Flip Angle 0.5°/20° (gas/dissolved)

RF Pulse 1 lobed Windowed Sinc (3T), 3 lobed Windowed Sinc (1.5T)

RF Durationc 0.65-0.69 ms (3T), 1.15 – 1.25 ms (1.5T)

RF Frequency 0 ppm/218 ppm (gas/dissolved)

Gradient Ramp 100 µs (Data sampled during ramp)
 Projection 
Ordering

Halton-Randomized Archimedean Spiral

Gradient Spoiling Minimum 19 mT/m-ms on x-axis

Scan Duration 16 s

Table 6. Recommended parameters for gas exchange imaging using the 1-point Dixon 

technique. Vendor-specific parameters are provided where appropriate. Notes: aTR is given as 

the time between subsequent projections acquired at the same frequency (i.e. gas-to-gas or 

dissolved-to-dissolved). Acquisition is interleaved such that the time between excitations is 7.5 

ms. bAt 3T (1.5T), TE90 should be in the range 0.45-0.50 (0.8-1.1) ms. Should the calibration be 

unavailable or return a value outside of that range, a TE of 0.47 (1.0) ms can be used. cThis pulse 

length should be the same as used in the calibration sequence and should be calibrated to 

minimize off-resonance gas phase excitation (Supporting Information S1.4).
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Parameter Parameter Value

Sequence Type 3D Radial

Base Resolution 64 x 64 x 64

FOV 400 x 400 x 400mm3

Points per Radial 
Arm

64

Bandwidth 25 kHz (GE), Fat/Water Shift: 1.78 pixels (Philips), 781 Hz/Pixel 
(Siemens)

Read-out Duration 1.28 ms

Radial projections 4600

TR Minimum (Target ~2.5 ms)

TE Minimum (Target ~0.3 ms)

Flip Angle 5°

RF Pulse Hard Pulse

RF Duration 0.5 ms

Gradient Ramp 100 µs (Data sampled during ramp)
 Projection 
Ordering

Halton-Randomized Archimedean Spiral

Gradient Spoiling Minimum of 10 mT/m-ms on x-axis

Scan Duration 12 s

Table 7. Recommended imaging parameters for the 1H anatomical scan to be acquired 

immediately following the 129Xe gas exchange image.  
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Figure 1. Constituent pieces of a hyperpolarized 129Xe imaging dose. Xenon gas naturally contains 26% 
129Xe, but this can be enriched to >80%. This 129Xe is highly polarized and is the portion of the dose that is 

used for imaging. The remainder of the dose includes other, non-polarized isotopes of xenon and N2, used to 

balance the dose to the desire volume.   
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Figure 2. Information obtained from the dedicated calibration scan using parameters specified in Table 2. A 

The gas-phase spectrum provides the center frequency for gaseous 129Xe in the lungs.  B The dissolved 

spectrum can be fit to provide the amplitude and phase of the RBC and tissue/plasma peaks. From these, 

the expected RBC/TP ratio and required TE90 can be calculated. C The decay of gas signal intensity can be 

fit to equation 1 to obtain the applied RF flip angle, and the ratio between prescribed and applied flip angle 

used to calibrate the system. D In addition to the calibration information, dissolved spectra can be examined 

to assess global pulmonary hemodynamics. For clarity, dissolved spectra are smoothed using a sliding 

window filter and only every 5th spectrum is shown. The dose equivalent delivered to the subject was 39 mL 

(0.5 L of natural abundance 129Xe polarized to 30%). Data shown in A and B were fit in the time domain 

using open source spectroscopy fitting tools in Matlab 2020a (Mathworks, Natick, MA) assuming a Voigt 

lineshape (93). 
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Figure 3. Hyperpolarized 129Xe ventilation images acquired in two healthy volunteers using the parameters 

specified in Table 3. A The dose equivalent volume delivered to the subject was 55 mL (0.6 L of natural 

abundance 129Xe polarized to 35%) and the SNR is 22. B The dose equivalent volume delivered to the 

subject was 100 mL (0.38 L of enriched 129Xe polarized to 33%) and the SNR is 39. 
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Figure 4. 1H anatomic images acquired in a healthy volunteer using the parameters specified in Table 5. 
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Figure 5. Hyperpolarized 129Xe alveolar-airspace size imaging in a healthy volunteer using the diffusion 

morphometry parameters specified in Table 5. (a) Images with no diffusion weighting (b = 0 s/cm2, SNR = 

40). (b) Apparent Diffusion Coefficient (ADC) for alveolar-airspace size, based on the b=12 s/cm2 diffusion-

weighted images (Mean ± SD = 0.032 ± 0.009 cm2/s). (c) Mean diffusive length scale (LmD) from the 

stretched exponential model for measurement of mean acinar dimension calculated from four b-values 

(Mean ± SD = 271 ± 61 µm). The dose equivalent delivered to the subject was 165 mL (0.55 L of enriched 
129Xe polarized to 30%). 
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Figure 6. A Conceptual sequence diagram for gas exchange imaging using a radial 1-Point Dixon technique. 

Radial acquisitions are alternated between the gas and dissolved frequencies, with a 0.5° flip angle used for 

gas excitation, and a 20° flip angle used for dissolved excitation. B Representative gas and dissolved images 

acquired using the recommended protocol described in Table 6. The dissolved image can subsequently be 

separated into its constituent RBC and tissue/plasma images. 
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S1 SUPPORTING INFORMATION

S1.1 Quality Control and Calibration using a Boltzmann-Polarized Phantom

Prior to imaging hyperpolarized 129Xe, it is useful to image a thermally polarized phantom to 

ensure that the multi-nuclear functions of the scanner are operational and that the imaging coil 

and its connections are functional. Often, a pressurized phantom is created in-house and used to 

ensure intra-site scan-to-scan consistency (1). More recently, Bier et al. developed a phantom 

that contains a large amount of xenon gas (41 L of natural abundance xenon at standard 

temperature and pressure) at high pressure (11.6 bar), making it suitable for both spectroscopic- 

and imaging-based quality control (2). This phantom has a T1 of 580 ms, and a single-shot NMR 

spectrum of the phantom using a 90° pulse yields an SNR of ~15. This phantom is currently the 

only commercially available xenon phantom for MRI applications. Homebuilt or future alternative 

commercial phantoms may be similarly useful for multi-site quality control. We recommend 

acquiring a suitable phantom that can be used for quality control and to better compare results 

across institutions. 

The standard pre-scan calibration that should be performed prior to every hyperpolarized 129Xe 

imaging study should include a basic spectroscopy experiment and, if the phantom in use allows, 

a short imaging scan. Images can then be stored to monitor scanner performance over time. For 

spectroscopy, nearly any basic FID sequence will be adequate to ensure signal is present and to 

ascertain the center frequency. Optionally, the flip angle could be calibrated using a series of RF 

pulses with increasing power or duration. Once center frequency and flip angle are established, 

the phantom can be imaged using a 2D spoiled GRE with relatively coarse resolution. Suggested 

standardized parameters are shown in Table S1. For these suggested parameters, a 2D 

projection image with SNR >10 can be acquired in about 3 minutes.

Parameter Parameter Value

Sequence Type SPGR (GE), T1-FFE (Philips), FLASH (Siemens)

TR 750 ms

TE 6.13 ms (or shortest possible)

Flip Angle Ernst Angle: 74° (3T), 76° (1.5T)  

Matrix 64 x 32

FOV 440 x 440 mm2

Readout 
Undersampling

Asymmetric Readout (42/64 coverage)

Slice Orientation Coronal

Phase-encoding 
Order

Sequential - Left to Right

Rx Bandwidth 4 kHz (GE), Fat/Water Shift 29.4 pixels (Philips), 60 Hz/pixel 
(Siemens)

Averages 8

Scan Duration 3.2 minutes

Table S1. Suggested imaging parameters for quality control imaging of a standardized xenon 

phantom.
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S1.2 Instrumentation and Technical Considerations

While the current position paper is primarily concerned with imaging methodology, it is necessary 

to provide some background on the technical requirements of hyperpolarized 129Xe MRI. 

Specifically, four main pieces of instrumentation are required for HP 129Xe MRI: Polarizer, 

Polarimeter, Multi-nuclear MRI scanner, and RF coil. Currently, there are commercial suppliers of 

xenon hyperpolarization systems that produce instruments that are easily used and provide high 
129Xe polarization in a clinically useful timeframe. Beyond these commercial options, a number of 

groups have published designs for home-built polarizer systems, many of which provide excellent 

performance for human imaging (1,3-8). 

A polarimeter is also needed to measure the xenon polarization of doses prior to delivery to 

subjects. The polarimeter should utilize a strong enough magnetic field (≥2 mT) that xenon doses 

can be stored without excessive T1 relaxation prior to delivery to the subject. Polarimeters for 

hyperpolarized 129Xe are commercially available or can be built in-house.

In addition to a hyperpolarization system, an MRI scanner with multi-nuclear capability is needed 

for imaging. While most clinical MRI scanners are not natively equipped with multi-nuclear 

imaging, such packages can be added to most high-end models. Many research-dedicated 

scanners have this functionality. Currently, most new multi-nuclear MRI scanners in production 

have a magnetic field strength of 3T, though there are a number of sites with 1.5T multi-nuclear 

scanners in use for HP 129Xe MRI. Imaging at 1.5T provides better magnetic field homogeneity 

and longer T2* relaxation times, while imaging at 3T is more broadly available and provides higher 

image SNR (9,10). The imaging protocol recommendations provided in this position paper are 

equally applicable at both of these standard magnetic field strengths. Note that for gas exchange 

imaging, some parameters required different settings at the two field strengths. In this case, 

parameters for both 1.5T and 3T are included in the recommendations. 

Finally, a dedicated RF coil is needed for excitation and acquisition of the hyperpolarized 129Xe 

signal. As with polarizer systems, there are a number of commercial and homebuilt options, 

including saddle coils (11), birdcage coils (12-14), flexible vest transmit-receive coils (2), and 

transmit only coils with multiple receiver arrays. Any of these imaging coils can produce quality 

images when imaging following the below recommendations. Of note, flexible vest coils were 

used in the recent phase III clinical trials and are the only coils that will be FDA approved initially.

S1.3 Subject Positioning and Physiological Monitoring

Subjects should be placed in the MRI scanner with their lungs as close to magnet isocenter as 

possible. Position should be verified using standard 1H localization imaging sequences. It is 

helpful to place a mark on the xenon imaging coil and use this as a landmark in order to 

consistently place subjects in the correct position. Xenon imaging coils should be centered on the 

lungs in order to avoid signal reductions at the apex or base of the lungs. For small subjects (e.g. 

pediatrics, petite adults), it is often comfortable for a subject to have their arms at their sides 

during imaging. For particularly small subjects imaged using a flexible vest coil, it may be 

beneficial to use an additional coil insert to maintain coil shape. For larger subjects, it is often 

preferable to have the subject rest their arms above their heads; for these subjects, having their 

arms by their sides can either deform a flexible chest coil (such as is used at many HP 129Xe MRI 

sites) which can impact xenon image quality, or lead to signal wrap in anatomic images.
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Because the hyperpolarized xenon imaging process involves a breath hold of an anoxic xenon 

mixture, care should be taken to ensure subject safety. At the proposed concentrations xenon is 

known to have mild paresthetic effects, though these are transient for the volumes and breath 

hold durations used for imaging (15-17). There are currently many methods in use for physiologic 

monitoring of imaging subjects. At a minimum, we recommend that subjects’ oxygen saturation 

(SPO2) and heart rate be monitored before, during, and after xenon breath-hold using an MR safe 

pulse oximeter. A slight transient decrease (<10%) in SPO2 or a slight increase in heart rate (<20 

beats per min) are common side effects immediately following a xenon breath-hold. Additional 

symptoms may include mild euphoria or tingling of extremities. Additional xenon doses should not 

be administered before returning to stable baseline (SPO2 within 5% of its baseline value) and all 

xenon-related side effects have subsided. In addition to SPO2 and heart rate monitoring, subjects 

should be asked to give a subjective assessment of their condition. Supplemental oxygen should 

be available to provide to subjects as needed to maintain O2 saturation. If supplemental oxygen 

is already provided, its use can be discontinued for the preparatory breaths prior to the next xenon 

inhalation (see Supporting Information S1.4) to avoid gas depolarization effects.

S1.4 Optimization of RF Pulse to Minimize Gas Phase Excitation

For dissolved phase imaging, a large concern is minimizing off-resonance gas phase excitation 

that can contaminate images of the dissolved-phase compartments. Minimizing gas-phase 

excitation can be challenging, due to the relative size of the gaseous magnetization pool (~100-

fold stronger signal than dissolved phase) and the short T2* of dissolved phase 129Xe, which limits 

the pulse duration. Currently, our recommendation is to perform 1-point Dixon imaging using a 

windowed 1(3)-lobe sinc pulse at 3T(1.5T), which provides generally good frequency selective 

excitation of the dissolved peaks. Scanner specific RF amplifier imperfections, however, will 

contribute to unwanted gas-phase excitation. As such, the off-resonance excitation of gaseous 

xenon should be calibrated prior to imaging studies. This calibration can be performed once and 

used for all imaging unless substantial changes are made to the RF chain (swap RF amplifier, 

use a different coil), at which point the calibration should be repeated.

To perform this calibration, the transmitter and receiver frequency should be set to 218 ppm above 

the gas phase frequency. Using a spectroscopy sequence with a high receiver bandwidth (>20 

MHz), a series of spectra should be acquired from a bag of hyperpolarized xenon using pulse 

durations between 0.60 and 0.75 ms (3T) or 1.1 and 1.3 ms (1.5T). For each of these spectra, 

the gas-phase signal intensity should be analyzed, and the pulse length for all subsequent 

calibration and gas exchange imaging should be set to the pulse length for which gas-phase 

contamination was minimized. For further details into this calibration, see the description provided 

by Wang et al. (10).

S1.5 Coaching for Xenon Inhalation

To ensure that all subjects inhale the dose of hyperpolarized xenon from a similar lung inflation 

that is close to FRC, they should be coached to inhale and exhale normally (at tidal volume (TV)) 

prior to inhalation of HP xenon. A variety of coaching methods are currently in use for the breath-

hold procedure and a consensus statement will likely be the subject of a future consortium paper. 

One simple coaching method in use at several HP 129Xe MRI sites is as follows:

 Take a regular breath in.

 Breathe it out.

Page 50 of 52

Magnetic Resonance in Medicine

Magnetic Resonance in Medicine

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For Peer Review

 Take a regular breath in.

 Breathe it out. (*Hold dose bag where subject can inhale from it*)

 Breathe in. Breathe in. Breathe in. Hold your breath. Go!

We highly recommend practicing the breathing maneuver outside of the magnet prior to scanning 

using a bag of air with its volume matched to the xenon dose. Many sites find it useful to use nose 

clips to ensure that subjects do not inhale or prematurely exhale through their nose. It is also 

essential for the person delivering the gas to watch the subject’s chest to confirm that their 

breathing is in sync with the instructions.

Following the imaging breath-hold, it can be helpful to coach subjects to take several deep breaths 

in and out. This can facilitate the removal of xenon from their lungs and the rapid resolution of 

transient declines in oxygen saturation or other small side effects.
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