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Abstract

Background—Hyperpolarized 129Xe is a promising contrast agent for MRI of pediatric lung 

function but its safety and tolerability in children have not been rigorously assessed.

Objective—To assess the feasibility, safety and tolerability of hyperpolarized 129Xe gas as an 

inhaled contrast agent for pediatric pulmonary MRI in healthy control subjects and in children 

with cystic fibrosis.

Materials and methods—Seventeen healthy control subjects (ages 6–15 years, 11 boys) and 11 

children with cystic fibrosis (ages 8–16 years, 4 boys) underwent 129Xe MRI, receiving up to three 

doses of 129Xe gas prepared by either a commercially available or a homebuilt 129Xe polarizer. 

Subject heart rate and SpO2 were monitored for 2 minutes post inhalation and compared to resting 

baseline values. Adverse events were reported via follow-up phone call at days 1 and 30 (range ±7 

days) post-MRI.

Results—All children tolerated multiple doses of 129Xe, and no children withdrew from the 

study. Relative to baseline, most children who received a full dose of gas for imaging (10 of 12 

controls and 8 of 11 children with cystic fibrosis) experienced a nadir in SpO2 (mean −6.0 ± 

standard deviation 7.2%, P≤0.001); however within 2 minutes post inhalation SpO2 values showed 

no significant difference to baseline (P=0.11). There was a slight elevation in heart rate (mean +6.6 

± 13.9 beats per minute [bpm], P=0.021), which returned to baseline within 2 minutes post 

inhalation (P=0.35). Brief side effects related to the anesthetic properties of xenon were mild and 

quickly resolved without intervention. No serious or severe adverse events were observed; in total, 
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four minor adverse events (14.3%) were reported following 129Xe MRI, but all were deemed 

unrelated to the study.

Conclusion—The feasibility, safety and tolerability of 129Xe MRI has been assessed in a small 

group of children as young as 6 years. SpO2 changes were consistent with the expected 

physiological effects of a short anoxic breath-hold, and other mild side effects were consistent 

with the known anesthetic properties of xenon and with previous safety assessments of 129Xe MRI 

in adults. Hyperpolarized 129Xe is a safe and well-tolerated inhaled contrast agent for pulmonary 

MR imaging in healthy children and in children with cystic fibrosis who have mild to moderate 

lung disease.
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Introduction

Driven by improved solid-state laser technology in the mid-1990s, it became possible to 

generate highly non-equilibrium total nuclear magnetic moment in the noble gas 

isotopes 3He and 129Xe. These hyperpolarized gases displayed approximately 10,000-fold 

enhanced MRI signal intensities, making it possible to generate MR images in seconds. As a 

result, hyperpolarized noble gases quickly emerged as promising inhaled contrast agents for 

pulmonary MRI [1–3], and since then the utility of hyperpolarized-gas MRI to visualize and 

quantify regional ventilation [4, 5] and assess alveolar airspace microstructural dimensions 

[6–9] has been demonstrated both in healthy volunteers and in subjects with a range of 

pulmonary diseases, including chronic obstructive pulmonary disease (COPD) [10, 11], 

cystic fibrosis (CF) [12, 13] and asthma [14–16]. It is important to note that unlike chest 

radiographs, scintigraphic ventilation/perfusion scanning and CT, hyperpolarized-gas MRI 

involves no ionizing radiation, and in stark contrast to lung biopsy (currently the gold 

standard for assessing alveolar structure), hyperpolarized-gas MRI is noninvasive, making 

the modality attractive for longitudinally assessing lung pathology. Reviews of 

hyperpolarized gas preparation [17, 18] and the translational applications in MRI are 

available elsewhere [19–22].

Hyperpolarized 3He has historically been the preferred hyperpolarized-gas MRI contrast 

agent for pediatric pulmonary imaging [23–26], and indeed 3He MRI has an established 

safety record for assessing pulmonary function in pediatric lung diseases, including CF [27–

31] and asthma [32, 33], and quantifying normal alveolar growth during childhood and 

adolescence [34, 35]. Driven by the increasing scarcity and cost of 3He [36] and substantial 

improvements in 129Xe polarization technology, there has been a renewed interest in 129Xe 

MRI [37–41]. A growing number of studies have demonstrated that hyperpolarized 129Xe 

can provide regional measures of pulmonary ventilation (an assessment of lung function) 

and alveolar airspace microstructure (via 129Xe diffusion imaging) comparable to those 

obtained from 3He, providing a sustainable path for clinical translation of 129Xe MRI [10, 

42, 43]. Furthermore, xenon is moderately soluble in pulmonary tissues (Ostwald solubility 

~10% [44]) and exhibits a large (>200 parts per million [ppm]) chemical shift range in the 

lungs, thus allowing hyperpolarized 129Xe to serve as a regional probe of gas-exchange 
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dynamics [45–49]. However, its tissue solubility also makes the safety and tolerability 

of 129Xe a greater concern than 3He. Specifically, dissolved xenon can give rise to 

neurological effects that include anesthesia at sustained, elevated alveolar concentrations 

(alveolar concentration >63% [50]) and milder effects including euphoria and dizziness at 

lower alveolar concentrations [51].

Although reports demonstrate that hyperpolarized 129Xe is a safe contrast agent for 

pulmonary imaging in adults [52, 53], the safety and feasibility of 129Xe MRI in children 

has not been assessed. However there are reports of sub-anesthetic doses of xenon gas being 

safely administered to children undergoing xenon-enhanced CT [54, 55]. The most relevant 

work documenting the safety of xenon gas in children is that of Goo et al. [56], who 

performed Xe-enhanced CT in 17 pediatric patients (age range 7–18 years) with 

bronchiolitis obliterans. Subjects inhaled multiple breaths of 30% xenon to establish a 

steady-state exhaled Xe concentration of 25–30% (wash-in times ranged 36–90 s) before a 

breath-hold and CT acquisition (approximately 10 s), and the authors observed no 

significant changes in subject heart rate, SpO2 or blood pressure. Transient, minor side 

effects related to the anesthetic properties of xenon, including peripheral numbness and 

dizziness, were reported in most subjects (70.6%); however these effects were deemed mild 

and resolved within a few minutes and without intervention [56].

This study assesses the safety of hyperpolarized 129Xe MRI in a small group of children. For 

this initial assessment, we performed 129Xe MRI in a cohort children with cystic fibrosis 

(n=11) and in healthy age-matched children (n=17) ranging 6–16 years old. In doing so, we 

investigated the safety and tolerability of xenon gas in children and also demonstrated the 

feasibility of 129Xe MRI techniques in relatively young children with mild to moderate lung 

disease.

Materials and methods

Research subjects

Following U.S. Food and Drug Administration investigational new drug (IND 123,577) and 

institutional review board approvals, we enrolled 28 children (age range 6–16 years) in the 

study. Inclusion criteria included the ability to perform a 16-s breath-hold and, for the 

children with cystic fibrosis, a clinical diagnosis of CF based on standard guidelines [57]. 

Exclusion criteria included a history of poorly controlled asthma, history of heart defect, use 

of an asthma rescue inhaler ≥2 times in the last month, symptoms of respiratory or sinus 

infection 1 week prior to imaging, baseline pulse oximetry <95% at the time of MRI, 

pregnancy or positive pregnancy test, and standard MRI exclusions. We obtained written 

parental consent and age-appropriate subject assent for all subjects. Table 1 details 

demographics and clinical information for our subjects. We enrolled 17 healthy control 

subjects (11 boys, 6 girls, age range 6–16 years) and 11 children with diagnosed CF [58] (4 

boys, 7 girls, age range 8–16 years). CF patient genotypes and CF-related pathogens are also 

provided in Table 1. In children for whom recent (within 6 months) clinical pulmonary 

function tests were not available, spirometry was performed immediately prior to MR 

imaging using a Koko portable handheld spirometer (nSpire Health, Longmont, CO) 

according to American Thoracic Society (ATS) guidelines [57].
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Hyperpolarized 129Xe gas preparation

Hyperpolarized 129Xe gas was prepared using either a commercially available polarizer 

(Model 9800; Polarean, Durham, NC) or our center’s homebuilt polarizer [59, 60]. 129Xe 

was dispensed into a Tedlar delivery bag (600 ml or 1,000 ml, the latter if the dose was >600 

ml; Jensen Inert Products, Coral Springs, FL) through 3/8″ tubing (Tygon; Saint-Gobain, 

Akron, OH). A mouthpiece (part number DK100191; Epsilon Medical Devices, Penang, 

Malaysia) or a custom mouthpiece designed by Teleflex (Morrisville, NC) was fitted to the 

tubing before delivery to the child. All experiments used isotopically enriched xenon gas 

(86% 129Xe), and 129Xe polarizations ranged 10–30% at the time of imaging. Xenon 

polarization was measured using a polarization measurement station (Model 2881; Polarean, 

Durham, NC) before gas administration.

MR imaging protocol

Children were imaged with a Philips 3-T Achieva MRI scanner using one of two 

homebuilt 129Xe dual-looped saddle coils designed to fit either small or large subjects [61]. 

At the time of imaging, a visual assessment was made to determine which coil best matched 

a child’s thoracic volume. After 3-plane 1H localization scans, children received a bag of air 

with a volume approximately equal to one-sixth total lung capacity (TLC) to practice the 

inhalation and breath-hold maneuver (~16 s) during a conventional 1H MRI gradient-echo 

scan. For each 129Xe dose (calibration and imaging), the child was coached by a team 

member to exhale to functional residual capacity (FRC) before inhaling the 129Xe gas 

mixture.

To set the scanner flip angle, α, a 129Xe calibration dose consisting of ~250 ml of xenon and 

~250 ml of N2 (99.9999%, Praxair) was administered using the same breath-hold maneuver 

as described to determine the in vivo flip angle. Calibration was performed for each child 

individually by fitting the signal decay from 64 constant flip-angle whole-lung excitations 

(total duration ~2 s) to Sn=S0cosn−1(α), where Sn is the signal magnitude of the nth 

excitation.

Hyperpolarized 129Xe ventilation images were acquired with linear phase encoding and a 

flip angle optimized for maximum signal at k-zero [62]. Additional imaging parameters 

included flip angle of 9–12°, repetition time/echo time [TR/TE] 8/4 ms, matrix size 52–96 × 

96–144, voxel size 3 × 3 × 15 mm3, 9–14 slices, with a total scan time of less than 16 s. For 

eight children, 129Xe diffusion images were acquired using multiple b values (b = 6.25, 12.5, 

18.75, 25 s/cm2) bi-polar diffusion-sensitizing gradient-echo sequence [63] (flip angle 5–

10°, diffusion time [Δ] 3.5 ms, lobe duration [δ] 3.1 ms, TR/TE 15/10 ms, matrix size 25–96 

× 48–96, voxel size 3–7 × 3–7 × 15–30 mm3, 4–10 slices), using a maximum scan duration 

of 16 s. 129Xe apparent diffusion coefficient (ADC) maps were generated from the diffusion 

images using code written in MATLAB (MathWorks, Natick, MA) and the R language. 

Hyperpolarized 129Xe chemical shift saturation recovery (CSSR) MR spectroscopy [48, 49] 

was performed using a variable delay time ranging from 3.5 ms to 900 ms and a 2-ms 

Gaussian radiofrequency excitation pulse to generate a free induction decay, which was 

repeated 32 times during a single breath-hold. The resulting 129Xe spectra were processed 

using code written in MATLAB.
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Safety monitoring and xenon dosing

Hyperpolarized 129Xe gas was administered in the presence of a registered nurse or 

physician. The subject heart rate (beats per minute, or bpm) and blood oxygenation (SpO2) 

were monitored via an MR-compatible pulse oximeter (model 865353 MRI Patient Monitor; 

InVivo, Orlando, FL). Subject resting baseline heart rate and SpO2 were recorded prior to 

inhaling 129Xe, and heart rate and SpO2 were monitored for 2 min post-inhalation for every 

dose of 129Xe gas. We recorded nadir SpO2 (i.e. the lowest blood oxygenation post 

inhalation), subject heart rate at the time of the SpO2 nadir, and the duration of the SpO2 

nadir. Immediately following each dose, the gas administrator performed a brief assessment 

to evaluate the central nervous system effects of hyperpolarized 129Xe. In this assessment, 

the child was asked to describe any sensations such as dizziness, light-headedness, 

numbness or euphoria. Prior to additional doses of 129Xe gas, the child breathed room air for 

at least 2 min. We administered a maximum of three 129Xe doses per child, including the 

calibration dose. Adverse events were assessed at the time of imaging and during two 

follow-up phone calls at day 1 and day 30 (range ±7 days) post imaging.

As an initial test of tolerability and feasibility, the first five healthy volunteers (subjects 

HV-1 through HV-5) were imaged with a half-dose of gas (approximately equal to one-

twelfth of their predicted TLC volume as calculated from the ATS plethysmography-based 

guidelines for pediatrics [64, 65]). Briefly, TLC is given by the equations TLC (L) = 9.96 × 

h2.5698 × 10−6 for boys and TLC (L) = 9.17 × h2.5755 × 10−6 for girls, where h is the 

subject’s height in centimeters. Predicted TLC values were used (as opposed to performing 

plethysmography in each individual subject), because plethysmography overestimates 

functional volumes in cases of significant airway obstruction and air trapping [66] — a 

specific concern for children with cystic fibrosis. The remaining healthy volunteers (HV-6 

through HV-17) and all children with CF received a full imaging dose of up to one-sixth of 

the predicted TLC, with a maximum dose of 1 liter. In subsequent text, these larger-volume 

doses are referred to as full doses to distinguish them from the initial one-twelfth TLC doses 

(half-doses) and the calibration doses.

Statistical analysis

Nadir SpO2 and heart rate at the time of SpO2 nadir were compared to resting baseline 

values to determine changes post inhalation of xenon gas. Baseline SpO2 and heart rate were 

also compared to SpO2 and heart rate at 2-min post inhalation. For these comparisons, two-

sided paired t-tests with unequal variance were used to determine statistically significant (P-

value≤0.05) changes in heart rate and SpO2. For the purposes of comparing children with CF 

and healthy controls, we performed Welch two-sample t-tests with 95% confidence interval. 

We used Bland–Altman analysis to evaluate the difference between the SpO2 nadirs for the 

calibration and imaging doses.

Results

Tolerability and physiological monitoring

The first five healthy children received and tolerated a half-dose of gas, or 1/12 of the 

predicted TLC (HV-1 through HV-5), and no child withdrew from the study. Table 2 
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summarizes the changes in SpO2 and heart rate for these children during the 129Xe gas 

administration (subject HV-1 was excluded from the analysis because nadir SpO2 and heart 

rate at the SpO2 nadir were not captured). The SpO2 nadir post inhalation was −2.5 ± 2.4% 

(mean ± standard deviation) for the calibration dose and −4.3 ± 4.6% for the imaging dose; 

however this drop was not significantly different from the resting baseline value (P=0.13 and 

P=0.16 for the calibration and imaging doses, respectively). For the calibration dose, there 

was no significant difference in SpO2 at 2 minutes post inhalation relative to baseline 

(P=0.22). For the imaging dose (a half-dose), subject SpO2 at 2 minutes post inhalation was 

lower compared to baseline (97.4±1.3%, P=0.034); however the change (a reduction of 1% 

below baseline) was not physiologically significant. Table 2 also summarizes changes in 

heart rate for these five children throughout the 129Xe imaging; there were no significant 

changes in heart rate for any time-point comparison for either the calibration or imaging 

doses, with P-values ≥ 0.22.

After reviewing the safety data and adverse events for the initial five healthy volunteers, full 

imaging doses of gas were administered to the remaining controls (HV-6 through HV-17) 

and all children with CF. Again, no children withdrew from this stage of the study and no 

medical intervention was required at any time for any child. Table 3 summarizes the changes 

in SpO2 during the gas administration. Relative to baseline, the average change in SpO2 was 

−2.9 ± 2.9% (P≤0.001) for the calibration doses and −6.0 ± 7.2% (P≤0.001) for the imaging 

doses. Although there were no significant differences in SpO2 at 2 minutes post inhalation 

relative to baseline, a slight trend toward increased values was observed (calibration dose at 

P=0.069 and imaging dose at P=0.11). Additionally, of the 50 total doses administered to 

these 23 children, either no change or an increase in SpO2 was reported for six doses, likely 

representing normal physiological variability in SpO2.

Figure 1 is a Bland–Altman plot comparing the magnitudes of the SpO2 nadirs for the 

calibration and imaging doses for all three groups of subjects (i.e. controls with half-dosing, 

controls with full-dosing, and children with CF). For all doses of gas for all children, the 

mean difference in the SpO2 nadirs between the imaging and calibration doses was −2.7 

± 7.7%, meaning that the SpO2 nadir for the imaging dose was slightly larger. For subject 

CF-7, the SpO2 nadir for the calibration dose was only −1%; however the nadir SpO2 for the 

imaging dose was −29% (nadir of 67%, with a baseline of 96%). This nadir spontaneously 

resolved, and the SpO2 quickly recovered without intervention (97% at 2 minutes post 

inhalation).

Table 4 shows the heart rate changes at the same four time-points for these children. There 

were no significant changes in subject heart rate throughout the calibration dose (P-values ≥ 

0.46). For the imaging dose, there was a significant elevation in heart rate (captured at the 

time of the SpO2 nadir) to 83.5±16.6 bpm (P=0.021 relative to a baseline value of 76.9±13.1 

bpm), which returned to resting baseline by 2 minutes post inhalation (P=0.35).

Control- versus CF-group comparisons

For the purposes of comparing changes in vital signs between children with CF and healthy 

controls, only the children who received full doses of gas were considered (n=23, subjects 

HV-6 through HV-17 and all children with CF). There were no significant differences in age 
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(P=0.36), weight (P=0.74), height (P=0.40) or forced expiratory volume in 1 second (FEV1) 

predicted (P=0.44) between these controls and the children with CF. The SpO2 nadir was not 

significantly different between controls and children with CF for the calibration dose (−3.0 

± 2.6%, and −2.8 ± 3.3% for the controls and children with CF, respectively; P=0.89). 

Likewise, there was no significant difference in the SpO2 nadir for the imaging doses 

between the control and CF groups (−4.6 ± 4.1% and −7.4 ± 9.4%, respectively; P=0.35).

Following inhalation of the calibration dose, all control subjects except HV-9 experienced a 

nadir in SpO2 (P≤0.01 versus baseline), but SpO2 returned to baseline within 2 minutes post 

inhalation (P=0.21 versus baseline). Similar SpO2 changes were observed in the children 

with CF (P=0.017 for the SpO2 nadir; P=0.10 at 2 minutes post inhalation). Prior to inhaling 

a full imaging dose of gas, control subjects had a baseline SpO2 of 98.5±1.2%, which was 

significantly reduced following inhalation (nadir of 93.9±4.0%, P=≤0.001). At 2 minutes 

post inhalation, SpO2 remained slightly decreased in these children (97.5±1.7%, P=0.024 

relative to baseline), but this change was not physiologically relevant. Children with CF 

experienced a similarly significant SpO2 nadir relative to baseline (97.3±1.6% at baseline, 

89.9±9.8% at the nadir, P=0.015). However, SpO2 returned to baseline values by 2 minutes 

post inhalation (97.3±1.8%, P=1.0 compared to baseline).

For the calibration doses, there was no significant change in heart rate (i.e. the difference 

between resting baseline and the heart rate recorded at the SpO2 nadir post inhalation), with 

the mean for control subjects being +0.8 ± 9.4 bpm compared to +2.4 ± 10.4 bpm for the 

children with CF (P=0.70). Likewise, for the imaging doses of gas, there was no significant 

change in mean heart rate for the children with CF (+5.5 ± 14 bpm) or the controls (+7.5 

± 14.2 bpm; P=0.72). There were also no statistically significant changes in heart rate for 

any time-point comparison for the control group (P≥0.070). However there was a trend 

toward significance for an elevation in heart rate at the time of the SpO2 nadir in children 

with CF (P≥0.18) in both imaging and calibration doses of gas.

Neurological symptoms and adverse events

None of the half-dose cohort (one-twelfth TLC) reported central nervous system effects, 

while in general all children receiving the full dose of gas (one-sixth TLC) experienced 

central nervous system effects to some degree. However all side effects were mild and 

consistent with the sub-anesthetic properties of xenon (e.g., tingling, dizziness, euphoria) at 

these relatively low alveolar xenon concentrations. Moreover, all side effects resolved 

quickly (<30 s) and spontaneously after breathing room air for 2 minutes. In total, four 

adverse events were reported, but none was serious, and all were determined to be unrelated 

to the study. At the day 1 follow-up phone call, the parent of subject HV-5 reported that the 

child ate food too quickly and vomited later in the day of the imaging procedure. However 

because of the child’s reported history of this behavior, this event was deemed unrelated to 

the study. Three of the four adverse events were reported at the day 30 follow-up phone call: 

cough (subject CF-2), influenza B (CF-1), and upper respiratory tract infection (CF-3), and 

each of the three cases reported a decrease in pulmonary function tests. Given the common 

susceptibility of children with CF to decreases in pulmonary function, these adverse events 

were also considered to be unrelated to the study.
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Pediatric 129Xe MRI feasibility

All children were able to perform the up to 16 s breath-hold maneuver required for MR 

studies. Moreover, diagnostically meaningful 129Xe MR images were successfully obtained 

from all children. Illustrative examples of the most promising of these potential 129Xe MR 

applications (i.e. spectroscopy, diffusion-weighted MRI, and ventilation imaging) are 

demonstrated in Figs. 2, 3 and 4.

Discussion

Safety and tolerability

In this study we examined the safety, tolerability and feasibility of hyperpolarized 129Xe gas 

as an inhaled contrast agent for pulmonary MR of children with and without lung disease 

(cystic fibrosis). Although most children did experience a statistically significant nadir in 

SpO2 after inhaling the 129Xe gas, it is important to note that these changes were clinically 

insignificant and fully consistent with expectations from previous hyperpolarized-gas MRI 

studies [52, 53, 67]. In general an increase in heart rate was noted at the time of the SpO2 

nadir; however this increase was only statistically significant for one comparison (i.e. the 

aggregate analysis for children receiving the full-volume imaging dose of gas, P=0.021). 

Moreover these changes in SpO2 and heart rate were small and transient and resolved 

quickly without medical intervention, within 2 minutes of normal breathing. At the 2-minute 

recovery time-point, subject SpO2 remained decreased relative to baseline for one 

comparison (controls with full imaging doses of gas, P=0.024), but this decrease was not 

clinically significant (approximately a 1% change from 98.5% at baseline to 97.5% at 2 

minutes post inhalation). For the aggregate analysis of children receiving the full imaging 

dose of gas, there was a mean increase in heart rate of 6.6 bpm after gas inhalation; while 

this increase was statistically significant, it was clinically insignificant and subject heart rate 

returned to resting baseline values within 2 minutes.

Our results were in good agreement with previous assessments of 129Xe MRI safety in 

adults [52, 53]. In a phase 1 clinical trial of 129Xe MRI conducted at Duke University 

Medical Center [52] involving 44 adults who inhaled up to five 1-liter doses of xenon gas, 

no significant changes in vital signs were observed within 10 minutes post inhalation (note, 

the presence of a nadir SpO2 was not explicitly examined in this study). No subjects 

withdrew from that study or experienced any serious or severe adverse events. Although 

most subjects experienced transient symptoms related to the known anesthetic properties of 

xenon, all symptoms resolved without clinical intervention in 1.6±0.9 min [52]. In a second 

study of 129Xe tolerability in adults, conducted at Robarts Research Institute [53], 33 adults 

were imaged with 0.5 l 129Xe gas mixed with 0.5 l 4He. All subjects tolerated these doses 

well, no subjects withdrew from the study, and no severe adverse events were observed. Two 

subjects reported mild adverse events (light-headedness), likely related to xenon 

administration, but these events resolved within 2 minutes and without intervention. Similar 

to our results, they reported statistically significant changes in SpO2 and heart rate 

immediately post inhalation. However these changes were also clinically insignificant and 

returned to resting baseline within 1 minute and without intervention [53].
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Because 129Xe MRI was performed during a short breath-hold using sub-anesthetic doses of 

Xe gas, all central nervous system effects experienced by the children in this study were 

mild and resolved spontaneously with normal breathing of room air. Note, in earlier 

assessments of hyperpolarized 129Xe safety in adults [52, 53], central nervous system effects 

were described in great detail, with subjects differentiating between nuanced sensations such 

as euphoria and light-headedness. However, we anticipated that making similar distinctions 

would be challenging for some younger pediatric subjects, thus we combined central 

nervous system effects into a single category.

The Xe dosing strategy of one-sixth of the predicted TLC dose resulted in an alveolar 

concentration ~17% for a single breath as compared to ~30% concentration sustained over 

minutes for Xe-enhanced CT [56] and ~63% to initiate anesthesia [50]. Even if the predicted 

TLC was overestimated by 30%, the alveolar concentration would only have reached 24% 

for a single breath. The SpO2 nadir was larger for the full imaging doses of 129Xe gas 

relative to the calibration doses for most children, which is likely related to the longer anoxic 

breath-hold duration (i.e. ~2 s and up to 16 s for the calibration and imaging doses, 

respectively). For all children except subject CF-7, the magnitude of the SpO2 nadirs fell 

within the 95% confidence interval, suggesting the change in SpO2 was not related to the 

volume of xenon gas inhaled but rather to the anoxic breath-hold itself (i.e. the effects of the 

Xe gas are not likely to manifest during a single 16-s breath-hold, as opposed to minutes-

long exposure at high concentrations for anesthesia). While 129Xe MRI generally was well 

tolerated by all children, one child with CF (CF-7) had an SpO2 drop from 96% to 67% 

during the imaging dose breath-hold, which quickly recovered to baseline without 

intervention (97% at 2 min post inhalation). This child did not clearly differ from other 

children in terms of age or lung function (FEV1=102%), highlighting the value of SpO2 

motoring during the anoxic xenon breath-holds.

For this initial assessment of 129Xe MRI, our cohort comprised both healthy children and 

children with CF who had mild to moderate lung disease. CF was chosen for this initial 

study (as opposed to asthma, for example) because of its known genetic etiology. While no 

significant differences in vital sign changes were observed between these groups, it is 

possible that children with other pulmonary diseases or with more severe disease may 

respond differently to the anoxic 129Xe gas inhalation. Children with more severe disease 

might also have difficulty performing the 16-s breath-hold employed for our 129Xe imaging 

studies. However the use of more efficient imaging sequences (e.g., acquisitions with spiral 

k-space trajectories [68, 69]) that enable faster imaging and reduced breath-hold durations 

and the addition of O2 to the inhaled gas mixture (via a second bag to mitigate T1 relaxation 

[45]) would mitigate the majority of these obstacles.

Compliance with the inhalation maneuvers

Compliance with breathing maneuvers can be challenging for children compared to adults. 

To address this issue, the team member responsible for 129Xe gas administration worked to 

build a good rapport with the children, which helped to avoid complications and increased 

compliance with imaging. Children performed a practice breath-hold with a bag of air 

during a conventional 1H gradient-echo sequence (with the same duration as the 129Xe scan) 
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to acclimate to the scanner environment. Practice breath-holds were repeated until a child 

could comfortably perform the maneuver before Xe was administered. Typically only one to 

two practice attempts were required to achieve full compliance during the 129Xe scans.

Feasibility of pediatric studies with hyperpolarized 129Xe

Hyperpolarized 129Xe MRI has the potential to provide unique regional insights into gas 

exchange, lung microstructure and ventilation at little or no risk to the child, even in younger 

children with significant underlying lung disease. A 129Xe magnetic resonance spectrum for 

subject HV-17 is presented in Fig. 2. Although the majority of the 129Xe MR signal 

originates from gaseous 129Xe in the alveolar spaces (by convention, reference to 0 ppm), 

two small peaks are observed near ~200 ppm, demonstrating the high sensitivity of 

the 129Xe resonance frequency to differences in chemical environment. Previously, these 

unique physical and MR properties of 129Xe (i.e. the ability to dissolve in lung tissues and 

produce resonances specific to red blood cells and barrier tissues) have been exploited to 

visualized dynamic gas uptake and regionally impaired exchange in adults [11, 45, 46, 48, 

49].

In apparent diffusion coefficient (ADC) maps obtained from diffusion-weighted 129Xe 

images (Fig. 3), the mean 129Xe ADC was 0.029±0.01 cm2/s for HV-15 and 0.031±0.02 

cm2/s for HV-3. Notably, these mean ADC values are smaller than those previously reported 

for healthy adults (~0.04 cm2/s [70]). Consistent with previous observation using 

hyperpolarized 3He, these differences likely arise from the smaller alveoli present in these 

young subjects and demonstrates the high sensitivity of 129Xe to even minute differences in 

alveolar microstructure [24].

As expected from 129Xe ventilation imaging of healthy adults [15, 71, 72], the control 

subject in Fig. 4 displayed qualitatively uniform signal intensity throughout the lungs. The 

variability that is observed, aside from gravitationally dependent gradients in ventilation, 

results from shading caused by imperfect coil uniformity. In contrast, the ventilation pattern 

of the child with CF is highly heterogeneous and contains regions of little to no 129Xe signal 

despite this child having a normal FEV1, which was higher than that of the control. These 

so-called ventilation defects are well-known features of hyperpolarized-gas lung images 

from individuals with various lung diseases and are indicative of regionally impaired 

ventilation [10, 71].

Conclusion

We report the assessment of the safety, tolerability and feasibility of 129Xe MRI in a small 

cohort of children with and without lung disease. Our data indicate that 129Xe is a safe and 

easily tolerated inhaled contrast agent for pulmonary imaging, paving the way for studies of 

other pulmonary diseases as well as larger-scale clinical trials with pediatric subjects. 129Xe 

MRI has a well-established track record in imaging adult lung disease and has repeatedly 

demonstrated its utility in quantifying regional ventilation and acinar microstructural 

parameters noninvasively and without the use of ionizing radiation. In particular, 

applying 129Xe MRI techniques to pediatric lung disease might provide a means to quantify 
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subtle longitudinal changes in gas exchange, ventilation and alveolar microstructure 

associated with pulmonary disease progression and to assess response to treatment.
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Fig. 1. 
Bland–Altman plot shows a comparison of the magnitude of the SpO2 nadirs for the 

calibration and imaging doses for all three subject groups (controls with half-doses of 

hyperpolarized gas, controls with full doses, and children with cystic fibrosis, who all 

received full doses. Across all subjects and all doses, the mean difference in SpO2 nadir for 

the imaging and calibration doses was −2.7±7.7% (solid line; magnitude is plotted). Note the 

95% confidence intervals (dashed lines). CF cystic fibrosis
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Fig. 2. 
129Xe MR spectrum from a healthy 16-year-old girl, subject HV-17. Three spectral peaks are 

observed: the bulk gas-phase peak (0 ppm) and two dissolved-phase peaks (enlarged in the 

inset). The other two peaks originate from hyperpolarized 129Xe dissolved in the red blood 

cells and the barrier tissues (blood plasma and lung parenchymal tissue) peaks at ~212 ppm 

and ~197 ppm, respectively. ppm parts per minute
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Fig. 3. 
129Xe apparent diffusion coefficient (ADC) maps generated via diffusion imaging in two 

healthy control subjects, a 6-year-old girl (HV-16, top row) and a 10-year-old boy (HV-3, 

bottom row) for three axial slices through the lungs. The mean ± standard deviation 129Xe 

ADC was 0.029±0.01 cm2/s and 0.031±0.02 cm2/s for HV-16 and HV-3, respectively
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Fig. 4. 
129Xe ventilation images for a healthy 12-year-old boy (HV-14, top row) and an 11-year-old 

boy with cystic fibrosis (CF-7, bottom row). The homogeneous signal seen throughout the 

lungs of the healthy control indicates that all regions of the lung are well ventilated. In 

contrast, the hyperpolarized 129Xe images of the child with cystic fibrosis display numerous 

regions of low signal intensity, indicating that ventilation is substantially impaired in 

multiple regions of the lungs
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Table 3

Summary of mean ± standard deviation SpO2 changes during HP 129Xe imaging for children receiving full 

doses of xenon gas

All children (n=23) Healthy controls (n=12; HV-6 
through HV-17)

Children with CF (n=11)

Calibration dose

Baseline SpO2 (%) 98.0 ± 1.1 98.4 ± 1.0 97.6 ± 1.2

Nadir SpO2 (%) 95.1 ± 2.8 95.4 ± 2.4 94.8 ± 3.2

Mean difference from baseline SpO2 (%) [95% CI] −2.9 [−4.2, −1.7] −3.0 −4.6, −1.4] −2.8 [−5.0, −0.6]

P-value (baseline vs. nadir)a ≤0.001 ≤0.01 0.017

2-minute SpO2 (%) 97.5 ± 1.5 97.8 ± 1.8 97.3 ± 1.1

Mean difference from baseline SpO2 (%) [95% CI] −0.5 [−1.1, 0.0] −0.7 [−1.8, 0.4] −0.4 [−0.82, 0.1]

P-value (baseline vs. 2-minute)a 0.069 0.21 0.10

Imaging dose

Baseline SpO2 (%) 97.9 ± 1.4 98.5 ± 1.2 97.3 ± 1.6

Nadir SpO2 (%) 92.0 ± 7.5 93.9 ± 4.0 89.9 ± 9.8

Mean difference from baseline SpO2 (%) [95% CI] −6.0 [−8.8, −3.1] −4.6 [−2.3, −7.0] −7.4 [−13.1, −1.7]

P-value (baseline vs. nadir)a ≤0.001 ≤0.001 0.015

2-minute SpO2 (%) 97.4 ± 1.7 97.5 ± 1.7 97.3 ± 1.8

Mean difference from baseline SpO2 (%) [95% CI] −0.5 [−1.2, 0.1] −1.0 [−0.2, −1.8] 0.0 [−1.0, 1.0]

P-value (baseline vs. 2-minute)a 0.11 0.024 1.0

a
P-value ≤ 0.05 is significant

CF cystic fibrosis, CI confidence interval, HV healthy volunteer, SpO2 blood oxygenation
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Table 4

Summary of mean ± standard deviation heart rate changes during HP 129Xe imaging for children receiving full 

dosing of xenon gas

All children (n=23) Controls, up to 1/6 TLC dose 
(n=12)

CF subjects, up to 1/6 TLC 
dose (n=11)

Calibration dose

Baseline HR (bpm) 78.7 ± 14.3 79.2 ± 15.1 78.3 ± 14.0

Nadir HRa (bpm) 80.3 ± 13.1 79.9 ± 16.3 80.6 ± 9.3

Mean difference from baseline (bpm) [95% CI] 1.5 [−2.7, 5.7] 0.8 [−5.2, 6.7] 2.4 [−4.6, 9.4]

P-valueb (baseline vs. nadir) 0.46 0.79 0.47

2-minute HR (bpm) 78.4 ± 13.6 78.3 ± 13.8 78.6 ± 14.1

Mean difference from baseline (bpm) [95% CI] −0.3 [−3.3, 2.7] −1.0 [−3.8, 1.9] 0.4 [−5.8, 6.6]

P-valueb (baseline vs. 2-minute) 0.84 0.50 0.90

Imaging dose

Baseline HR (bpm) 76.9 ± 13.1 77.8 ± 15.0 76.0 ± 11.3

Nadir HRa (bpm) 83.5 ± 16.6 85.3 ± 17.3 80.4 ± 16.3

Mean difference from baseline (bpm) [95% CI] 6.6 [1.1, 12.1] 7.5 [−0.7, 15.7] 5.5 [−3.0, 14.1]

P-valueb (baseline vs. nadir) 0.021 0.070 0.18

2-minute HR (bpm) 78.0 ± 12.8 79.3 ± 14.4 76.7 ± 11.3

Mean difference from baseline (bpm) [95% CI] 1.1 [−1.3, 3.5] 1.5 [−2.0, 5.0] 0.7 [−3.1, 4.4]

P-valueb (baseline vs. 2-minute) 0.35 0.37 0.69

bpm beats per minute, CF cystic fibrosis, CI confidence interval, HR heart rate, TLC total lung capacity

a
Nadir HR is the heart rate recorded at the time of the SpO2 nadir

b
P-value ≤ 0.05 is significant
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