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Abstract

Purpose: The underlying functional and microstructural lung disease in

neonates who are born preterm (bronchopulmonary dysplasia, BPD) remains

poorly characterized. Moreover, there is a lack of suitable techniques to reli-

ably assess lung function in this population. Here, we report our preliminary

experience with hyperpolarized 129Xe MRI in neonates with BPD.

Methods: Neonatal intensive care patients with established BPD were

recruited (N = 9) and imaged at a corrected gestational age of median:40.7

(range:37.1, 44.4) wk using a 1.5T neonatal scanner. 2D 129Xe ventilation and

diffusion-weighted images and dissolved phase spectroscopy were acquired,

alongside 1H 3D radial UTE. 129Xe images were acquired during a series of short

apneic breath-holds (∼3 s). 1H UTE images were acquired during tidal breath-

ing. Ventilation defects were manually identified and qualitatively compared to

lung structures on UTE. ADCs were calculated on a voxel-wise basis. The sig-

nal ratio of the 129Xe red blood cell (RBC) and tissue membrane (M) resonances

from spectroscopy was determined.

Results: Spiral-based 129Xe ventilation imaging showed good image quality and

sufficient sensitivity to detect mild ventilation abnormalities in patients with

BPD. 129Xe ADC values were elevated above that expected given healthy data

in older children and adults (median:0.046 [range:0.041, 0.064] cm2s−1); the

highest value obtained from an extremely pre-term patient. 129Xe spectroscopy

revealed a low RBC/M ratio (0.14 [0.06, 0.21]).

Conclusion: We have demonstrated initial feasibility of 129Xe lung MRI in

neonates. With further data, the technique may help guide management of

infant lung diseases in the neonatal period and beyond.
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1 INTRODUCTION

Bronchopulmonary dysplasia (BPD) is a chronic lung

disease of prematurity and major cause of short- and

long-term morbidity and mortality in preterm infants.1

Clinical understanding, prognostication, and individu-

alized clinical care of infants with BPD remain modest.

Moreover, evidence indicates that BPD in early life yields

reduced cardiopulmonary function in childhood and

beyond.2,3 Therefore, the ability to detect pulmonary

dysfunction and quantify severity and phenotype in

infancy would inform patient management strategies

and improve short- and long-term respiratory outcomes.

However, there are effectively no sensitive techniques

to assess pulmonary functional deficits and microstruc-

tural abnormalities at an early age. Pulmonary function

testing poses technical challenges and increased risks in

infants (including sedation and thoracic compression4),

and imaging modalities such as CT do not generally mea-

sure pulmonary function, and are used sparingly due to

concerns over ionizing radiation exposure.5

Free-breathing 3D radial 1H UTE MRI is a safe,

non-ionizing alternative to CT for visualizing structural

lung disease in neonates with BPD,6,7 and UTE-derived

disease severity scoring has been shown to correlate

with short-term respiratory outcomes.8 However, UTE

MRI has thus far provided limited information on infant

lung function. Preliminary data on the feasibility of

free-breathing phase-resolved functional lung (PREFUL)
1H imaging to assess ventilation and perfusion function

have been reported in healthy neonates9 and in a cohort

of infants with BPD,10 although further data are required

to assess sensitivity. MRI of inhaled hyperpolarized (HP)
129Xe gas is a safe, sensitive technique able to measure

lung ventilation, microstructure, and gas exchange, and

has been used extensively to assess adult and pediatric

lung disease.11–14 In addition, diffusion-weighted MRI

of both inhaled HP 3He15,16 and 129Xe17 MRI can detect

long-term lung functional changes in children born

preterm with BPD imaged at school age. Altes et al.

published a proof-of-concept study on preliminary

findings of lung ventilation MRI in children from a few

months to a few years old with a range of conditions, using

HP 3He gas.18 However, the field has now largely transi-

tioned to 129Xe due to the scarcity of 3He, and HP 129Xe gas

MRI in infants has yet to be reported. Moreover, in-vivo

acquisition of lung microstructural and gas exchange

information with HP gas MRI has not been explored in

infants using either 3He or 129Xe.

Here, we report our initial experience in performing

HP 129Xe gas MRI in a small cohort of neonates with BPD.

In addition to exploring the feasibility of 129Xe ventilation

MR imaging with 2D spiral-based pulse sequences,

we obtain preliminary data on lung microstructure and

gas exchange with spiral-based diffusion-weighted and

spectroscopic pulse sequences, respectively.

2 METHODS

2.1 Study cohort

Subjects were recruited from the neonatal intensive care

unit (NICU) at Cincinnati Children’s Hospital Medical

Center with Institutional Review Board approval and

informed parental consent. Inclusion criteria were as fol-

lows: inpatient status in the NICU with established lung

disease; chronological age of 0–6mo old; clinical stability

to tolerate MRI; ability to maintain SpO2 > 88% on clini-

cally indicated respiratory support; and body size compat-

ible with a neonatal-sized MRI scanner (≲4.5 kg). Further,

subjects were on various levels of respiratory support, with

no change for the 24 h preceding MRI. Respiratory sup-

port levelswere as follows: (1) no use of respiratory support

(i.e., breathing room air); (2) use of oxygen with nasal can-

nula (NC) at ≤2 L/min; and (3) use of high flow nasal

cannula (HFNC) at ≥2 L/min, continuous positive airway

pressure (CPAP), or nasal non-invasive ventilation using

a RAM Cannula interface (Neotech, Valencia, CA), with

FiO2 < 50%. None of the patients in this study were on

invasive support. Respiratory support for each patient is

summarized in Table 1, along with disease severity graded

according to the criteria defined in Jensen et al.19; six

patients had grade 1 BPD, two had grade 2 BPD, and one

had “no BPD” at the time of MRI.

Exclusion criteria were as follows: use of general anes-

thesia within 24 h or other sedation within 4 h prior

to MRI; use of extracorporeal membrane oxygenation

(ECMO) support; evidence of any respiratory infection

within 1wk ofMRI; significant or suspected genetic abnor-

mality, chromosomal abnormality, neurologic disorder, or

muscular dystrophy that may affect lung development;

congenital heart disease; uncontrolled atrial or ventricular

arrhythmia; open surgical wounds; need for inotropic sup-

port; need for pulmonary vasodilator agents; and standard

MRI exclusion criteria.

In this preliminary feasibility study, 10 subjects

(5F, 5M) were recruited. One subject (#5) was discharged

from the NICU prior to MRI. Subject demographics are

shown inTable 1.All subjectswhounderwent imaging had

a clinical diagnosis of BPD,with a corrected gestational age

(GA) at birth of median (range) 26.9 (22.3, 31.6) wk and

age at MRI of 40.7 (37.1, 44.4) wk.

Subjects were imaged while on their clinically indi-

cated settings for respiratory support, except during

each∼3 s 129Xe breath-hold, for which clinical oxygen flow
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STEWART et al. 3

TABLE 1 Subject demographic and clinical details

ID Sex

BPD

severity

gradeb
GA at

birth (wk)

Weight at

birth (kg)

GA at

MRI (wk)

Weight at

MRI (kg) Respiratory support at MRI

1 F Grade 1 28.6 1.11 39.3 2.945 NC, 0.25 L/min, 100% FiO2

2 M Grade 2 26.0 1.00 38.0 1.830 HFNC, 3 L/min, 40% FiO2

3 M Grade 3 24.0 0.51 40.7 3.09 NC, 1 L/min, 30% FiO2

4 M Grade 2 22.3 0.46 43.0 3.66 NC, 0.5 L/min, 100% FiO2

5 F N/A: RDS 28.1 0.75 N/A N/A N/A

6 F Grade 1 25.1 0.57 41.3 2.480 NC, 0.5 L/min 100% FiO2

7 M Grade 2 27.3 0.56 44.4 3.930 NC, 2 L/min, 23% FiO2

8 F Grade 3 26.9 0.78 38.1 2.350 HFNC, 4 L/min, 28% FiO2

9 F Grade 1 26.9 0.78 41.1 3.890 None

10 M Grade 2 31.6 1.99 37.1 3.040 HFNC, 2 L/min, 23% FiO2

Totala 4F/5M 1 none 26.9 (22.3, 31.6) 0.78 (0.46, 1.99) 40.7 (37.1, 44.4) 3.04 (1.83, 3.93) 1 none

3 Grade 1 5 NC

4 Grade 2 3 HFNC

2 Grade 3

Abbreviations: GA, gestational age (GA at MRI is “corrected GA”); HFNC, high-flow nasal cannula; NC, nasal cannula; RDS, respiratory distress syndrome.
a
Data for totals exclude Subject 5, who was discharged prior to MRI. Data are reported as median (range), where relevant.

b
Grade is defined according to the criteria outlined by Jensen et al.17

was temporarily paused. Intravenous contrast agents and

sedation/anesthesia were not administered for imaging.

Subjects were fed, swaddled, and equipped with ear

protection prior to imaging.

2.2 MRI methods

MRI was performed on a multi-nuclear 1.5T

neonatal-sized MRI system20,21 (originally an orthope-

dic scanner from ONI Medical Systems; currently GE

Healthcare HDx) (Figure 1A). A home-built 129Xe/1H

switched-frequency high-pass birdcage coil (Figure 1B)

was used to image both nuclei rapidly without altering

the subject’s position.22,23 In between 1H and 129Xe scans,

the transmit/receive frequency of the coil was switched by

adding/removing capacitor banks via pushing/pulling of

mechanical rods on the coil and switching the BNC cables

from one TR switch to the other. This was done while the

subject was in the scanner bore and took between 30 s and

1min.

Table 2 provides a summary of the acquisitions

that were performed in each subject.129Xe images of

lung ventilation were acquired using 2D slice-selective

spoiled gradient echo sequences; initial N = 2 subjects

with a sequential Cartesian readout (FOV= 24 cm, res-

olution= 3.75× 3.75× 9.0mm3, flip angle [FA]= 11◦,

scan time per slice ∼0.5 s), and the remaining N = 7

subjects with a spiral readout (FOV= 24 cm, resolu-

tion= 3× 3× 7.5mm3, 12 spiral arms, 80 read-out points

per arm, read-out bandwidth= 62.5 kHz, FA= 20◦,

TR= 18.9ms, scan time per slice ∼0.2 s).
129Xe diffusion-weighted images were acquired using

a 2D diffusion-weighted sequence with a spiral read-

out (similar Reference 24), with two b-values (0 and

5 s.cm−2) and a diffusion time Δ= 3ms (diffusion gra-

dient ramp time 𝜏 = 0.28ms; no gap between bi-polar

elements, i.e., Δ=δ). These parameters were selected to

be in between published values from previous work in

small animals25 and adults26 with 129Xe gas, and also

guided by previous ex-vivo infant lung MRI work with
3He gas.27 Other parameters were: FOV= 24 cm, resolu-

tion= 3.75× 3.75× 7.5mm3, 10 spiral arms per diffusion

interleave, read-out bandwidth= 62.5 kHz, FA= 15.5◦,

TR= 22.9ms, scan time per slice ∼0.45 s.

Dynamic MR spectra of dissolved-phase 129Xe

were acquired (see Reference 28) with; spectral

bandwidth= 31.25 kHz, resolution= 61Hz per point,

FA= 20◦ using a frequency-selective RF pulse designed

using an iterative method (pulse width= 1ms,

bandwidth= 800Hz),29 TR= 25.7ms.

In N = 1 subject, an exploratory 2D dynamic radial

projection ventilation image acquisition was performed

(see References 30,31) with FOV= 18 cm, in-plane
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4 STEWART et al.

(A) (B) (C)

F IGURE 1 MRI equipment set-up: (A) neonatal MRI scanner and patient table. (B) 1H-129Xe RF coil, with frequency switching via

insertion/withdrawal of mechanical rods (arrows). (C) Breath-hold gas delivery apparatus with Tedlar bag, pressure gauge, and clinically

available neonatal face mask.

TABLE 2 Subject scan success rates and quantitative metrics

Patient ID Ventilation Diffusion Dissolved phase

Cartesian Spiral Radial Spiral Spectroscopy

ID Acquired? Acquired?

No. of

defects

(structb) Acquired? Acquired?

ADCmean

(cm2s−1) Acquired? RBC:M ratio

1 Yes, unusable No - No No - No -

2 Yes, unusable No - No No - No -

3 No Yes 2 (0) No No - Yes 0a

4 No Yes 8 (6) No Yes 0.064± 0.033 Yes 0.06

6 No Yes, unusable - No Yes, unusable - Yes 0a

7 No Yes 6 (4) No Yes 0.044± 0.021 Yes 0.21

8 No Yes 5 (4) No Yes 0.041± 0.026 Yes 0.08

9 No Yes 7 (5) No Yes 0.048± 0.027 Yes 0.16

10 No Yes 1 (1) Yes Yes, unusable - Yes 0.19

No. (%)

Successful

overall

0/9 (0%) 6/9 (67%) - 1/9 (11%) 4/9 (44%) - 7/9 (78%) -

No. (%)

Successful

of attempted

0/2 (0%) 6/7 (86%) - 1/1 (100%) 4/6 (67%) - 7/7 (100%) -

Median (range) - - 5.5 (1, 8) - - 0.046 (0.041, 0.064) - 0.08 (0, 0.21)

a
RBC peak too small for fitting.

b
Number of defects that appear to correspond to underlying structural defects on 1HMRI.

resolution= 1.88× 1.88mm2, 2000 spokes with golden

angle ordering, bandwidth= 62.5 kHz, FA= 3◦, TR=

11.1ms.

Isotopically-enriched 129Xe was polarized to ∼40%

using a commercial polarizer (Model 9820; Polarean Inc.,

Durham, NC, USA). Doses of 129Xe were delivered using

a clinically available neonatal facemask via Tedlar bag

compression not exceeding 15 cm H2O by hand by a

neonatologist (see Figure 1C). Breath-hold apnea of ∼3 s

in duration was induced, with any clinically-indicated

oxygen flow temporarily paused for the duration of the

breath-hold. Datawere acquired repeatedly before, during,
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STEWART et al. 5

and after the breath-hold (total period of ≥10s) to obtain

several time series of data. (Quantitative analysis was only

performed on a single set of such dynamic images acquired

during breath-hold.)

3D radial 1HUTE structural imageswere acquired dur-

ing tidal breathing (FOV= 18 cm, resolution= 0.7mm3,

FA= 5◦, TR= 5.0ms, TE=∼0.2ms, bandwidth= 250 kHz,

200 k projections, duration=∼16min); see for example

References 6–8,32. The total scan duration (1H+ 129Xe

components) was between 30 and 45min.

2.3 Image processing and analysis

Spiral ventilation images were gridded,33 (Hanning) fil-

tered, and Fourier transformed. Ventilation defects were

manually identified and counted slice-by-slice on the first

dynamic phase that displayed adequate SNR for all slices.

A single dynamic image series was chosen for analy-

sis and presentation rather than the average image, as

this was assumed to be more sensitive to subtle and

temporally-variant defects. SNR was calculated in the cen-

tral slice using a signal region of interest in the bottom of

the left lung.

Diffusion-weighted spiral images were reconstructed

separately for each b-value by the same gridding

algorithm. The b= 0 images were manually segmented to

create a mask of lung signal, and the ADC was calculated

pixel-wise using a mono-exponential fit of the relative

signal intensities of the images from the two diffusion

interleaves.

Dissolved-phase 129Xe spectral data were processed

as follows. The first second of data was discarded, and

the remaining free induction decays were phased and

denoised using Tucker decomposition.34 Spectra acquired

between 1 and 2 s after starting the acquisition were aver-

aged, and dissolved phase and gas phase peaks were fitted

separately using double Lorentzian and single Lorentzian

functions, respectively (see e.g., Reference 35) to derive rel-

ative signal amplitudes. Due to the small RBC resonance

(see the Results section), the SNR of this resonance was

insufficient to fit individual spectra to quantify cardiogenic

oscillations.28,36

2.4 Safety monitoring

Heart rates and oxygen saturation levels were monitored

prior to, immediately following, and at 2min after each
129Xe breath-hold. Provided that the subject’s heart rate

and SpO2 returned to within 40 beats/min and 8% of

their baseline values, respectively, the examination was

continued. Clinical records were reviewed at Day 1 and

Day 10 following MRI (Day 0) for signs of sedation. The

N-PASS (Neonatal Pain, Agitation, and Sedation Scale)

system was used.37 This is currently the only tool for

assessing the level of sedation in critically ill infants and is

performed routinely on every inpatient in our NICU. The

sedation score ranges from 0 through−10: a score of 0 indi-

cates no sedation; a score of −2 through −5 indicates light

sedation; and a score of −5 through −10 indicates deep

sedation. An adverse eventwas defined as a decrease in the

sedation score bymore than three points between baseline

and follow-up or a score lower than −3 at follow-up, with

no relation to ongoing clinical management.

3 RESULTS

There were no adverse events for any subjects during

or after imaging, and no examinations were ended pre-

maturely. All heart-rate and SpO2 values stayed within

defined limits at 2min after each inhalation. Mild and

transient O2 desaturations were observed immediately

after administration, with amean decrease in SpO2 of−4.5

+/− 4.8% over all patients (all doses, see Table S1), which

recovered to pre-dose values within 10–20 s. All patients

received an N-PASS sedation score of 0 (no sedation) at all

follow-up time-points.

Image quality obtained from Cartesian spoiled

gradient echo acquisitions was poor in the initial two

subjects, with inconsistent signal appearance across slices

(see the Discussion section). Thus, 2D spiral acquisitions

were used for 129Xe lung ventilation imaging in all

subsequent patients (see Methods). Qualitatively, spiral

acquisitions showed moderate to good image quality

across several temporal phases. An example of the images

acquired during the first five phases, and the average

of such images, is shown in Figure S1. Figure 2 shows

example images from a single dynamic phase (the one

that was chosen for analysis) acquired in four different

subjects. The SNR (calculated in the central slice from

an ROI in the bottom of the left lung) is: 25.8, 22.4, 40.0,

39.2, from top to bottom (Subjects 3, 4, 8, 10). Qualita-

tively, ventilation abnormalities varied in size and number

(arrows, Figure 2). It was found that at least one defect

appeared in each set of images, including subject 9, who

was on room air at the time of MRI (see Table 2). A visual

comparison of approximately slice-matched 129Xe ven-

tilation images with 1H UTE structural images showed

that most (69%) ventilation abnormalities appeared

to be associated with underlying structural abnormal-

ities (Table 2). Figure 3 shows several examples of

slice-matched ventilation and structural images, with

apparent correspondence/non-correspondence indicated

by blue and green arrows, respectively.

 1
5
2
2
2
5
9
4
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/m

rm
.2

9
8
0
8
 b

y
 T

est, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [0

9
/0

8
/2

0
2

3
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n

 W
iley

 O
n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



6 STEWART et al.

F IGURE 2 Examples of coronal 129Xe spiral ventilation images (single series selected from several dynamic acquisitions) from four

subjects. Qualitatively, a range of ventilation defects (regions of no/reduced signal within the lung cavity) can be observed; varying in both

number and size (examples indicated by blue arrows). Subject numbers are shown (refer to Table 1). A, anterior; P, posterior.

F IGURE 3 Example comparisons of approximately slice-matched coronal images from 129Xe spiral ventilation and 1H structural UTE

MRI acquisitions. In most subjects, large ventilation defects were found to correspond to structural abnormalities (blue arrows), whereas

occasionally, ventilation defects did not appear to be associated with structural abnormalities (green arrow; see also Table 2). The structural

defects in subjects 4 and 8 are thought to be due to atelectasis, likely related to inflammation. Anecdotally, these subjects had a total Ochiai

score of 6 and 3, respectively. Subject numbers are shown (refer to Table 1).
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F IGURE 4 Example 129Xe diffusion-weighted imaging data; apparent diffusion coefficient (ADC) maps acquired in subjects 8 and 4.

Note the elevated ADC for subject 4 who was born extremely preterm (22wk GA at birth); see also, Tables 1 and 2.

F IGURE 5 Example 129Xe dynamic spectroscopy data, depicting the time series of signal intensity (left) and the mean spectra (right)

obtained from averaging the spectra acquired between 1 and 2 s (region indicated by curly braces in the left plot) for two subjects. Red blood

cell (RBC), tissue “membrane” (M), and gaseous 129Xe resonances are indicated. Subject numbers are shown (refer to Table 1).

Mean ADC values are quoted in Table 2 and example

ADC maps from two subjects are shown in Figure 4.

Three of four patients had a similar ADC (∼0.04 cm2s−1),

whereas patient 4–the most pre-term subject–exhibited a

significantly higher ADC of 0.064 cm2s−1.

129Xe spectroscopy revealed a tissue membrane (M)

resonance and a relatively weak red blood cell (RBC) res-

onance, attributed with reference to previous observations

in pediatric and adult populations (Figure 5). These peaks

persisted throughout the breath-hold duration, and then
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the signal faded (Figure 5, left). Example mean spectra are

shown in Figure 5 (right), and RBC/M ratios are listed in

Table 2. The RBC resonance in the data from two patients

(#3 and #6) was too low to perform accurate Lorentzian

fitting, so RBC/M was assigned 0. The median (range) of

RBC/M was 0.08 (0, 0.21) including all data, or 0.14 (0.06,

0.21) if the two 0 points are discounted.

4 DISCUSSION

This work represents the first study to demonstrate the

safety and feasibility of inhaled HP 129XeMRI in neonates.

Although the mild O2 desaturation associated with the

Xe dose was observed almost immediately after admin-

istration (rather than the typical few seconds afterward

seen in older populations), the mean decrease in SpO2

of −4.5 +/− 4.8% is similar to that observed in a previ-

ous safety study in healthy children and participants with

cystic fibrosis (mean decrease of−6.0± 7.2%),38 and partic-

ipants recovered quickly (within 10–20 s) after the initial

desaturation. The images obtained here are of compara-

ble quality to preliminary images obtained with 3He gas

in children with a range of pulmonary diseases and ages

between a few months and a few years old,18 albeit with

qualitatively lower SNR, which was anticipated due to the

difference in gyromagnetic ratio between 3He and 129Xe.

Although interpretation of the clinical significance of our

findings is limited by the small number of patients and

lack of a gold-standard or healthy control, it is encourag-

ing that this method shows sensitivity tominor ventilation

abnormalities in this population with mild to moderate

pulmonary symptoms (and relatively low respiratory sup-

port). Although most ventilation defects appear to cor-

respond to underlying structural abnormalities (Table 2),

there is also preliminary evidence of ventilation abnormal-

ities that appear inexplicable by lung structural changes

alone, similar to those observed in children and adultswith

airway obstruction (see e.g., References 39,40). We antic-

ipate that the proportion of ventilation defects that cor-

respond to underlying structural changes would increase

with disease severity; this will be evaluated in the future

when further data from patients with a range of dis-

ease severities is available. However, the ventilation defect

count is an imperfect metric of ventilation function, and

when sufficient comparative data have been obtained in

healthy normal (term-born) neonates,wewill use arguably

less subjective, volume-based metrics such as ventilation

defect percentage41 or those of ventilation heterogeneity.42

Our preliminary diffusion-weighted gas phase and

dissolved-phase 129Xe MR data represent the first data of

their kind obtained in neonates; therefore, we can only

compare our data to similar data obtained in school-aged

children and adults. The ADC values of subjects 7, 8, and

9 were all similar at ∼0.04 cm2s−1, whereas subject 4–who

was born most pre-term of all patients (∼22wk GA at

birth, compared to ∼27wk)–had a strikingly high ADC

(0.064 cm2s−1). Overall, these ADC values are higher than

those previously reported in healthy children aged 6–15 y

(∼0.03 cm2s−1),38 and 9- to 13-y-old children who were

born prematurely with (0.030± 0.004 cm2s−1) and without

(0.027± 0.003 cm2s−1) BPD,17 which may be explained by

the fact that the lungs in these neonates are underdevel-

oped and, therefore, the alveolar surface area to volume

ratio is reduced.43 This is consistent with alveolar sim-

plification in BPD and represents the first quantitative,

regional metric of this aspect of premature lung disease

measured in neonates. Although we are unable to report

healthy comparative data here in neonates, evidence

obtained with both 3He and 129Xe diffusion-weighted MRI

in school-aged children shows a consistent picture of

increased ADC in those who had BPD compared with

those who did not.16,17

Also, anecdotally we note that the (3He) ADC values

obtained from lungs with a filamin-A gene mutation are

drastically higher than those obtained from healthy infant

lungs ex-vivo27; this mutation causes similar changes to

lung structure–function to BPD.

The observation of a low RBC/M (∼0.14) relative

to school-aged children and adults (e.g., 0.31 and 0.46,

respectively44) is unexpected. The mechanism behind this

observation is unclear; in future work, we plan to inves-

tigate whether fetal hemoglobin may play a role in the

spectral profile of the RBC resonance. The time-course

of the fetal-to-adult hemoglobin transition45 in preterm

neonates compared to term-born controls is of clinical

interest. However, the interpretation of these results is

limited by the effect of temporally-varying gas signals dur-

ing the period of acquisition of the mean spectra; it is

well known that RBC/M and similar metrics are strongly

influenced by lung inflation level.46

4.1 Limitations

We encountered several challenges that are worthy of

consideration in future neonatal 129Xe MRI study design.

These are summarized in Figure S2. In a few cases, incon-

sistency in the spiral ventilation image signal across slices

was observed. This may be attributed to (i) possible errors

in FA calibration resulting in the FA being set higher

than the optimal value, and (ii) the interleaved acquisition

order of slices (even slice numbers sequentially followed

by odd slice numbers, i.e., 2,4,6,1,3,5,7, for a seven-slice

scan) that could cause high signal in one slice followed

by low signal in a consecutive slice due to inter-slice
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gas diffusion in between slice acquisitions. Second,

sequentially phase-encoded Cartesian spoiled gradient

echo sequences appear unsuitable for imaging this pop-

ulation where the effects of imperfect gas delivery and

breath-hold apnea will be accentuated in the images. As

a result, signal appeared only in some of the slices of the

Cartesian acquisitions. The need for high SNR and effi-

cient k-space encoding sequences (e.g., spiral), wherein

the center of k-space is sampled repeatedly, is reinforced

by these observations.

Effective gas delivery is a major determinant of image

quality. Whereas we have demonstrated that a short

breath-hold apnea procedure is feasible in infants, man-

ually maintaining the desired pressure through the face-

mask was challenging and a major source of variability

in gas delivery, and at times the resultant images indi-

cated gas not reaching the lungs as expected. Also, the

observation of SNR values that do not decrease over the

first three dynamic image series (e.g., in Figure S1) is

inconsistent with typical RF-induced depolarization of

hyperpolarized species and implies imperfect breathhold

leading to fresh gas entering the lungs during subsequent

acquisitions. Furthermore, in some images, gas appears

to have escaped/leaked away from the patient indicating

a poor seal at the neonatal mask. This appears as sig-

nal toward the edges of the field of view. Although this

can be largely removed by cropping the images and using

the 1H anatomical images as a guide, in future acquisi-

tions, we aim to optimize the gas delivery procedure–for

example using a free-breathing/multiple-breath approach

with HP 129Xe and O2 gas mixtures. Such a system would

need to take inspiration from automated gas-delivery sys-

tems demonstrated in both adult and small animal imag-

ing MRI fields, as infant lung volumes lie in between

these two extremes,47–50 and are not dissimilar from typical

dead-space volumes in gas-delivery equipment. Further-

more, we will consider using an RF coil with a smaller/-

more lung-localized sensitive volume. In extreme cases of

poor gas delivery, the gas may reach the lungs later than

anticipated and therefore not be appropriately imaged

(see spectroscopy acquisition in Figure S2C where insta-

bility in the gas signal and a late presentation of the

dissolved-phase 129Xe signal is observed). Such difficul-

ties can complicate quantification of dissolved-phase and

gaseous-phase 129Xe resonances, and furthermore con-

strain the accuracy of FA calibration using a short TR,

constant FA pulse-acquire acquisition (Figure S2D).

An additional challenge of gas delivery is in control-

ling the phase of the subject’s respiratory cycle at which

the gas is delivered. Typically, we would start from func-

tional residual capacity in older, compliant subjects, but

this is unknown in the present study. Similarly we can-

not easilymeasure precise delivered gas volumes. Video S1

shows how 2D radial projection dynamic 129Xe ventilation

imaging can be used to image with high temporal reso-

lution (0.22 s) to monitor the gas inflow and outflow, and

visualize tidal breathing, which may inform the optimiza-

tion of both gas delivery and acquisition methods in the

future.

A further limitation is the relatively modest spatial res-

olution (3× 3× 7.5mm3) of the acquired 129Xe ventilation

images. Whereas the slice thickness used here is half that

recommended in adults,51 the in-plane resolution is only

slightly higher, rather than being scaled proportionately

according to lung size. This resolution is similar to that

used by Altes et al. in infants and small children with 3He

gas,18 and is a compromise to minimize TR and in-turn,

minimize motion artifacts. We note that the 129Xe protocol

(including diffusion-weighted imaging) is implemented

with modest gradients (max strength 33mT/m, max slew

rate 120 T/m/s) that is, these imaging parameters should

be readily achievable on other scanners. Nevertheless, the

MRI set-up used here is unique–the authors are not aware

of any other multi-nuclear capable NICU-housed MRI

scanners at this time–and therefore replication of these

results on conventional MRI scanners is needed to aid

clinical adoption in this sensitive population.

In this feasibility study, only a relatively small num-

ber of patients were included, and imaging of compara-

tively healthy normal term-born neonates was not feasible

within the scope of this work, both of which severely limit

the clinical interpretation, and the extent to which we can

perform reliable statistical analyses to support our results.

Additionally, while all subjects were clinically diagnosed

with BPD, their respiratory support requirements and dis-

ease grading aligned with more mild to moderate presen-

tations of prematurity-related lung disease (mostly Jensen

grades 1–219). Future studies that include patients with

more significant lung disease (e.g., those requiring invasive

ventilation) would support the physiological interpreta-

tion of our findings.

4.2 Conclusions

Inhaled 129Xe MRI is feasible and safe in neonates with

lung disease using a short breath-hold apnea technique on

a dedicated multi-nuclear neonatal MRI scanner. Initial

observations indicate multiple minor ventilation abnor-

malities, simplified/underdeveloped alveolar airspaces in

extreme prematurity as measured by elevated ADC, and

different dissolved-phase 129Xe resonance structures com-

paredwith children and adults that are not yet understood.

With further data in neonates with a broader range of BPD

severity and with other pulmonary conditions of infancy,

we may anticipate a future impact on infant lung disease
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assessment, pending the translation of these methods to

conventional MRI scanners.
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SUPPORTING INFORMATION

Additional supporting information may be found in the

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

Figure S1. Example series of dynamic coronal 129Xe spi-

ral ventilation images acquired in Subject #3. Five out of

ten total acquired dynamic image series are shown, and

the average images (generated via averaging of each spi-

ral arm prior to gridding) from these five dynamic image

series are shown in the purple box. In most cases, the

strongest signals were observed in the first three dynamic

series of images (i.e., during the supposed breath-hold

period), with some signal maintained for dynamics four

and five, but tending to tail off in subsequent acquisi-

tions. For this example, the SNR was as follows for the five

dynamic image series shown, respectively: 27.2, 26.3, 25.8,

25.0, 7.7.

Figure S2. Illustrative examples of some of the challenges

encountered with gas delivery to infants via breath-hold.

(A) Spiral acquisition wherein consecutive slices appear to
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have signal discontinuities, assumed to be due to an inap-

propriately high flip angle. (B) Single Cartesian acquisition

image series, wherein signal was found to appear in only

one slice. This again indicates signal instability, and the

unsuitability of sequentially encoded acquisitions (i.e., the

need to sample the center of k-space more frequently). (C)

Spectroscopic acquisition where the gas resonance shows

two waves of signal, indicating imperfect gas delivery. It

can be seen in the dissolved-phase resonance(s) that a

bolus of gas arrived to the lungs late (again, note that spec-

tra from the region indicated by the curly braces are those

used to calculate themean spectrum). (D) Example of a flip

angle calibration scan where the signal decay was unsta-

ble due to fluctuating gas delivery, and thus the accuracy

of the fit for flip angle is constrained. Subject numbers are

shown (refer to Table 1).

Table S1. Change in Blood Oxygen Saturation (SpO2) dur-

ing Xe inhalation.

Video S1. 2D radial projection dynamic 129Xe ventilation

imaging in Subject #10, using a sliding window (50% view

sharing) method to reconstruct images with a temporal

resolution of 0.22 s. This indicates that 129Xe gas is already

saturating the lungs at the beginning of the acquisition,

and stays in the lungs for several seconds during normal

breathing (as can be seen by diaphragmatic movement on

the images). Exhalation of gas through the central airway

can be observed. The video stops after the gas has washed

out of the lungs.
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