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Background: MRI with xenon-129 gas (Xe MRI) can assess airflow obstruction and heterogeneity in lung diseases. Specifi-
cally, Xe MRI may represent a sensitive modality for future therapeutic trials of cystic fibrosis (CF) therapies. The reproduc-
ibility of Xe MRI has not yet been assessed in the context of a multi-site study.
Purpose: To determine the same-day repeatability and 28-day reproducibility of Xe MRI in children with CF.
Study Type: Four-center prospective, longitudinal.
Population: Thirty-eight children (18 females, 47%), median interquartile range (IQR) age 12 (9–14) years old, with mild CF
(forced expiratory volume in 1 second (FEV1) ≥85% predicted).
Field Strength/Sequence: 3-T, two-dimensional (2D) gradient-echo (GRE) sequence.
Assessment: XeMRI, FEV1, and nitrogen multiple-breath wash-out for lung-clearance index (LCI2.5) were performed. To assess
same-day reproducibility, XeMRI was performed twice within the first visit, and procedures were repeated at 28 days. Xe hypo-
ventilation was quantified using ventilation-defect percentage (VDP) and reader-defect volume (RDV). For VDP, hypoventilated
voxels from segmented images were identified using a threshold of <60% mean whole-lung signal and expressed as a percent-
age of the lung volume. For RDV, hypoventilationwas identified by two trained readers and expressed as a percentage.
Statistical Tests: Inter-site comparisons were conducted using Kruskal–Wallis nonparametric tests with Dunn’s multiple-
comparisons tests. Differences for individuals were assessed using Wilcoxon matched-pairs tests. Bland–Altman tests were used to
evaluate same-day repeatability, 28-day reproducibility, and inter-reader agreement. AP-value ≤0.05was considered significant.
Results: Median FEV1 %-predicted was 96.8% (86%–106%), and median LCI2.5 was 6.6 (6.3–7.4). Xe MRI had high same-
day reproducibility (mean VDP difference 0.12%, 95% limits of agreement [�3.2, 3.4]; mean RDV difference 0.42% [�2.5,
3.3]). At 28 days, 26/31 participants (84%) fell within the same-day 95% limits of agreement.
Data Conclusion: Xe MRI may offer excellent same-day and short-term reproducibility.
Evidence Level: 2
Technical Efficacy: Stage 2
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Cystic fibrosis (CF) is a life-shortening, genetic condition
affecting multiple organ systems.1,2 Pulmonary manifes-

tations of CF are primary factors for morbidity and mortality,
as poor mucous clearance, recurrent inflammation, and infec-
tions lead to permanent lung structural remodeling with
eventual, persistent lung-function decline.1 Many studies have
shown the connection between lung structural abnormalities
and progressive lung-function changes, primarily described
using the forced expiratory volume in 1 second (FEV1) from
spirometry.1,2 These structural changes may manifest as early
as infancy.3

With recent advancements and introduction of highly
effective modulator therapies, such as the triple-combination
elexacaftor/tezacaftor/ivacaftor (ETI) therapy that target spe-
cific classes of genetic mutations in the CF transmembrane
conductance regulator (CFTR) protein, the landscape of CF
lung disease has changed dramatically.4,5 Many people with
CF are living longer with improved quality of life and sub-
clinical or mild lung disease.6–8 Consequently, there is a need
for improved, more sensitive endpoints for individualizing CF
therapies and for new clinical trials in CF beyond the histori-
cal endpoints such as pulmonary exacerbations and changes
in FEV1.

9

Ventilation imaging using inhaled hyperpolarized
xenon-129 gas MRI (Xe MRI) is a safe and sensitive
approach to measure regional ventilation deficits.10 Studies in
the CF population have shown Xe MRI has excellent sensitiv-
ity to subclinical airflow obstruction in children with normal
FEV1,

11 is robust to multiple quantitative analysis
schemes,12,13 is sensitive to treatment following a pulmonary
exacerbation14 and following airway-clearance therapy,15 and
has strong correlation with lung clearance index (LCI) from
nitrogen multiple-breath washout.16 These studies support Xe
MRI as a sensitive outcome measure to quantify regional ven-
tilation heterogeneity and treatment response in people with
CF, especially those with sub-clinical or mild lung
disease.11–16 However, the same-day and short-term repro-
ducibility of Xe MRI have not been assessed, particularly in
the context of a multi-site study.

Against this background, this study aimed to assess
whether Xe MRI is feasible in a multi-site study and has high
same-day and 28-day reproducibility in children with mild
CF lung disease.

Materials and Methods
Hyperpolarized Imaging for New Treatments (HyPOINT) is a pro-
spective multi-site Xe MRI conducted at four sites in North Amer-
ica: Cincinnati Children’s Hospital Medical Center (Site 1;
Cincinnati, OH, USA), The Hospital for Sick Children (Site 2;
Toronto, ON, Canada), The University of Virginia (Site 3; Char-
lottesville, VA, USA), and The University of Wisconsin (Site 4;
Madison, WI, USA) under centralized Institutional Review Board
approval (IRB 2019-1051) and US FDA IND (123577) for the

three U.S.-based sites and for the Canadian site, under Research
Ethics Board approval 1000065980 and Health Canada CTA
235275, with written informed consent for all participants or their
parent/guardian.

Inclusion Criteria
Children with clinically stable CF were enrolled, and the inclusion
criteria were age 6–18 years old at the time of informed consent,
documentation of clinical CF diagnosis (defined as clinical features
consistent with CF and either sweat chloride ≥60 mEq/L and/or two
well-characterized pathogenic CFTR mutations), at least one
F508del mutation, and FEV1 %-predicted ≥80% per the Global
Lung Function Initiative (GLI) reference equations. Clinical stability
was defined as having no acute antibiotic use in the last 14 days
prior to the first visit and no changes in chronic pulmonary medica-
tion or therapies (including CFTR modulator therapies) in the
28 days prior to the first visit. Exclusion criteria were standard MRI
exclusions (eg, incompatible metal implants, claustrophobia), inabil-
ity to cooperate with MRI procedures (eg, unable to complete a suf-
ficient breath-hold maneuver), and pregnancy (i.e., positive urine
pregnancy test).

Study Design and Procedures
This phase of the HyPOINT study involved two study visits sepa-
rated by 28 days (�7 days), with MRI procedures performed twice
during Visit 1 to assess same-day repeatability and once during Visit
2 to assess short-term 28-day reproducibility of Xe MRI. At each
study visit, spirometry was collected per ATS/ERS standards,17 and
multiple-breath washout (MBW) was performed using Exhalyzer D
equipment (EcoMedics AG, Duernten, Switzerland, operating with
Spiroware software version 3.1.6) per published protocols to obtain
the lung clearance index (LCI2.5, the number of lung-volume turn-
overs to achieve 2.5% of the starting N2 concentration) with external
data analysis at the CFF MBW National Resource Center in
Toronto.

All MRI acquisitions were conducted with 3 T scanners using
either an Achieva (Philips Healthcare, Best, The Netherlands; Site
1), Prisma (Siemens Healthineers, Erlangen, Germany; Sites 2 and
3), or HealthCare Discovery scanner (General Electric Healthcare,
Chicago, IL, USA; Site 4) with a harmonized gas dosing and acquisi-
tion protocol using a flexible vest-style Xe transmit-receive RF coil
(Clinical MR Solutions, Brookfield, WI, USA). At each site,
hyperpolarized Xe gas was prepared using a commercial polarizer
(Model 9820 Polarean Inc., Durham, NC, USA) to approximately
25%–50% polarization, as measured by a local polarization measure-
ment station (Polarean Inc., Durham, NC, USA). For ventilation
imaging, the total administered gas volume was calculated as 1/6th
of predicted total lung capacity (TLC) per plethysmography-based
predictive equations,18,19 up to 1 L maximum. The administered gas
volume consisted of either 100% Xe gas at Site 1 or for the other
three sites, Xe gas diluted with N2 to achieve a total administered
volume of �1/6th TLC (eg, at Site 4, Xe gas was dosed at 10% of
TLC, diluted with N2 to achieve the total administered volume
of 1/6th TLC). The gas was dispensed into a Tedlar bag (Jensen
Inert Products, Coral Springs, FL, USA) for delivery to the partici-
pant. To account for different Xe polarizations and concentrations, a
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Xe dose equivalence (DE) volume (i.e., the volume of 100% polar-
ized, 100% 129Xe-isotope enriched Xe) was calculated as follows:

DE¼V Xe�PXe� f 129Xe ,

where V Xe is the volume of Xe gas in mL, PXe is the fractional
129Xe nuclear-spin polarization, and f 129Xe is the 129Xe-isotopic

enrichment, which was typically 86% except for some instances at
Site 2 where natural-abundance Xe gas was used (26% 129Xe iso-
tope) due to supply chain issues.

After initial screening, participants were positioned supine in
the MRI scanner with appropriate hearing protection and pulse-
oximetry monitoring. Baseline heart-rate and blood oxygen satura-
tion (SpO2) were recorded and monitored throughout the Xe MRI
procedure to ensure participant safety, and Xe gas was administered
in the presence of a medical professional, with vitals monitored for
at least 2 minutes after each Xe dose to ensure recovery to baseline.
After standard anatomical 1H localization scans, Xe ventilation
images were acquired during a coached inhalation and breath-hold
maneuver (maximum duration 16 seconds) of hyperpolarized Xe gas.
Coronal Xe ventilation images covering the whole-lung volume were
acquired using the Xe MRI Clinical Trials Consortium consensus
recommendations20 consisting of a two-dimensional
(2D) radiofrequency-spoiled gradient echo sequence with a resolu-
tion of 4 � 4 � 15 mm3 (reconstructed to a resolution of
2 � 2 � 15 mm3), with repetition time/echo time (TR/TE)
= <10 msec/<5 msec, flip angle = 8�–12�, and scan duration up to
16 seconds, typically 8–12 seconds depending on the field of view
and participant size.

For Visit 1, Xe ventilation images were acquired twice, sepa-
rated by a minimum of 10 minutes where the participant was asked
to stand up and walk after the first Xe ventilation images. The same
dosing and acquisition strategy was used for only 1 acquisition at
Visit 2, approximately 28 days after Visit 1, to assess short-term sta-
bility of Xe ventilation. The total time in the MRI scanner was
approximately 40 minutes for Visit 1 and 30 minutes for Visit 2.

To facilitate Xe image segmentation and analysis, spatially
matched anatomical 1H images were acquired using the scanner’s
body coil with an inhalation and breath-hold maneuver of room air
dosed and administered in a manner identical to the Xe gas (techni-
cal parameters: TR/TE = <10 msec/<5 msec; voxel size
4 � 4 � 15 mm3, reconstructed to a resolution of
2 � 2 � 15 mm3, with no slice gap, field of view same as Xe venti-
lation; flip angle 8�–12�; scan duration up to 16 seconds).

MRI Data Analysis
All MRI data were uploaded to a secure, online medical-imaging
server (Ambra Health, Intelerad Medical Systems Inc., New York,
NY, USA) for centralized data analysis conducted by the site in Cin-
cinnati. The lungs were segmented manually (by DJR, 12 years of
experience) from the Xe images using the anatomical 1H images as
guidance and regions of hypoventilation measured using custom
software in MATLAB (The Mathworks Inc., Natick, MA, USA).
Signal-to-noise ratio (SNR) for the Xe images was measured by
dividing the mean signal within the segmented lung mask by the
standard deviation of the background noise slice-by-slice, then all
slices were averaged to determine the SNR for the whole Xe image

set. Ventilation impairment on the Xe images was quantified in two
ways: a ventilation defect percentage (VDP) and a reader-defect vol-
ume (RDV). In detail, VDP was calculated by first applying a non-
parametric nonuniform intensity normalization (N4-ITK) bias-field
correction algorithm21 to the Xe images to correct B1-inhomogeneity
artifacts, then applying a threshold of <60% mean whole-lung Xe
signal-intensity to define and detect ventilation deficits, with the
VDP expressed as a percentage of the whole-lung volume in the Xe
images per previous experience.13 For the reader-defect analysis, two
readers (DJR with 12 years of experience and JWP with 6 years of
experience, both from Site 1) independently reviewed and manually
selected regions of hypoventilation on the Xe images. These regions
were then compared by the readers and a consensus RDV was calcu-
lated from the agreed-upon marked defects (hypoventilated regions
which were marked by both readers) as a percentage of the whole-
lung volume in the Xe images. Data sets with poor SNR (i.e., mean
SNR <8 for the whole Xe image stack) were excluded from the VDP
and RDV analysis based on previous work.16

Statistical Analysis
Statistical analysis was performed in GraphPad Prism (Version
10, GraphPad Software, Boston, MA, USA). Continuous variables
were described using medians and interquartile ranges (IQRs), and
categorical variables were described using percentages. Due to the
distribution of the variables of interest, nonparametric tests were
used. Inter-site comparisons were conducted using Kruskal–Wallis
nonparametric tests with Dunn’s multiple-comparisons tests. Fur-
thermore, VDP and RDV differences for individual participants were
compared using a two-sided, Wilcoxon matched-pairs test. The
same-day repeatability of VDP and RDV within the same partici-
pant was described using the mean difference and 95% limits of
agreement from Bland–Altman plots. Bland–Altman tests were used
to evaluate the 28-day reproducibility of VDP and consensus RDV
measurements. Scatter plots were used to assess relationships
between Xe MRI outcomes and PFTs, specifically FEV1 %-predicted
and LCI2.5. Bland–Altman analysis also was used to evaluate inter-
rater agreement between individual reader RDV values using data
from both visits (a total of 102 image sets). A P-value ≤0.05 was
considered statistically significant.

Results
Table 1 shows demographics and clinical characteristics of the
38 children with CF at Visit 1. The median participant age at
Visit 1 was 12 years (IQR 9–14), and subjects at Site 2 were
older than those at Site 4 with median ages of 14 years (IQR
12–15) and 9 years (IQR 7–11), respectively. There were no
other significant differences in participant age across the sites
(P = 0.77 Site 1 vs. Site 2; P = 1.0 Site 1 vs. Site 3;
P = 0.87 Site 1 vs. Site 4; P = 1.0 Site 2 vs. Site 3;
P = 0.20 Site 3 vs. Site 4). The median FEV1 %-predicted at
Visit 1 was 96.6% (IQR 86%–104%), with no significant
inter-site differences (P = 0.83 Site 1 vs. Site 2; P = 1.0 Site
1 vs. Site 3; P = 1.0 Site 1 vs. Site 4; P = 0.055 Site 2 vs.
Site 3; P = 0.51 Site 2 vs. Site 4; P = 1.0 Site 3 vs. Site 4).
The median LCI2.5 was 6.6 (IQR 6.3–7.4) with a lower LCI
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at Site 1 compared with Site 2, median LCI2.5 values of 6.2
(IQR 5.8–6.6) and 7.3 (IQR 6.5–9.8), respectively. There
were no other significant differences in LCI across the sites
(P = 0.60 Site 1 vs. Site 3; P = 0.85 Site 1 vs. Site 4;
P = 1.0 Site 2 vs. Site 3, P = 1.0 Site 2 vs. Site 4; P = 1.0
Site 3 vs. Site 4).

The Xe MRI procedure was well tolerated by all partici-
pants. For Visit 1 across all sites, the median Xe dose-
equivalent volume administered was 77 mL (IQR 49–176),
and the median Xe MRI SNR was 35.4 (IQR 17.6–44.8) for
all Visit 1 Xe image sets (i.e., including both Scan 1 and Scan
2). Figure 1 shows an inter-site comparison of Xe dose-
equivalent volume and SNR. Site 1 administered a higher Xe
dose-equivalent volume, a median of 194 mL (IQR 179–
220), compared to the other three sites (Fig. 1a). There were
no other significant differences in DE between sites (P = 1.0
Site 2 vs. Site 3; P = 0.22 Site 2 vs. Site 4; P = 1.0 Site 3 vs.
Site 4). In Fig. 1b, Site 4 had significantly lower Xe SNR, a
median of 9.5 (IQR 8.1–11.7), compared to the other three
sites but there were no other significant differences in SNR
between sites (P = 0.15 Site 1 vs. Site 2, P = 1.0 Site 1 vs.
Site 3; P = 0.54 Site 2 vs. Site 3). Three Xe MRI data sets,
all Visit 1 Scan 1 data from Site 4, had a median SNR of
�6.5 and were excluded from subsequent VDP and RDV
analysis due to poor SNR (<8). Across all sites, median VDP
at Visit 1 Scan 1 was 5.0% (IQR 2.8%–7.6%), and there
were no significant differences across sites (P = 0.71 Site
1 vs. Site 2; P =1.0 Site 1 vs. Site 3; P = 1.0 Site 1 vs. Site 4;

P = 0.49 Site 2 vs. Site 3; P = 1.0 Site 2 vs. Site 4; P = 1.0
Site 3 vs. Site 4). The median RDV for Visit 1, Scan 1 across
all sites was 1.2% (IQR 0.0%–3.1%), and there were no sig-
nificant differences across sites (P = 0.24 Site 1 vs. Site 2;
P = 1.0 Site 1 vs. Site 3; P = 1.0 Site 1 vs. Site 4; P = 0.81
Site 2 vs. Site 3; P = 0.26 Site 2 vs. Site 4; P = 1.0 Site 3 vs.
Site 4). Figure 2 shows representative images from a partici-
pant at each site.

In Fig. 3, the same-day repeatability of Xe MRI is
shown. The median time between Scan 1 and Scan 2 was
33 minutes (IQR 10–87 minutes). Figure 3a,c show the dif-
ferences in same-day VDP and RDV measurements, respec-
tively, for individual participants with no significant changes
(P = 0.34 for VDP; P = 0.16 for RDV), and there was no
pattern between the number of minutes between scans and
the differences in the VDP and RDV measurements,
i.e., participants who had longer time between scans did not
appear to have larger Xe MRI changes compared to those
with a smaller time difference. The mean difference of VDP
was 0.12% � 1.7% with 95% limits of agreement of
�3.2% to 3.4% (Fig. 3b). For the consensus RDV mea-
surements in Fig. 3d, the mean difference was 0.42% �
1.5%, with 95% limits of agreement of �2.5% to 3.3%.
The same-day difference in VDP and RDV measurements
were plotted against FEV1 %-predicted and LCI2.5 in
Fig. 4. Differences in VDP and RDV between repeated
measures in the same day were not explained by baseline
pulmonary function.

TABLE 1. Subject Demographics, Clinical Characteristics, and Xe MRI at Visit 1

All
Participants (N = 38) Site 1 (N = 11) Site 2 (N = 10) Site 3 (N = 8) Site 4 (N = 9)

Age, years 12 (9–14) 11 (9–14) 14 (12–15) 13 (11–14) 9 (7–11)

Female sex, N
(%)

18 (47) 4 (36) 5 (50) 6 (75) 3 (33)

BMI, kg/m2 19.2 (15.5–20.8) 19.0 (17.8–22.1) 19.5 (18.5–20.8) 20.9 (18.7–21.9) 18.2 (16.4–19.2)

FEV1,
%-predicted

96.7 (86–106) 96.6 (85.4–101.0) 92.5 (83.8–96.3) 102.1 (86.7–113.0) 103.5 (95.0–109.3)

LCI2.5 6.6 (6.3–7.4) 6.2 (5.8–6.6) 7.3 (6.5–9.8) 6.3 (6.3–7.5) 6.6 (6.3–7.3)

VDP, %
(Visit 1, Scan 1)

5.0 (2.8–7.6) 4.1 (2.8–6.8) 7.5 (4.9–11.6) 4.0 (1.3–7.0) 4.1 (3.6–5.6)a

RDV, %
(Visit 1, Scan 1)

1.2 (0.0–3.1) 0.4 (0.0–1.5) 5.4 (1.4–11.5) 0.77 (0.0–2.7) 0.5 (0.0–2.2)a

Values are reported as median (IQR) unless indicated otherwise. Inter-site comparisons were conducted using a Kruskal–Wallis nonpara-
metric test with Dunn’s multiple-comparisons test, with P ≤ 0.05 considered statistically significant.
BMI = body mass index; FEV1 = forced expiratory volume in 1 second; LCI2.5 = lung clearance index (i.e., the number of lung-volume
turnovers to achieve 2.5% of the starting N2 concentration); VDP = ventilation defect percentage; RDV = reader defect volume.
aExcluding three data sets with low signal-to-noise ratio (SNR <8).
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To assess 28-day reproducibility of Xe ventilation MRI,
Visit 2 occurred at a median of 28 days (IQR 27–34 days)
after the Visit 1 baseline. Two participants were excluded
from analysis: one due to the onset of sinusitis with produc-
tive cough and weight loss, with 18% absolute decline in
FEV1 %-predicted between visits, and a second participant
was excluded for large FEV1 %-predicted decline (14% abso-
lute). Figure 5 shows the individual trajectories of VDP and
RDV, with no significant change (P = 0.65 for VDP;
P = 0.22 for RDV). Figure 5 also shows the 28-day change
in Xe MRI outcomes compared to the 28-day relative per-
centage change in FEV1 %-predicted and LCI2.5. Most of the

participants (84%; 26/31 participants) fall within the same-
day limits of agreement for the Xe MRI outcomes. While
most of the participants fell within the same-day limits of
agreement, there were a few outliers. Upon review of the
interval clinical history for these outliers, it was determined
one participant had clinically noted adherence issues, another
had reported an ongoing cough, and another participant had
a new onset infection, thus the variation in Xe MRI observed
likely was reflective of real physiological variation in these
individuals.

The difference between the two readers was �0.2%
with 95% limits of agreement �2.9% to 3.2% (Fig. 6a) Fur-
thermore, as shown in Fig. 6b, the difference between RDV
and VDP was 3.2% with 95% limits of agreement �0.7% to
7.0%, with VDP systematically producing a higher measure-
ment of ventilation heterogeneity compared to RDV.

Figure 7 demonstrates the same-day repeatability and
28-day reproducibility of Xe MRI in three representative par-
ticipants: one with little or no change across all three scans,
which was representative of most participants; another partici-
pant with large same-day ventilation changes and a third with
good same-day reproducibility but ventilation changes at Visit
2. Representative images are shown in the middle column of
Fig. 7 (subject CF2), where there was a small improvement
in ventilation in the apices of the lungs seen in Scan 2 of
Visit 1. This subtle ventilation change likely was related to
the movement of a transient airflow-obstructive feature like a
mucus plug in the brief time interval between scans. At Visit
2, the ventilation pattern appeared more similar to that of
Scan 1, Visit 1. Conserved ventilation deficits, i.e., regions of
hypoventilation that are observed consistently across time,
likely were reflective of stable and unchanged airflow-
obstruction features, such as airway remodeling or

FIGURE 1: Inter-site comparison of Xe dose equivalent (DE) (a) and Xe MRI signal-to-noise ratio (SNR) (b). Box-and-whisker plots,
denoting the minimum, 25th percentile, median, 75th percentile, and maximum are shown, with inter-site comparisons conducted
using Kruskal–Wallis nonparametric tests with Dunn’s multiple-comparisons tests. Panel (c) is a scatter plot of Xe MRI SNR vs. Xe
dose-equivalent volume with markers differentiating the study sites (64 instances from Visit 1 data).

FIGURE 2: Inter-site comparison of Xe image quality. Four
representative cases with demographics, FEV1, and LCI2.5 are
shown, one from each site. These were all data from Visit
1, Scan 1 of the study. Xe MRI SNR, VDP, and consensus RDV
measurements are given.
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FIGURE 3: Same-day repeatability of Xe MRI VDP and consensus RDV measurements. (a) Individual VDP changes are shown between
Scan 1 and Scan 2, and in the Bland–Altman plot in (b), the mean difference in VDP measurements was 0.12% with 95% limits of
agreement �3.2% to 3.4%. For the consensus RDV measurement, individual changes between Scan 1 and Scan 2 are shown in
(c) and in (d) the mean RDV difference was 0.42% with 95% limits of agreement of �2.5% to 3.3%.

FIGURE 4: Same-day repeatability of Xe MRI vs. PFTs. In (a) and (b), the same-day difference in VDP is compared to FEV1

%-predicted and LCI2.5, respectively. In (c) and (d), the same comparisons are made for RDV. The dashed lines on the panels are the
same-day limits of agreement for VDP (�3.2% to 3.4%) and RDV (�2.5% to 3.3%). There was no relationship between pulmonary
function and variability in the same-day Xe MRI measurements.
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bronchiectasis which would impact ventilation to the distal
lung. Subject CF3 (Fig. 7, right column) had ventilation
improvement between Visit 1 and Visit 2, with reductions in
both VDP and RDV; the participant had consistent 82%
FEV1 between visits but an improvement in LCI2.5 (11.6 at
Visit 1, 10.5 at Visit 2), which may suggest Xe MRI like
MBW is more sensitive to changes in ventilation heterogene-
ity than FEV1.

Discussion
In this study, we demonstrated how a harmonized Xe MRI
ventilation acquisition on three different MRI scanner plat-
forms may have high potential for clinical translation and for
application in larger multi-site trials using Xe MRI. Over the
last 20 years, multiple single-site studies have supported
the potential of Xe MRI as a sensitive assessment of regional

FIGURE 5: The 28-day reproducibility of Xe MRI. In (a) and (d), individual trajectories for VDP and RDV are shown, respectfully, with
no statistically significant change. In (b) and (c), the 28-day change in VDP is plotted against the relative 28-day changes in FEV1 and
LCI2.5, respectively, with the dashed lines representing the same-day limits of agreement for VDP (�3.2% to 3.4%). In (e) and (f), the
28-day change in RDV is compared to relative 28-day changes in FEV1 and LCI2.5 with the dashed lines representing the same-day
limits of agreement for RDV (�2.2% to 3.3%). The gray boxes are bound by the same-day Xe MRI limits of agreement and by �10%
relative change in PFTs.

FIGURE 6: (a) Bland–Altman analysis to assess inter-rater agreement in RDV measurements. The mean difference in RDV between
the two readers was 0.2% with 95% limits of agreement �2.9% to 3.2%. (b) Bland–Altman analysis to compare VDP and consensus
RDV measurements. The mean difference was 3.2% with 95% limits of agreement �0.7% to 7.0%, with VDP systematically
producing a higher measurement of ventilation heterogeneity compared to the consensus RDV. For both these panels, Xe scans
from Visit 1 (two scans per participant) and Visit 2 were combined.
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ventilation deficits in mild CF lung disease, yet critically, no
studies to date have shown the same-day reproducibility ven-
tilation deficits from Xe MRI in the context of a prospective
multi-site study. With the recent FDA approval of Xe MRI
to assess regional lung ventilation in people ages 12 and older,
more institutions are likely to adopt Xe MRI in their clinical
practice and as outcomes in clinical trials, and while there is
strong potential for clinical utility in CF, understanding the
variability of Xe MRI is essential.

The inter-site differences in Xe dose-equivalent volume
can be attributed to differences in Xe hyperpolarizer perfor-
mance coupled with differences in amount of Xe gas in the
dose administered. The protocol allowed flexibility to admin-
ister either 100% Xe gas, as was the case at Site 1, or a
Xe/N2 mixture, as was done at the three other sites, permit-
ting that the total administered gas volume was 1/6th
predicted TLC and the image SNR was sufficiently high (>8)
to allow for quantification. However, in the context of a
multi-site study, doubling the dose-equivalent Xe volume
does not necessarily guarantee double the image SNR; for

instance, Site 2 administered approximately half the dose-
equivalent Xe volume as Site 1 yet had higher SNR than Site
1. Three Xe MRI datasets, all Visit 1 Scan 1 data from
Site 4 which occurred earlier in the study, were excluded
from subsequent VDP and RDV analysis due to poor SNR
(<8). The small SNR difference likely was reflective of Xe
dosing preferences at that site, which was adjusted in subse-
quent study visits. While there are more sophisticated, non-
Cartesian pulse sequences for Xe ventilation,22,23 this study
used a standard Cartesian GRE sequence with acquisition
parameters recommended by the Xe MRI Clinical Trials
Consortium consensus guidelines to limit variability across
sites. The inter-site differences in SNR are complex and likely
related to site- and scanner-specific hardware and parameters,
like coil placement, noise profile, and MRI-scanner-vendor
image reconstruction. However, despite these inter-site differ-
ences in dosing strategy, hardware configurations, and soft-
ware settings, the same extent of hypoventilation was
quantified, with no significant differences in VDP or RDV
between sites, and high inter-visit reproducibility was
observed across this multi-center cohort of patients with CF
and high FEV1 %-predicted. This agrees with a two-site, ret-
rospective study of children with mild CF reported by Couch
et al that showed similar VDP measurements between two
sites with different MRI scanners, coil configurations, and
dosing strategies.12

In this study, ventilation deficits were quantified using a
computerized threshold-based cutoff technique (VDP) and
a manual reader-scoring method (RDV), both of which were
robust to inter-site differences in acquisition and dosing. In
our study, the same-day mean difference in VDP was
0.12% � 1.7%. The same-day reproducibility supports that
the ventilation deficits in mild CF lung disease observed with
Xe MRI are stable, and that the VDP and RDV measure-
ments from Xe MRI are reproducible over a short period of
time. This agrees with Kanhere et al who showed no signifi-
cant difference by a paired t-test of same-day repeated VDP
measurements in a single-center study of a small group of
children with CF (mean VDP 7.2% � 3.4% with a range of
1.8%–13.0%) and healthy controls (mean VDP 1.8% �
0.8%, range 0.9%–2.9%).16 Svenningsen and colleagues
showed highly reproducible Xe MRI VDP measurements in a
cohort of seven adults with severe asthma each of whom were
imaged at two geographic sites within 24 hours, showing high
inter-site reproducibility in physiological location and extent
of ventilation deficits in the same participants.24 They
reported a 3% mean VDP difference and 95% limits of
agreement of �14% to 8%, which is more variable than the
same-day variation observed in this study; this may be due to
differences in MRI acquisitions including dosing, timing of
the MRI exams, and VDP quantification and perhaps also
related to pathophysiological differences between these dis-
eases. Ebner et al showed highly reproducible same-day VDP

FIGURE 7: Representative single coronal Xe ventilation MRI
images from Visit 1 (top two rows for Scan 1 and Scan 2) and
from Visit 2 (bottom row) for three participants. VDP and RDV
measurements are shown below the images. CF1 (left column)
showed stable ventilation with conserved ventilation deficits
appearing in the same location across all three scans, and similar
VDP and RDV measurements. This stability of ventilation pattern
was typical of most participants. CF2 (middle column) had large
same-day ventilation changes during Visit 1, where the two
scans were separated by 19 minutes; the arrows highlight
ventilation deficits that were present at the first scan but not in
the second scan. Notice the ventilation pattern at Visit 2 looks
similar to that of Visit 1, Scan 1. For CF3 (right column), same-
day ventilation in Visit 1 was consistent, but there was an
improvement in ventilation at Visit 2 with a reduction in both
VDP and RDV and improvement in the right-lung ventilation
deficit marked by arrows. This participant had consistent 82%
FEV1 at both visits but improvement in LCI2.5 (11.573 at Visit
1, 10.542 at Visit 2).
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measurements in a group of healthy adults and those with
asthma and reported a mean difference of �0.88 � 1.52,
which was largely attributed to two participants with a �4%
VDP difference between scans.25 Likewise, Smith and col-
leagues showed a bias of 0.2% in same-day repeated VDP
measurements in a cohort of people with CF across a range of
disease severity.26 A study by Kirby et al using helium-3 MRI
assessed the within-subject, between-test variability of the
VDP and reported limits of reproducibility (1.96 � the stan-
dard deviation) less than 4% and that the smallest detectable
difference in VDP was 2%.27 In total, this supports that the
location and extent of ventilation deficits observed with Xe
MRI are highly reproducible over a short period of time.

At Visit 2, VDP and RDV were stable with minimal
within-participant changes, supporting that Xe MRI had
excellent short-term stability in clinically stable people with
CF. A longitudinal study by Smith et al of 29 people
with moderate CF lung disease (mean FEV1 %-predicted
71% � 26%) showed no significant change in Xe MRI at a
median follow-up interval of 16 months, but there was large
inter-subject variability in the extent and direction of Xe ven-
tilation changes independent of disease severity.26 Alam and
colleagues recently demonstrated same-day and 1-month
reproducibility of dynamic, multiple-breath washout Xe MRI
in a single-center cohort of healthy and CF children,28 which
agrees with our results and supports the stability of ventilation
heterogeneity and Xe MRI in people with mild CF lung dis-
ease over a short period of time. Determining the intrinsic
same-day variability of Xe MRI and the threshold of
clinically-relevant changes in VDP remain critical aspects for
the clinical translation of Xe MRI. A single-site study of Xe
MRI in CF lung disease by Smith et al defined �1.6% VDP
as a relevant change, as defined by the 95% limits of agree-
ment from same-day VDP measurements.26 Applying this
metric to this multi-site study, the threshold for relevant
VDP and RDV change would be �3.5% and �1.9%, respec-
tively. The relatively higher VDP threshold in this study
likely is related to differences in VDP definition and measure-
ment between studies and further compounded by factors
intrinsic to the multi-center nature of this study including the
variability in dosing and acquisition technique, scanner hard-
ware, image reconstruction, and coil-placement differences.

Regarding the determination of a clinically-relevant dif-
ference in VDP, one study reported a mean 3% VDP
improvement in a group of children with CF treated with
antibiotics for pulmonary exacerbation.14 Another study
of hyperpolarized helium-3 gas ventilation MRI in a cohort
of adults with asthma reported a minimally clinically impor-
tant difference in VDP of 4% as anchored to the patient-
reported and clinically-validated Asthma Control Question-
naire (AQL).29 Despite the differences in patient populations,
data acquisition, and study goals, these studies support that a
VDP change of �2%–3% likely is clinically relevant and

raises important considerations for gas dosing, image acquisi-
tion, and VDP analysis in future multi-site clinical trials using
outcomes from Xe MRI. While this study was designed to
assess Xe-MRI reproducibility over the course of 1 month in
children with CF, there are important age- and sex-related
changes in Xe MRI which would need to be considered the
design of longer longitudinal studies and in larger clinical tri-
als with Xe MRI as an outcome.30–33 Furthermore, a study
by Garrison et al showed reproducible same-day Xe gas-
exchange MRI metrics related to membrane uptake and RBC
transfer in a single-center study of healthy controls and those
with chronic obstructive pulmonary disease (COPD) and also
showed variations in these metrics depending on lung infla-
tion, which again emphasizes the importance of gas dosing in
future Xe MRI studies.34

While previous studies like14,29 used changes in clinical
parameters like symptoms or questionnaires to define change
in Xe MRI, in this study, we have used a distributional
approach to define reproducibility. With that said, regional
changes are often obvious and quantifiable, leaving the poten-
tial for much higher sensitivity to true physiological change.
Understanding Xe MRI change in the background of stable
CF lung disease will be important to determining treatment
response, and Xe MRI showed excellent 28-day stability with
no significant changes in VDP or RDV.

Limitations
The number of participants at each site was relatively small,
and thus some of the statistical comparisons may be under-
powered, and inter-reader reliability was not assessed as part
of this study. As this study focused on mild CF lung disease,
repeatability and stability of Xe MRI may be different in
those with advanced CF lung disease or other patient
populations where the disease pathophysiology of airflow
obstruction is different. The flexibility in Xe dosing (i.e., total
administered volume of up to 1/6th predicted TLC, com-
posed of either 100% Xe or a mixture of Xe/N2) was
intended to allow individual sites to operate within their cur-
rent operating standards for research Xe MRI studies. Dosing
strategy likely impacts the distribution of gas within the
lungs, and in the future, specification of Xe dose-equivalent
volume may help minimize some of the minor inter-site vari-
ation in SNR seen in this study. Furthermore, Xe MRI is a
relatively niche modality considering the multi-nuclear hard-
ware, hyperpolarized, and expertise needed, which may limit
its accessibility in future clinical trials and in clinical practice;
however, the number of sites performing Xe MRI continues
to grow. While outside of the scope of the current work, it is
important to recognize there are other MRI-based techniques
for assessing regional lung ventilation including three-
dimensional (3D) phase-resolved functional lung
(PREFUL)35,36 and matrix-pencil/Fourier decomposition
methods37,38 which do not require an inhaled contrast agent.
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Conclusion
Using a multi-site, harmonized Xe gas dosing and acquisition
protocol, Xe MRI may show to be highly repeatable within
the same day and could show excellent short-term stability in
a cohort of children with stable, mild CF lung disease.
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