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Background:  Idiopathic pulmonary fibrosis (IPF) is a temporally and spatially heterogeneous lung disease. Identifying whether IPF

in a patient is progressive or stable is crucial for treatment regimens.

Purpose:  To assess the role of hyperpolarized (HP) xenon 129 (**’Xe) MRI measures of ventilation and gas transfer in IPF generally

and as an early signature of future IPF progression.

Materials and Methods: In a prospective study, healthy volunteers and participants with IPF were consecutively recruited between

December 2015 and August 2019 and underwent baseline HP 'Xe MRI and chest CT. Participants with IPF were followed up
with forced vital capacity percent predicted (FVC%p), diffusing capacity of the lungs for carbon monoxide percent

predicted (DLco%p), and clinical outcome at 1 year. IPF progression was defined as reduction in FVC%p by at least 10%, reduc-
tion in DLco%p by at least 15%, or admission to hospice care. CT and MRI were spatially coregistered and a measure of pul-
monary gas transfer (red blood cell [RBC]-to-barrier ratio) and high-ventilation percentage of lung volume were compared across
groups and across fibrotic versus normal-appearing regions at CT by using Wilcoxon signed rank tests.

Results:  Sixteen healthy volunteers (mean age, 57 years + 14 [SD]; 10 women) and 22 participants with IPF (mean age, 71 years +
9; 15 men) were evaluated, as follows: nine IPF progressors (mean age, 72 years + 7; five women) and 13 nonprogressors (mean age,
70 years + 10; 11 men). Reduction of high-ventilation percent (13% + 6.1 vs 8.2% + 5.9; P = .03) and RBC-to-barrier ratio (0.26
+0.06 vs 0.20 + 0.06; P = .03) at baseline were associated with progression of IPE. Participants with progressive disease had reduced
RBC-to-barrier ratio in structurally normal-appearing lung at CT (0.21 + 0.07 vs 0.28 + 0.05; P = .01) but not in fibrotic regions
of the lung (0.15 + 0.09 vs 0.14 + 0.04; P = .62) relative to the nonprogressive group.

Conclusion:  In this preliminary study, functional measures of gas transfer and ventilation measured with xenon 129 MRI and the
extent of fibrotic structure at CT were associated with idiopathic pulmonary fibrosis disease progression. Differences in gas transfer

were found in regions of nonfibrotic lung.
© RSNA, 2022
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Idiopathic pulmonary fibrosis (IPF) is a fibrotic lung dis-
ease with a poor prognosis, with a median life expectancy
of 3-5 years (1). The progression of IPF is highly variable
from patient to patient (2). Although the majority of pa-
tients will die within 3-5 years, nearly a quarter of patients
can survive for over 10 years (3). Given this heterogene-
ity in disease progression (4), it is clinically challenging
to manage care and tailor treatment with the antifibrotic
medications nintedanib and pirfenidone (5,6).

The diagnosis of IPF has relied on high-spatial-
resolution CT, which provides a confident diagno-
sis when a classic usual interstitial pneumonia pat-
tern is present (7). However, structural alterations
such as honeycombing and traction bronchiectasis are

backward-looking; the disease has already progressed to
advanced stages by the time these signs are apparent.
Pulmonary function tests are commonly used to moni-
tor and assess disease progression in IPF (8). However,
pulmonary function tests do not provide regional infor-
mation and are most useful for monitoring rather than
predicting progression for similar reasons as CT. De-
spite its diagnostic importance, CT has shown limited
promise as a tool in predicting progression (9), although
quantitative CT computer analysis of lung texture has
shown promising preliminary resules (10,11).
Hyperpolarized (HP) xenon 129 (**Xe) MRI has
shown potential for evaluating global and regional gas
exchange, with a strong focus on applications in IPF
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Abbreviations

DLco%p = diffusing capacity of the lungs for carbon monoxide percent
predicted, FEV %p = forced expiratory volume in 1 second percent pre-
dicted, FVC%p = forced vital capacity percent predicted, HP = hyper-
polarized, IPF = idiopathic pulmonary fibrosis, RBC = red blood cell,
TP = tissue with plasma components

Summary

In a prospective study, reduced lung function at hyperpolarized '’Xe
MRI and extent of fibrotic structure at CT were associated with disease
progression in idiopathic pulmonary fibrosis 1 year later.

Key Results

= In a prospective study of 22 participants with idiopathic pulmonary
fibrosis (IPF) and 16 healthy volunteers, hyperpolarized xenon 129
MRI high-ventilation percentage (13% vs 8.2%; P = .03) and the
ratio of red blood cell (RBC)-to-tissue-plasma xenon signal (ie, the
RBC-to-barrier ratio; 0.26 vs 0.20; P = .03) were reduced in IPF
progression versus nonprogression.

= Percent fibrosis on CT images was higher in IPF progression versus
nonprogression (24% vs 14%; P = .03).

= Reduced RBC-to-barrier ratio in IPF progression occurred in
normal-appearing lung at CT (0.21 vs 0.28; P = .01).

(12-16). HP *Xe MRI uses nonionizing radiation for more
frequent longitudinal evaluation early in interstitial lung dis-
ease without concern for accumulated radiation dose. Recent
work demonstrated that whole-lung HP 'Xe spectroscopy
may be sensitive to progression of gas-exchange efficiency in
IPF (17), and HP helium 3 diffusion-weighted MRI was also
shown to be sensitive to longitudinal changes in IPF disease
(18). Gas exchange can be evaluated regionally with HP '*Xe
MRI by using spectroscopic imaging methods that isolate red
blood cell (RBC) and tissue with plasma components (TP; also
known as barrier) of the capillary-tissue interface (13). Sev-
eral ratio measures of normalized gas exchange have emerged:
RBC-to-gas, barrier-to-gas, and RBC-to-barrier (also known
as RBC-to-TP) ratios (12,19,20). Finally, recent advances in
anatomic high resolution ultrashort echo time MRI (21,22)
enable direct comparison of fibrotic lung injury at chest CT
to functional MRI measures of gas exchange using deformable
co-registration (23).

The purpose of this exploratory work was to assess the role
of HP '¥Xe MRI measures of ventilation and gas exchange in
IPF generally and as an early signature of future IPF progres-
sion prospectively at baseline with follow-up clinical evalua-
tion at 1 year. We hypothesized that the functional metrics
of gas exchange and ventilation measured by using HP '¥Xe
MRI would be reduced in participants with IPF versus in
healthy volunteers of comparable age. A secondary hypothesis
was that gas exchange and ventilation measured by using HP
12Xe MRI would be associated with disease progression in
IPF and that gas exchange would be colocalized with patho-
logic structure of interstitial lung disease, as identified at CT.

Materials and Methods

This prospective study was Health Insurance Portability and
Accessibility Act compliant, and written informed consent
was obtained in accordance with approved institutional review
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board (Health Sciences Institutional Review Board 2013-0266
and Health Sciences Institutional Review Board 2014-1572)
and investigational new drug (Food and Drug Administration
Investigational New Drug number 118077) protocols.

Participants and Study Design

Participants were consecutively recruited between December
2015 and August 2019 from either our healthy database within
the Department of Radiology or the interstitial lung disease
clinic in the Department of Medicine at the University of
Wisconsin (Madison). Healthy volunteers were required
to be a current nonsmoker without lung disease, advanced
heart disease, or history of cancer and age at least 18 years;
subsequently volunteers were excluded if age less than 50
years to better compare with the population with IPE. Par-
ticipants with IPF were outpatients of either sex at age 18
years with a clinical diagnosis of IPE All participants had to
be able to provide consent and undergo MRI. Study partici-
pants underwent MRI on either a 1.5-T (HDx; GE Health-
care) or 3.0-T (750 HD; GE Healthcare) scanner by using
a quadrature vest coil (Clinical MR Solutions) tuned to the
12Xe resonant frequency (17.66 MHz at 1.5 T and 35.32
MHz at 3.0 T). Pulmonary function tests were acquired ac-
cording to clinical standards of care with standardization
outlined in the American Thoracic Society guideline docu-
ment (24). Percent predicted values for pulmonary function
test measures were calculated based on reference values of
the global lung function initiative (25). Forced expiratory
value in 1 second percent predicted (FEV %p) and forced
vital capacity percent predicted (FVC%p) by spirometry and
diffusing capacity of the lungs for carbon monoxide per-
cent predicted (DLco%p) by the single-breath method were
obtained immediately before imaging in 10 of 16 healthy
volunteers and all participants with IPE These measures were
also acquired again in the participants with IPF approxi-
mately 1 year after undergoing imaging.

Within the IPF cohort, participants were classified as progres-
sors or nonprogressors over the 1 year after undergoing imaging
based on the following criteria: reduction in FVC%p by 10%,
reduction in DLco%p by 15%, or end-of-life care (3).

A subset of the cohort from this work was reported in pre-
viously published work (19,26,27), which assessed repeatability
and technical improvements to image reconstruction, secondary
to the primary clinical outcomes of the study. Our study is dis-
tinguished in that we investigated the original clinical questions
that guided our study design regarding baseline associations be-
tween imaging metrics (CT and '¥Xe MRI) and disease progres-
sion, and this analysis was not reported previously.

129Xe Preparation and Delivery
Details of polarized gas preparation and delivery were published
previously (19) and are also reported in the online supplement.

Image Acquisition

HP '2Xe MRI.—Image acquisition methods for the spectroscopic
MRI have been previously published (19). A detailed description
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of image acquisition parameters and methods for MRI are pro-
vided in Appendix E1 (online).

Multidetector CT.—Chest CT images were acquired by using a
standard of care imaging protocol (Appendix E1 [online]). The
clinical features of CT images were independently read for pat-
tern of fibrosis to support diagnosis of IPF according to Ameri-
can Thoracic Society/Fleischner criteria (7) (M.L.S., a radiologist
with >20 years of experience). For quantitative texture analysis,
lung parenchyma on anatomic CT images was classified as nor-
mal appearing, hyperlucent, ground glass, reticulated, or honey-
combed using an automated commercial lung texture analysis al-
gorithm (LTA; Imbio) (28). The nonnormal texture classes were
grouped into a single class, referred to as fibrotic, to facilitate
clarity and robustness of the analysis.

Image Processing and Analysis

Image analysis methods for MRI have been published previ-
ously (19,29). The detailed description of the imaging pro-
cessing and analysis is provided in Appendix E1 (online). To
perform multimodal regional analysis, '*’Xe and CT images
were registered by using the open-source software Advanced
Normalization Tools (23). The registration pipeline is shown
in Figure E1 (online). Gas-exchange images were registered
to the volume-matched thoracic three-dimensional proton
images by using an affine transformation. Ventilation images
were registered to the two-dimensional multisection proton
data. These two- and three-dimensional proton and anatomic
CT images were then registered to the high-spatial-resolu-
tion ultrashort echo time three-dimensional volume by us-
ing symmetric diffeomorphic nonrigid transformation (30).
These transformations were then used to register the func-
tional »Xe data and the CT-based texture classifications to
the same space for regional analysis.

Statistical Analysis
The number of enrolled participants was chosen based on
power estimates from pilot studies of ¥Xe MRI in healthy
individuals and patients with interstitial lung disease. The
study was powered to detect differences in ventilation defect
percent between participants with IPF and healthy partici-
pants by using pilot data in seven participants with IPF and
nine older (age range, 50-60 years) healthy volunteers. At
the time, the technique for measuring gas exchange was still
being developed. Based on our sample sizes (nine participants
with progressive IPF and 13 participants with nonprogres-
sive IPF), we had 80% power to detect a 1.15-SD difference
in the mean (o = .05). This size difference is reasonable to
expect because the difference between participants with IPF
and healthy volunteers has been reported in to be in the range
of 2 SD for metrics of interest (19,31). Similar or larger dif-
ferences in the other outcome variables examined will have
the same or larger power.

12Xe MRI was compared with spirometry and CT, which
represent the standard of care measurements. Statistical analy-
sis was performed by using statistical software (R version 4.1.2;
R Foundation for Statistical Computing, Attps:/fwww.r-project.
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org) and reviewed by a biostatistician (K.E.L., with 30 years of
experience). Correlations within the entire IPF cohort between
spirometry and whole lung average gas-exchange metrics, ven-
tilation metrics, and percentage of fibrotic or equivalent non-
fibrotic lung and subtextures based on CT were computed by
using Spearman correlations. Whole-lung average gas-exchange
metrics and ventilation metrics were compared between healthy
participants and participants with IPE and between groups with
IPF progression and without IPF progression by using Wilcoxon
signed rank tests.

In the IPF cohort, average gas exchange and ventilation met-
rics of ventilation defect percent, low-ventilation percent, me-
dium-ventilation percent, and high-ventilation percent within
fibrotic and normal-appearing regions of the lung were explored
based on CT lung texture analysis and compared by using paired
Wilcoxon signed rank tests. Differences in these functional met-
rics within fibrotic and normal-appearing regions of the lung
were compared between progressor groups by using Wilcoxon
signed rank tests.

Receiver operating characteristic curves were used to explore
the performance of RBC-to-barrier ratio and high-ventilation
percent as classifiers of disease progression. Logistic regression
was used to generate classifiers based on combinations of metrics.

The exploratory nature of this study, especially given the
natural history design, demands that we conduct statistical
tests for a variety of outcomes to determine which measures
are most relevant for follow-up in larger studies. Because this
is an exploratory study, we are willing to accept a higher prob-
ability for type 1 error but need to consider the effect of mul-
tiple comparisons. There are different approaches to control
for number of tests in exploratory studies. As an exploratory
study, we decided to accept an overall type I error of 10%,
so with six metrics and a conservative Bonferroni adjustment
we consider a P value of less than .017 as indicating statistical
significance. With the small sample size of this study, this level
of significance will be difficult to achieve even for strong effect
sizes, so we allow a P value of less than .05 as a threshold that
would identify measures worthy of follow-up with a similar
study design and a larger study population.

Results

Characteristics of Study Sample

A total of 41 participants were recruited, 39 of whom under-
went HP '¥Xe MRI. Two participants with IPF were unable
to complete the examination because of claustrophobia and
one participant was excluded because of data corruption. This
resulted in a cohort consisting of a healthy group (7 = 16; six
men and 10 women; mean age, 57 years + 14 [SD]) and an IPF
group (7 = 22; 15 men and seven women; mean age, 71 years
+9). Within the IPF cohort, nine participants were progressors
(four men and five women; mean age, 72 years = 7) and 13
were nonprogressors (11 men and two women; mean age, 70
£010). In 19 of 22 (86%) of the participants with IPE CT and
MRI were performed on the same day. In three of 22 (14%),
CT was performed 18-30 months before MRI. All three of the
latter participants were in the nonprogression group. A flow
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diagram of the study enrollment is presented in Figure 1. Full
study sample demographics and pulmonary function tests are
provided in Table 1. The group of participants with IPF that
progressed had moderately more severe IPF in terms of both
gender, age, lung physiology, or GAD, index (32) and extent of
fibrosis on chest CT images. CT showed a more definitively
usual interstitial pneumonia pattern at CT in the progression

Enrolled in Study
(N=41)

Normative Cohort
(N =16)

Hahn et al

group and two of the nine progressed to end-of-life care (Table
2).

Five of the older healthy participants (z = 5; four men
and one woman; mean age, 65 years + 4) first imaged at 1.5
T were imaged again at 3.0 T with a time delay of 1.9-3.6
years to estimate bias and repeatability for the RBC-to-bar-
rier ratio. These measurements found a small bias of 0.02, a

IPF Cohort
(N =25)

Unable to complete

due to claustrophobia

’—

Completed Baseline Scans

Completed Baseline Scans

(N =2)

(N=16) (N =23)
‘ Corrupted CT Data
| [ (N=1)
Dissolved 12°Xe data Included Dissolved 12°Xe and CT data
In Analysis Included in Analysis
(N =16) (N=22)
Figure 1:  Flow diagram of study recruitment and analysis. IPF = idiopathic pulmonary fibrosis.

Table 1: Study Sample Demographics

Parameter Healthy Participants  Participants with IPF P Value IPF Nonprogressors IPF Progressors P Value
No. of participants 16 22 NA 13 9 NA
No. of female participants 10 (63) 7 (32) 07 215 5 (56) .07
Age (y) 57 £ 14 71+8.6 .002 70 £9.8 72+7.2 .64
FEV1%p (%) 100 + 10 82+ 18 .01 89 +178 72+ 15 .03
FVC%p (%) 101 + 10 78 + 19 .002 84 +18 68 + 189 .06
DLco%p (%) 89+ 16 55+13 <.001 58 + 13 49 + 10 11
LCI 5% 6.0 + 0.65 7.5+ 1.4 <.001 7.1+1.0 8.1+1.8 .25
RBC-to-barrier ratio 0.38 + 0.11 0.23 + 0.07 <.001 0.26 +0.06 0.20 + 0.06 .03
High-ventilation percent (%) 18 +5.0 11+6.4 .001 13 +6.1 8.2+5.9 .03
Percent fibrotic lung NA 18+ 12 NA 14.0 + 6.7 24+ 15 .03
Percent hyperlucent NA 2.0+3.6 NA 2.0+4.1 1.9+29 79
Percent ground glass NA 82+83 NA 6.5+5.7 11+11 .19
Percent reticulation NA 74+57 NA 49+54 11£7.2 .07
Percent honeycombing NA 0.7+0.8 NA 0.5+04 1.0+1.1 .16

Note.—Unless otherwise indicated, mean data are + SD. Data in parentheses are percentages. Participants with idiopathic pulmonary
fibrosis (IPF) are further subclassified in the nonprogressor and progressor groups. FEV1%p = forced expiratory volume in 1 second percent
predicted, FVC%p = forced vital capacity percent predicted, DLco%p = diffusing capacity of the lungs for carbon monoxide percent
predicted, IPF = idiopathic pulmonary fibrosis, LCI = lung clearance index, NA = not applicable, RBC = red blood cell.

Table 2: CT Pattern, Severity, Treatment, and Outcomes for Idiopathic Pulmonary Fibrosis Progressors and Nonprogressors

CT Pattern Treatment Clinical Outcome
Group NSIP  Possible UIP  UIP Median GAP Score ~ Conventional Antifibrotic Transplant EOL Care
Progressors 0 2 7 3.5 (3-6) 3 6 1 2
Nonprogressors 2 6 5 3 (1-5) 5 8 1 0

Note.—Unless otherwise indicated, data are participants; data in parentheses are range. Conventional treatment includes combination of
anti-inflammatories (azithromycin, anticholinergics), bronchodilators, and vasodilators (fluticasone, losartan, and/or sildenafil). EOL = end
of life, GAP = gender, age, lung physiology, NSIP = nonspecific interstitial pneumonia, UIP = usual interstitial pneumonia.
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Table 3: Spearman Correlations between Spirometric and Imaging Measures

Barrier-to-Gas RBC-to-Gas  RBC-to-Barrier Low-Ventilation Medium- High-Ventilation Percent
Ratio Ratio Ratio vDP Percent Ventilation Percent Percent Fibrotic Lung
Entire IPF Entire IPF Entire IPF Entire Entire IPF Entire IPF Entire IPF Entire IPF
Parameter Cohort Cohort Cohort Cohort Cohort Cohort Cohort Cohort Cohort Cohort Cohort Cohort Cohort Cohort Cohort Cohort
FEV1%p -0.15 -0.42 0.24 -0.14 0.54* 0.36 -0.17 -0.08 -0.47 -0.34 0.35 0.25 0.36 0.28 0.62*
FVC%p -0.14 -0.49* 0.09 -0.24 0.55* 0.33 -0.07 -0.36  -0.30 0.22 0.016 0.31 0.26 0.67*
DLco%p -0.05 -0.28 0.50 -0.02 0.62* 0.22 -0.16 -0.03 -0.50* -0.28 0.26 -0.05 0.50* 0.30 0.68*

ventilation defect percent.
* Statistically significant correlation (P < .05).

Note.—Data are correlations. DLco%p = diffusing capacity of the lungs for carbon monoxide percent predicted, FEV1%p = forced
expiratory volume in 1 second percent predicted, FVC%p = forced vital capacity percent predicted, HVP = high-ventilation percent,
IPF = idiopathic pulmonary fibrosis, LVP = low-ventilation percent, MVP = medium-ventilation percent, RBC = red blood cell, VDP =

Table 4: Functional Imaging Measures at CT in the Idiopathic Pulmonary Fibrosis Cohort

Barrier-to-Gas  RBC-to-Gas RBC-to-Barrier
Parameter Ratio Ratio Ratio VDP LVP MVP HVP
Normal-appearing lung 1.16 £ 0.31 0.30 + 0.10 0.25 + 0.07 9.0 £9.6 223+15.6 609+19.9 7.8+6.1
Fibrotic lung 1.17 £ 0.40 0.19£0.11 0.15+0.07 8.6+123 263+164 572+22.0 79zx6.1
P value (normal appearing .85 <.001 <.001 .86 .07 .02 .89
vs fibrotic)
Whole lung 1.15 + 0.34 0.28 + 0.09 0.23 + 0.07 10.8+11.5 30.4 +8.7 47.5+6.5 11.2+6.4

red blood cell, VDP = ventilation defect percent.

Note.—Mean data are + SD. HVP = high-ventilation percent, LVP = low-ventilation percent, MVP = medium-ventilation percent, RBC =

coeflicient of variation of 7.8%, and a repeatability coefficient
of 0.05 (Fig E2 [online]).

Global Comparisons

Notably, healthy volunteers had higher RBC-to-barrier ratio
(0.38 £ 0.11 vs 0.23 + 0.07, respectively; P < .001) and high-
ventilation percent (17.8% + 5.0 vs 11.2% =+ 6.4; P = .001)
than IPE Correlations between whole-lung imaging markers
and spirometry are provided in Table 3. Several correlations
between functional imaging markers and spirometry were
found. In ventilation metrics, low-ventilation percent was nega-
tively correlated with FEV %p (r = -0.47; P = .009), FVC%p
(r=-0.36; P =.049), and DLco%p (r = —0.50; P = .007); high-
ventilation percent was positively correlated with DLco%p
(r=0.50; P=.007). For gas exchange metrics, whole-lung mean
RBC-to-barrier ratio was positively correlated with FEV %p
(r=0.54; P=.002), FVC%p (r = 0.55; P = .002), and DLco%p
(r = 0.62; P < .001), whereas the RBC-to-gas ratio was nega-
tively correlated with DLco%p (7 = =0.50; P = .006). Of the
structural imaging markers acquired from CT texture, the per-
centage of total fibrotic lung negatively correlated with FEV %p
(r=-0.62; P=.004), FVC%p (r=0.67; P<.001), and DLco%p
(r= —0.68; P =.001). In addition to percent fibrosis, FVC%p
and DLco%p were independently negatively correlated with
fibrotic subtextures, including ground-glass opacity (FVC%p,
r=-0.73 [P < .001]; and DLco%p, » = -0.50 [P = .02]) and
reticulation (FVC%p, r = -0.67 [P < .001]; DLco%p, r= —0.71
[P =.03]) as shown in the online supplement, Table E1 (online).
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We found no evidence of global associations between lung tex-
ture measures and MRI measures.

Regional Comparisons

Differences in ventilation and gas exchange markers were found
between regions of normal-appearing versus fibrotic lung. RBC-
to-gas ratio (0.30 + 0.10 vs 0.19 = 0.11; P < .001) and RBC-
to-barrier ratio (0.25 + 0.07 vs 0.15 + 0.07; P < .001) were lower
in fibrotic lung regions, and medium-ventilation percent was
reduced in the fibrotic lung (61% + 20 vs 57% + 22; P = .02).
Low-ventilation percent was only slightly elevated in fibrotic lung
at quantitative chest CT (22% + 16 vs 26% = 16; P = .07). We
found no evidence that barrier-to-gas ratio (1.22 vs 1.10; P = .36)
or RBC-to-gas ratio (0.27 vs 0.29; P = .65) were different between
participants with IPF with progressive disease. A full report of re-
gional associations between MRI measures and percent fibrosis at

CT for each marker can be found in Table 4.

Disease Progression

The progression of disease was associated with the levels of cer-
tain functional and structural imaging markers. RBC-to-barrier
ratio showed a positive relationship with DLco%p in the par-
ticipants with IPF who progressed (» = 0.55; P = .15), but no
pattern existed in participants with IPF who did not progress
(r = =0.16; P = .62) or for participants with IPF overall
(r=0.22; P = .35). There was no evidence of an interaction be-
tween IPF progression and the relationship between DLco%p
and RBC-to-barrier ratio (regression coeflicient, 0.003; = .23).

radiology.rsna.org = Radiology: Volume 305: Number 3—December 2022
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Figure 2:  Box plofs of (A) high-ventilation percent in healthy volunteers, idiopathic pulmonary fibrosis (IPF) nonprogressors, and IPF progressors, (B) red blood cell
(RBC)-to-barrier ratio in healthy volunteers, IPF nonprogressors, and IPF progressors, and (€) percent of fibrotic lung in the IPF groups only. Statistically significant differ-
ences are indicated and show consistently higher high-ventilation percent and RBC-to-barrier ratio in healthy versus IPF groups and in IPF nonprogressors versus progression
groups. Percent fibrofic lung was also higher in the progressor versus nonprogressor groups.
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Figure 3: Hyperpolarized xenon 129 ('*’Xe) MRI and quantitative texture on chest CT images in three typical participants. In a 68-year-old
man with nonprogressive idiopathic pulmonary fibrosis (IPF), (A) '2’Xe ventilation, (D) '°Xe gas exchange, and (G) CT-based texture images are
shown. In a 65-year-old man with progressive IPF, (B) '°Xe ventilation, (E) '*’Xe gas exchange, and (H) CT-based texiure images are shown. In
a 63-year-old healthy man, (€) '*’Xe ventilation and (F) '*’Xe gas exchange images are shown. CT data were not acquired in the healthy volun-
teer. Note the progressively poorer ventilation and gas exchange going from healthy volunteer to nonprogressor to progressor, and the increased
prevalence of fibrofic textures in the participant with progressive IPF. HVP = high-ventilation percent, LVP = low-ventilation percent, MVP = medium-
ventilation percent, VDP = ventilafion defect percent.

The percentage of total normal-appearing lung, the RBC-to-  percentage of normal-appearing lung was reduced by 10%
barrier ratio, and the high-ventilation percent were reduced (86% vs 76%; P = .03), whole lung RBC-to-barrier ratio was
in participants with IPF with progressive disease (Table 1). reduced by 0.06 (0.26 vs 0.20; P=.03), and whole lung high-ven-
On average, in IPF progression versus nonprogression groups, tilation percent was reduced by 5.2% (13.4% vs 8.2%; P = .05).

Radiology: Volume 305: Number 3—December 2022 = radiology.rsna.org 693



Hyperpolarized '??Xe MRI Shows Reduced Function in Idiopathic Pulmonary Fibrosis

Boxplots of these differences are in Figure 2; representative
images from a healthy volunteer, IPF nonprogressor, and IPF
progressor are in Figure 3.

‘The RBC-to-barrier ratio in the texturally normal-appearing
regions of the lung was more strongly associated with disease
progression than was the whole lung RBC-to-barrier ratio.
RBC-to-barrier ratio was reduced in normal-appearing lung
for participants with IPF with disease progression (0.28 +
0.05 vs 0.21 + 0.07; P = .01), whereas RBC-to-barrier ratio in
fibrotic lung was not associated with progression (0.15 + 0.09 vs
0.14 +0.04; P=.62). A linear model of the dependence of RBC-
to-barrier ratio on the interaction between disease progression and
lung texture (normal-appearing vs fibrotic) confirmed the dif-
ferences in RBC-to-barrier ratio when evaluating normal-
appearing versus fibrotic lung (regression coeflicient-0.07 + 0.03;
P = .02). Boxplots depicting these relationships and example
images are shown in Figure 4. No evidence of a positive relation-
ship between RBC-to-barrier ratio and percentage of normal-
appearing lung (r=0.41; P=.06) or RBC-to-barrier ratio within
fibrotic lung regions (= 0.11; P = .64) was found.

A B

The area under the receiver operating characteristic curve
(AUCQC) of the receiver operating characteristic curves for a
selection of markers is provided in Table 5. The classifier
combining high-ventilation percent and RBC-to-barrier
ratio in normal-appearing lung had the highest perfor-
mance (AUC, 0.89 + 0.14) and was greater than the AUCs
for high-ventilation percent alone (AUC, 0.75 + 0.12; P =
.04) and DLco%p (AUC, 0.72 + 0.13; P = .03), but was
not greater than percent fibrosis at chest CT (AUC, 0.78
+0.10; P =.19). Figure E3 (online) shows receiver operat-
ing characteristic curves and Cls for the normal-appearing
RBC-to-barrier ratio, the high-ventilation percent, and
the high-ventilation percent with RBC-to-barrier ratio in
normal-appearing lung. The operating point (marked by
crosshairs) for the classifier combining the high-ventilation
percent with RBC-to-barrier ratio in normal-appearing
lung had higher sensitivity and specificity (sensitivity, 0.89;
specificity, 0.85) than either the high-ventilation percent
(sensitivity, 0.89; specificity, 0.69) or RBC-to-barrier ratio
(sensitivity, 0.67; specificity, 0.85) classifiers alone.

L " Nlagp Progressor
Progressor
" i ' B Normal-Appearing
3 2 ' \ | [ Ground Glass
- O S i
@ ||: ; | [l Reticulation
8‘3 02 OF [ Honeycombing
[a1] - .
o 58 High
B =
©
0.1 o
Q
m
o F
8 No Progression Low
0.0 ® Progression
Fibrotic Normal-Appearing
Texture Type
Figure 4: (A) Box plofs of the red blood cell (RBC)-to-barrier rafio in fibrofic and normal-appearing lung in progressor and nonprogressor

groups. * Statistically significant difference. Note the overall reduced RBC-to-barrier ratio in fibrotic lung and the difference in progression groups in
the normal-appearing lung (P="01) but not in the fibrofic lung (P=.67). (B) Images in a 77-year-old man with idiopathic pulmonary fibrosis (IPF)
from the nonprogressor group (left) and a 77-year-old man with IPF from the progressor group (right) show exemplary differences demonstrated on
the box plots (A). Note that RBC-fo-barrier ratio is uniformly low in fibrofic regions on CT images but also reduced in normal-appearing regions, and

more prominently in the participant with progressive IPF.

Table 5: Spirometric and Imaging-based Metrics as Predictors of Disease Progression

Normal RBC-to- High-Ventilation Percent Fibrotic High-Ventilation Percent with
Parameter DLco%p Barrier Ratio Percent Lung Normal RBC-to-Barrier Ratio
AUC 0.72 £ 0.13 0.80 +0.10 0.75+0.12 0.78 +0.10 0.89 + 0.07
(0.48, 0.96) (0.61, 0.99) (0.52, 0.98) (0.58, 0.98) (0.75, 1.00)
Sensitivity 0.63 0.67 0.89 1.0 0.89
Specificity 0.83 0.85 0.69 0.54 0.85

Note.—Area under the receiver operating characteristic curve (AUC) data are mean + SDj; data in parentheses are 95% Cls. DLco%p =
diffusing capacity of the lungs for carbon monoxide percent predicted, RBC = red blood cell.
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Discussion

Our work is a prospective exploratory study of multimodal
quantitative imaging of pulmonary structure and function by
using hyperpolarized (HP) xenon 129 (**Xe) MRI and quanti-
tative CT texture analysis in study participants with idiopathic
pulmonary fibrosis (IPF) and healthy volunteers to identify
baseline predictors of IPF and IPF disease progression. The as-
sociation between pulmonary function and percent fibrosis at
CT with disease progression supports current clinical decision-
making. At HP '*Xe MRI, red blood cell (RBC)-to-barrier ratio
(measure of gas exchange) and high-ventilation percent were re-
duced at baseline in participants with IPF who progressed in the
year after imaging. Our results also suggested that HP '#Xe MRI
helps to detect reduced RBC-to-barrier ratio in participants with
IPF progression compared with participants without progression
in nonfibrotic lung, despite both groups showing the expected
lower overall RBC-to-barrier ratio in fibrotic lung compared
with nonfibrotic lung. This indicates that HP '*Xe MRI may
help provide complementary information to CT.

Exploratory receiver operating characteristic analysis further
supports a role for functional measures using HP '*Xe MRI.
Odur results showed that percentage of fibrotic lung, high-ven-
tilation percent, and RBC-to-barrier ratio all performed rea-
sonably well as independent predictors of disease progression
with an area under the receiver operating curve greater than
0.7; moreover, the best classifier combines both high-ventila-
tion percent and RBC-to-barrier ratio, resulting in an area un-
der the receiver operating curve of nearly 0.9, although this was
not better than percent fibrosis at CT.

Recent advances in quantitative CT texture analysis have
shown promise in predicting lung function decline and pro-
gression in IPF (9,11,33-35). It is therefore surprising that CT
texture and HP '*Xe MRI measures both correlate modestly to
lung function but not to each other. We hypothesize that CT
texture and HP '¥Xe MRI help measure different aspects of IPF
injury that contribute to lung function decline but at different
stages of the disease process.

Correlations between gas-exchange measures and spirometry
have been described previously in the literature (13,16), and
we showed similar findings. However, the trend between RBC-
to-barrier ratio with DLco%p in participants with IPF pro-
gression contrasts with moderate to strong associations when
correlating across healthy participants and participants with IPF
in our study and previous studies (13). This further suggests
quantitative measures of CT texture may be useful to predict
progression (9,11,33).

Our study had limitations. First, the sample size was small.
Second, although we identified where the disease-related effect
is largest compared with the underlying natural variation, the
nonstatistically significant metrics we analyzed may have real
effects that are smaller than the variation allows us to detect at
this power level. Third, because of changes in scanner availability
over the course of our study, a portion of the participants with
IPF were imaged at 1.5 T and a portion were imaged at 3.0 T but
correcting for field strength did not influence the statistical sig-
nificance of our findings. Additionally, repeatability across field

Radiology: Volume 305: Number 3—December 2022 = radiology.rsna.org

Hahn et al

strengths for the five older healthy participants scanned at both
1.5T and 3.0 T suggests good repeatability across field strengths
despite a substantial delay between visits. The indication
that these experiments can be performed reliably at multiple
field strength speaks to the generalizability of these results.
Fourth, the IPF progression group had moderately more severe
IPF than our nonprogression group at baseline. Fifth, we only
acquired 1-year follow-up data in the IPF participants, which
makes it hard to rule out the natural effects of aging. Finally, in
our study sample, healthy volunteers did not perfectly match
to participants with IPF in terms of being generally younger
and with more women than is typical. Male sex is an indepen-
dent risk factor for progression of fibrotic lung disease in gen-
eral and IPF in particular (7). Patient sex and baseline severity
influence the overall trajectory of the disease and may influence
the imaging metrics, and this is not captured here.

In conclusion, we demonstrated that functional measures of
gas exchange and ventilation measured at xenon 129 MRI and
the extent of fibrotic structure at CT are associated with dis-
ease progression in idiopathic pulmonary fibrosis (IPF) 1 year
later. Moreover, differences in xenon gas exchange in participants
with progression appear to be driven by lower values in regions
of nonfibrotic lung, rather than in fibrotic regions at CT. Our
findings need to be verified in a longitudinal multicenter study
with more rigorous testing of the repeatability of the MRI-based
measurements of gas exchange and ventilation in a larger sample
of participants with IPE
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