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BACKGROUND: There is currently no sensitive, noninvasive method of screening for chronic lung
allograft dysfunction (CLAD), the primary barrier to long-term survival after lung transplant.
Conventional pulmonary function testing is imprecise absent a sustained decline. Hyperpolarized '**Xe
magnetic resonance imaging (MRI) is a sensitive tool for 3-dimensional imaging of regional pul-
monary ventilation and gas-exchange abnormalities and may aid in early detection of CLAD.
METHODS: Adult patients, post bilateral lung transplant, were screened for CLAD based on the
International Society for Heart and Lung Transplantation criteria. Those with established allografts
(n = 10) underwent '*Xe gas-exchange MRI and spectroscopy and were compared to results from 16
young healthy volunteers and 16 age-matched healthy volunteers. One lung transplant recipient was
excluded from the final data analysis due to a concurrent lung infection found incidentally after MRI.
Imaging provided quantitative maps of the ventilation defect percent (VDP), membrane high percent,
and red blood cell (RBC) defect percent. Spectroscopy yielded RBC/membrane ratio, oxygenation-
dependent RBC shift, and RBC oscillation amplitude.

RESULTS: The analysis included 9 lung transplant recipients, 7 with CLAD and 2 without. CLAD
patients exhibited VDP values consistent with their forced expiratory volume in 1 second (FEV,)
decline (rtho = 0.79, p = 0.048). Hemoglobin-corrected RBC transfer was reduced in all transplant
recipients vs young healthy controls (median [first quartile-third quartile] of 13% [9%-22%] vs 2%
[1.75%-3%], p = 0.003) as well as vs age-matched controls (5.5% [2%-9.25%], p = 0.039).
Spectroscopy demonstrated reduced RBC/membrane signal (0.26 [0.17-0.31] vs 0.62 [0.50-0.66],
p < 0.001 and vs 0.48 [0.42-0.55], p = 0.002), reduced RBC chemical shift (217.4 [217.2-217.7] ppm
vs 218.2 [218.0-218.5] ppm, p = 0.009 and vs 218.3 [218.2-218.5] ppm, p = 0.003), and increased RBC
oscillation amplitude vs the young healthy controls (14.1% [12.2%-16.4%] vs 11.1% [9.9%-11.9%],
p = 0.003).

CONCLUSIONS: Patients with CLAD exhibited significant ventilation defects that correlated with FEV,
decline, which, along with RBC transfer defects and other '*’Xe gas-exchange and hemodynamic
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abnormalities, could provide a promising means of early detection of physiological changes in patients

with CLAD.
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Background

Chronic lung allograft dysfunction (CLAD) is the leading
cause of long-term mortality in lung transplant recipients and
is of paramount concern for clinicians.' As there is currently
no effective treatment to reverse established CLAD, early
detection is of the utmost importance to slow or stop disease
progression.” However, despite its implications for long-term
patient outcomes, we still lack early detection methods that
can accurately and noninvasively screen for CLAD.”

CLAD has been described as presenting with several
heterogeneous phenotypes, predominantly bronchiolitis
obliterans syndrome (BOS), restrictive allograft syndrome,
and mixed phenotypes.” Individual CLAD phenotypes
display unique clinical presentations, have distinct patterns
on pulmonary function testing (PFT), radiographs, and
computed tomography (CT) scans, and exhibit dissimilar
responsiveness to therapies. Despite these phenotypic dif-
ferences, other important diagnostic and prognostic criteria,
such as early detection, staging, and treatment management,
remain a challenge. To this end, the International Society
for Heart and Lung Transplantation (ISHLT) released a
consensus report in 2019 seeking to standardize the ap-
proach to CLAD identification and treatment. Although the
ISHLT report has done much to harmonize diagnostic cri-
teria, there remains room for provider subjectivity as CLAD
remains a clinical diagnosis based on arbitrary PFT decline
thresholds. Furthermore, based on the advised diagnostic
criteria, the current methodology may lead to instances of
delayed diagnosis.”®

Several approaches to the detection of CLAD exist but
do not show significant promise as they often fail to make a
definitive diagnosis early in the disease course.”’ PFTs
currently constitute the standard of care for initial diagnosis
of CLAD, after exclusion of reversible causes of allograft
dysfunction, followed by monitoring of patients over time.
The ISHLT highlighted this connection in their previous
consensus report, defining CLAD as a persistent decline in
forced expiratory volume in 1 second (FEV;) (= 20%)
compared to a reference value obtained from 2 maximal
post-transplant FEV,; values obtained at least 3 weeks
apart.’ However, determining whether an observed decline
in PFTs is a result of CLAD rather than a manifestation of a
concurrent illness remains the purview of the overseeing
physician.” Reliance on PFTs alone is additionally proble-
matic since accuracy and repeatability are often difficult to
achieve in frail patient populations.” Furthermore, PFTs
provide information on global airway function rather than
regional ventilation heterogeneity, and thus PFT detection
of CLAD only occurs after significant and irreversible

damage is already present.” Therefore, PFTs are often
paired with imaging modalities that can detect regional
changes in ventilation physiology.

The most common imaging modality used in managing
patients with CLAD is CT, which is frequently ordered
following an initial decline in FEV, that leads to clinical
suspicion of possible CLAD.” CT imaging enables the
differentiation between CLAD and non—-CLAD-related ab-
normalities in pulmonary function, such as infection or
airway stenosis. In addition, CT imaging enables the deli-
neation of CLAD phenotypes through detection of bron-
chial wall thickening and expiratory air trapping, as seen
with obstructive phenotypes, or by the identification of
subpleural thickening and ground-glass opacities, as seen
with restrictive phenotypes.” CT is often central to de-
termining the severity of lung involvement and to discus-
sions surrounding CLAD prognosis and treatment.
Although it has many advantages, CT sensitivity for the
early detection of CLAD ranges from 25% to 88% de-
pending on the criteria used.””'" This is partly attributed to
overestimating or underestimating airflow obstruction in the
absence of other indices, such as spirometry.g Furthermore,
radiation exposure is of particular concern for im-
munodeficient patient populations and, given that this
modality provides a primarily structural assessment, pul-
monary function decline must often be inferred.”'”

An evolving imaging approach is magnetic resonance
imaging (MRI) using hyperpolarized gases such as *He and
29Xe. This modality provides a noninvasive means to
image the 3-dimensional ventilation distribution of these
inhaled gases in a single breath hold. This approach confers
a high level of sensitivity to detecting regional hypoventi-
lation because imaging reveals the functional boundaries of
the lung, thereby facilitating detection of small peripheral
defects.'”'* Thus, even imaging at a single time point can
reveal ventilation abnormalities that may indicate early
obstruction. This technology was applied using *He MRI
early in the development of the field, which demonstrated
its sensitivity for the early detection of CLAD in single-
lung transplant recipients.’” Furthermore, the absence of
jonizing radiation in *He MRI permitted it to be used for
serial monitoring.” More recently, due to supply limitations
of *He, hyperpolarized '**Xe gas has emerged as the pri-
mary hyperpolarized gas for regional assessment of pul-
monary function.'®

Notably, MRI with '*Xe gas allows for not only the
visualization of pulmonary ventilation, but through its solu-
bility and distinct frequency shifts, permits imaging of gas
uptake into the interstitial membrane tissues and transfer to
the capillary red blood cells (RBC).'” This 3-compartment
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imaging technique provides a means to estimate and visua-
lize each of the components of gas exchange as measured by
the diffusing capacity of carbon monoxide—accessible al-
veolar volume, membrane conductance, and capillary blood
volume.'® Moreover, in the same 15- to 20-minute exam,
129X e spectroscopy can reveal average capillary blood oxy-
genation of the RBCs and oscillations in the RBC signal
amplitude that speak to the presence of pulmonary hy-
pertension.'” However, the use of hyperpolarized '**Xe
functional imaging and spectroscopy has not yet been in-
vestigated in lung transplant populations. In this study, we
sought to characterize the patterns of 129Xe ventilation, gas
exchange, and spectroscopy in patients with CLAD and es-
tablish correlations with staging.

Materials and methods
Patient recruitment and characteristics

The study was approved by an Institutional Review Board
and recruited a cohort of 10 patients with a medical history of
bilateral lung transplantation. Their findings were compared
to a cohort of 16 young healthy control volunteers and 16
age-matched healthy control volunteers with no history of
pulmonary disease who had undergone identical scanning
previously. Written informed consent was obtained from
each participant before study recruitment and patients un-
derwent '**Xe MRI between 2017 and 2022. Hyperpolarized
129Xe was produced and dispensed under an investigational
new drug application (no. 109,490). All participants were
over 18 years of age. One patient was found to have a lung
infection at the time of imaging and was removed from the
analysis cohort due to its confounding effects. Of the 9
transplant recipients analyzed, the mean age was
63 + 12 years and the mean time from transplant was
103 + 82 months. The mean ages of the young healthy
control and age-matched healthy control volunteers were
25 + 3 years and 63 + 9 years, respectively. All lung
transplant subjects were screened for CLAD based on PFTs
utilizing the ISHLT criteria in clinical collaboration with
providers at our center. Within our remaining lung transplant
patient cohort (n = 9), 7 subjects demonstrated spirometry
values indicative of CLAD, and 2 subjects did not.

129%e polarization and dose administration

129Xe (86% isotopically enriched, Linde Gases) was hyperpo-
larized by spin-exchange optical pumping and cryogenically
accumulated using a commercially available polarizers (Models
9820 and 9810, Polarean) before allocation into a Tedlar dose
delivery bag (Jensen Inert Products), as previously described.””’
Hyperpolarized '*’Xe imaging and spectroscopy were con-
ducted on a 3.0-T scanner (Siemens Magnetom Trio VBI9A
and Prisma XA30A). Subjects were fitted with a flexible vest
coil (Clinical MR Solutions) and received 2 separate doses of
129Xe, 1 for calibration/spectroscopy, and 1 for '*’Xe gas-ex-
change MRI. For the calibration/spectroscopy scans, subjects

received a mean * SD '®Xe dose equivalent of
78,0 = 193 ml. (The dose equivalent represents the net
magnetization that would be obtained from a similar volume of
100% polarized, 100% enriched '**Xe.) For gas-exchange
MRI, a larger dose equivalent of 160.0 = 51.9 ml was ad-
ministered. Xenon volumes ranged between 300 and 875 ml
depending on the type of acquisition and were buffered with a
nonpolarized '**Xe blend to fully inflate the dose delivery bag.
For 23 of 41 subjects, the total dose volume was selected to be
500, 750, or 1000 ml in volume based on 20% of the patient’s
forced vital capacity and was inhaled from functional residual
capacity. The remaining 18 subjects received 1-liter untailored
dose volumes (specifically: 3 of 9 transplant subjects, 9 of 16
young healthy subjects, and 6 of 16 age-matched healthy sub-
jects). One subject required supplemental oxygen during MRI,
which was administered by nasal cannula and removed 2
breaths before '**Xe inhalation. Patient vitals (heart rate and
arterial oxygen saturation) were monitored continuously using
an MRI-compatible monitoring system (Model 7500, Nonin).
Participants underwent '**Xe gas-exchange MRI during a 15-
second breath hold. The combined calibration and spectroscopy
scan was performed during an 8-second breath hold and ac-
quired 500 '*Xe free-induction decays at 15-msec intervals
(echo time, 045 msec; target flip angle, 20° dwell time,
20 psec; 512 points).”' Three-dimensional images were ob-
tained during the breath hold using an interleaved radial ac-
quisition of gas- and dissolved-phase (i.e., membrane uptake
and RBC signals). Dissolved-phase images were obtained with
an effective repetition time of 15 msec and flip angle of 20° and
an echo time that allowed the dissolved-phase compartments to
be decomposed using the 1-point Dixon method.”” This process
generated 3-dimensional images of the gas, membrane uptake,
and RBC components with a nominal isotropic resolution
of 6.3 mm.

Image processing and analysis

Quantitative analysis of pulmonary ventilation, membrane
uptake, and transfer to RBC compartments was performed
according to previously published methods.'® Briefly, venti-
lation scans were transformed into quantitative maps after
normalizing by the top percentile of intensities and mapping
the histogram into 6 classification bins using reference
thresholds from a healthy reference population.'” These maps
were color-coded in increments of 1 standard deviation away
from the healthy reference mean and were quantified ac-
cording to the voxels at least 2 standard deviations below the
healthy reference mean (the “ventilation defect percent,” or
VDP). Similarly, membrane uptake and RBC transfer were
rendered into quantitative maps by dividing by the gas-phase
signal on a voxel-by-voxel basis and similarly color-coded in
increments of 1 standard deviation from the reference mean.
Membrane maps were quantified according to the membrane
high percentage or MHP (at least 2 standard deviations above
the healthy reference mean) and membrane defect percent or
MDP (at least 2 standard deviations below). RBC transfer
maps were quantified according to the RBC transfer defect
percent or (at least 2 standard deviations below the healthy
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Figure 1 129X e magnetic resonance imaging (MRI) maps of ventilation, hemoglobin-corrected membrane uptake, and red blood cell

(RBC) transfer from an example young healthy subject and 9 lung allograft subjects. For each ventilation, membrane uptake, and RBC map,
the lowest of the color bins corresponds to the VDP, MDP, and RDP, respectively. The membrane has the additional MHP value corre-
sponding to voxels more than 2 standard deviations above reference mean. Corresponding abnormalities varied widely across the popu-
lation. CLAD grading was based on PFT values. All maps are overlaid onto an anatomical proton MRI scan for reference. The black areas
on the membrane and RBC maps are associated with regions of ventilation defect where further quantitative analysis is not possible. BOS,
bronchiolitis obliterans syndrome; CLAD, chronic lung allograft dysfunction; MDP, membrane defect percent; RAS, restrictive allograft
syndrome; RDP, red blood cell transfer defect percent; VDP, ventilation defect percent.

reference mean). Given that transplant patients receiving im-
munosuppressive therapy may have decreased hemoglobin, all
gas-exchange images in the cohort were corrected for he-
moglobin to a standardized value of 14 g/dl according to the
recently published equations.”

Spectroscopy processing and analysis

Free-induction decays were fit to gas, membrane uptake,
and RBC transfer peaks in the time domain with each peak
described by an amplitude, chemical shift, phase, and full
width at half maximum.”' Calculated indices included the
RBC/membrane ratio, RBC static chemical shift, and RBC
oscillation amplitude.

Pulmonary function tests

Spirometry was obtained using functional tests that met the
technical criteria set by the American Thoracic Society and
European Respiratory Society and compiled retrospectively
from patient chart reviews.”"”’

CT imaging

Representative CT scans of Transplant Subjects were re-
trieved retrospectively from within a 6-month window of
the '*Xe MRI. The description of specific CT findings was
summarized from interpretations made by board-certified
radiologists from the affiliated hospital system.

Statistical analysis

Pairwise Wilcoxon rank-sum tests (i.e., separate comparisons
between pairs of groups) were used to analyze the differences
between the healthy and lung transplant groups. All the
Wilcoxon rank-sum tests were evaluated with a statistical
significance threshold of p < 0.05, using the Holm-
Bonferroni correction for multiple comparisons. Correlations
with clinical metrics were assessed using the Spearman cor-
relation with a statistical significance level of p < 0.05.
Statistical analysis was performed with R software (version
3.6.0, R Foundation for Statistical Computing).

Results
Representative *?°Xe MRI findings

CLAD designations were adjudicated and graded by
transplant physicians based on ISHLT guidelines.” Seven
lung allograft subjects demonstrated PFT values consistent
with a diagnosis of CLAD, while 2 did not and thus were
designated as CLAD 0. Among the 7 subjects with CLAD,
additional grading was assigned based on the severity of
spirometry scoring, namely grade 1 (n = 3), grade 2 (n = 3),
and grade 4 (n = 1). All patients tolerated the '**Xe MRI
without incident. Figure 1 shows images of ventilation,
membrane uptake, and RBC transfer from the 9 lung allo-
graft subjects. All subjects demonstrated areas of
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CT and '®Xe gas-exchange maps of 3 lung allograft subjects. Subject A (CLAD 0) demonstrates normal appearing CT, with

no evidence to suggest BOS. However, RBC transfer is markedly reduced. Subject B (CLAD 1) demonstrates bilateral mid and lower lung
predominant diffuse ground-glass and consolidative opacities on CT. This subject exhibits modest ventilation defects, but markedly reduced
RBC transfer on '*Xe MRI. Subject C (CLAD 1) exhibits multifocal bilateral peribronchovascular ground-glass patterns on CT, with
regions of mild confluent consolidation and associated intra- and interlobular septal thickening (“crazy paving”). This patient exhibits high
membrane uptake and poor RBC transfer in the lower left lung that associates with ground-glass/consolidations, in addition to areas of high
membrane that correspond to relatively normal-looking regions of CT. This pattern of high membrane uptake with otherwise preserved
RBC transfer may suggest “early stage” allograft rejection. BOS, bronchiolitis obliterans syndrome; CLAD, chronic lung allograft dys-
function; CT, computed tomography; MRI, magnetic resonance imaging; RBC, red blood cell.

ventilation defect (red) and low ventilation (yellow), and
these deficiencies were especially prominent in CLAD 1 to
4 cohorts. Several CLAD 1 to 4 subjects also exhibited
regions of reduced membrane uptake (red and yellow) and
all lung allograft subjects exhibited areas of low RBC
transfer irrespective of CLAD phenotype. Note that in the

membrane and RBC maps, dark areas within the thoracic
cavity represent unventilated regions (defects) where ana-
lysis of gas exchange is not possible. Corresponding CT
scans acquired from a subset of 3 subjects are shown in
Figure 2. Note, in particular, the reduced RBC transfer in
the absence of CT abnormalities (subject A) as well as
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Figure 3 Correlation between percentage decline in FEV;
from its maximal post-transplant value and ventilation defect
percent (VDP) derived from '**Xe MRI in chronic lung allograft
subjects. The '*Xe VDP seen in established CLAD patients
(grade I or greater) was significantly correlated with the severity
based on FEV, decline (rho=0.79, p=0.048). CLAD, chronic

lung allograft dysfunction; FEV,, forced expiratory volume in
1 second.

reduced RBC transfer in the presence of clear fibrotic ac-
tivity (subject B). Notably, subject C has increased mem-
brane signal in both regions of CT abnormality and regions
where the CT is relatively normal; coupled with the largely
preserved RBC transfer in this subject, this combination
may suggest early stages of disease activity presaging fur-
ther CT involvement and vascular abnormalities.

Correlations between FEV, decline and '?°Xe
ventilation indices

Figure 3 shows the correlation between percentage decrease
in FEV, from its maximum post-transplant value and VDP
derived from '*’Xe MRI, excluding CLAD 0 patients who,
by definition, did not exhibit FEV, decline. The decline in
FEV, was significantly correlated with VDP measured on
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Figure 4

129%e MRI (tho=0.79, p=0.048). Notably, this analysis
included all CLAD subjects, regardless of phenotype, and
thus certain pathologies may have skewed measured re-
lationships between FEV| and VDP variables.

129%a gas-exchange MRI findings

'29Xe gas-exchange patterns were compared between
healthy control (n =16), healthy age-matched (n = 16), and
lung allograft participants (n=9) as shown in Figure 4.
VDP was significantly higher in lung allograft subjects
(median [first quartile-third quartile] of 3% [1%-15%]) than
in young healthy control participants (0% [0%-1%],
p=0.002) and age-matched healthy controls (1% [0.75%-
1%], p=0.026), as was hemoglobin-corrected RDP, which
was 13% [9%-22%] in the lung allograft subjects vs 2%
[1.75%-3%] in the young healthy controls (p =0.003) and
5.5% [2%-9.25%] in the age-matched controls (p =0.039).
There was no difference in MHP or MDP across all 3 po-
pulations.

129%a spectroscopy

Figure 5 compares RBC/membrane ratio, RBC chemical
shift, and RBC oscillation amplitude in healthy controls and
participants with lung allografts. The hemoglobin-corrected
RBC/membrane ratio was significantly lower in participants
with lung allografts (0.26 [0.17-0.31]) than in young
healthy control participants (0.62 [0.50-0.66]; p < 0.001)
and age-matched healthy controls (0.48 [0.42-0.55],
p=0.002). RBC chemical shift was significantly lower in
lung allograft subjects (217.4 [217.2-217.7] ppm compared
to young healthy controls (218.2 [218.0-218.5] ppm,
p=0.009) and age-matched controls (218.3 [218.2-218.5]
ppm, p =0.003). RBC oscillation amplitude was also higher
in lung allograft subjects (14.1% [12.2%-16.4%]) than in
young healthy controls (11.1% [9.9%-11.9%], p=0.003)
and on the cusp of significance vs age-matched controls
(11.9% [10.7%-13.5%], p = 0.054).
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Box plots showing metrics derived from '**Xe ventilation (ventilation defect percent (VDP), membrane high and membrane

defect percent (MHP and MDP), and RBC transfer defect percent (RDP) in healthy control participants and participants with lung allografts.
Horizontal solid lines are first quartile, median, and third quartile. VDP (far left) was significantly higher in lung allograft subjects (median
[first quartile-third quartile] of 3% [1%-15%]) than in young healthy control participants (0% [0%-1%], p = 0.002) and age-matched healthy
controls (1% [0.75%-1%], p=0.026), as was hemoglobin-corrected RDP, which was 13% [9%-22%] in the lung allograft subjects vs 2%
[1.75%-3%] in the young healthy controls (p =0.003) and 5.5% [2%-9.25%] in the age-matched controls (p =0.039). There was no
difference in MHP or MDP across all 3 populations. RBC, red blood cells.
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Top row: box plots comparing 129%e MR spectroscopy measurement between healthy control participants and those with lung

allografts. The hemoglobin-corrected RBC: membrane ratio (left) was significantly lower in participants with lung allografts (0.26 [0.17-
0.31]) than in young healthy control participants (0.62 [0.50-0.66]; p < 0.001) and age-matched healthy controls (0.48 [0.42-0.55],
p=0.002). RBC chemical shift was significantly lower in lung allograft subjects (217.4 [217.2-217.7] ppm compared to young healthy
controls (218.2 [218.0-218.5] ppm, p =0.009) and age-matched controls (218.3 [218.2-218.5] ppm, p =0.003). RBC oscillation amplitude
was also higher in lung allograft subjects (14.1% [12.2%-16.4%]) than in young healthy controls (11.1% [9.9%-11.9%], p =0.003) and on
the cusp of significance vs age-matched controls (11.9% [10.7%-13.5%], p =0.054). MR, magnetic resonance; RBC, red blood cells.

Discussion

In this study, we found that CLAD subjects exhibited sig-
nificant ventilation defects on '*Xe MRI compared to
healthy volunteers. In CLAD patients, grade 1 and above
129%e VDP was correlated with the percentage decline in
FEV, from maximum post-transplant value. One advantage
of the VDP metric is that it is independent of traditional
reference values required for PFTs. As VDP is always
evaluated relative to the patient’s lung volume measured on
imaging, it is sensitive to early obstructive changes and may
be used as an objective measure of regional ventilation
abnormalities at any time point. While the relationship
between '**Xe MRI and FEV, decline may be more com-
plicated than what is captured by linear regression, this
approach provided assurance that VDP does correlate to
some extent with this common metric of interest.

Even after Hemoglobin correction, we observed sig-
nificantly increased RBC transfer defects in the transplant
cohort (including 2 with CLAD 0) relative to healthy con-
trols. Although these 2 subjects exhibited minimal venti-
lation abnormalities, they both had significant RBC transfer
defects, suggesting this may be an important marker of
early allograft dysfunction predating ventilation defects.
RBC transfer defects have been a consistent finding in a
wide range of lung diseases, including interstitial lung
diseases such as idiopathic pulmonary fibrosis (IPF), non-
specific interstitial pneumonia (NSIP), and chronic hy-
persensitivity pneumonitis (cHP), as well as chronic
obstructive pulmonary disease (COPD) and pulmonary
vascular disease.”*”” While minor RBC transfer defects are
also a feature of normal aging,”” injury to the vascular bed
during the transplantation process is conceivable, and the
possibility of transient lung ischemia injury resulting in
deleterious effects on the pulmonary endothelium post-
transplantation cannot be ignored.”” RBC transfer defects
are thought to be associated with occlusion, vasoconstric-
tion, or loss of pulmonary capillary microvasculature. There
have been several recent studies offering possible ex-
planations as to the relationship between CLAD phenotypes

and pulmonary microvascular changes. One such study
suggests a correlation between patients with restrictive lung
allograft dysfunction and smaller vascular volumes.”’ An-
other study points to vascular changes seen on histology on
up to 44% of BOS, and even emphysematous changes,
possibly offering insight as to the low membrane uptake
seen in a number of our patients, a feature more typical of
COPD.""

The finding of high membrane uptake (MHP = 60%) in 1
subject with a mixed BOS/restrictive allograft syndrome
phenotype was particularly intriguing. High membrane
uptake is increasingly recognized to be associated with in-
terstitial lung diseases, such as IPF, NSIP, cHP, and pro-
gressive pulmonary fibrosis in general.”*?’ While
obviously not statistically significant in this sample, this is
the feature one might speculate would most likely be as-
sociated with restrictive allograft dysfunction.

The '*Xe MR spectroscopy findings in our transplant
cohort reflected features of impaired gas exchange, parti-
cularly the reduced RBC/membrane ratio and reduced RBC
chemical shift. The median Hb-corrected RBC/membrane
ratio in allograft subjects was half that of healthy volun-
teers, suggesting substantial gas-exchange impairment in
this cohort and consistent with the RBC transfer defects
seen on imaging. Similarly, the RBC chemical shift was
reduced in the transplant patients. This metric is thought to
reflect mean capillary blood oxygenation levels and sug-
gests a reduced transit time through the microvasculature,
and it is also consistent with RBC transfer defects seen on
imaging. This was similarly reflected in RBC oscillation
amplitudes that were enhanced in the transplant cohort.
This metric is thought to reflect cardiogenic oscillations in
microvascular flow rates and, again, with the reduced ca-
pillary bed suggested by RBC transfer defects, indicates
higher overall flow and shorter transit times.

We recognize there were several limitations within this
study, particularly the small sample size and inclusion of
only bilateral recipients. Our CLAD cohort had a pre-
dominance of the more common BOS phenotype. A wider
sample of both phenotype and grade should be included in
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future studies. Such studies should also consider long-
itudinal monitoring of '*’Xe gas-exchange metrics post-
transplant to evaluate the sequential changes in gas ex-
change, spectroscopy, and ventilation defects during CLAD
development, as well as investigating observed differences
in gas-exchange function in patients with earlier interven-
tions. Particularly, it would be useful to obtain images of
lung transplant recipients near their peak pulmonary func-
tion, which would provide useful context by which to in-
terpret the images of the CLAD 0 patients.

Conclusion

These preliminary results suggest that hyperpolarized '**Xe
MRI and spectroscopy may be used to elucidate early de-
tection of airway obstruction and RBC transfer defects in
patients with CLAD. Future studies focused on '**Xe MRI
characteristics early in the disease course will advance this
work and will further explore its clinical impact.
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