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1. Introduction

12%Xe gas-exchange magnetic resonance imaging/spectro-
scopy ('?°Xe MRI/MRS) is an emerging functional lung imaging
technology that provides spatial and quantitative metrics of
pulmonary ventilation, interstitial membrane uptake, transfer
to capillary red blood cells (RBCs) and hemodynamics. When
used in concert, these '?°Xe MRI/MRS metrics can differentiate
between patients with chronic obstructive pulmonary disease
(COPD), idiopathic pulmonary fibrosis (IPF), pulmonary arterial
hypertension (PAH), and post-capillary pulmonary hyperten-
sion (PH). Here, we provide an overview of its potential in the
evaluation of patients with PH, where '**Xe MRI could offer
important insights into disease pathophysiology, diagnosis,
therapeutic response, and progression.

2. Xenon MRI technical background

Hyperpolarized '*°Xe MRI is a multi-breath hold technique
that images ventilation and pulmonary gas exchange in
three dimensions [1]. A patient inhales a small bag of hyper-
polarized '*°Xe generated by a hyperpolarizer, and a '?*Xe MRI
scan is obtained during a single breathhold maneuver over
10-15 s that can provide information on ventilation and gas
exchange imaging [2]. These protocols have now been stan-
dardized to allow multi-site trials with this technology [3].
Inhaled '*°Xe, like O,, freely diffuses from the airspaces (air-
space phase), across the pulmonary interstitial barrier tissues
(membrane phase), and into the pulmonary capillaries where it
transiently binds to hemoglobin in RBCs (RBC phase)
(Figure 1A). In each of these three compartments (airspace,
membrane, and RBCs), '*°Xe exhibits distinct spectral peaks
(Figure 1B) [4]. These spectral signals can also be encoded
spatially, thus visualizing the inhaled gas distribution in each
lung compartment. Representative maps are shown for
a range of patients (Figure 1C). These are interpreted as a 3D
estimate of DLco, discerning its relative contributions from
accessible alveolar volume, as well as membrane and capillary
blood volume conductances (how easily the '*Xe MRI gas can
pass into that compartment) [5]. Notably, the '*°Xe-estimated
membrane conductance can differentiate both emphysema-
tous airspace enlargement in COPD (lower uptake), as well as

thickening of the interstitial membrane in ILD (higher uptake).
Most pulmonary disease states exhibit significant RBC transfer
defects; these reflect reduced gas exchange efficiency and are
hypothesized to result from lost capillary blood volume.

Furthermore, the signal from "?°Xe dissolved in RBCs exhi-
bits cardiogenic oscillations arising from the microvasculature
(Figure 1C) [6,7]. This oscillation is due to changing capillary
blood volume between systole and diastole [8]. Such oscilla-
tions were found in early studies to differentiate the hemody-
namics in pre- and post-capillary PH, where PAH patients
exhibited markedly lower than normal amplitude oscillations
compared to controls, while left heart failure patients exhib-
ited higher than normal values [9]. In PH in the setting of
COPD or ILD, '®*Xe MRI reveals large RBC defects, i.e. RBC
signal that is lower than two standard deviations below the
normal, which could be due to decreased perfusion or vascu-
lar loss [9]. The presence of RBC defects artificially increases
the RBC oscillation amplitudes and must be corrected. Thus, in
patients without PH, the corrected oscillations return close to
the normal 10% value, whereas for Group 3 patients with PH-
ILD or PH-COPD corrected oscillations fall below 10%, and for
post-capillary PH they remain above 10% (Figure 1C) [8]. Thus,
with two 10-s breath-holds '*Xe MRI and spectroscopy yields
quantitative maps of gas exchange and a global measure of
microvascular perfusion.

3. '2°Xe MRI metrics

Changes in signal in different gas exchange compartments
have been associated with different disease states and specific
changes in pulmonary function (Table 1).

3.1. Airspace signal

2Xe MRI ventilation images are particularly sensitive and
precise compared to pulmonary function testing since the
acquisition is 3-dimensional and analyzed with reference to
the patient’s own lung shape. '**Xe MRI ventilation defect
percentage (VDP) has been shown to be highly reproducible
in asthma across multiple sites [15] and cystic fibrosis with
both high same-day and 28-day reproducibility [16]. VDP is
often significantly elevated in obstructive lung diseases such
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Figure 1. Hyperpolarized '**Xenon MRI/MRS. (a) '*Xe diffuses from airspace into lung parenchymal tissue (membrane), and blood (RBCs). (b) '**Xe has different MRI
characteristics in airspace, membrane and RBCs. (c) (upper panel) '*°Xe MRI can be quantitatively compared to controls and areas of high and low signal visualized
on a color scale. (lower panel) '**Xe dissolved in RBCs exhibits cardiogenic oscillations. The amplitudes of these oscillations are increased in patients with RBC
transfer defects. Correcting for RBC defects allows for the detection of PH and differentiation of left heart failure. def: defect. Panel (A) created in BioRender (https://

BioRender.com/0090cfj).

Table 1. Xe MRI/MRS metrics, their relationship to underlying pulmonary physiology, and their derangement in different disease states.

12%e MRI/MRS metrics Region of Interest

Pulmonary Function Derangements in Disease

129 MRI ventilation
defect percentage (VDP)

129%e MRI membrane
uptake percentage

129(e MRI RBC defect

Ventilation (inhaled gas distribution)

Interstitial/membrane wall thickness
and or loss of surface area
Alveolar-capillary interface gas

percentage exchange
129¢e MRS RBCs oscillation  Pulmonary capillary blood volume
amplitude and hemodynamics

129%e MRI RBCs defect/
membrane uptake ratio

129%e MRI RBC chemical
shift

Gas exchange/interstitial wall
thickness ratio
Pulmonary microcirculation

Regional 3D quantification of ventilation heterogeneity
and defects

Regional 3D quantification of membrane thickening due Decreased in COPD [11] and
to tissue, fibrosis and/or inflammation

Regional 3D quantification of gas exchange and indirect Increased across a range of heart
measure of capillary blood volume

Quantification of capillary blood volume and
hemodynamics

Regional 3D quantification of gas exchange to fibrosis
and inflammation

Strongly depends on blood oxygenation

Increased in obstructive lung
disease [10,11].

increased in ILD [12].

and lung diseases [9].
Abnormal in PAH and CTEPH
[9,13].
Abnormal across a range of heart
and lung diseases [9].
Abnormal across a range of
diseases with hypoxia [14].

as asthma, COPD, and cystic fibrosis [10]. Conversely,
a homogeneous ventilation pattern with low VDP supports
the absence of significant airway obstruction, as is observed
in healthy individuals, or those with restrictive lung diseases or
PH [9].

3.2. Membrane signal

In gas exchange, the membrane tissues serve as a diffusive
barrier for gas transfer to the RBCs. Their integrity can be
characterized by imaging their '?°Xe uptake, which is often
high (>2 standard deviations above normal) in interstitial
lung diseases (ILDs) such as idiopathic pulmonary fibrosis
(IPF) [17], nonspecific interstitial pneumonias (NSIP) [12] and
chronic hypersensitivity pneumonitis (CHP) [18]. Conversely,
membrane uptake is reduced in emphysema [19] (Figure 1
(c)), likely due to lung parenchymal destruction. Recent work
suggested that COPD patients with normal membrane
uptake, e.g. chronic bronchitis, were more likely to respond
to bronchodilator treatments vs those with emphysema [12].

3.3. RBC transfer

Most cardiopulmonary diseases exhibit marked RBC transfer
defects on gas exchange '*Xe MRI, including ILD, PH, and
COPD [9]. In Group 1 PH, decreased RBC transfer is often the
primary abnormal finding on '*Xe MRI, with relatively pre-
served airspace and membrane signals [9]. In patients with
ILD, the RBC defect pattern commonly exhibits a distinct basi-
lar pattern [20]. However, the spatial patterns of RBC transfer,
which reflect pulmonary vascular remodeling and vascular
dropout, are not pathognomonic for these diseases.

3.4. Spectroscopic measures

While '*°Xe imaging receives attention for the regional infor-
mation it provides, global spectroscopy can be used to under-
stand whole-lung effects such as overall blood oxygenation
[14,21] or microvascular function [7]. Hyperpolarized '*’Xe
exhibits distinct chemical shifts as it dissolves in membrane
tissue (197.6 £ 0.3 ppm) and is transferred to RBCs (218.2 £ 0.5
ppm). While the membrane shift is fixed, the RBC shift
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depends strongly on blood oxygenation [14]. In patients with
substantial RBC transfer defects (with a loss of capillary blood
volume), RBC shifts are diminished [7,12]. Since they are mea-
sured within the capillary bed, they reflect the average oxyge-
nation during the transit time; loss of capillaries decreases
transit time and thus average RBC shift, even if O, saturation
does eventually reach normal values.

Spectra acquired dynamically reveal a cardiogenically oscil-
lating RBC signal amplitude [6,7]. These oscillations are now
understood to be driven by the resistance of the pulmonary
capillary and venous vasculature, changes in blood flow
between systole and diastole, as well as the compliance of
the pulmonary capillaries [8]. In patients with RBC defects,
pulmonary capillary impedance increases, driving the oscilla-
tion amplitudes up. This requires correcting for RBC transfer
defects, thereby improving the detection of PH. Recently,
oscillation amplitudes, when corrected for reduced capillary
blood volume, were shown to decrease significantly with ele-
vated pulmonary vascular resistance (PVR) at right heart cathe-
terization [8]. This work showed that whole-lung oscillations
were indirectly sensitive to elevated pre-capillary resistance,
directly sensitive to post-capillary impedance, and if they can
be spatially resolved, the sensitivity to PH would be dramati-
cally improved. However, one practical finding was that
whole-lung corrected oscillations below 7.5% were 100% spe-
cific for elevated PVR [8].

3.5. Cardiogenic RBC oscillations

Direct sensitivity to PVR, as well as spatial information on the
location or heterogeneity of vascular defects, can be obtained
by imaging the RBC oscillations. Fortuitously, the RBC oscilla-
tions are embedded within the gas exchange images them-
selves. Thus, they can be mapped by reconstructing the
portions of the image acquired during systole vs diastole
and subtracting those images [22]. These spatially resolved
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maps allow for direct visualization of reduced or elevated
RBC oscillation amplitudes, providing higher sensitivity for
the detection and characterization of PH than global oscilla-
tions alone. Such RBC oscillation images have been con-
structed in patients with chronic thromboembolic pulmonary
hypertension (CTEPH), where capillary blood volume distal to
the thrombus showed little to no oscillations [21]. These areas
of oscillation defects corresponded to surgically confirmed
segmental disease and were resolved following pulmonary
endarterectomy. Notably, the gas exchange images them-
selves displayed no noticeable changes in RBC transfer, con-
sistent with no change in capillary blood volume, while the
cardiogenic oscillations represent actual flow (Figure 2).
However, the accurate and robust recovery of oscillation
maps is an area of active development.

4. Potential clinical applications of xenon MRI in PH

The diagnosis and follow-up of patients with PH is challenging
due to the absence of clear biomarkers that reflect the com-
plexity of its underlying pathophysiology. As discussed above,
12%e MRI/MRS provides important insights into pulmonary
pathophysiology, including its derangements in PH. The cur-
rent clinical diagnosis of PH often relies on population-based
‘normal’ values that do not account for patient-specific phy-
siology related to age or coexisting heart and lung diseases.
The unique properties of '?*Xe MRI offer potential solutions to
this significant clinical need for noninvasive diagnostic testing
in PH. In initial studies, '**Xe MRI metrics displayed a unique
profile in PAH compared to other common heart and lung
diseases, including COPD, IPF, and left heart failure [9].
Specifically, patients with PAH displayed relatively normal air-
space and membrane signals, but displayed decreased RBC
signal [9]. Notably, these same findings were largely consistent
with the pattern observed in a monocrotaline rat model of PH,
where '*°Xe MRI displayed RBC defects, although with some

CTEPH Baseline Post-PEA (1-month)

Oscillations RBC Transfer
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Figure 2. Imaging RBC transfer and RBC oscillation amplitudes in chronic thromboembolic pulmonary hypertension (CTEPH). Prior to pulmonary endarterectomy
(PEA), RBC oscillation maps show significant defects (red) in the right upper and middle lobes. After PEA, these defects are eliminated suggesting flow has returned.
However, RBC transfer maps reflecting the capillary blood volume look largely normal at baseline and remain largely unchanged after surgery.
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airspace and membrane abnormalities likely due to the inflam-
mation induced by monocrotaline in this disease model [23].
An initial diagnostic algorithm based on RBC abnormalities
and decreased cardiogenic oscillations in the MRS signal dis-
played good accuracy in detecting PH [24]. More recently,
correction of these RBC oscillation amplitudes by RBC defect
percentage resulted in an improved model to estimate ele-
vated PVR [8].

Recently, "*°Xe MRI metrics have also been shown to be
sensitive to an acute response to therapy in PH patients
treated with inhaled treprostinil [25], with statistically signifi-
cant improvements observed in RBC transfer and the RBC/
Membrane ratio. This 20% increase in mean RBC/Membrane
ratio, consistent with an increase in capillary blood volume,
was observed in a cohort of only 11 patients at 15 min. The
ability to monitor an acute response to therapy suggests that
12%%e MRI will be sensitive to the effects of PAH-targeted
therapies over longer periods of time, and suggests that
12%e MRI could be a useful tool in assessing response to
therapy and guiding management in PH.

5. Summary

12%e MRI provides noninvasive measurements of pulmonary
ventilation, lung tissue microstructure, and transfer to red
blood cells in the pulmonary capillaries, providing new oppor-
tunities to deeply investigate lung diseases. These studies
suggest that '**Xe MRI has the potential to add new insight
by regionally visualizing functional changes and
hemodynamics.

Abbreviations

CHP Chronic hypersensitivity pneumonitis

COPD Chronic obstructive pulmonary disease.

CTEPH Chronic thromboembolic pulmonary hypertension
ILD interstitial lung disease

IPF Idiopathic pulmonary fibrosis

LHF left heart failure

MRI Magnetic resonance imaging

MRS Magnetic resonance spectroscopy

NSIP Non-specific interstitial pneumonias

PAH Pulmonary arterial hypertension

PH Pulmonary hypertension
PH-COPD PH associated with COPD
PH-ILD PH associated with ILD

PVR Pulmonary vascular resistance

RBCs Red blood cells
VDP Ventilation defect percentage
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