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Toward Lung Ventilation Imaging Using Hyperpolarized
Diethyl Ether Gas Contrast Agent
Nuwandi M. Ariyasingha,” Md Raduanul H. Chowdhury,” Anna Samoilenko,”
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Zhongjie Shi,”’ Kehuan Luo,” Sidhartha Tan,” Igor V. Koptyug,® Boyd M. Goodson,"” and

Eduard Y. Chekmenev*®

Hyperpolarized '®Xe gas was FDA-approved as an inhalable
contrast agent for magnetic resonance imaging of a wide range
of pulmonary diseases in December 2022. Despite the remark-
able success in clinical research settings, the widespread clinical
translation of HP '**Xe gas faces two critical challenges: the high
cost of the relatively low-throughput hyperpolarization equip-
ment and the lack of '*Xe imaging capability on clinical MRI
scanners, which have narrow-bandwidth electronics designed
only for proton ('H) imaging. To solve this translational grand
challenge of gaseous hyperpolarized MRI contrast agents, here
we demonstrate the utility of batch-mode production of

Introduction

Functional lung imaging by any technique is notoriously
challenging because the lungs are comprised mostly of air-filled
alveoli. Non-radioactive natural-abundance Xe gas has been
used as a contrast agent with CT but has resulted in low-
contrast ventilation images - reducing enthusiasm in this
approach.” Radioactive single-photon emission computed
tomography (SPECT) with **Xe has been employed for clinical
imaging,”? but it is a 2D projection technique with relatively
poor spatial resolution and the disadvantage of exposing the
patient to ionizing radiation.
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proton-hyperpolarized diethyl ether gas via heterogeneous
pairwise addition of parahydrogen to ethyl vinyl ether. An
approximately 0.1-liter bolus of hyperpolarized diethyl ether
gas was produced in 1 second and injected in excised rabbit
lungs. Lung ventilation imaging was performed using sub-
second 2D MRI with up to 2x2 mm? in-plane resolution using a
clinical 0.35T MRI scanner without any modifications. This
feasibility demonstration paves the way for the use of inhalable
diethyl ether as a gaseous contrast agent for pulmonary MRI
applications using any clinical MRI scanner.

Conventional proton ("H) MRI of the lungs is challenging
due to the normally low proton density in lung tissue.” 'H MRI
is further complicated by the air-tissue interfaces present in
alveoli, which produce inhomogeneous magnetic environments
that result in short T,* relaxation times that decrease image
quality.* Cardiac and respiratory motion further result in
imaging quality degradation, leading to dark images of lung
void spaces lacking structural detail. Despite advances in
imaging techniques such as ultra-short echo time imaging,*®
'H MRI remains at a distinct disadvantage due to its inability to
image lung air spaces.

Noble gas MRI contrast agents such as '®Xe solve this
problem — when inhaled, they permit direct visualization of the
lung airspaces.”'® Provided that '*Xe is hyperpolarized (HP)
prior to inhalation, the detection sensitivity is enhanced by 4
orders of magnitude over the corresponding signal at thermal
equilibrium, enabling the imaging of low-density gas atoms in
pulmonary void spaces. HP gas follows the same pathway as air;
HP '®Xe also spreads across the alveolocapillary membrane,
allowing the calculation of gas exchange parameters including
alveolar surface area, septal thickness, and vascular transit
time."*'* Furthermore, noble gas atoms are not present in the
human body; therefore, '*Xe MRI yields no background signals
- making the resulting MR images easier to interpret."*'® HP
2Xe contrast agent has shown great utility for pulmonary
imaging. Not surprisingly, in December 2022, FDA made a
landmark decision to approve the clinical use of hyperpolarized
2Xe inhalable gas contrast agent for pulmonary imaging of
virtually any lung disease. A wide range of lung imaging
applications have been demonstrated*'”” including func-
tional pulmonary imaging of COVID-19 patients.!'%'-2*)

© 2024 Wiley-VCH GmbH
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Although modern '®Xe hyperpolarizers can produce highly
polarized '*Xe contrast agent, disadvantages of the technology
include: (i) ®Xe hyperpolarizers are bulky and complex devices
(due to laser technology limitations) that can be challenging to
site and operate."*'™ Moreover, (ii) these devices often have
high cost (~$0.5 M) and low production throughput (0.5-1 h to
produce a human dose) - thereby restricting access to the HP
2Xe." Furthermore, (iii) conventional clinical MRI scanners
detect only protons, and therefore cannot image '*Xe
(although in principle clinical MRI scanners can be upgraded to
gain the multi-nuclear capability required to perform '*Xe MR,
such upgrades are costly (up to $0.5 M), restricted to select
vendor scanner platforms, and not streamlined). These technical
challenges have significantly hampered the widespread clinical
adaptation of this technology: in a nutshell, such a complex and
extensive investment in technology, operating personnel, and
infrastructure may be difficult to justify for most clinical
radiology programs - both today and in the near future.

Alternative technologies of HP gas production have recently
emerged.”*?* One new technology relies on the production of
cheap proton-hyperpolarized hydrocarbon gas using parahy-
drogen (p-H,) as a source of hyperpolarization.?”® Since the
produced HP nucleus is proton, such agents can be readily
imaged using conventional MRI scanners,®" thereby potentially
mitigating all of the above limitations of the HP '*Xe.B?

In this work, we show the utility of production of HP diethyl
ether (DE) gas and its use for biomedical imaging using a
clinical scanner. DE was the first commercialized gaseous
anesthetic introduced in 1846. The use of DE anesthetic was
phased out in the US and Europe due to flammability issues,
although DE remains on the approved list of medical com-
pounds in many other countries.”™ To summarize, our rationale
for choosing diethyl ether as an inhalable carrier of hyper-
polarization relates to the known low toxicity of DE and the
precursor employed for the process of hyperpolarization (ethyl
vinyl ether a.k.a. vinamar, which has also been employed as an
inhalable anesthetic®).

Heterogeneous parahydrogen-induced polarization (HET
PHIP) was employed for production of HP DE gas, where
pairwise p-H, addition to ethyl vinyl ether (EVE) is performed,
Scheme 1. The hydrogenation reaction that breaks the symme-
try of p-H, nascent protons®? was performed at the Earth’s
magnetic field (i.e. within the ALTADENA regime®”), with the
gas subsequently flowing to the high field of an NMR magnet.
We have substantially modified the hyperpolarization proce-
dure designed previously for small-scale NMR studies.®s*
Briefly, liquid ethyl vinyl ether (8 mL) was placed in a 0.7-liter

Ao\ # < o N\

heterogeneous
catalyst B
ethyl vinyl ether (EVE) Rh / TiO, hyperpolarized (HP)

diethyl ether (DE)

Scheme 1. Schematic of pairwise p-H, addition to ethyl vinyl ether to
produce HP DE gas.
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aluminum tank equipped with a brass pressure regulator. The
tank was then filled with ~4.5 bar p-H, gas (~95-98% para-
state””). Next, the mixing tank was placed in the oven for
15 min to equilibrate its temperature to 84 °C. Next, the heated
tank was removed from the oven (now indicating a gain of
pressure by ~2 bar due to EVE evaporation into the gas phase,
so the molar ratio of EVE to p-H, was estimated to be 1:2) and
connected to a reactor made from '/,” copper tubing and filled
with 8 g of copper beads (40-60 mesh size) and 0.2 g of Rh/TiO,
catalyst (0.9 wt.% Rh content™") via 1/8"-outer-diameter (OD)
Teflon tubing. The reactor temperature was > 100°C (achieved
by applying heat using a heat gun or passing a mixture of
unsaturated precursor with p-H, through the reactor prior to
MRI scan (the exothermic reaction heats the reactor)). Finally,
the tank valve was opened to direct the flow of the p-H, / EVE
mixture through the reactor, with an estimated flow rate of 8
standard liters per minute of HP gas mixture exiting the reactor
(Figure 1a). The exiting HP gas was directed into the excised
rabbit lungs (connected to the gas line via trachea) for
ventilation MR imaging using a 0.35 T MRI scanner (Figure 1b)
or to a benchtop 1.4 T NMR instrument for spectroscopic
characterization (Figure 2a-b). All excised rabbit lungs were
acquired from unrelated IACUC-approved studies at Wayne
State University (animal protocol number is IACUC-23-01-5364;
the lungs were excised from the carcasses of the animals
euthanized under this animal protocol after the completion of
those studies). Approximately 0.15 standard liters of HP DE gas
mixture (consisting of HP DE and excess p-H,) was produced
during 1 s. Following the injection of the HP gas, the exiting
valve was closed to prevent the back flow of the gas, Figures 1a
and 2a.

The imaging sequence of the clinical 0.35T MRI scanner
comprised 16 repeated scans (each 0.94 s), and the first scan
was started before the hyperpolarization procedure. The HP DE
gas injection occurred after the completion of scan #4 (Fig-
ure 1c-1d). The scan #5 revealed a clear presence of HP DE gas
in the inflated lungs in axial (Figure 1c) and coronal image
(Figure 1d). The proton signal for residual lung tissue is clearly
seen in all MR images, and background subtraction was
performed in order to remove that intensity — indeed, the
images on the right in Figure 1c and Figure 1d reveal the
ventilation of gas air space in the lungs (subtracted images for
axial and coronal projections are obtained by taking the
difference between the inflated lungs with HP DE gas signal
and the signal obtained after the inflation image was recorded,
Figure 1). The HP DE gas injection procedure was reproducible:
indeed, Figure S1 reveals essentially the same coronal visual-
ization with high signal-to-noise ratio (SNR) of 44 versus 46 in
Figure 1d. Prompted by the high SNR seen in Figure 1, higher-
resolution axial and coronal scans were performed (Figure S3)
with otherwise-identical parameters, except for a reduced field
of view (FOV; 256x256 mm? to 128x128 mm?). These images
revealed overall the same features with a smaller pixel size:
2x2 mm? versus 4x4 mm? shown in Figure 1, at the expense of
substantially reduced SNR (23 and 14 for axial and coronal
projections, respectively, SI).

© 2024 Wiley-VCH GmbH
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Figure 1. Sub-second 0.35 T 2D MRI of HP DE gas injected in excised rabbit lungs. a) Schematic of experimental setup. b) Annotated photograph of the
hyperpolarization equipment and the excised rabbit lungs before placing it inside the knee coil of an open MRI scanner. c) Time series (with 0.94-s temporal
resolution) of 2D GRE images (axial projection) recorded from excised rabbit lungs with HP DE gas injection performed, showing the scans before inflation
(#4), inflated lungs with HP DE (#5), and after inflation (#6). Note the right image shows background signal subtraction of the “after inflation” image from the
“inflation” image. d) Corresponding time series in coronal projection (note the residual background signal intensity seen inside and around the pink box in the
image shown in scan #4 due to MRI signal from thermally polarized tissues of collapsed excised lung tissues). All images were acquired with a 256x256 mm?
field of view (FOV), slice thickness of 50 mm, 30° slice-selective excitation pulse, 64x64 imaging matrix, and post-processing image interpolation to 256x256
pixels; the SNRyax Was calculated for all displayed images by taking maximum of specific 3x3-pixel matrixes in the signal and dividing it by root mean square
(RMS) noise obtained from a similar 3x3-pixel regions marked as pink and white boxes, respectively (see Sl for more details).
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Figure 2. HP DE spectroscopy at 1.4 T. a) Schematic of the experimental setup. b) Annotated photo of the setup; a 30-cm-long green ruler is shown for scale.
¢) "H NMR spectrum of stopped-flow HP DE gas with evaluated signal enhancements of H, and Hg resonances. d) The corresponding spectrum of thermally
polarized DE gas obtained after hyperpolarization followed by signal decay back to thermal equilibrium at 1.4 T. e) Mono-exponential T, decay of H, and Hg
resonances of stopped HP DE gas at 1 atm total pressure (the first data point on this curve was obtained by integration of the NMR resonances shown in
display c).

The experimental setup employed in the MRI studies was  diameter (ID)) Teflon tubing that contains HP DE gas was placed
also used for NMR spectroscopy performed on a 1.4 T benchtop  directly inside the sensing region of NMR spectrometer,
NMR spectrometer. In these studies, the 1/8”-OD (1/16"-inner  allowing for convenient access to HP DE and its spectroscopic
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characterization, Figures 2a, 2b. An NMR spectrum of stopped
HP gas (Figure 2c) revealed two HP resonances, corresponding
to methylene (H,) and methyl (Hg) spectral lines with signal
enhancements (€) of 145 and 126 respectively at 1.4 T (obtained
by signal referencing to thermally polarized spectrum of the
same gas, Figure 2d). Quantification of thermally polarized NMR
signal revealed the DE concentration of ~22 mM in the gas
phase, i.e., ~0.5 bar (the rest was likely unreacted H, gas) and
near 100% chemical conversion of EVE to DE (SI). The mono-
exponential decay constant (T;) of the HP state of the gas at
14T was 2.9+0.1 s and 2.1+£0.2 s for H, and Hg respectively (at
clinically relevant total pressure of 1 bar; Figure 2e).

The key limitations of HP DE gas are the relatively short
lifetime of HP state - therefore requiring on-site production of
HP gas in the proximity of the MRI detectors and fast imaging
(both of which are demonstrated here), and the flammability.
The DE flammability can be mitigated in three ways. First, a
small quantity of HP gas is employed compared to a much
larger-scale utilization for anesthetic use to reduce the sheer
quantity. Second, exhaled DE gas can be potentially captured
using activated-carbon-based filters commonly employed in the
workflow of modern gas-based anesthesia. Third, fluorinated
EVE derivatives (e.g., trifluoroethyl vinyl ether, a.k.a. fluroxene®®")
can be potentially employed as a precursor for p-H,-based
production of fluorinated DE derivatives that are known to have
substantially reduced flammability.*” Furthermore, given the
short lifetime of the HP state for such gases, a scaled up
production (by several fold) may be required for utilization of
HP DE in large animals and ultimately in human experimenta-
tions - the subject of ongoing work in our partnering
laboratories. However, these limitations are arguably out-
weighed by the key advantages of the presented approach of
lung ventilation imaging using HP DE gas, which include: the
ultra-low cost of contrast agent production; the simple
experimental setup; and the high-speed, essentially on-demand
production of the contrast agent that is broadly compatible
with clinical MRI scanners that are widely available in hospitals
and clinics.

It should be noted that in the presented here pilot HP MRI
studies, a 2:1 EVE:p-H, precursor gas mixture was employed
(Figure 1a). While dihydrogen gas in non-toxic, it is flammable,
and future optimization studies should address this translational
shortcoming: one potential solution is to employ a 1:1 mixture
that in principle should yield HP gas without residual p-H, —
indeed, example of such approach has been presented for HP
propane production from propene and p-H,.*? However, one
should be reminded that an inert carrier gas may be required in
such mixtures to prevent DE gas condensation due to DE
boiling point of 34.6°C.

The reader should also be reminded of the relatively low
toxicity of diethyl ether gas anesthesia, which is typically
induced in humans by DE air concentration of 100,000 ppm to
150,000 ppm. The anesthesia is typically maintained at
50,000 ppm DE levels for up to several hours. We envision that
in the future, HP DE gas can be potentially administered either
as a single HP gas bolus of up to 0.5 liters of DE (resulting in
<100,000 ppm in-lung concentration after inhalation and

Chem. Eur. J. 2024, €202304071 (4 of 5)

dilution inside the lungs) or continuously for several minutes (in
a manner similar to that of its anesthetic use (ie, at
50,000 ppm or lower concentration)). Both approaches are
anticipated to be safe because they would expose the patients
to similar or lower acute concentration and dose of DE.

In summary, we have demonstrated that HP DE gas
produced by heterogeneous PHIP can be employed for
ventilation imaging of excised rabbit lungs**" using a clinical
MRI scanner without any modification of its hardware or
software. The catalyst-free contrast agent gas was produced in
approximately one second and expanded into excised rabbit
lungs to produce ventilation images with pixel size as small as
2x2mm? on a 0.35T MRI scanner equipped with a knee MRI
coil. These pilot feasibility studies bode well for future
biomedical translation of HP DE gas as a contrast agent for
pulmonary MRI applications, hopefully giving new life to a
compound that served to improve human health for nearly two
centuries.
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