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ABSTRACT: Hyperpolarized magnetic resonance imaging (MRI) contrast in3> reactor
agents are revolutionizing the field of biomedical imaging. Hyperpolarized 2 :
Xe-129 was recently FDA approved as an inhalable MRI contrast agent for
functional lung imaging sensing. Despite success in research settings, modern i

Xe-129 hyperpolarizers are expensive (up to $1M), large, and complex to site >

and operate. Moreover, Xe-129 sensing requires specialized MRI hardware A ’

that is not commonly available on clinical MRI scanners. Here, we

demonstrate that proton-hyperpolarized propane gas can be produced on

demand using a disposable, hand-held, clinical-scale hyperpolarizer via gas mixture hyperpolarized O 64 128 192 256
parahydrogen-induced polarization, which relies on parahydrogen as a source Storage can  propane gas (mm)

of hyperpolarization. The device consists of a heterogeneous catalytic reactor

connected to a gas mixture storage can containing pressurized hyperpolarization precursors: propylene and parahydrogen (10 bar
total pressure). Once the built-in flow valve of the storage can is actuated, the precursors are ejected from the can into a reactor, and
a stream of hyperpolarized propane gas is ejected from the reactor. Robust operation of the device is demonstrated for producing
proton sensing polarization of 1.2% in a wide range of operational pressures and gas flow rates. We demonstrate that the propylene/
parahydrogen gas mixture can retain potency for days in the storage can with a monoexponential decay time constant of 6.0 + 0.5
days, which is limited by the lifetime of the parahydrogen singlet spin state in the storage container. The utility of the produced
sensing agent is demonstrated for phantom imaging on a 3 T clinical MRI scanner located 100 miles from the agent/device
preparation site and also for ventilation imaging of excised pig lungs using a 0.35 T clinical MRI scanner. The cost of the device
components is less than $35, which we envision can be reduced to less than $5 for mass-scale production. The hyperpolarizer device
can be reused, recycled, or disposed.

over anatomical
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B INTRODUCTION hyperpolarized (HP) biomolecules and exogenous contrast

Biomedical imaging is an important tool in the study of human agents.”” Moreover, NMR hyperpolarization also enables the

anatomy and physiology for disease diagnosis, progression potential use of HP gases as inhalable contrast agents to image

monitoring, and characterization of response to treatment. In the structure of the lungs and pulmonary function. >~ "!

particular, magnetic resonance imaging is widely used due to Hyperpolarization also allows rapid image acquisition
its noninvasive nature for obtaining structural, functional, and because it obviates spin magnetization recovery in imaging
dynamical information in subject tissues of interest. MRI sequences that is often otherwise required in conventional
employs nuclear magnetic resonance (NMR), Wthh is MRI HP noble gases (e.g., '*?Xe and *He) can be prepared in
regarded as a low-sensitivity spectroscopic technique”” due large quantities for clinical studies.”'*~'* These contrast agents

to its inherently low degree of nuclear spin alignment with
respect to the applied magnetic field, or spin polarization (P);
for example, the most-sensitive stable nucleus, proton ('H), is
polarized to only 1 X 107> at 3 T and room temperature. To
mitigate this NMR sensitivity limitation, conventional MRI is
performed with highly abundant water protons, ca. 10> M.
Alternatively, a substantial P enhancement by 4—6 orders of
magnitude can be transiently created via NMR hyper-
polarization techniques.”™® As a result of this massive P
boost, it becomes possible to sense low-concentration

can be inhaled, and a functional pulmonary three-dimensional
(3D) image can be recorded on a single patient breath hold
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(~3—10 s).>” While both batch- and continuous-production
modes have been demonstrated for the hyperpolarization of
noble gases,'" these hyperpolarization methods usually require
the presence of complex on-site hyperpolarizer instrumenta-
tion and infrastructure.'”'>™'" Once the hyperpolarizer
dispenses the agent, its HP state decays to thermal equilibrium.
Due to the short-lived, nonreplenishable characteristic of the
HP state, the long-range transportation of these HP contrast
agents remains challenging.”’ As a result, production of HP
noble gases is established on site, which creates additional
logistics challenges, including the local requirement of
expertise in the production and imaging of HP media."”

The leading inhalable HP contrast is 129%e° which is
hyperpolarized via spin exchanged optical pumping (SEOP);"”
near-unity polarization is possible via SEOP.'>"*" HP *’Xe is
extensively studied for a wide range of in vivo applications,
including pulmonary irnaging.g’n’2 Indeed, the use of HP
2Xe for pulmonary function imaging was approved by the
FDA in 2022. Despite major successes of HP *Xe in research
settings to help to diagnose a wide range of lung conditions,
the clinical translation of this HP contrast agent and its
production technology faces two key translation barriers."””>**
First, in addition to the instrumentation complexity discussed
above, SEOP hyperpolarizers are also expensive, e.g., up to
$1M ca. 2022.% Second, conventional MRI scanners can only
image protons, which resonate at a frequency ~3.6 times
higher than that of '*’Xe— placing the '*’Xe resonance far
below the narrow tuning range of MRI scanner electronics. As
a result, an upgrade of a clinical MRI scanner is required to add
broadband multinuclear capability to enable **Xe scans. These
upgrades are complex, costly ($0.3—$0.5M), and limited to a
selected vendor’s platforms. Taken together, these issues
comprise substantial roadblocks for widespread clinical use of
the HP '®Xe gas contrast agent for pulmonary sensing
applications.

Proton-hyperpolarized gases have shown promise for MRI
applications.”** Although the lifetime of their HP state is
short (with T, on the order of 1—1.2 s)***” at physiologically
relevant conditions, the discovery of long-lived HP states has
rekindled interest in the utility of proton-hyperpolarized gases
for bioimaging sensing applications because the lifetime of the
HP state was increased approximately by a factor of 3.°”%° We
have previously demonstrated the feasibility of the production
of proton-hyperpolarized propane gas on a clinical scale: 0.3 L
bolus of HP gas was produced in 2 s.”' The production of HP
propane was enabled by hetero§eneous parahydrogen-induced
polarization (HET-PHIP),*>”® where parahydrogen was
reacted with propylene in a packed bed of heterogeneous
catalyst (1% Rh/TiO,”*). In PHIP, 3parahydrog.;en (p-H,) acts
as a source of hyperpolarization.”*™** p-H, is produced using
cryogenic equipment and dispensed into high-pressure
aluminum cylinders, where it can be stored for weeks without
significant loss of the p-H, fraction.>’

Here, we report on the design and validation of an ultra-low-
cost disposable hand-held propane gas hyperpolarizer. This
device employs an aluminum can typically used for consumer
spray applications. The can is filled with a pressurized mixture
of p-H, and propylene gases via a built-in plastic high-flow
valve. The output of the can is connected to a HET-PHIP
reactor. Once the valve is manually actuated, the gas mixture
flows through the reactor, where the gases are chemically
converted to proton-hyperpolarized propane gas, which can be
employed for the sensing of void spaces. The continuous flow
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of the gas provided by the device enables the production of a
stream of HP propane gas free from the catalyst, which is
retained in the heterogeneous catalyst bed of the reactor. We
demonstrate the robustness of the hyperpolarizer operation to
produce 'H polarization (Py) of 1.2% with respect to a wide
operational range of temperatures, pressures, and gas flow
rates. Moreover, we also show that the compressed p-H,—
propylene gas mixture can be stored for days without a
substantial loss of potency to produce HP propane gas. As a
result, it becomes possible to transport this device over a long
distance—here, we show the feasibility of transporting the
hyperpolarizer over 100 miles to acquire HP propane gas MR
images in a phantom at 3 T with high temporal and spatial
resolution. Moreover, we also demonstrate the feasibility of
employing this hyperpolarizer for the production of HP
propane gas for ventilation imaging in excised pig lungs. The
cost of all components and reagents to make this device is less
than $35, with over 80% of the cost associated with
connectors. We anticipate that a commercialized prototype
can be made with less than $5 for the cost of all components,
which bodes well for future clinical translation of proton-
hyperpolarized gas contrast agents—including the propane
sensor gas employed here.

B MATERIALS AND METHODS

p-H, Decay in Disposable Aluminum Cans. Figure 1
summarizes measurements of the back-conversion of p-H, to normal
H, in storage cans of two different sizes: ~0.12 standard liters (type
1) and ~0.25 standard liters (type 2). Commercial cans were
thoroughly purged first by flushing with argon gas, followed by gas
evacuation with a vacuum pump. Finally, the cans were also flushed
several times with p-H, to remove any trapped air. For these tests, a
ParaSun p-H, generator was employed, yielding ~89% para-fraction.*®
The overall experimental setup is shown in Figure 1a. For the type 1
can, a sample of freshly prepared p-H, gas was filled into a storage can
(Boost Oxygen) via 1/4 in. outer diameter (OD) Teflon tubing to a
total p-H, pressure of 13 bar. This Teflon tubing (placed over the
actuator) connects the p-H, temporary storage tank to the aluminum
can. For the type 2 can, the setup was overall the same, except that the
connection with the can was established via cleaned copper tubing
(3/16 in. OD) inserted inside the actuator. Unlike the type 1 can, the
type 2 can employs a built-in fast-flow valve capable of a maximum gas
flow rate in excess of 0.5 standard liters per second (sLs) or 30
standard liters per minute (sLm). Once a can was filled with p-H, gas,
the p-H, gas was stored inside the cans for a variable period of time,
ranging from a few minutes to nearly 8 days, with the overall rationale
of testing the mixture for the residual p-H, fraction, which decays with
time. "H NMR spectra were collected by releasing p-H, gas from the
aluminum storage can by pressing down on the actuator to release the
gas into the NMR tube setup, which was placed inside the magnet of a
1.4 T benchtop NMR spectrometer (Nanalysis NMR Pro 60) at an
overpressure of 100 psi. After 3—4 s of continuous gas flow, the flow
was terminated by releasing the pressure applied to the actuator and
by manually closing the gas inlet valve. Once the NMR tube was filled,
the stopped gas was analyzed by NMR spectroscopy as described
previously.”” Examples of NMR spectra are shown in Figure 1b,c. For
NMR acquisition, we employed 90° radiofrequency (RF) excitation
pulses with a recovery time of 3 s and 64 averages. The recorded
NMR spectra reveal the presence of o-H, only because p-H, is NMR-
inactive. The spectral intensities were employed to compute o-H, and
p-H, fractions in the samples, as described in detail in the Supporting
Information. The additional bypass valve of the setup is present to
ensure venting of the lines if needed. The determined residual p-H,
fraction was plotted as a function of storage time in type 1 and 2 cans
(Figure 1d,e, respectively). The trend lines were fit using
monoexponential curves, yielding decay constants T of p-H, back-
conversion to normal H,.
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Q schematics of parahydrogen potency experimental setup at1.4 T
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Figure 1. Study of p-H, gas storage in disposable aluminum cans. (a)
Schematic diagram of the experimental setup whereby a parahydrogen
generator is used to fill aluminum p-H, storage cans. (b) 'H NMR
spectrum of a normal hydrogen gas signal reference consisting of 75%
orthohydrogen (o0-H,) and 25% p-H,. (c) '"H NMR spectra of the p-
H,-enriched samples collected after different storage durations in an
aluminum can (type 1). Green and red spectral traces correspond to
the spectra collected after no storage and 2 days of p-H, gas storage
with p-H, fractions of ~89% and ~56%, respectively. (d,e) Decay
plots for p-H, gas back-conversion to o-H, in bottle types 1 (d) and 2
(e). Each data point shown in display (d) corresponds to the average
of 2—4 individual measurements.

The gas flow rate in the setup shown in Figure 2a was not
controlled, and the actual flow rate was measured by the water
displacement of the exiting reacted gas via the safety valve (~7.5
sLm). The peak intensities of H, and Hy resonances recorded during
the pseudo-2D pulse-sequence dynamic run are shown in Figure 2f.
The intensity decay was fit with a monoexponential curve (Figure S2),
yielding effective T, decay values. For the p-H,/propylene mixture
potency duration study, the pressurized storage can (type 2) was
stored for a variable period of time before performing the PHIP
experiment, and the maximum intensity of HP propane was plotted
versus time (Figure 2g).

In a few studies requiring the precise control of the flow rate, a
modified setup employing a mass-flow controller was employed
(Figure S3) (see the Supporting Information for more details).

HP Propane MRI Studies with Phantoms at 3 T. For all 3 T
MRI studies, type 2 storage cans were filled with the 1:1 mixture of p-
H,/propylene gases as described above. The cans were transported
approximately 100 miles from the filling site to the imaging site, and
MRI studies were performed approximately 4—7 h after the cans were
filled with the compressed gas mixture. A pressurized can and a
reactor were placed on a patient bed, while the phantom was placed
inside the wrist RF coil of a 3 T GE Healthcare MRI scanner (Signa
HDx, GE Healthcare, Waukesha, WI). Slice-selective 2D gradient
echo imaging (GRE) and multislice 2D echo-planar imaging (EPI)
sequences were employed for visualization of the HP propane gas and
thermally polarized reference phantom consisting of HPLC-grade
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Figure 2. (a) Schematic diagram of the experimental setup for the
production of HP propane and its detection at 1.4 T. An inset
diagram of the catalytic reactor shows the catalyst particles and copper
beads mixed inside of the reactor. (b) Schematic of the PHIP process
comprising pairwise addition of p-H, to propylene, forming HP
propane gas. (c) 'H NMR spectrum of continuously flowing HP
propane gas at 1.4 T. (d) '"H NMR spectrum of stopped-flow HP
propane gas at 14 T. (e) Corresponding '"H NMR spectrum
(employed for signal referencing) of thermally polarized stopped-flow
propane gas. Note the signal intensity scale employs the same a.u.
scale for all data shown in displays (c—e). (f) Representative pseudo-
2D NMR experiment showing the T, decay of HP propane signal
enhancement after HP gas was stopped after ~7 s of continuous gas
flow the color-coded squares denote the data points for which spectra
are shown in displays (c) (green) and (d) (magenta), respectively. (g)
Dependence of the '"H NMR signal enhancement of stopped-flow HP
propane gas on the storage time of the p-H,/propylene gas mixture in
the type 2 storage can (black) and the dependence of the chemical
conversion of propylene to propane on the storage time of the p-H,/
propylene gas mixture (blue). The data was recorded using 3.7 bar
total pressure and 7.5 sLm flow rate.

water doped with S mM CuSO,. Each imaging sequence was initiated
before gas injection in the phantom and repeated 32 or more times to
capture the HP gas delivery into a phantom, followed by HP gas
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decay due to RF excitation and T decay. See Supporting Inforamtion
for imaging sequence details.

HP Propane MRI Studies in Excised Pig Lungs at 0.35 T. All
excised pig lungs were acquired from unrelated IACUC-approved
studies at Wayne State University. For all 0.35 T MRI studies, type 2
storage cans were filled on site with the 1:1 mixture of p-H,/
propylene gases as described above. All MRI studies were performed
within 30 min after the cans were filled with the compressed gas
mixture. A freshly excised pig lung (containing both lungs and
trachea) was connected to 1/4” ID Tygon tubing for HP propane gas
injection (a rubber band was also employed to compress the trachea
wall against Tygon tubing to prevent gas leakage). The following
imaging parameters were employed: spectral width (SW) of 10.42
kHz, slice thickness of 5 cm, field of view (FOV) = 25.6 X 25.6 cm?,
and an imaging matrix of 64 X 64. 32 repeats of this scan were
programed in a loop fashion with an acquisition time of 0.94 s for
each individual 2D image (30 s total run time). Approximately 5—6 s
after the start of the imaging experiment, the HP propane gas was
injected in the lungs with injection lasting approximately 5—6 s, with
an estimated injected volume of 0.7 sL (and an estimated flow rate of
0.12 sLs). After the completion of the gas injection, the 1/8” Teflon
tubing line was disconnected from the hyperpolarizer and capped to
prevent gas back flow from the lungs into the reactor. The images
were acquired in axial and coronal projection with otherwise identical
imaging parameters. Control runs with the injection of nitrogen gas
were performed with a similar injection rate and injection volume (see
Supporting Information for details). To enhance the visual clarity of
the images, all of the images were interpolated to 256 X 256 with an
effective 1 X 1 mm? in-plane interpolated resolution.

B RESULTS AND DISCUSSION

Hyperpolarized Propane Spectroscopy and Enhance-
ment Quantification. The polarization of each set of
positively and negatively enhanced H, and Hy NMR lines of
HP propane was assessed in the stopped HP propane gas,
which was trapped in the detection volume of the 1.4 T NMR
spectrometer by closing the reactor inlet and outlet valves
(Figure 2d). (Note that fast-flowing HP propane exhibits
severe line broadening, Figure 2c). In our approach, we
recorded 64 1D spectra in a pseudo-2D fashion with a
repetition time of 0.5 s. The intensities of HP propane
resonances H, and Hp were plotted as a function of time
(Figure 2f). Because the valve closing and the NMR
acquisition are not time-synchronized, it follows that as
much as 0.5 s may have passed before the recording of the
first NMR spectrum. Py decays with a time constant T of
2.9-3.1 s (Figure 2f), which is evident from the decay of the
HP signal of the stopped propane gas in Figure $S2.°° Due to
this uncertainty and the associated polarization decay, the
presented method is susceptible to run-to-run signal variability.
Moreover, the measured Py value represents a lower estimate,
as the polarization may have experienced some decay during
the time interval before the application of the first RF pulse.
Despite these limitations, signal enhancement values in excess
of 2500-fold were observed (Figure 2), corresponding to a Py
of over 1.2% for H, and Hg. These Py and T, values are in
overall agreement with previous relaxation studies.””*" The
chemical conversion of propylene was near 100%, as no traces
of propylene gas were detected in thermally polarized spectra
at a 7.5 sLm flow rate (Figure S1). Although the Py levels of
HP propane gas are substantially lower than those typically
obtained for HP '»Xe gas (i.e., typically in excess of 20%),""
we note that each HP propane molecule carries double the
magnetization load (two HP protons versus one HP '*Xe
nucleus). Moreover, each proton is typically 13 times more
sensitive than HP '*Xe at the same nominal polarization due
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to a 3.6 times greater gyromagnetic ratio (one gamma for
greater magnetic moment multiplied by one more gamma for
higher detection frequency).”® Furthermore, protons have
nearly 100% natural abundance compared to the 26% natural
abundance of '*’Xe. These compounding factors make 1%-
hyperpolarized propane equivalent to 100%-hyperpolarized
12Xe at natural abundance or equivalent to 32%-hyper-
polarized '**Xe at an 80% enrichment level. Furthermore, this
sensitivity analysis does not factor in the fact that RF coils for
detecting proton MRI are usually highly optimized by vendors
in clinical practice, which may additionally favor HP propane
imaging sensitivity.

Hyperpolarizer Reactor Robustness. While most of the
studies reported here were performed with a 7.5 sLm HP
propane flow rate, we additionally performed a series of studies
using a modified setup (Figure S3) to investigate the reactor’s
robustness with respect to the pressure, gas flow rate, and gas
flow duration by adding an additional control element such as
a mass flow controller or a needle valve. This modified setup
shown in Figure S3 also employed p-H, with a variable para-
fraction between S0 and 90%. The hyperpolarizer reactor’s
operation robustness was evaluated in several ways. First, we
have modified our pseudo-2D experiments (shown in Figure
3a), and we have performed a series of additional valve
openings/closings, effectively resulting in the inflow of fresh
HP propane gas in the detection region of the NMR
spectrometer (Figure 3b). In this representative dynamic run,
signal enhancement ey of ~1600-fold was repeatedly achieved
five times sequentially, clearly indicating good reproducibility.
Additionally, Figure 3b indicates the possibility of effective HP
propane gas production on demand.

The reactor has shown overall robust performance with
relatively small variation of signal enhancement of HP propane
gas (estimated at +20%) with respect to the pressure range
studied (4.4—7.8 bar, gas flow rate of 0.8 sLm) for the gas
mixtures containing 1:1 and 1:4 propylene/p-H, composition
ratios, Figure 3c,d, respectively.

HP propane signal enhancements exhibited relatively low
dependence on the gas flow rate in the 0.4—2.8 sLm range
studied, Figure 3e (for the variable-flow-rate experiments, the
mass flow controller was replaced by a needle valve). The
variation of the &y values was estimated to be +£10%, and the
chemical conversion of propylene was near 100% at all flow
rates studied.

In a separate set of experiments, we have varied the duration
of the HP gas flow at a 0.8 sLm flow rate before the flow was
terminated, as shown in Figure 3f. Similarly to the data shown
in Figure 3e, the variation of &y values was estimated to be
+10%, and the chemical conversion of propylene was near
100% at all flow duration timings studied, as shown in Figure
3f.

All-in-all, the hyperpolarizer reactor demonstrated good
robustness of operation with respect to a wide range of
experimental parameters. The entire device consisting of the
reactor, gas storage can with the gas mixture, and connecting
tubing weights less than 200 g. The cost of all components is
approximately $35 with the following breakdown: compression
fittings ($28), titania (200 mg, less than $0.1), rhodium (2 mg,
$3), copper particles (10 g, $1.5), copper and Teflon tubing
($1.5), propylene (2 g, $0.1), hydrogen gas (0.2 g, less than
$0.1), and aluminum can ($1). We anticipate that future
integration of the reactor using a purpose-built design can
substantially reduce the cost of the mechanical components.
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Figure 3. PHIP studies of HP propane reactor robustness via
spectroscopic detection using a 1.4 T NMR spectrometer. (a)
Representative pseudo-2D NMR experiment showing the T, decay of
HP propane signal enhancement after HP gas was stopped at ~3 s.
(b) Representative pseudo-2D NMR experiment, where the flow of
HP propane gas was repeatedly (S repeats) stopped for ~3 s and then
restarted for ~3 s. (c) Dependence of &y values of HP propane on
reactor pressure with a 1:1 propylene/p-H, gas mixture. (d)
Dependence of ey values of HP propane on reactor pressure with a
1:4 propylene/p-H, gas mixture. (e) Dependence of &y values and
propylene chemical conversion of HP propane on the gas flow rate.
(f) Dependence of &y values and propylene chemical conversion of
HP propane on the gas flow rate duration. All experiments were
performed at 3.7 bar total gas pressure using a 1:1 mixture of
propylene/p-H, and a 0.8 sLm HP propane gas flow rate, unless
otherwise noted. The results shown in display (e) were obtained using
a needle valve, and the results shown in all other displays were
obtained using a mass flow controller using the modified setup shown
in Figure S3.

Moreover, mass-scale production is also envisioned to reduce
the cost of rhodium-containing precursors and other
consumables with the total production cost of less than $5.
Decay of p-H, in Aluminum Storage Cans. The p-H,
decay due to para-to-orthohydrogen conversion was found to
occur with time constants T of 2.9 + 0.6 and 6.4 + 1.3 days at
13 bar in type 1 and type 2 cans, respectively (Figure 1d,e). It
should be noted that the type 2 can has approximately a two
times greater inner diameter, and thus, the collision rate of p-
H, molecules with the container wall is expected to be doubled
in a type 1 container compared to that for a type 2 container.
The fact that the effective first-order rate constant of ortho/
para-H, conversion in type 1 can is ~2 times greater than that
in type 2 can suggests that the collision of p-H, gas with the
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container wall is the dominant channel of ortho/para
conversion. Since the potency of the gas mixture to produce
HP propane depends on the residual p-H, fraction at the time
of the experiment,”” the p-H, lifetime studies in the gas
mixtures with propylene were measured in a larger type 2
aluminum container using the signal enhancement of the
produced HP propane as an observable (Figure 2g). The
observed decay of potency of the propylene:p-H, gas mixture
was found to have T of 6.0 + 0.5 days at 10 bar total pressure.
This T value is close to that in a can filled with pure H, and is
sufficiently long for short-term storage or transportation of
propylene/p-H, gas mixtures for their utility in hyper-
polarization studies. These T values are much shorter than
the previously reported Tg value of 63.7 + 8.3 days in
substantially larger aluminum tanks,*’ likely because of the
much smaller sizes of the aluminum storage containers
employed here. Thus, we speculate that future improvement
of storage design can allow one to extend the effective lifetime
of propylene/p-H, gas mixtures and enable even longer storage
and transportation time windows. The use of small storage
cans is advantageous compared to larger compressed gas
aluminum tanks due to the low cost (<$1) and the possibility
to dispose or recycle the storage can.

HP Propane MRI Studies with Phantoms at 3 T. The
experimental setup employs a hollow plastic spherical phantom
for filling with HP propane (Figure 4a), and the gas-mixture
storage can be connected directly to the reactor. The phantom
sphere was placed inside the wrist RF coil of a 3 T MRI
scanner (Signa HDx, GE Healthcare), whereas all other
components (connected to the phantom via gas input and
output Teflon tubing lines) were placed outside the MRI
scanner because the safety valve (2.7 bar overpressure) and the
storage can metal cup contain magnetic materials. The
estimated gas flow rate was ~7.5 sLm. Since the scan time
was less than a second, a series of looped scans was initiated
shortly before the gas injection. After the HP propane gas
injection for approximately 2 s, the flow valve was closed to
prevent any HP gas back flow, and the HP propane gas was
effectively stopped inside the imaging phantom.

The reader is reminded that the HP propane molecule
exhibits two resonances: H, and Hy (with a 180° phase shift)
separated by 0.45 ppm (i.e., 57 Hz at 3 T). As a result, MRI
imaging of such HP species may exhibit several artifacts. First,
partial signal cancellation (due to the opposite phase of HP H,
and Hp resonances) may be possible due to the low magnetic
field homogeneity of the MRI scanner. Second, partial signal
cancellation may also be possible between the adjacent pixels
in a slice-selected imaging plane as well as between the
neighboring slices.”' ~** Third, the presence of two resonances
may lead to the additional “ghosting” (also called chemical
shift) artifacts between the neighboring pixels in a slice-
selected imaging plane as well as between the neighboring
slices.*' ="

A time series of high-resolution 2D GRE images with voxel
size of 1 X 1 X 5 mm?® acquired on a single injection of HP
propane gas is shown in Figure 4b. Each image was acquired in
0.84 s with the maximum recorded signal-to-noise ratio
[SNR(max)] of 38, which compares well to the SNR(max)
of 179 on the corresponding image of a thermally polarized
water phantom with similar dimensions, Figure 4b. The SNR
of subsequent images decreases rapidly due to the depolarizing
effects of RF excitation pulses and T, decay. This pilot GRE
image acquired using our disposable hand-held polarizer is
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Figure 4. Phantom validation studies of HP propane using a 3 T
clinical MRI scanner. (a) Schematics of the portable experimental
polarizer design used for phantom validation studies. Premixed gas
mixture in the storage can was delivered to the reactor by actuating
the high flow valve. (b) Time series of slice-selective (S mm thick) 2D
GRE images of an HP propane-filled hollow-sphere phantom and the
corresponding thermally polarized water image acquired using a wrist
RF coil; imaging parameters: 128 X 128 matrix, FOV = 130 X 130
mm> (c) 2D slices of EPI imaging (10 mm thick) of an HP propane-
filled hollow-sphere phantom and the corresponding thermally
polarized water image acquired using a wrist RF coil; imaging
parameters: 64 X 64 matrix, FOV = 150 X 150 mm?; total scan time
(8 slices) is 0.40 s (the right display shows the corresponding image
from thermally polarized water phantom of the same geometry).
Propane concentration was estimated at 0.13 M, and the water
concentration was 55 M.

important as it shows the feasibility of recording high-
resolution HP propane gas images with mm-resolution using
a clinical MRI scanner. Additional images from this series are
also shown in Figure S4.

The lifetime of the propane gas HP state is on the time scale
of seconds.”” Moreover, the GRE phantom imaging also
reveals fast polarization decay (as seen from the decrease of the
SNR values—note the image intensity is scaled individually),
likely also in part due to depolarizing effects of the RF pulses.
Thus, we investigated the feasibility of echo-planar imaging
(EPI), in which one excitation RF pulse is employed to record
an entire 2D slice. Figures 4c and SS show the utility of using
slice-selective 20° RF excitation followed by ultrafast image
readout, allowing us to record eight slices of HP propane gas
phantom in 0.40 s. Three representative 10 mm thick slices are
shown in Figure 4c, revealing a hole in one of the images due
to the presence of the 1/8 in. OD Teflon line inside the
phantom. Moreover, the EPI images also reveal a more
pronounced (compared to GRE images discussed above)
“ghost” artifact, which is likely due to the fact that imaging is
performed with two HP resonances of the opposite sign—this
notion is additionally supported by near perfect signal
cancellation in two areas: below the “ghost” and below the
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sphere—likely due to signal cancellation due to image
encoding of these two resonances of the opposite phase, i.e.,
H, and Hjy in Figure 2d. This is not necessarily a limitation of
this approach, as a number of approaches have been developed
for rephasing of the antiphase resonances of HP propane
gas.’”™ The recorded EPI images also demonstrate a
remarkably high SNR of up to 1595. Even when accounting
for larger voxels (approximately 10.6 times greater than the
voxel size in GRE images in Figure 4b), the SNR of EPI images
(per unit volume) was approximately four times higher than
that of GRE images—at the same time, the temporal
resolution of EPI imaging was approximately 16 times higher
than that of GRE imaging.

Pilot Imaging of HP Propane Gas in Excised Pig
Lungs Using a 0.35 T Clinical MRI Scanner. We have also
investigated the feasibility of pilot imaging of HP propane gas
in the excised pig lungs, as shown in Figure S. The overall
experimental setup (Figure Se) for these studies was similar to
the one of 3 T imaging studies with the exception that the
exhaust of the reactor was connected to the lung trachea via
plastic tubing (Figure 5f), and thus, the imaging of gas was
performed at a physiologically relevant total pressure of 1 bar.
Moreover, since the excised pig lungs contain tissue water,
there is a substantial proton background signal. For example,
thermally polarized images of inflated pig lungs (with propane
or nitrogen) revealed a substantial anatomical signal in axial
and coronal projections, Figure 5b,d, respectively. As a result,
we have employed a background signal subtraction meth-
od"—the detailed description of the image processing is
provided in the Supporting Information. A series of 2D slice-
selective images were recorded during a 5—6 s long injection of
HP propane gas in the excised pig lungs with a temporal
resolution of 0.94 s. High-quality HP images were obtained
from at least five images in each HP propane gas injection time
series of the dynamic run. Representative axial and coronal
images from each series are shown as color overlay (HP
propane gas) over grayscale anatomical images in Figure Sa,c,
respectively. The complete corresponding time series are
presented in Figures S6 and S8, respectively. The SNR(max)
values were 22 and 17 for axial and coronal scans, respectively.

MRI imaging with HP propane gas was reproducible.
Indeed, a replicated HP propane gas injection study in the axial
position (Figure S10) revealed an intensity distribution similar
to that in the first axial dynamic run (Figure S6). Importantly,
the replicate run was performed using refilling of the same gas-
mixture storage can with fresh gas mixture using the same
reactor. The scan-to-scan time duration was approximately S
min, clearly demonstrating that the hyperpolarizer can be
reused and provides reproducible results with fast polarizer
reloading speed.

When the HP gas injection was completed, the HP gas signal
experienced a fast decay due to T relaxation and also due to
the depolarizing effect of the RF pulses. The “effective” T
constant was measured to be 0.67 + 0.40 (Figure S6), 0.68 +
0.39 (Figure S8), and 0.64 + 0.47 (Figure S10), additionally
highlighting the reproducibility, albeit with large T error bars.
While this “effective” T is rather short, the feasibility of HP
propane imaging in physiologically relevant conditions in a
clinical MRI scanner is clearly demonstrated in this pilot study.
We also note that the detection sensitivity of this study likely
has suffered substantially from the slow rate of HP propane gas
injection—indeed, the bulk of injected HP gas (estimated at
0.6—0.7 sL) experienced depolarization (due to relaxation and
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Figure S. Fast slice-selective 2D GRE images of HP propane gas
injected in the excised pig lungs and recorded with 64 X 64 imaging
matrix over 256 X 256 mm?* FOV, 50 mm slice thickness, and 30°
slice-selective RF pulse. (a) Axial anatomical image of the inflated
excised pig lung. (b) Corresponding axial false-color image of HP
propane gas contrast agent overlaid over the grayscale axial anatomical
image shown in display (a), (c) annotated photo of the experimental
setup showing the gas mixture tank, Rh/TiO, reactor, unmounted
head 0.35 T MRI coil and gas connection from the reactor outlet to
the lungs’ trachea. (d) Coronal anatomical image of the inflated
excised pig lungs, (e) Corresponding coronal false-color image of HP
propane gas contrast agent overlaid over greyscale coronal anatomical
image shown in display (d). (f) Annotated photo of the excised pig
lungs employed for the pilot imaging studies. Each image in displays
(ab,d,e) was acquired in 0.94 s; see Supporting Information for
additional images and details.

RF pulsing) as it was injected during S—6 s, while the
“effective” relaxation constant is only 0.67 + 0.40 s. Faster HP
propane gas production and administration are envisioned to
substantially improve the sensitivity of this scan—potentially
by several fold.

Additional control experiments were also performed with
the injection of inert compressed nitrogen gas, which has no
protons. The corresponding color-overlay axial and coronal
studies revealed substantially attenuated signal in Figures S7,
S11 and S9, respectively. The greatly reduced signal intensities
in these control experiments are likely due to tissue expansion
during gas injection.

Taken together, these pilot 0.35 T studies in excised pig
lungs demonstrate the feasibility of reproducible high-quality
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ventilation imaging of the lung using HP propane gas despite
the relatively short lifetime of the HP state. The lifetime of the
HP state of propane gas exhibits a nearly linear dependence on
pressure, with T; of ~1 s and Tg of ~3 s at 1 bar (total
pressure), because of the spin-rotation relaxation mechanism,
which is known to dominate for gases.””*® It should also be
emphasized that a number of potential improvements can be
possibly envisioned to further increase the detection sensitivity,
temporal, and spatial resolution of such scans—active ongoing
studies in our partnering laboratories. Although deuteration is
unlikely to increase T, and Ty values for HP propane gas,””"’
the use of lower magnetic fields (i.e., with By < 0.35 T, where
the long-lived spin states (LLSS) of HP propane exist and
undergo relaxation according to Tg versus T,*°) may be of
practical benefit to extend the useful lifetime of the HP
propane gas contrast agent.”” Indeed, new low-field MRI
scanners are emerging, including the point-of-care Hyperfine
MRI scanner*’ operating at 0.064 T, where LLSS are expected
to exist for HP propane.”

Future Studies and Biomedical Outlook. Although the
produced HP state of propane gas lasts only for seconds, the
possibility of a multiday time window for storage and
transportation of this hand-held ultralow-cost device can be
potentially transformative for potential application in the area
of pulmonary imaging because it becomes possible to prepare
the device in one location while utilization can be performed
substantially later at the potentially distant imaging suite
(elsewhere). Since the device is portable and disposable,
virtually no infrastructure investment is required for
production, supply storage, or utilization. Indeed, we envision
that our propane hyperpolarizer can be potentially deployed as
a disposable kit in the future, and further work in this field is
currently ongoing in our laboratories. The future device can
potentially benefit from a number of further improvements,
including increasing the lifetime of storage as discussed above,
improving the percentage polarization of produced propane
gas,”” more integrated design of the kit, etc.

While future studies should address the safety of MRI with
inhalable HP propane gas (including the study of excipients), it
should be mentioned that the FDA and other regulatory
agencies are regulating propane as generally regarded as safe
(GRAS™"). Propane is a nontoxic asphyxiating gas (i.e., it is
biochemically inert when administered in vivo; moreover, it
has no observed developmental or systemic effects even under
high (10,000 ppm) concentration, as studied in a randomized
90 day inhalation toxicity study).”> Propane has widespread
application in cosmetics, foods (FDA-approved food propel-
lants are more broadly labeled as E944 food additives), and
other biocompatible uses.”> The highest dose administered to
humans to date was 20% propane/air mixture by volume for a
duration of 1 min.**** Based on the dosing principle of a single
dose (~0.6—0.7 sL inhalation versus 20% for 1 min) and the
ultrafast imaging time, we expect that the intoxicating effect of
a single 0.6—0.7 sL dose will be significantly less than that of
20% propane/air for 1 min. Multiple inhalations/continuous
feeds of HP propane gas can also be envisioned, albeit at lower
inhalation doses. However, the reader is reminded that HP
propane gas has no current regulatory approval for MRI
applications, and it may take several years to receive one.
Despite the overall low toxicity of propane gas, possible side
effects of a future HP propane lung MRI scan would certainly
need to be explored, as propane can potentially cause cardiac
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sensitization and CNS depression in volunteer exposure of 2
min and longer.*

In the assessment of lung function, the HP propane gas
contrast agent can potentially offer a number of critical
advantages over current HP '*Xe technology (which has been
recently approved by the FDA), including virtually no cost and
space requirement of the needed infrastructure to produce the
HP gas contrast agent. Our hyperpolarizer can additionally be
readily disposed of or recycled. Moreover, conventional clinical
MRI scanners can be readily employed for the imaging of HP
propane gas without any scanner modifications or upgrades.

B CONCLUSIONS

We have demonstrated that pure p-H, gas or p-H,/propylene
gas mixtures can be successfully loaded in commercial
pressurized aluminum cans, where the gases can be stored
for days without a substantial loss of potency for producing HP
states. Specifically, the Tg decay of pure p-H, gas was
demonstrated to be up to 6.4 + 1.3 days in disposable
aluminum storage cans. Similarly, the decay of p-H, in the p-
H,/propylene gas mixtures gave a T value of 6.0 & 0.5 days.
These relatively long lifetimes of the gas mixture potency allow
for temporary storage and transportation of the hyperpolarizer,
which was demonstrated in the example of gas mixture storage
for approximately 4 h before utilization for phantom imaging
studies using a clinical 3 T MRI scanner without any
modifications to the scanner hardware or pulse sequences.
The propane hyperpolarizer delivers a polarization value of up
to 1.2% for each of the two HP resonances, and the device
showed robust operation with respect to the gas flow rate, flow
duration, and gas pressure. The device’s robust performance
enabled reproducible ventilation imaging of accessible air space
in excised pig lungs, which was successfully demonstrated here
for the first time for any proton-hyperpolarized sensing gas.
Taken together, our propane hyperpolarizer can produce HP
propane sensing gas on demand, which has been extensively
validated by high-resolution NMR spectroscopy studies,
phantom imaging 3 T MRI studies, and 0.35 T imaging
studies in excised pig lungs. Although the hyperpolarizer tests
in excised lungs cannot substitute for functional lung MRI
scans in live animals (note that the pressure and dosing of the
HP propane gas used here are expected to be similar to what
would be used in such envisioned live-animal studies), the
developments reported here bode well for a wide range of
envisioned biomedical and clinical applications, including near-
future studies in live animals.
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