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Pulmonary MRI of hyperpolarized xenon-129 (hp'?°Xe) dissolved in the lung parenchyma and vascular phase is
gaining increasing attention for clinical assessment of gas exchange in multiple diseases. These conditions can
involve thickening of barrier tissues due to fibrotic scarring or reduced capillary blood flow leading to dimin-
ished gas-blood exchange hence, the ratios between hp'2°Xe signals arising from the lung membrane (M), the red
blood cells (RBC), and the gas phase hold significant diagnostic value. However, comparing hp'?°Xe signal ratios
quantitatively across different studies may pose challenges due to varied experimental conditions and opted
pulse sequence protocols.

A solution to this problem arises from materials science applications of hp'?°Xe where xenon dissolved in
porous materials or polymers can display chemical shifts similar to the M and RBC shift in lungs. This work
explored the generation of MR spectral profiles with respect to chemical shift and signal intensity ratios that
closely resemble spectral profiles observed in human lungs in health and disease. At ambient temperatures,
reticulated open cell polyurethane foam treated with olive oil as a fatty phase produced dissolved phase 129%e
chemical shifts of 215 ppm and 196 ppm, respectively, that emulate typical RBC and M signals. The uptake
kinetics into the non-toxic materials was sufficiently similar to pulmonary signal uptake to enable hp*2°Xe MRI
with dissolved phase ratios that closely resembled clinical data.

A phantom assembly was devised to allow for gas handling protocols that matched clinical protocols. The
current iteration of the developed phantom enables rapid testing of basic experimental protocols and can be used
for training purposes without regulatory approval and governance. Furthermore, the introduced concept shows a
pathway for the development of a quantitative universal phantom standard for dissolved phase pulmonary
hp!?®Xe MRI. A robust phantom standard will require materials with longer shelf lifetime than the oil-foam
system used in this study and would benefit from a hierarchical porous network with more defined micro-
structure similar to that found in lungs.

1. Introduction

As an emerging technology, hyperpolarized xenon-129 (hp'2°Xe)
magnetic resonance imaging (MRI) enables significant advancement
over current pulmonary diagnostics and prognostics with a high po-
tential for efficacy monitoring in stratified medicine, drug development
and preventive care [1-7]. Beyond research applications, the technology
has already received clinical approval to a varying degree in at least
three countries (UK in 2016; PR China and USA in 2022). Similar to
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hyperpolarized helium-3 (hp®He), inhaled hp'?°Xe can be used for
functional lung MRI of ventilation [1,8,9] and diffusion-weighted
contrast enables insights into lung microstructure [1,8]. Furthermore,
hp!?°Xe has an additional and unique property of distinguishable,
characteristic MR signals arising from xenon dissolved in tissue and
blood. The hp'?°Xe MR signal from pure xenon gas, approximated to
zero density, often serves as the shift standard for xenon and is refer-
enced to 0 ppm. The 12°Xe signal shift in (pure) gaseous as a function of
xenon density is only about -+0.55ppm/amagat [10,11] which
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approximately translates to +0.55ppm/bar in (pure) gaseous xenon at
ambient pressure and below. This small dependence of the 129%e shift on
the gas pressure is further reduced due to dilution of the hp!?°Xe with
residual air in the lung. Due to the lower spectral resolution of clinical
(and pre-clinical) MRI scanners compared to high-resolution NMR
spectrometers, it is therefore usually adequate to designate the ?°Xe
signal obtained from the pulmonary gas phase as the 0 ppm reference
signal. However, a slightly stronger shift may be caused by the magnetic
susceptibility of tissue in the lung. Driehuys and co-workers have
recently reported two distinct gaseous 12°Xe resonances in rodent (mice)
lungs arising from conducting airways with a range of —0.6 + 0.2 to
+1.3 £+ 0.3 ppm and the alveolar region exhibiting a relatively stable
value of —2.2 + 0.1 ppm [12]. This susceptibility shift is still fairly small
compared to dissolved phase chemical shifts. Future refinement of the
phantom materials can (and should) take susceptibility effects for gas
and dissolved phase signals into account, in particular once data from
human subjects becomes available.

In the human lung, three signals are observed after hp*?°Xe inhala-
tion: (1) the pulmonary gas phase signal, here referenced to 0 ppm; (2)
the signal arising from xenon dissolved in the tissue or membrane (M) at
around 197 ppm [13] (note that ‘tissue and plasma’ (TP) is often used in
literature instead of M); and (3) the signal arising from 129y e within the
red blood cells (RBC). The RBC signal exhibits a range of shifts between
218 - 219 ppm at typical pulmonary blood oxygenation levels between
0.80 — 0.87 [5,14,15]. The possible RBC chemical shift range has been
explored previously in vitro with the maximum value of 222 ppm
observed in 100 % oxygenated blood samples that quickly drops by 4-5
ppm when the oxygenation is lowered to 80 %. Any further reduction
only causes minor changes with a minimum value of 216 ppm at 0 %
blood oxygenation [5,13-15]. Pulmonary diseases may lead to reduced
oxygenation levels and hence lower chemical shift values as demon-
strated, for example, in a rat model of bronchopulmonary dysplasia that
led to an about 0.55 ppm reduced value [16] (i.e. from about 212 ppm as
the RBC chemical shift values are species dependent).

Dissolved phase xenon only amounts to about 1 — 2 % of the amount
of inhaled xenon in the alveolar region. However, a rapid diffusive
xenon exchange between the alveolar gas phase and the dissolved
phases can be probed through various protocols. Early work explored
the saturation through selective radiation of the M and RBC signals that,
via gas exchange, leads to a reduction in the observed gas phase signal
intensity in xenon polarization transfer contrast (XTC) protocols [17,
18]. Alternatively, the recovery kinetics of the saturated (or in some
experiments inverted) magnetization of M and RBC dissolved hp'?°Xe
can be explored through chemical shift saturation recovery (CSSR) ex-
periments [19-23,24]. Distinction between M and RBC phases can be
made, for example, through a variant of the Dixon technique as
demonstrated in early pre-clinical MRI [25]. Not limited to the Dixon
method, chemical shift selective protocols that excite the M or RBC
dissolved phase hp'?°Xe allow for the amplification of these signals
through fast averaging because the magnetization is recovered through
exchange with the (undisturbed) gas phase hp129Xe [26,27]. The
enhancement of the RBC signal hinges on the exchange dynamics among
the gas, tissue, and vascular phases. Consequently, monitoring the ex-
change of hp!?°Xe through the parenchyma becomes viable and can be
leveraged for functional pulmonary MRI. For instance, in interstitial
diseases, the RBC signal might decrease due to fibrotic scarring, which
thickens the barrier tissue separating the air and vascular phases.
Conversely, the M signal could increase owing to the rise in barrier tissue
volume. The hp'?°Xe signal intensity, referenced to the intensity of
either the gas phase or the M signal, i.e. RBC/gas or RBC/M, therefore
serves as a biomarker of reduced oxygen transfer in affected regions of
the lung [5]. Dissolved phase hp'?Xe MRI and magnetic resonance
spectroscopy (MRS) are still at an earlier stage of development
compared to hp'?°Xe ventilation and pulmonary MRI utilizing hp'?°Xe
apparent diffusion contrast (ADC). Nevertheless, the spatially unre-
solved RBC/M ratio observed through hp'?°Xe MRS has been shown to
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provide a sensitive lung global metrics of significantly reduced gas ex-
change in patients with idiopathic pulmonary fibrosis (IPF) compared to
healthy volunteers (p < 0.0002), a metrics that strongly correlated with
the pulmonary transfer factor for carbon monoxide (TL¢o) [28]. A sta-
tistically significant difference in alveolar septal thickness between
healthy volunteers and patients with IPF and scleroderma (SSc) was
found in a time-resolved hp'2°Xe MRS pilot study, although no statis-
tically significant distinction could be drawn between the patient groups
[29]. Recent advances allowed for the detection of disease progression
in longitudinal studies of IPF through hp'?°Xe MRS with improved
sensitivity to 12 month change in patients with IPF (p = 0.001)
compared to current clinical metrics such as FVC (p = 0.048) and TL¢o (p
= 0.881) [30]

Beyond the hp'?°Xe MRS lung global metrics, gas exchange hp'?°Xe
MRI allows for the visualization of regional gas exchange impairment in
IPF with strong correlation to TLco metrics [31-33]. Reduced RBC/gas
and RBC/M ratios are mainly observed in peripheral and basal regions of
the IPF affected lungs [34] This observation corresponds qualitatively
with fibrosis observed via CT, however only a weak correlation with CT
fibrosis scoring has been found. Gas exchange hp'?°Xe MRI displays a
high sensitivity to longitudinal IPF disease progression [30,35]. Hp'2°Xe
MRI and MRS can be utilised to differentiate between cardiopulmonary
function impairment in COPD, IPF, left heart failure (LHF) and pulmo-
nary arterial hypertension (PAH) [36]. In the wake of the COVID
pandemic, a reduced gas-blood exchange was demonstrated through
CSSR MRS in hospital discharged COVID patients [23]. The long-term
persistence of this pathophysiology was demonstrated in a longitudi-
nal, multi-centre study using dissolved phase hp '>°Xe MRI in patients
after their discharge from the hospital intensive care units (ICUs)
[37-39].

The growing interest in hp'?°Xe dissolved phase pulmonary MRI
makes a common standard desirable as different experimental parame-
ters and protocols, such as: RF pulse flip angles [40], magnetic field
strength By, and pulse sequence timing can all affect the observed signal
ratios. For example, the RBC/gas and M/gas ratios don’t reflect the true
ratio of hp!2°Xe atoms in the various phases as only a small flip angle is
applied to the gas phase to preserve its polarization. Any changes in the
hp!'?°Xe gas phase flip angle will therefore directly affect the observed
RBC/gas and M/gas ratios. The proposed multicentre studies with dis-
solved phase hp'?°Xe [41] suggest likely utility and significance for a
common standard.

Obtaining data from healthy volunteers presents challenges for
standardization due to inherent variability and age/gender related de-
pendencies [42,43]. Additionally, there are delays and heightened costs
associated with the necessary regulatory procedures, further compli-
cating the process. Similar considerations apply to the training of
personnel and the establishment of new sites for hp'?’Xe dissolved
phase MRI. In this work, building on the extensive field of '2°Xe NMR
research and applications in material sciences [4,44], we test a first
prototype of a hp129Xe dissolved phase phantom of human lungs. The
intended applications for the phantom standard require the usage of
hp!'?°Xe rather than high pressure thermally polarized 2°Xe as was re-
ported for a previous (gas phase only) phantom that has very different,
complementary purposes and merits [45]. However, usage of hp'?Xe is
essential for testing and calibrating of specialized dissolved phase MRI
protocols because the signal intensity in the dissolved phase is too low
for thermally polarized '2°Xe, even at elevated pressures. Most signifi-
cantly, probing the gas exchange dynamics specifically requires hp'?°Xe
because thermally polarized '2°Xe MRI would be based on relaxation
recovery rather than gas exchange, leading to very different signal in-
tensity ratios. The phantom development also seeks to significantly
streamline pulmonary MRI training and protocol testing with hp'2°Xe.
As an ultimate goal, this work intends to provide a route to a future
universal standard test object.

To advance a dissolved phase standard, the following design condi-
tions were targeted:
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A. The standard must contain materials with a dissolved phase 12°Xe
spectral signature that closely resembles the 2%Xe chemical shifts for
RBC and M in human lungs.

B. The observed 12°Xe signal intensity ratios (i.e. RBC/M, RBC/gas, and
M/gas) should be similar to those found in human lungs, well
defined, and reliably reproducible.

C. The kinetics of the hp!2°Xe uptake should be similar to that in human
lungs, well defined, and reliably reproducible. Variation in experi-
mental parameters should lead to predictable changes in the 129%e
signal intensity ratios.

D. In future iterations, it might become necessary to create standards
that replicate specific pulmonary conditions and in vivo tempera-
ture/pressures. The proposed standard framework should accom-
modate such advancements and developments.

E. The operational procedure for the standardized phantom should
closely resemble clinical protocols where the hp'2°Xe is inhaled by
the patient from a Tedlar™ bag.

F. The materials employed must be safe for handling, preferably non-
toxic, and should exhibit minimal vapor pressure at room
temperature.

G. The phantom should have a reasonable shelf lifetime of at least 18
months.

The reported developmental work of a phantom standard was
focused on emulating the hp'?°Xe signals arising from the RBC and M
phases in human lungs in health and disease but the devised concept can
be extended to other human organs such as the brain [46] and to animal
models of disease [16,47].

2. Methods

Experimental hardware for 9.4T NMR spectroscopy. All non-
imaging nuclear magnetic resonance (NMR) spectroscopic work was
performed using a 9.4 Tesla Bruker Avance III NMR spectrometer with a
vertical 89 mm diameter, clear-bore, superconducting magnet and a
custom-built NMR probe resonating at the 12°Xe frequency of 110.7
MHz. A home-built hyperpolarizer, with a 65 W diode array laser (Shark
65 W narrow linewidth laser system by OptiGrate Corp., USA) tuned to
794.7 nm, similar to a previously described version [48] was used for
spin exchange optical pumping (SEOP). SEOP of a 5 %:95 % Xe:N gas
mixture at near ambient pressure of 110 kPa (1.1 bar) produced a
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continuous flow of hp'?°Xe with a spin polarization P = 12 % available
to (and measure by) the NMR experiment. Xenon gas with 26.4 % 129%e
natural abundance isotope distribution (BOC limited, UK) was used in
this work exclusively. For the characterization of the polymer foams,
NMR detection took place as depicted in Fig. 1A under continuous flow
at near ambient pressure of 110 kPa and temperature of 293 K, with the
exceptions of stopped-flow (or batch-mode) measurement using 100 %
xenon gas after cryogenic separation and for measurements in bulk oil
phase (see descriptions below). Note however, ‘batch-mode’ only refers
to the NMR measurments as in both cases the SEOP process took place
under continuous flow conditions. A steady flow rate of 1.8 + 0.05 ml/s
was applied for all continuous flow experiments.

Reticulated polyurethane foams and oils used. Consumer grade
extra virgin olive oil was used as a safe, non-toxic, low vapour pressure
component, except for one experiment conducted with vacuum pump oil
(Edwards, Ultragrade Performance Vacuum Oil 19). The various foams
were obtained from Zouch Converters Ltd (Nottingham, UK) as 10 mm
thick, DIN A4 sized (210 mm x 297 mm) foam sheets. The reticulated
polyurethane foams by ZOUCH (ZR), with various open pore sizes
described by ‘pore per inch’ (PPI) and their colour are: ZR20-black,
ZR20H-green, ZR30H-beige, ZR45-black, ZR45H-blue, ZR60-black,
ZR85H-beige, ZR90-black. Note these open pore foams are typically
used for filters. Small, approximately 20 mm x 15 mm x 10 mm foam
samples were cut from the sheets and used either dry or impregnated
with the olive oil at various mass percentages where 100 % refers to a
1:1 mass ratio of oil:foam (m,j;/m¢oam). The oil mass was measured with
a high precision balance (Satorius, MC1) after an approximate quantity
of oil was added to a cut foam sample and then manually massaged into
the foam using standard latex gloves.

Hp'?°Xe spectra of the foam and the foam - oil system. Hp'?°Xe
spectra of foams were obtained under continuous flow conditions as
described previously [49] with the sample container depicted in Fig. 1A.
A 90° excitation pulse (68 us duration) was used, followed by a recycle
delay of 5 s for 64 averaged scans to obtain good SNR ratios for the
dissolved phase. One experiment was conducted with 100 % hpXe
(natural abundance '2°Xe) obtained through cryogenic separation from
the SEOP mixture followed by transfer through pressure equalisation
into the pre-evacuated sample chamber [50]. The spectrum was detec-
ted in a single scan, approximately 5 s after gas transfer at ambient
pressure and 293 K.

One Dimensional Exchange Spectroscopy (1D-EXSY). For the

B —
continuous flow
of hp'#**Xe from
hyperpolarizer

low field |}: >
region I

7 mL
volume B,
rf-coil 94T
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olive oil
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with hp'#*Xe

Fig. 1. Sketch of the continuous flow experimental setups used for hp'>Xe NMR measurements in an upright (vertical bore) 9.4 Tesla superconducting magnet. A
custom-built probe with 15 mm clear-bore inner diameter (ID) to accommodate the sample holder and gas transfer lines was used and the coil region extends over 25
mm in the z-direction. (A) PFA tubes (1/8 inch outer diameter (OD) with approximately 1/16 inch ID facilitated a continuous flow of hp129Xe gas into (and out of) the
50 mm long, 13 mm ID, acrylic sample cell used to study a series of foam samples either dry or coated with varying amounts of oil. (B) PFA tube arrangement used to
enable bubbling of continuous flow hp!?°Xe into the liquid oil sample. Gas flow was stopped after approximately 30 s prior to the NMR relaxation measurements.
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hp'?°Xe dissolved phase uptake experiment (Fig. 1A) an inversion re-
covery protocol was used for 1D-EXSY that was comprised of an initial
180° inversion pulse (Gaussian shape, 230 us duration) applied selec-
tively on the dissolved phase peak(s) followed by a delay time 7 and a
90° non-selective pulse (68 us duration) for read-out, with 4 averaged
scans for each increment with TR = 12s. Four repeat experiments across
multiple days were averaged together to produce the final uptake
curves. The carrier frequency for the foam-oil system was set between
the two dissolved phase peaks at 205.1 ppm and both peaks were
inverted. For consistency, the same carrier frequency was used for the
oil-free foams.

2D-EXSY. The 2D-EXSY sequence applied under continuous flow
hp'?°Xe is represented in Eq. 1. A train of three depolarization pulses,
each separated by a 74 = 100 ms delay, was applied before a recycle
delay of 7gp = 3s to establish a steady state situation [51]. This was
followed by a 2-dimensional (2D) EXSY sequence [52] (as shown in bold
face in Eq.1). For the 2D-EXSY, an initial rf excitation pulse was followed
by the incremented evolution time (t1) of the indirect domain, a second
rf pulse, the exchange time 7, the final rf pulse and the data acquisition
AQ in the direct (t2) domain [4,51,53]. For the measurements the ex-
change times 7., ranged from 100 ms to 2000 ms. To reduce the
experimental time, the phase cycle was limited to 8 steps where the
phase 6; was altered between 0° and 180° for axial peak suppression. In
addition, 0, was incremented in four steps by 90°.

{Td - (7‘/2)0}3 —TrD — (7‘/2)01 —tl — (w/2)) — Tex — ("7/2)02 - AQ(t2)
(€9)]

However, to obtain a meaningful spectral resolution over the full 230
ppm range, a high number of (small) t1 increments was required that
would have resukted in long experimental times under continuous flow
conditions and therefore high xenon consumption. Instead, a smaller
spectral window of 120.1 ppm x 120.1 ppm was used to intentionally
violate the Nyquist condition, thereby causing spectral folding (folding-
in) of the gas phase peak to 241.5 ppm. The presented 2D-spectra are the
results from 8 averaged scans, centre frequency at 186.1 ppm, with 128
tl increments (resolution 256 x 128), zero filled to 512 x 256 and
cropped to the spectral region of interest. Depending on the selected
exchange time, each 2D-EXSY measurement took between 60 and 90
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min to complete eight averaged scans. The duration of the rf pulses was
40 us and hence, sufficiently short to cover the dissolved phase while the
gas phase was not experiencing full excitation. Therefore, the relative
intensities of the dissolved phase versus gas phase signals do not reflect
the true quantitative signal ratios and the purpose of the 2D-EXSY was
solely to exhibit the order of exchange between gas and the two dis-
solved phases qualitatively.

Pure oil phase spectroscopy and T; measurements. To measure the
behaviour of hp129Xe dissolved in oil, the setup of Fig. 1B was utilized
with gas bubbling through the liquid for 30 s to diminish paramagnetic
oxygen for the relaxation measurements and to obtain a near steady
state dissolved phase hp!?°Xe signal. After flow interruption, the
chemical shift was measured after a single 90° pulse. For the longitu-
dinal (T;) relaxation measurement, a train of small 8 = 9° flip angle
pulses was applied, each separated by a time delay z [54,55]. The
elapsed time t after the n pulse was = (n—1)r . The T; time was
calculated from the decay of the signal intensity as a function of
experimental time S(t) using Eq. 2 that takes the depolarization from the
rf pulse with flip angel ¢ into account and where the pulse number is
expressed by the total experimental time t divided by the inter-pulse
delay 7 [55,56]. Sy is the initial signal intensity for t = 0.

S(t) = Sy-sin(f)cos V7 (9)-e~/" @)

Hp'?°Xe MRI of dissolved phase phantom at 1.5 Tesla. MRI of the
phantom were obtained using a clinical 1.5T whole body MRI scanner
(GE HDX13) with a transmit/receive vest coil (Clinical MR Solutions,
Wisconsin, USA) resonating at 17.66 MHz (Fig.2D). A commercial
hyperpolarizer (Polarean 9800 with upgrade module 3777) was used to
fill Tedlar® bags with 1 L concentrated hp'**Xe (92 % isotopically
enriched) with a hyperpolarization of P =12 + 1 % as was measured in
the Tedlar® bags before delivery to the MRI scanner and inhalation by
the patient. This MRI protocol [33] was identical to the one used pre-
viously for a multi-site clinical study in post-COVID lung disease [57].

Fig. 2A depicts 25 mm diameter circular foam discs, cut from the 10
mm thick A4 sheets using a circular blade custom-manufactured from a
sharpened stainless-steel tube. The discs were placed dry, or with olive
oil at various mass percentages, inside two 260 mm (R-tube) and 254
mm (L-tube) long, 24 mm inner diameter (ID) sample container, custom
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Fig. 2. Setup for the hp!?°Xe MRI of the dissolved phase phantom in a 1.5 Tesla GE whole body clinical scanner. (A) Foam discs with 25 mm diameter and 1 cm
thickness were cut from sheets of (from left to right): ZR45H-blue, ZR20H-green, and ZR30H-beige. (B) Sketch of one of the 24 mm ID sample containers with various
25 mm diameter foam discs (slightly squeezed to fit), a Teflon spacer with 22 mm diameter to allow free gas passage, and free gas space. The sample container was
connected via %" PFA tubing to the gas delivery manifold that enabled evacuation of the sample space and delivery lines and hp'?°Xe delivery from a 1 L Tedlar® bag
via pressure equalization to ambient pressure. (C) Photograph of the setup featuring two sample containers (L-Tube and R-Tube) with individual shut-off valves (not
used in this work) and the gas delivery manifold. The sample containers were placed in parallel with their centre axes 10 cm apart inside a larger, 21 cm OD container
with a 1.5 cm wide cylindrical outer region for 1 L of physiological saline solution. (D) Photograph of in situ operational conditions during MRI scanning. The
phantom was, together with three additional saline bags, placed inside a flexible body coil for excitation and observation of hp!?°Xe at 17.66 MHz.
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made from Perspex™ with an internal volume of approximately 115 mL
each. A removable double O-ring sealed Teflon plug with a '4” tubing
outlet connects the container volume to a PFA transfer line via a Swa-
gelok™ link. The sketch in Fig. 1D outlines the protocol for phantom
usage. Initially, the sample tubes, placed inside the 1.5 T MRI whole
body magnet were evacuated for a few minutes with the Xe Valve closed.
A Tedlar® bag (Jensen Inert Products, USA) with Y% Jaco fittings was
filled with 1 L hp'?°Xe and attached, as shown in Figs. 2B and C, to the
manifold made from ' diameter PFA tubing and various Swagelok PFA
connectors. All valves were PFA plug valves with %~ Swagelok tube
fittings, except for the Pinch Clamp Valve at the Tedlar® bag. The Xe
Valve was opened, with the Pinch Clamp Valve closed, to evacuate the
connector region for about 1 min via PFA to a standard vacuum pump
(RV3 two stage rotary vane vacuum pump by Edwards, Atlas Copco
Group, Sweden), located outside the scanner room. The Vacuum Valve
was then closed, followed by opening the Pinch Clamp Valve to allow for
hp'?°Xe transfer into the sample region (through pressure equalization)
to ambient pressure. This was followed by the MRI acquisition, in
complete analogy to the clinical protocol, except that oxygen was largely
absent in the phantom resulting in prolonged relaxation times, T; gas
>> 15s. Furthermore, the total volume of the two sample containers was
only about 230 mL, and therefore one Tedlar® bag with 1 L hp'?°Xe was
able to comfortably provide the contrast agent for two further experi-
ments after renewed evacuation and transfer procedure.

Fig. 2D shows photographs of the actual setting with both sample
tubes located in a 21 cm outer diameter (OD) container that contained a
cylindrical ring chamber with 1 L of physiological saline solution to
facilitate 'H localizing scans and to ensure that the LC-circuit of the coil
was matched in the absence of a patient. For the same reason, three
additional 1 L saline bags were placed inside the coil region.

3. Results and discussion

3.1. Polymer foams with dissolved phase hp *°Xe signal emulating the
red blood cell (RBC) signal

Reticulated polyurethane foam, utilized in a separate study investi-
gating flow in porous media [58], was identified as a polymer that
dissolves xenon with a chemical shift signature similar to that of RBC.
For the current study, eight different polyurethane foams (see
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experimental section) were tested for its dissolved phase 2°Xe chemical
shift using the setup described in Fig. 1A. The resulting hpleXe spectra
of three particular polymers (ZR20H-green, ZR30H-beige, ZR45H-blue),
shown in Fig. 3, displayed a 215+ 0.7 ppm shift (line width of 6.2 + 0.2
ppm) that is reasonably close to the typical pulmonary RBC chemical
shift range of 219-218 ppm and typical RBC linewidths of about 10 ppm
[5,14,15]. Only these three foams were further investigated in this work.
The other reticulated polyurethane foams were found to have a less
favourable chemical shift at 208 ppm.

The observed dissolved phase peak intensity, normalized by the gas
phase signal intensity Ig,(TR)/Iges Was strongly dependent on the time
period between scan (TR = 5s in Fig. 3) that allowed for ‘fresh’ gas
phase hp'2°Xe to replace the dissolved phase xenon in the polymer after
depolarization of the dissolved phase by the previous 90° pulse. The gas
phase intensity I,qs showed little time dependence due to chemical shift
selective excitation of the dissolved phase and the continuous flow
conditions in the gas phase. Independent of TR, the intensity in a
particular polymer is a function of the polymer surface to gas volume
ratio (Sp/Vg) but also by the xenon solubility in the material. The
strongest relative polymer hp'2°Xe signal in Fig. 3 was observed with
ZR45H-blue.

To study the timescale of the xenon dissolution, a 1D exchange
spectroscopy (1D-EXSY) sequence was adapted from the inversion re-
covery protocol for T; relaxation measurements with three distinctions:
(1) The 180° pulse was (dissolved phase) chemical shift selective; (2)
relaxation could not cause signal recovery of a hyperpolarized system;
(3) instead, the signal recovery, shown in Fig. 4 was a function 7ex and
therefore was not a ‘relaxation recovery’ but an ‘exchange recovery’ due
the replacement of depolarized dissolved phase '2°Xe by hp'?°Xe from
the gas phase. This concept is in analogy to previous pulmonary spec-
troscopic work to study the hp129Xe uptake kinetics in lungs [20], albeit
under continuous flow conditions. Similarely, 1D-EXSY hp'2°Xe exper-
iments using continuous flow that was interrupted briefly through
trigger pulses during the NMR scans have also very successfully been
applied to explore the exchange kinetics in cryptophane-xenon host—-
guest systems [59].

The time dependence of the dissolved phase hp!?°Xe signal was a
function of the diffusion driven mean displacement of the xenon atoms
into deeper layers of the polymer:

Idp(Tex)/Igas = Cex\/6deTex (3)

M”u-‘ ul T
ZR45H-blac

Fig. 3. (A) Hp '°Xe NMR spectra showing dissolved phase peaks of various polyurethane foams in the 206 — 215 ppm range. The hp'?°Xe was allowed to penetrate
for 5 s into the materials between depolarizing 90° pulses. The dissolved phase peak intensities were normalized to the respective gas phase signal. The complete
spectral range, including the gas phase peak at 0 ppm, is shown at the bottom for ZR45H-blue. (B) Micrographs of the various polyurethane foams as indicated in

the figure.
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Fig. 4. (A) Signal build-up, Igy(7ex)/I4p(10s), as a function of time (‘x” symbols) for various polymer foam samples with dissolved phase resonances between 215 and
214 ppm. Also shown is the gas phase intensity, normalized to the gas phase intensity at z.x = 0s (‘+’ symbols), that displays intensities with little change and close to
unity as the continuous flow of hp 129%e replaced the depolarized gas. (B) Signal build up, I (7ex)/Iap(10s), of the averaged data from all foams in (A) as a function of

\/Tex . Fitting of the region 0.1s1/2 < 7¢/2

< 1.1s'/2 to Eq. 3 indicates /7. dependence shown by the solid red straight line (with red dotted line extension showing

extrapolation beyond the fitting region). Fitting to Eq. 4., shown as black line (with solid line indicating the fitting region and the dash-dotted line indicating
extrapolation), resulted to T, = 4.6 + 1.8 s. All I, /Igqs data was obtained from signal height, but data from integrated signal intensities yielded very similar results.
Note that the data was normalized to steady-state signal measurement attained prior to each 1D-EXSY repeat experiment.

where Dy, is the diffusion constant of dissolved phase xenon in the
polymer, and 7., is the exchange delay time and the pre-factor C** is a
parameter describing the exchange of the xenon from the gas phase into
the material that was dependent on S/V, the xenon partial pressure (or
xenon density), and the xenon solubility in the polymer. Like xenon
uptake in lungs [20], exchange between gas phase and surface likely
occured very rapidly, and the time dependence of C** can be neglected,
leaving diffusion as the remaining factor for the time dependence of the
hp!?°Xe signal growth.

To study the diffusion properties independent of S/V, the signal in-
tensities Iqp (7ex) in Fig. 4 were normalized to the steady state signal after
10 s of uptake. The hp'?Xe signal uptake in Fig. 4B is displayed as a
function of ,/7ex demonstrating that the (near) linear dependence was

only present for 1"12,/62 < 1.1s%/2, For longer times 7.y, the T; relaxation
caused deviation from the ,/7¢x behaviour due to depolarization of the
dissolved hp!?°Xe until the signal reached maximum intensity at steady
state. Taking into account the initial inversion pulse, the time depen-
dence of the dissolve phase signal in Fig. 4 is described by [60]

Tex

1 .t
Igp(Tex) [14p(10s) = (1 +A)BO/ %e Tidt — A, @

where A is a fitting parameter with |A| < 1 that takes incomplete signal
-1

inversion into account and the factor B = / —e Tidt
0

Vvt
normalization. Unfortunately, it is very difficult to determine the T; time
within the foam independently, however, fitting the average material
phase uptake resulted in a T; = 4.6 = 1.8 s. To achieve this, the data
presented in Fig. 6.4B, was numerically differentiated using the central
difference method (approx. endpoints), before fitting with Eq. 5 that is
the time derivative of Eq. 4:

serves as

d 1 Ze
e (Tex) /13(10s) = C\/TTxe T 5)

where C is a constant. The data endpoints were omitted from this fitting
as they were approximated during the numeric differentiation step using
a forward difference for the first point and a backward difference for the
last point. The best fit was found by removing one further data point

from each end. Parameters attained from this fitting procedure were
then used to produce a fitting curve of LIy, (Tex)/Igp(10s), which was
then integrated using the trapezoidal rule for numeric integration to
produce the fitted curve of Eq. 4.

3.2. Mimicking the pulmonary dissolved phase hp 129%e signal, M,
through olive oil

To emulate the 197 ppm of hp 12°Xe signal in the pulmonary M
phase, olive oil was utilized because it exhibits a reported 198 ppm 2°Xe
chemical shift at 296.7 K (23.5 °C) with —0.2ppm/K temperature
dependence [61]. Fig. 5A shows a spectrum obtained from the bulk
liquid phase at 195.7 ppm =+ 0.3 ppm, a slightly lower value than ex-
pected at the measurement temperature of 293 K (20 °C) and the
resulting spectra when using varying mass percentages of olive oil on the
foam. The dissolved phase 12°Xe NMR frequency (195.7 + 0.5 ppm) was
little affected by the applied amount of oil, however the intensity ratio
Igp_oit(TR = 55) /Iqs increased with increasing mass percentage.

Unlike clinical hp'?°Xe MRI, that uses cryogenic freeze-thaw sepa-
ration to increase the concentration of xenon, a dilute 5 %:95 % Xe:N,
gas mixture was used for the NMR spectroscopy in this study. To verify
that dilution will not affect the spectral profile, pure (100 %) xenon was
extracted after SEOP through cryogenic separation. No significant effect
was observed for the dissolved phase chemical shift in Fig. 5A (except for
the expected approximate %> ppm gas phase shift) [10,11]. However,
increasing the temperature by 10 K reduced the dissolved phase shifts by
about 2.3 ppm in the polymer as expected from previous polymer studies
[62,63] and to a shift by about 2.0 ppm in olive o0il [61]. Finally, vacuum
pump oil was also tested, as it would fulfil condition (F), however at 293
K the 200.8 ppm =+ 0.2 ppm dissolved phase 12°Xe NMR shift was far off
target.

Fig. 5B shows Igp(Tex)/Igp(10s) obtained from the 1D-EXSY as a
function of /7e for the oil treated polyurethane sample ZR45H-blue at 3
different oil mass ratios. The observed uptake of hp*?°Xe in the 195.7
ppm oil phase is shown by the filled symbols (i.e. top three curves) and
the uptake into the polyurethane material at 215 ppm is indicated by
open symbols. The initial uptake into the polyurethane shown in Fig. 5C,
is proportional to ,/7ex for 7% < 1.1sY/2 and the pre-factor (i.e. slope) is
only slightly reduced by an increasing oil weigh ratio, most likely caused
by decreasing polymer S/V ratio with increasing oil content that is only
partially offset by the normalization with the steady state signal.
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Fig. 5. (A) Hp '2°Xe NMR spectra of bulk liquid vacuum oil, olive oil, and olive oil on ZR45H-blue foam at various mass percentages (i.e. oil mass divided by the mass
of oil free foam) using a 5 % Xe: 95 % N, mixture for continuous flow SEOP and detection at 293K. Spectra resulting from pure (100 %) Xe and from 5 % Xe but at 303
K (30 °C) for the 67 % olive oil - foam sample are also shown. Full spectral range from gas phase to dissolved phases for the 67 % olive oil - foam depicted at the
bottom. (B) Hp'*’Xe uptake, Igp(Tex)/I4p(10s), in oil covered foam samples (ZR45H-blue) after selective inversion of the two dissolved phase peaks as a function of
\/Tex for various oil-foam mass percentages. Filled symbols (top three curves) show the uptake into the oil phase and open symbols (3 lowest curves) show the uptake
into the polyurethane material. Black “x”s represent the averaged uptake data from the oil free foams from Fig. 4B. (C) Fitting of all polymer uptake curves of hp'2?Xe
in the polymer. (D) Hp'??Xe uptake in oil but normalized to gas phase peak indicating the same initial uptake behaviour. Note that the data was normalized to steady-

state signal measurement attained prior to each 1D-EXSY repeat experiment.

The initial hp'2°Xe uptake in the oil phase was also proportional to
/Tex but, due to the slow 129¥e relaxation in olive oil (T1=20.84+0.9s5—
see methods section, ‘Pure oil phase spectroscopy and T; measurements.’)
the deviation from ,/7¢x behaviour at 74 > 0.4s1/2 was likely caused by
saturation of the oil with the dissolved gas, similar to previous obser-
vations in lung tissue [20]. In contrast to the uptake in the polymer, the
uptake slope in oil in Fig. 5B was strongly dependent on the amount
(mass percentage) of oil placed onto the foam. The decreasing slope with
increasing oil percentage was a consequence of the normalization to
I4,(10s) as samples with low oil contents were closer to the steady state
saturation point than those with high oil mass percentage. Low oil
content samples had therefore a faster initial fractional increase in
hp!?°Xe. However, when the uptake signal was normalized to the gas
phase signal, as displayed in Fig. 5D, the situation reversed with lower
oil content samples displaying a slower initial increase, most likely due
to lower S/V ratios.

The hplnge uptake behaviour in oil was further explored in Fig. 6(B,
D, and F) where a sample tube was half filled with bulk liquid olive oil
while the container wall of the upper half was coated with a thin film of
the oil. Due to the orientation dependence of bulk magnetic suscepti-
bility, hp!?°Xe entering the surface region of the bulk liquid (surface
normal parallel to the magnetic field lines) resonated at 200.2 + 0.2
ppm in comparison to the 193.3 + 0.2 ppm of hp'?°Xe dissolved in the
oil coated surface (surface normal perpendicular). This allowed for a

straightforward distinction between the two phases, revealing that the
normalized surface oil signal (iii) rose faster than the normalized bulk
phase signal (ii) due to the faster saturation of the thin layer of wall oil
with hp'?°Xe, thereby confirming the interpretation for Fig. 5.

3.3. Continuous flow hp'?°Xe 2D-EXSY NMR spectroscopy of the
polymer-oil system

2D EXSY NMR spectroscopy is shown in Fig. 7 to provide a better
understanding of the pathways of the hp'?°Xe within the foam-oil sys-
tem. To reduce the experimental time (see experimental section), the
Nyquist condition was intentionally violated leading to a folding in of
the gas phase peak at 241.5 ppm.

The strongest cross peak in Fig. 7 is between the gas phase at 241.5
ppm and the oil at 195.7 ppm but there is no cross peak indicating
transport from the oil phase back into the gas phase. Likewise, the sec-
ond strongest cross peak describes exchange from the gas phase to the
polymer dissolved phase at 215.0 ppm, but not the return into the gas
phase. This asymmetry in the 2D-EXSY spectra in Fig. 7, usually not
observed in 2D-EXSY spectra of thermally polarized spin systems, was a
consequence of hyperpolarization and the continuous flow conditions
that lead to a net transport of hpnge from the gas phase into the ma-
terial [51,53]. In Fig. 7 it may also have been partially caused by the
spectral folding. Symmetric cross peaks exist between the two dissolved
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Fig. 6. Hp'?°Xe NMR of pure olive oil. (A) Sketch of sample container for hp'?°Xe dissolved in oil bulk phase with (C) resulting spectral line (i) at 195.7 ppm,
recorded after flow interruption. (B) Container partially filled with bulk olive oil and a thin layer of oil on the container wall at the top region. Unlike (A & C), the gas
was not directed through the oil but was continuously flowing above the liquid and resulted in (D) two dissolved phase peaks due to magnetic susceptibility dif-
ferences of hp'??Xe environment. When dissolved within the oil on the container wall (ii) hp'2°Xe resonated at 193.3 ppm while within the surface region of the bulk
oil (iii) it resonated at 200.2 ppm. (E) Hpnge NMR spectrum of foam-oil system (ZR45H-blue with 67 % oil/foam ratio). (F) Hpnge uptake, Igp(Tex) /I4p(10s) as a

function of ,/7ex, obtained using the setting of (B). The bulk oil phase (iii) followed Eq. 3 uptake behaviour for rif < 2.25'/2, while the uptake in oil located on the

wall (ii) displayed gas saturation effects at short ,/7ex values (Eq. 3 fitted region: 7,y

surement attained prior to each 1D-EXSY repeat experiment.

phases but with an intensity that is substantially less than of the cross
peaks with the gas phase. This indicates that the major mode of gas
exchange was from the gas phase directly into oil and polymer materials.
This finding is corroborated by the micrograph in Fig. 8 which shows
that the oil (dyed red) accumulated as droplets in crossing points of the
foam structure leaving other parts of the structure with an accessible
polyurethane surface that was directly exposed to the gas phase. Unlike
pulmonary gas exchange through the parenchyma into RBC, exchange
from the oil into the polymer in this particular phantom material had
little effect on the net build-up of the 215.0 ppm peak.

Hp'®’Xe dissolved phase MRI of the foam-oil phantom with clinical 1.5T
whole body scanner. Following the spectroscopic characterization of
hp!*’Xe in the foam-oil system, the phantom material was tested with a

1/2 < 0.35s1/2). Note that the data was normalized to steady-state signal mea-

dissolved phase hp129Xe MRI protocol from a previous clinical long-
COVID study [57]. Fig. 9A details the loading of the sample. The
R-tube was filled with discs of the three foams having a hp!?°Xe dis-
solved phase chemical shift between 214 and 215 ppm, separated by
Teflon spacers from each other. The L-Tube was filled with ZR45H-blue
foam only; however, with two different oil mass percentages that were
separated by a Teflon spacer. A void space at one end provided a region
with bulk gas phase only. Fig. 9B shows the resulting chemical shift
selective MRI of the gas phase, M phase (i.e. hp!?°Xe in oil), and RBC
phase (i.e. hp'?°Xe in the polyurethane).

A first visual inspection of the X,Y slices of the 3D MRI reveals a clear
separation between the three phases with the gas phase extending into
the void space of the L-tube. The M phase is clearly visible for the L-tube
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Fig. 7. Hp'?°Xe 2D-EXSY NMR spectra of the foam/oil system using ZR45H-blue with 100 % oil/foam mass ratio. The spectra were cropped from recorded spectra
with a range from 180.0 ppm to 246.2 ppm that violate the Nyquist condition, causing a folded-in gas phase peak at 241.5 ppm. (A) Hp'2°Xe 2D-EXSY NMR with an
exchange time of 7., = 500 ms using a standard digital filter (‘sharp’) in the frequency domain that removed the folded-in diagonal gas phase peak but cross peaks
are visible that indicate exchange from the gas phase to the dissolved phases. Some intensity appears at the spectral edges (i.e. here at 246 ppm and, outside the
cropped region at 126 ppm). (B) Same as (A) but with the digital filter switched off. The folded-in 240 ppm gas phase peak becomes visible. (C) Same protocol as in

(B), but with 7., = 100 ms and (D) with 7., = 2000 ms.

Fig. 8. Micrograph of ZR30H-beige foam, oil free (right) and loaded with 100 % (mass percentage) of olive oil containing a red dye (left). Note that the majority of
the oil appears to have accumulated largely in droplets located at the intersection of the polymer strands. This left much of the polymer either coated with only a very

thin oil layer or completely exposed to the gas phase.

that contains the oil covered foam, while no signal was detected in the R-
tube with the oil-free foams. The M signal from the 100 % oil-foam re-
gion appeared stronger than that from the 36 % oil-foam region (L-tube).
The RBC phase in the oil-free foams (R-tube) was visibly strongest in
ZR45H-blue, while the intensity from the other two foams was not
distinguishable by visual inspection.

Ratio maps produced using the gas, M and RBC phase images from

slice 16 in Fig. 9B, and the resulting boxplots are presented in Fig. 10.
Comparing the RBC/gas ratios in Fig. 10(A&D), the difference between
the various oil-free foams (R-tube) was much more pronounced than
between the oil and oil-free ZR45-blue foams. The highest RBC/gas ratio
was measured for the ZR45H-blue foam and the lowest for ZR20H-green
as expected from the polymer surface-to-gas volume ratio (Sp/Vg) and
the hp'2°Xe NMR spectroscopic data. The ZR45H-blue foam with 36 %
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Fig. 9. (A) Photograph of the dissolved phase phantom. R-Tube (260 mm internal length, 24 mm inner diameter) loaded with 7 discs of ZR45H-blue, a 25 mm Teflon
spacer, 7 discs of ZR20H-green, followed by another 25 mm Teflon spacer, and by 7 discs of ZR30H-beige. L-Tube (254 mm x 24 mm) loaded with 10 discs of ZR45H-
blue containing 36 % (mass percentage olive oil), followed by a 30 mm Teflon spacer, followed by 7 discs of ZR45H-blue containing 100 % (mass percentage) olive
oil, and a final free gas space of 4 cm. (B) 1.5 T MR images of the gas phase, the olive oil phase signal representing the M (or TP) phase caused by tissue dissolved
hp'?°Xe in lungs, and hp'??Xe dissolved in polyurethane representing the RBC phase. The three centre slices (15-17 from 32 total) that fell into the region of the
small phantom are shown. The sample container dimensions are indicated for slice 15 (white dashed line). Xenon gas was delivered via the attached gas manifold
from a Tedlar® bag that was filled with 1 L of concentrated, 92 % isotopically enriched hp'?°Xe with P = 12 %. Approximately 250 ml of this gas was used to fill the
two phantom containers and the connecting tubing to ambient pressure for the MRI scans.

oil contents had a slightly stronger RBC/gas ratio than the ZR45H-blue
sample without oil, perhaps this was because of a bit stronger
compression due to the presence of oil compared to the dry foam, thus
leading to a slightly higher Sp/Vs. However, the 100 % oil coated
ZR45H-blue foam exhibited a slightly reduced RBC/gas ratio compared
to the oil-free ZR45H-blue foam. This reduction was probably due to the
larger quantity of oil that covered a larger proportion of the polymer
surface, leading to a reduced exchange between gas and polymer. This
reduction is qualitatively in line with the different build-up behaviour in
Fig. 5B where the presence of oil reduced the material peak uptake rate.
Most significantly, the RBC/gas ratios around 0.002 found with ZR45H-
blue were close to the 0.003 — 0.004 range observed in healthy volun-
teers [43].

As expected, the M/Gas ratios in Fig. 10(B&E) were strongly
dependent on the quantity oil that directly related to the signal intensity
of the M phase while the gas phase signal remained constant. M/Gas
ratio of the 36 % oil sample was remarkably similar to the M/Gas ratio
range found in healthy volunteers that approximately falls between
0.006 and 0.01 [43].

Lastly, the M/RBC ratio of about 0.4 observed with ZR45H-blue foam
containing 36 % oil in Fig. 10(C&F) was again very similar to that of
human volunteers (also around 0.4) [43]. The 100 % oil sample reflected
qualitatively a M/RBC ratio reduction that would be expected in severe
fibrotic conditions. [33,38,39]

4. Conclusions
With specific consideration to the conditions A — G laid out in the

introduction, this work reports a phantom and standard concept for
hp'?°Xe dissolved phase pulmonary MRI. A first-generation dissolved

10

phase MRI lung phantom was manufactured from benign materials that
pose no health risks and that can readily be utilized in a clinical envi-
ronment (condition F). The manifold described in this work enabled
hp!?°Xe gas handling protocols that was very similar to those with pa-
tients or healthy volunteers but without regulatory (clinical governance
approval process) limitations (condition E).

The investigated polyurethane-oil system exhibited a 12°Xe chemical
shift similar to that of the M and RBC phases in the human lung (con-
dition A). Furthermore, an hp'2°Xe dissolved phase protocol for pul-
monary MRI at 1.5T previously used in a clinical trial, produced M/Gas,
RBC/Gas and RBC/M ratios in the phantom that were similar to those in
humans found during the clinical trial in healthy volunteers (condition B)
and long-COVID patients (i.e. falling into the remit of condition D).
Alterations in the material S/V ratio will allow for future adjustments of
the intensity ratios.

Once dissolved in the polymer, the short term hp'?°Xe uptake
(within about 1 s) was governed by diffusion and followed a v/t
dependence. At longer exchange times, relaxation increasingly limited
the further growth of the signal until a steady state signal was reached.
The ratio of the oil-gas signals (M/gas), and by extension the ratio of the
polymer-oil signals (RBC/M), could be adjusted by the amount of oil
added to the polymer. For short time intervals, diffusion was the rate
limiting factor for the signal uptake in oil, but for longer times saturation
effects were dominating. Relaxation played a lesser role in thin oil layers
due to the relatively long T = 20.9 + 0.6 s and the fast 12°Xe uptake in
olive oil that caused saturation to be the limiting factor. Generally, both
relaxation and saturation may affect the intensity ratios in clinical dis-
solved phase hp'2°Xe MRI protocols that utilize small flip angle pulses
with short repetition times.

Although the chemical shift in both dissolved phases is only
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moderately dependent on the small temperature changes expected in a
clinical environment, the reproducibility of a future dissolved phase
standard may benefit from some temperature control, or for the very
least should be outfitted with a low-cost liquid crystal temperature
indicator.

Condition (G), requiring long shelf lifetimes, is not yet fulfilled as
gravity caused the oil to slowly migrate through the sample, thereby
affecting the hp'2°Xe uptake. This was further exacerbated by slow oil
diffusion into the polymer which lead to a small shift in the polymer
peak of 12°Xe. These effects became apparent after 2-3 weeks but were
not further explored. However, if used only for the purpose of cost-
efficient training, basic testing of new MRI protocols and the assess-
ment of new hyperpolarizer instrumentation [64,65] prior to their
ethical approval, the introduced foam-oil system was found to be suffi-
ciently stable to serve as a qualitative phantom for several months.

As depicted by the slopes in Fig. 5B, the time dependence of the
uptake between polymer and oil was different and therefore the
observed ratios would be dependent on the pulse timing and flip angles,
for example. An understanding of the hp'?°Xe uptake ratios, as explored
extensively in this work, is important to fulfil conditions C & D as
changes in the observed signal ratios due to different MRI protocols
should follow the same trend in the phantom standard compared to that
observed in human lungs. The concepts laid out in this work can be
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utilized towards the development of a universal standard, for example
through additive manufacturing that will allow for phantoms with a
longer shelf lifetime but may also include microstructures that mimics
the gas transport to - and the exchange kinetics with the pulmonary
parenchyma in health and disease.
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