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A technique for continuous production of solutions containing hyperpolarized '?°Xe is explored for MRI
applications. The method is based on hollow fiber membranes which inhibit the formation of foams and
bubbles. A systematic analysis of various carrier agents for hyperpolarized ?°Xe has been carried out,
which are applicable as contrast agents for in vivo MRIL. The image quality of different hyperpolarized
Xe solutions is compared and MRI results obtained in a clinical as well as in a nonclinical MRI setting
are provided. Moreover, we demonstrate the application of '?°Xe contrast agents produced with our dis-
solution method for lung MRI by imaging hyperpolarized '°Xe that has been both dissolved in and out-
gassed from a carrier liquid in a lung phantom, illustrating its potential for the measurement of lung
MRI perfusion and ventilation.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Hyperpolarized (HP) '?°Xe is increasingly applied for in vivo
MRI (magnetic resonance imaging), e.g. in lung and brain imaging
[1-6] and angiography [7]. The usage of HP noble gases (*He, '2°Xe)
is especially beneficial for lung MRI since conventional 'H pulmon-
ary MRI applications are limited by low sensitivity and contrast be-
cause of the low proton density in the lung. While inhaled HP 3He
is particularly well suited for ventilation measurements and
depicting lung morphology [8-12], HP 2°Xe may be of great profit
for perfusion measurements due to its higher solubility in liquids,
e.g. blood [13]. Additionally, '?°Xe provides another important
advantage: a large chemical shift difference of approx. 200 ppm be-
tween dissolved '?°Xe and gaseous '>°Xe can be observed. Xenon
can pass the lung blood barrier, enabling perfusion and ventilation
to be studied selectively and simultaneously. Hence, '>°Xe MRI can
further elucidate the linkage of lung structure and function, iden-
tify cystic fibrosis, ventilation-perfusion mismatches of patients
with pulmonary embolism, or monitor therapy of chronic obstruc-
tive pulmonary disease (COPD) [14]. In 2006, Driehuys et al. dem-
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onstrated the effectiveness of HP '?°Xe MRI for monitoring lung
function by measuring the exchange of free xenon gas into the tis-
sue and the red blood cells in the lung, providing a spatially re-
solved insight in alveolar-capillary gas transfer [15].

The dissolution of xenon into blood via inhalation is hindered
by the presence of depolarizing oxygen and the slow passage into
the cardiovascular system [13]. These problems can be circum-
vented by pre-dissolving xenon gas into a suitable carrier liquid
and subsequent injection of this free diffusible, powerful MRI con-
trast agent [14,16]. The most important characteristics for the
choice of ?°Xe carrier agents are (i) physiological tolerance of
amounts in the order of milliliters for sufficient NMR signal, (ii)
good xenon solubility, and (iii) a long ?°Xe T, relaxation time of
the order of at least several tens of seconds. The last point is of par-
ticular importance since the hyperpolarization should be main-
tained as high as possible from the injection to the target tissue.
Due to the strong lipophilic character of xenon, lipid emulsions
naturally are good candidates as solvents, however, a drawback
of this kind of carrier agents is their limited tolerance in the vascu-
lar system potentially causing thrombosis, embolism, and pulmon-
ary edema when applied in high doses [7]. For saline solution, on
the other hand, physiological compatibility of quantities from
three to six times higher has been reported [17], but the xenon dis-
solution is limited due to its hydrophobic character. As plasma
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expanders similarly have been designed to be applied in high rates,
they might offer a good compromise between Xe solubility and
physical tolerance.

The dissolution of xenon into a solventis an important feature not
only for in vivo MRI applications but also for many biological appli-
cations, such as the investigation of biomolecules or protein folding
mechanisms [18-23], where methods such as ‘shaking’ or ‘bubbling-
and-stop’ have been applied. Recently, the main obstacle of efficient
and fast dissolution of HP '?°Xe without formation of foams or bub-
bles has been solved by applying a continuous flow system [24,25]
on the basis of commercially available hollow fiber membranes,
which are usually used for blood oxygenation as artificial lungs
(“oxygenators”) in heart-lung machines during cardiac surgery.
The proof of concept for the membrane technique for the efficient
dissolution of hyperpolarized Xe was demonstrated in Ref. [24] by
129% e NMR spectroscopy. At that time, a device was employed which
continuously delivered hyperpolarized Xe to a stationary solvent but
it was not capable of producing a continuous flow of Xe enriched
liquid as it is necessary for in vivo MRI experiments.

In the present work, a commercially available membrane mod-
ule has been used that provides a continuous flow of up to several
tens of ml/min of the Xe enriched contrast agent and its usage for
MRI applications has been explored. Adequate '?°Xe carrier agents
are compared with regard to their NMR and MRI characteristics
and the results of both spectroscopic and imaging experiments of
HP 2°Xe are presented. Moreover, an application of the dissolution
method for lung MRI is demonstrated, namely MRI of hyperpolar-
ized 2°Xe gas outgassed from the carrier liquid in a lung phantom.

2. Materials and methods
2.1. NMR experimentals

Experiments were performed in a 4.72 T horizontal, 20 cm-bore
solenoidal magnet (Magnex Scientific Ltd., UK) equipped with a
Maran DRX spectrometer (Oxford Instruments, Oxfordshire, UK)
and a 12 cm-bore gradient system (SGRAG 195/120/S, Magnex Sci-
entific Ltd.) with maximal field gradient strength of 2.0 T/m/A +5%.
All images and spectra were acquired using a '"H-'2°Xe double res-
onance Litzcage coil (DSI-1200, Doty Scientific Inc., Columbia, USA)
tuned to either the '?°Xe resonance frequency of 55.60 MHz or the
'H resonance at 201.01 MHz, respectively. '>°Xe spectra were re-
corded in one scan with a rectangular 90° pulses (pulse length:
350 ps) during active solvent and xenon gas flow.

To demonstrate the capability of detecting dissolved hyperpo-
larized '?°Xe signals in a clinical setting, imaging experiments
were performed in a 1.5 T full body scanner, type Magnetom Vision
(Siemens Medical Solutions, Erlangen, Germany), with a '?°Xe res-
onance frequency of 17.56 MHz. The system is equipped with a
broadband amplifier and a gradient system which is slightly stron-
ger than in usual clinical scanners and enables a maximum gradi-
ent strength of 50 mT/m. Two different homebuilt coils were used
for the imaging experiments. The first one was a solenoid coil with
a diameter of 65 mm and a length of 120 mm which was built
using a 2 mm copper wire with twelve windings, and shielded by
a silver foil. The size of the coil is suitable for whole body imaging
of small animals. Furthermore, a surface coil was built to obtain
larger signal-to-noise ratios (SNR) of small objects. The coil had a
diameter of 32 mm and consisted of five windings.

2.2. Xenonizer

The hyperpolarized (HP) '2°Xe was produced by spin-exchange
optical pumping using an apparatus, built similarly to that re-
ported in Ref. [26] at the Research Center Jiilich. A gas mixture con-

sisting of 4% xenon (natural isotope distribution), 9% N, and 87%
“He at 7 bar was used for the hyperpolarization of '>°Xe. The de-
gree of polarization that could be achieved was approximately
8%. The xenon polarizer was used in the continuous flow mode
with a gas flow of 250 ml/min and the pressure of the gas mixture
was reduced to 4 bar by a nonmagnetic needle valve before being
fed into the xenonizer module. For the MRI experiments in the clin-
ical scanner, the polarizer has been transported to the University
Hospital Mainz and set up in the technical room next to the used
tomograph.

The core part of the xenonizer [25] are hollow fiber oxygenator
membranes made of polypropylene (CELGARD® X50, Membrana
GmbH, Germany) commonly used in heart-lung machines and
provide pore sizes of approximately 0.03 um. The fibers are inte-
grated into special modules that are commercially available (Mini
Module, Membrane Contactors, Membrana GmbH, Germany).
These modules were used to dissolve HP '2°Xe in various biocom-
patible solvents as depicted in Fig. 1.

Approx. 150 ml of solvent is circulated through the setup
including the membrane module driven by a nonmagnetic pump
at a rate of 5—7.5 ml/min. Simultaneously, HP 2°Xe counterflows
through the membranes and dissolves into the liquid. After one
passage through the membrane module, the xenon-enriched liquid
can be removed and used for further applications.

2.3. Biocompatible carrier agents

Four different biocompatible liquids were analyzed with respect
to their suitability to serve as Xe carrier agents. We investigated a
lipid emulsion (Lipofundin® R 20% N, B. Braun Melsungen AG, Ger-
many), commonly used for parenteral nutrition, consisting of soy
o0il (20%), egg lecithin (min. 75%), Glycerol (2.5%), a-Tocopheroland,
and Natriumoleat. The second carrier was isotonic saline solution
with a NaCl content of 0.9% (free flex®, Fresenius Kabi GmbH,
Bad Homburg, Germany). Furthermore, two plasma expanders
were tested as xenon carriers: the gelatine based Gelafundin (B.
Braun Melsungen AG, Germany) which contains 4% gelatine poly-
succinate, and the starch based Voluven® (Fresenius Kabi GmbH,
Bad Homburg, Germany), which is composed from 6% Poly(O-2-
hydroxyethyl-)starch, 0.9% NaCl, natriumhydroxide and hydro-
chloric acid. These liquids were systematically characterized and
compared to each other with respect to chemical shifts and line-
widths of the dissolved 2°Xe, the relative '°Xe solubilities, and
129%e T; relaxation times.

Whereas the chemical shifts & and the relative solubilities L
could be determined from the positions and intensities of the sig-
nals in the spectrum, the SNR was not sufficient to determine T;
from a series of acquisitions with small flip angles. Therefore, the
following experiment was performed: The liquid was continuously
circulated for 60 s and thereby thoroughly saturated with HP '2°Xe,
before the membrane pump was stopped by a pneumatic valve
controlled from the spectrometer and synchronized with the pulse
sequence. After a defined, variable time 7, a FID signal (90°, single
scan) was detected, reflecting the remaining signal intensity after
exponential T; signal decay during the time 7. In order to reduce
statistical errors, results of several T; measurements for each sub-
stance were averaged.

3. Results
3.1. Comparison of biocompatible carrier liquids
Fig. 2(C) shows a series of NMR spectra of hyperpolarized ?°Xe

dissolved in different carrier liquids referenced to the free 2°Xe
gas line of the sample (Fig. 2(A)). The sample consists of two tubes:
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Fig. 1. (A) Principle xenonizer setup. (B) Photograph of a membrane module.

through the first one (indicated in green in Fig. 2(A), inner diameter
5.7 mm) the Xe enriched liquid is pumped and through the second
one Xe gas (red in Fig. 2(A), inner diameter 2.6 mm). The spectrum
of 12%Xe dissolved in Lipofundin® displays the highest signal inten-
sity for the dissolved '?>°Xe resonance (191-193 ppm) followed by
the Voluven® solution. From the integral of the peaks of the dis-
solved 2°Xe, the relative '>°Xe solubilities in the liquids can be cal-
culated and are given in Table 1 together with the respective
chemical shifts and T; values.

The results for the T; relaxation times and chemical shifts for
the saline and the fatty emulsion are in good agreement with liter-
ature [27]. Both plasma expanders show similar chemical shifts,
good xenon solubilities, and long T; relaxation times of more than
1 min.

As examples for the image quality that can be obtained with
these kinds of xenon-enriched liquids, Fig. 2(C) shows a number
of FLASH (Fast Low Angle Shot) [28] projection images of tubes
filled with the different solvents. The tubes were arranged in a loop
through the RF coil and the Xe images were acquired during flow of
the Xe enriched liquid as illustrated in Fig. 2(A). As reference, a Xe
gas tube has also been placed inside the resonator. It appears
shifted in the read direction due to its chemical shift (see
Fig. 2(B)). The highest SNR in the '*°Xe images was obtained for
Lipofundin® in the incoming tube, while the signal in the outgoing
tube is decreased due to the higher number of RF pulses applied to
the hyperpolarized '?°Xe during the second passage through the
NMR coil as well as T; relaxation. As can be expected from compar-
ison of the '?°Xe NMR spectra in Fig. 2(C), the images of the blood
plasma expanders and the saline solution show smaller signal
intensities than the Lipofundin® emulsion. The imaging results

nicely reproduce the good xenon solubility of Lipofundin® as well
as the long T; relaxation times in the plasma expanders demon-
strated by the good SNR even in the back-flowing part of the loop,
where the liquid arrives on the order of 30 s later.

3.2. Imaging of hyperpolarized '*°Xe in a clinical 1.5 T scanner

As the results in Section 3.1. suggest, Lipofundin® provides the
best SNR for HP 12°Xe among the few tested and approved biocom-
patible carrier liquids. Therefore, it was used for MRI experiments
in a clinical scanner using a solenoid coil with 65 mm diameter and
120 mm length. The T; relaxation time of the dissolved ?°Xe was
measured also for this setup, as a field dependence of the relaxa-
tion was assumed in [14]. The T; relaxation time for Xe dissolved
in Lipofundin at 1.5T is 36 £ 7 s, which is slightly shorter than
the obtained value at 4.7 T (43 £ 2 s, see Table 1) but nevertheless
still sufficient for clinical applications. In vitro images of HP 12°Xe
solutions were acquired to check the feasibility of the membrane
dissolution method in real clinical applications. The results and a
sketch of the phantom are shown in Fig. 3.

The phantom consists of two layers of PU (polyurethane) tubing
(inner diameter = 4 mm), which are wound one over the other on a
cylindrical support with an outer diameter of 50 mm (see
Fig. 3(A)). The liquid is cycled from the membrane module through
the phantom inside of the solenoid coil (setup shown in Fig. 1)
while the image is acquired. Fig. 3(B) depicts a projection image
of the phantom measured within an experiment time of 256s;
the obtained SNR is 24. The image clearly resembles the geometry
of the phantom and demonstrates a good image quality. The outer
part of the phantom, where the fresh hyperpolarized Xe solution
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Fig. 2. (A) Sketch of the tube sample used for first spectroscopic and imaging experiments. The liquid tube (green) provides an inner diameter of 5.7 mm, the gas tube (red) an
inner diameter of 2.6 mm. (B) Schematic view of expected MR images of axial 2D projections. (C) Xe NMR spectra (the red line denotes the chemical shift of Xe gas, which is
used as an internal reference) and corresponding FLASH images of various flowing '2°Xe carrier liquids (TR = 0.5 s, TE = 1.5 ms, 4 Scans, flip angle: 90°, matrix size: (128 x 64)

Px, FOV = (145 x 137) mm, only a region of interest is shown).

Table 1

129% e chemical shifts §, line widths, solubilities L, and T, relaxation times of dissolved
129%e @ 4.7T, errors indicate standard deviations from averages of multiple
experiments.

Liquid Chemical Line Solubility Relaxation
shift §/ppm  width/ppm  L/Liipofundine/%  time Ty/s

Lipofundin®  193.0+0.2 0.7 100 43 +2

NaCl (0.9%) 191.2+0.3 0.9 217 64.8 +1.2 [24]

Gelafundin 192.0+0.1 0.8 36+11 85.9+5.0

Voluven® 192.3+0.3 0.7 42+16 78.9+5.1

enters, shows a higher signal than the inner windings. This can be
explained by the number of RF pulses, that have partly depolarized

A

50mm

the hyperpolarized Xe solution on its way from the outer to the in-
ner windings of the phantom.

Even images of very small amounts of liquid can be acquired in
the clinical setting. For these experiments, a loop of the solvent
bearing tube (inner diameter of 4 mm) was fed through a surface
coil (32 mm diameter) in such a way that approximately two
straight sections of the tube are in the active region of the coil
(see Fig. 4(A)). The B, field of the coil excites only spins in a cylindri-
cal volume with a diameter of 30 mm and a width of 20 mm. Conse-
quently, only about 0.25 ml of liquid volume in each tube was
excited. The liquid was cycled for about 10 s to dissolve HP 12Xe,
then the flow was stopped and the image was acquired. To increase
the amount of xenon in the solution, a gas mixture with a fraction of
16% xenon was polarized. The image obtained by the FLASH

Liquid
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e
y 80
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— _ 40
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Fig. 3. (A) Sketch of phantom consisting of two layers of PU (polyurethane) tube which is flown through by HP '>°Xe dissolved in Lipofundin®. (B) Projection image of the
phantom in the xz-plane. The image is acquired during liquid flow with a FLASH sequence and the following parameters: Flip angle: 45°, FOV: (200 x 200) mm, (64 x 64) Px,

TR=1s,NS=4.
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Fig. 4. (A) Sketch of imaging setup for small amounts of liquid. The green plane indicates the position of the surface coil. Only two narrow slices of the tubes are excited by the
RF pulses. (B) Obtained FLASH image of the tubes filled with '2°Xe dissolved in Lipofundin® (stopped flow). Imaging parameters were: FOV (100 x 100) mm, (16 x 16) Px,
TR =100 ms, flip angle: 10°, NS = 2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)

sequence in two scans is shown in Fig. 4. The two cross sections of
the 4 mm tube which are excited by the surface coil are clearly visu-
alized in the image. The obtained SNR for the image is 5.5.

3.3. MRI results of a lung phantom

A simplified lung phantom, represented by a second membrane
module (M2), was introduced into the xenonizer setup (see Fig. 5).
The setup mimics the passage of blood through the lung into which
pre-dissolved HP ?°Xe has been injected. A minor pressure drop
was applied at the membrane pump (50-100 mbar) in order to en-
sure a flow of 12°Xe outgassed from the carrier liquid through the
sample. For MRI experiments, the sample consisted of two nested
glass spheres: an inner sphere (diameter = 3 cm) filled with Lipo-
fundin® with dissolved HP '>°Xe and an outer sphere (diame-
ter=6cm) filled with HP '*°Xe outgassed from the carrier
solvent in module M2 (schematically depicted in Fig. 5 as sample
inside the NMR coil and in detail shown in Fig. 6(A) for comparison
with imaging results). The glass sample was specifically built to
have a clear spatial separation of gas and fluid space, yet having
the dissolved and the '?°Xe outgassed from the liquid inside the
resonator at the same time (as it would be the case for real lung
measurements). By applying long and therefore chemically selec-
tive RF pulses, a selective excitation of either the dissolved or the

outgassed 2°Xe was ensured. The '2°Xe gas T; relaxation time in
the glass cell was determined to be approx. 120 s at 4 bar.

Experiments were performed using Lipofundin® as the '2°Xe car-
rier agent. Fig. 6 shows the results obtained in the glass sample filled
with Xe solution and Xe gas after passage through the lung phantom.

While Fig. 6(A) depicts a sketch of the glass sample, images (B)
and (C) provide reference images of the (outer) gas and the (inner)
liquid space, acquired with HP '2°Xe directly from the polarizer
and with 'H in Lipofundin®, respectively, in order to provide an
overview of the sample geometry. Fig. 6(D) presents an image of
the HP 2°Xe gas outgassed from the lung phantom (M2) flowing
through the outer part of the glass sample, while the degassed li-
quid was pumped through the inner part of the sample. The area
where the Xe gas enters the glass phantom shows the highest sig-
nal, because the image was acquired by applying 90° pulses, which
degrade the polarization during the passage of the phantom. An
image of the liquid in this phantom, with excitation resonant on
the dissolved 2°Xe frequency, showed no signal, demonstrating
the degassing efficiency of the lung phantom module (M2).

4. Discussion

Our experiments demonstrate that the dissolution of xenon via
membranes is an efficient method for the production of contrast
agents enriched with hyperpolarized '?°Xe in a continuous flow
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Fig. 5. Setup for lung phantom imaging experiments.
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mode. Comparison of the Xe gas signal intensities clearly shows
that '2°Xe is not depolarized by passing the membranes in accor-
dance with the results obtained in Ref. [24]. Thus, via this method,
xenon can be directly dissolved without formation of foams or
bubbles into suitable liquids for use as MRI contrast agents. The
dissolution process is very fast and efficient: within seconds after
switching on the pump the maximum signal amplitude is obtained
[24]. Degassing of re-circulated liquid with a second module did
not yield any increase in signal intensity, demonstrating the effi-
ciency of the gas exchange in the membrane module.

Our analysis of biocompatible carrier agents (see Table 1) is in
good agreement with the literature [14,27]. Although xenon dis-
solves best in the lipid emulsion, as expected from its lipophilic
character, both plasma expanders also showed high Xe solubilities
of 36% and 42%, respectively, and therefore also good MRI signal
intensities. Even in saline solution, a sufficient amount of xenon
could be dissolved in spite of its hydrophobic character via the
membrane method to perform MRI experiments, however, the
SNRs of these images are rather poor. From the MRI experiments,
it can be concluded that Lipofundin®, Gelafundin, and Voluven®
are suitable Xe carrier agents for in vivo MRI applications. Even
the use of autologous blood or plasma as carrier liquid is possible
since this is the original application of the oxygenator modules em-
ployed in this study. However, the choice of the optimal xenon car-
rier strongly depends on individual experimental parameters such
as timing, required signal intensity, and physiological tolerance of
the solvent.

For our MRI experiments in a clinical MRI setting, we chose
Lipofundin® as the '?>°Xe solvent, because it shows the highest sol-
ubility for xenon and sufficiently long T; relaxation time for the
continuous flow measurements. In the imaging experiment per-
formed on the clinical scanner (Fig. 3(B)), the two different layers
of tubing are pictured nicely, the outer layer with a higher inten-
sity, as the freshly polarized '°Xe enters the phantom at this point.
When the liquid arrives at the inner windings, it is already depolar-
ized to a certain degree due to RF pulses. A good reproduction of
sample structure is also shown in Fig. 4(B), proving that even small
amounts of Xe carrying liquids (0.25 ml) can be detected. The im-
aged liquid volume is only one tenth of the amount of contrast
agent which is usually employed in small animal studies (rats)
without the danger to cause a fat embolism. Thus, similar in vivo
MRI experiments should be feasible with the developed membrane
method.

Experiments performed using the lung phantom (M2) showed
that imaging experiments on Xe outgassed from the carrier liquid
are possible despite the fast Xe relaxation in the liquid phase. In
the MRI experiments (Fig. 6(B) and (C)), the reference images
reproduce the sample structure very well, and Fig. 6(D) shows
for the first time an image of '2°Xe outgassed from the carrier li-
quid. The entry area of the HPXe gas is over-emphasized because
of 90° RF pulses which have been employed with short repetition
times (TR) in order to minimize flow effects. Yet, the short TR
inhibit the complete exchange of depolarized and hyperpolarized
129Xe between acquisitions of subsequent k-space lines. Finally, a



N. Amor et al./Journal of Magnetic Resonance 201 (2009) 93-99 99

shortened T; relaxation time inside the glass sample due to depo-
larization at the glass walls further reduced the image quality. This
effect could effectively be minimized by special surface coatings
[29,30]. The imaging experiments also prove the very efficient
gas transport into and out of a solvent through the employed mem-
branes modules. After the passage through the second membrane
module the Xe outgassed from the carrier liquid could be easily
detected whereas the lack of signal for the dissolved '?°Xe demon-
strates the fast and efficient gas exchange in the lung phantom.

5. Conclusions

The new method of dissolving HP '2°Xe in various solvents via
membranes has successfully been employed for MRI applications,
featuring fast direct dissolution of Xe gas without formation of
foams or bubbles, with good polarization retention, and the possi-
bility of continuous operation even at high pressures. Several car-
rier agents for HP ?°Xe have been studied and compared. These
results show that the most favorable solvent has to be chosen
depending on the individual experimental requirements, i.e.,
weighting the solubility and thus the initial signal intensity against
the 2°Xe T, relaxation time as well as the physiological tolerance
of the carrier agent. Images acquired at high as well as at clinical
magnetic field strengths were presented demonstrating the feasi-
bility of the approach presented in this work for in vivo MRI appli-
cations. Hyperpolarized '?°Xe which was outgassed from the
carrier liquid in a lung phantom has successfully been measured
by MRI, indicating the possibility to apply pre-dissolved 2°Xe as
a contrast agent in functional lung measurements.

Further improvement of imaging parameters will lead to better
image quality and contrast, whereas investigations of new possible
129%e solvents, e.g. (clinical) PFC emulsions which will soon be
commercially available, holds a potential for further improving
129%e NMR signal intensities and T; relaxation times, allowing for
improved in vivo experiments in the near future.
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