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Abstract

By permitting direct visualization of the airspaces of the lung, MR imaging using hyperpolarized
gases provides unique strategies for evaluating pulmonary structure and function. Although the
vast majority of research in humans has been performed using hyperpolarized 3He, recent
contraction in the supply of 3He and consequent increases in price have turned attention to the
alternative agent, hyperpolarized 122Xe. Compared to 3He, 12%Xe yields reduced signal due to its
smaller magnetic moment. Nonetheless, taking advantage of advances in gas-polarization
technology, recent studies in humans using techniques for measuring ventilation, diffusion, and
partial pressure of oxygen have demonstrated results for hyperpolarized 12°Xe comparable to
those previously demonstrated using hyperpolarized 3He. In addition, xenon has the advantage of
readily dissolving in lung tissue and blood following inhalation, which makes

hyperpolarized 129Xe particularly attractive for exploring certain characteristics of lung function,
such as gas exchange and uptake, which cannot be accessed using He. Preliminary results from
methods for imaging 12°Xe dissolved in the human lung suggest that these approaches will
provide new opportunities for quantifying relationships among gas delivery, exchange, and
transport, and thus show substantial potential to broaden our understanding of lung disease.
Finally, recent changes in the commercial landscape of the hyperpolarized-gas field now make it
possible for this innovative technology to move beyond the research lab.
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Clinical magnetic resonance imaging (MRI) of the lung is challenging due to the lung’s low
proton density, which is roughly one-third that of muscle (1), and the inhomogeneous
magnetic environment within the lung created by numerous air-tissue interfaces, which lead
to a T2* value on the order of 1 ms at 1.5T (1,2). Although advances continue with
techniques such as ultrashort echo time (UTE) imaging of the lung parenchyma (3),
conventional proton-based MRI is at a fundamental disadvantage for pulmonary applications
because it cannot directly image the lung airspaces. This disadvantage of proton MRI can be
overcome by turning to a gaseous contrast agent, such as the noble gas helium-3 (3He) or
xenon-129 (129Xe), which upon inhalation permits direct visualization of lung airspaces in
an MR image (4-8). With these agents, the low density of gas compared to that of solid
tissue can be compensated by using a standalone, laser-based polarization device (9,10) to
increase the nuclear polarization to be roughly five orders of magnitude (10,000 times)
higher than the corresponding thermal equilibrium polarization would be in the magnet of a
clinical MR scanner. As a result, the MR signal from these Ayperpolarized noble gases is
increased by a proportionate amount and is easily detected using an MR scanner tuned to the
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appropriate resonance frequency. MRI using hyperpolarized gases has led to the
development of numerous unique strategies for evaluating the structure and function of the
human lung (4-8) which provide advantages relative to current clinically-available methods.
For example, as compared with nuclear-medicine ventilation scintigraphy scans using 133Xe
or aerosolized technetium-99m DTPA, hyperpolarized-gas ventilation MR images provide
improved temporal and spatial resolution, expose the patient to no ionizing radiation, and
can be repeated multiple times in a single day if desired. Although inhaled xenon has also
been used as a contrast agent with computed tomography (CT), which can provide high
spatial and temporal resolution, the high radiation dose and low contrast on the resulting
ventilation images has dampened enthusiasm for the CT-based technique.

Although the first hyperpolarized-gas MR images were obtained using hyperpolarized 129Xe
(11), and images of the human lung were acquired with hyperpolarized 122Xe only a few
years later (12), the vast majority of work in humans has been performed using
hyperpolarized 3He instead. This occurred primarily because 3He provided a stronger MR
signal, due to its larger nuclear magnetic moment (and hence larger gyromagnetic ratio)
compared to 129Xe and historically high levels of polarization (greater than 30%) achieved
for 3He, and because there are no significant safety concerns associated with inhaled helium.
However, in the years following the terrorist attacks of 9/11, there was a surge in demand
for 3He for use in neutron detectors for port and border security, and this demand far
exceeded the replenishment rate from the primary source, the decay of tritium used in
nuclear warheads (13,14). As a result, 3He prices skyrocketed and availability plummeted.
Currently, the U.S. government is regulating the supply of 3He, allocating this precious
resource among users whose research or applications depend on 3He’s unique physical
properties (15). This includes an annual allocation for medical imaging, which allows
research on hyperpolarized 3He MRI of the lung to continue. Nonetheless, unless a new
source for 3He is found, it is clear that insufficient 3He is available to permit

hyperpolarized 3He MRI of the lung to translate from the research community to a clinical
tool.

In contrast to 3He, 129Xe is naturally abundant on Earth and its cost is relatively low.

Thus, 129Xe is the obvious potential alternative to 3He as an inhaled contrast agent for MRI
of the lung. While the 3He availability crisis has accelerated efforts to develop and evaluate
hyperpolarized 129Xe for human applications, it is important to understand that 129Xe is not
just a lower-signal alternative to 3He, forced upon us by practical necessity. In particular, the
relatively high solubility of xenon in biological tissues (16) and an exquisite sensitivity to its
environment, which results in an enormous range of chemical shifts upon solution (17),
make hyperpolarized 129Xe particularly attractive for exploring certain characteristics of
lung function, such as gas exchange and uptake (18-27), that cannot be accessed using
hyperpolarized 3He. The quantitative characteristics of gas exchange and uptake are
determined by parameters of physiologic relevance, including the thickness of the blood-gas
barrier (23), and thus measurements that quantify this process offer a potential wealth of
information on the functional status of the healthy and diseased lung.

Historically, polarization levels for liter-quantities of hyperpolarized 129Xe have been
roughly 10%, while those for similar quantities of hyperpolarized 3He have been greater
than 30%. (Recall that the thermal-equilibrium polarization of water protons at 1.5T is
0.0005% -- four to five orders of magnitude lower.) Given 129Xe’s lower nuclear magnetic
moment, this situation has put hyperpolarized 12°Xe at a distinct disadvantage relative

to 3He. A recent, key advance for 129Xe is the development of systems that can deliver liter
quantities of hyperpolarized 12°Xe with polarization on the order 50% (28). This now

puts 129Xe on competitive footing with 3He, positioning MRI of the human lung using
hyperpolarized 129Xe to advance quickly in the immediate future, and making
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hyperpolarized 129Xe MRI of interest to the broader Radiology and medical-imaging
communities.

After laying the technical foundation for hyperpolarized-gas MRI in the following three
sections, we review the current state of the art for hyperpolarized 122Xe MRI of the human
lung, including methods for visualizing and quantifying the lung airspaces, as well as those
for measuring gas exchange and uptake. Considering the important role that 3He has played
in the development of hyperpolarized-gas MRI of the lung, several aspects of our discussion
of 129Xe will be presented in the context of 3He. We conclude with a discussion of
important issues related to the potential translation of hyperpolarized 122Xe MRI to the
clinical realm. Readers interested principally in the imaging results that can be obtained
using hyperpolarized 122Xe may skip the sections on Gas Polarization and Pulse Sequences
with only minor loss of continuity.

PROPERTIES OF 129Xe

Of the nine stable isotopes of xenon, 129Xe is of particular interest for MRI because it has a
nuclear spin of %, just like protons in water or fat molecules, and is not radioactive.
However, in contrast to protons in water or fat, the net nuclear spin for 129Xe arises from an
unpaired neutron. MRI-relevant properties for 129Xe gas, compared to those for 3He gas and
protons in water, are presented in Table 1. We see that 26% of naturally occurring xenon

is 129%e, while the natural abundance of 3He is negligible. (This is why 3He used for
medical imaging has been obtained from the decay of tritium, as discussed above.)
Currently, isotopically-enriched xenon gas (~80% 129Xe) can be purchased for ~100 USD
per liter. Until a few years ago, 3He could be purchased for roughly the same amount, but
now the cost is about an order of magnitude higher, and supplies are very limited.

For magnetic field strengths commonly used in clinical MRI (1.5T and above), the thermal
noise in the image arises largely from the patient, as opposed to the radio-frequency (RF)
coil. For this situation, it is straightforward to show that the signal-to-noise ratio (SNR) for
hyperpolarized-gas MRI is directly proportional to the gyromagnetic ratio, and unlike
conventional proton-based MRI does not vary substantially with field strength (29-31).
Thus, considering equal amounts of pure 129Xe and 3He with the same polarization,
comparison of the gyromagnetic ratios for the two gases (Table 1) indicates that He would
have a substantial (~3-fold) SNR advantage over 129Xe. Depending on imaging parameters,
however, the lower diffusion coefficient and lower gyromagnetic ratio (and thus lower
resonance frequency) of 129Xe may act in its favor. For example, the lower diffusion
coefficient would yield less signal attenuation for high-resolution imaging, and the lower
gyromagnetic ratio would result in decreased dephasing due to off-resonance effects, such as
from magnetic-susceptibility interfaces. Even so, to maximize the utility of 129Xe in light of
its relatively low gyromagnetic ratio, it is important to achieve relatively high polarization
levels (as noted above), to use isotopically-enriched xenon (since the signal varies directly
with the fraction of 129Xe), and to use state-of-the-art RF-coil technology (32-35).

As a gas, the diffusion coefficient for 129Xe is several orders of magnitude larger than that
for water in biological tissues. This situation has both positive and negative consequences.
On one hand, even the standard spatial-encoding gradients can lead to substantial diffusion-
induced attenuation of the MR signal. This factor can limit spatial resolution and SNR in
hyperpolarized-gas images, and is thus important to consider when designing the associated
pulse sequences. On the other hand, the high diffusion coefficient permits diffusion-
weighted imaging of hyperpolarized gases to be used for quantitatively characterizing the
microstructure of the lung. Both of these issues are discussed in more detail later in this
article.
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Finally, as indicated in Table 1, xenon gas is soluble in a variety of substances, while helium
gas in general has very low solubility (16). In particular, xenon is lipophilic, having a high
solubility in oils and lipid-containing tissues. As mentioned above, these solubility
characteristics, combined with the associated large chemical shifts, make 129Xe a valuable
probe for exploring gas exchange and uptake in the lung. Nonetheless, for human
applications, xenon presents the complication of being a general anesthetic at high
concentrations (> 70%). However, with appropriate dosing procedures,

hyperpolarized 129Xe can be used for lung MRI with only minor, transient side effects such
as dizziness or mild euphoria (36); no significant adverse events were observed by either
Patz et al (25) or Driehuys et al (37) in studies including both healthy subjects and subjects
with lung disease. For years, isotopes of xenon have been used in humans for xenon-
enhanced CT and nuclear-medicine studies. At current levels of polarization, the typical
adult dose of 129Xe for hyperpolarized-gas MRI is 0.5-1 L. The total xenon dose is much
lower for nuclear-medicine ventilation scintigraphy, but much greater for xenon-enhanced
CT.

GAS POLARIZATION

Although it is possible to image either 129Xe or 3He by simply placing the gas (in a suitable
container) in the magnet of an MR scanner, the low density of gas compared to that of solid
tissue results in a signal that is too low to be of practical use for imaging the human lung.
(Samples of 129Xe or 3He pressurized to several atmospheres to obtain high gas density are,
however, useful for testing and quality-control purposes.) Nonetheless, the nuclear
polarization can be increased dramatically compared to that produced by the magnet of the
MR scanner by using a method called optical pumping and spin exchange (OPSE) (9,38),
which was originally developed for nuclear-physics experiments many years before being
applied to medical imaging.

As its name implies, OPSE is, in concept, a two-step process. The first step, optical
pumping, involves using a laser to generate electron-spin polarization in a vapor of an alkali
metal. This process takes place within a glass container, called an optical cell (Fig 1a; Fig.
1b, top center), positioned within a magnetic field (Fig. 1a; Fig. 1b, top right). A small
amount of the alkali metal, typically rubidium, is placed in the cell, which is heated (Fig. 1b,
top right) during the polarization process to create rubidium vapor. The optical cell is
illuminated with circularly-polarized laser light (Fig. 1a, left; Fig. 1b, center) at a specific
wavelength (795 nm) to optically pump the rubidium atoms. This pumping preferentially
populates one of the two spin states for the valence electron, thereby polarizing the
associated electron spins and resulting in electron-spin polarization approaching 100%. In
the second step of OPSE, collisions between spin-polarized rubidium atoms and noble-gas
(129%e or 3He) atoms within the cell result in spin exchange -- the transfer of polarization
from rubidium electrons to noble-gas nuclei (Fig. 1a, right). After spin-exchange collisions,
rubidium atoms absorb additional laser light to repolarize their electrons. The spin-exchange
process then continues through additional collisions, increasing the nuclear polarization of
the noble gas. It is important to note that a collision can also depolarize the rubidium valence
electron without polarizing the noble-gas nucleus. Competition between these undesired
(electron-spin destruction) collisions and the desired (spin-exchange) collisions limits
efficiency of the process.

While the basic OPSE process described above is effective for generating high polarization
in a “batch” of pressurized 3He over a period of several hours, the situation is somewhat
more complicated for 129Xe. The efficiency of both the desired and undesired rubidium-
noble-gas collisions is substantially higher for 129Xe than for 3He. The positive aspect of
this is that the maximum 129Xe polarization is reached rapidly (in seconds), while the
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negative aspect is that any significant concentration of 129Xe in the optical cell leads to low
rubidium polarization through electron-spin destruction collisions, which severely limits the
attainable 129Xe polarization. To overcome this difficulty, Driehuys et al (10) developed an
alternative to the batch approach wherein a gas mixture containing a low fraction of 129Xe
(on the order of a percent) flows continuously through the optical cell, such that any

given 129Xe atom spends a few seconds in the cell -- sufficient time to achieve high nuclear
polarization -- and the low concentration of 129Xe limits electron-spin destruction collisions,
allowing reasonable rubidium electron-spin polarization to be maintained. After the
polarized 129Xe gas mixture exits the optical cell, it flows through a cryogenic accumulator
(“cold finger”) bathed in liquid nitrogen, which freezes 129Xe out of the gas mixture and
stores it until the desired amount of hyperpolarized 129Xe is obtained. Then, the

frozen 129Xe is thawed and transferred to a plastic dosing bag (Fig. 1, top left) for
administration to the subject. Over the past several years, Hersman and colleagues (28) have
optimized the design of a 129Xe polarization system based on the flowing approach to
achieve delivered polarizations approaching 50% for liter quantities of

hyperpolarized 129Xe.

PRACTICAL CONSIDERATIONS

Hardware

Compared to the requirements for routine proton MRI, several additional pieces of hardware
are necessary to perform hyperpolarized-gas MRI. First and foremost, a system for
polarizing the gas -- a polarizer -- is needed. Figure 1 shows an early commercial prototype
of a polarizer that includes an exchangeable central “cartridge,” which permits the system to
be used for either 129Xe or 3He gases. This system, manufactured in 1996, has been used
routinely at our institution over the past 15 years, and can produce ~0.5 liter of 129Xe
polarized to 5-10%. Figure 2 shows a commercial prototype of a new system designed
specifically for 129Xe. This polarizer uses a low-pressure, high-velocity, counter-flow spin-
exchange column (Fig. 2, right) to improve efficiency of the polarization process compared
to earlier designs (28,39). In preliminary tests at our institution, this system has routinely
delivered ~2-liter batches of hyperpolarized 129Xe with polarizations of 30-50%.

Since the gyromagnetic ratio for 129Xe is different than that for protons (Table 1), the MR
scanner must be modified to operate at the associated resonance frequency, which for 129Xe
at 1.5T is approximately 17.7 Mhz, compared to 63.9 MHz for protons. Typically, the
primary hardware addition is a second RF-power amplifier that supports additional
frequencies, but, depending on the manufacturer, a package for multinuclear imaging may
also include additional receiver hardware, specialized pulse sequences, or other minor
hardware modifications.

Lastly, a dedicated RF coil is needed to permit imaging at the 129Xe resonance frequency.
To date, RF coils for hyperpolarized gases have not been available from scanner
manufacturers, and thus many researcher groups have built their own custom RF coils (32—
35). Nonetheless, several of the third-party MR-device manufacturers offer RF coils

for 129%e or 3He imaging, including multi-coil array configurations. At our institution, we
currently use chest RF coils from three different third-party manufacturers (Clinical MR
Solutions, Brookfield, WI; Medical Engineering & Technology, Princeton, NJ; and Rapid
Biomedical, Rimpar, Germany), as well as custom RF coils built in-house.

Pulse Sequences

The naturally high diffusion coefficients of gases and the non-equilibrium nature of
hyperpolarized magnetization lead to unique considerations for the design of pulse
sequences for hyperpolarized-gas MRI of the lung. Although the details of these design
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considerations are beyond the scope of this article, some general observations may be
helpful to the reader.

Diffusion-induced attenuation of the MR signal depends on the product of the so-called b
value for the associated gradient waveform (including any intervening time delays), which
characterizes the amount of diffusion-induced attenuation imparted by the gradient
waveform, and the diffusion coefficient for the substance of interest. Signal attenuation
increases as either the b value or diffusion coefficient increases, and the 4 value increases as
either the strength or duration of the associated gradient waveform increases. Due to the
relatively small diffusion coefficient for water molecules in tissue, very large (i.e., high
gradient strength and long duration) gradient pulses must be added to most pulse sequences
used in proton MRI to obtain substantial attenuation of the MR signal due to diffusion. For
example, in diffusion-weighted proton MRI based on single-shot echo-planar imaging, the
gradient pulses added to the pulse sequence to achieve diffusion sensitization are typically
tens of milliseconds long and use gradient strengths approaching the maximum for the
scanner. In contrast, for hyperpolarized-gas MRI, the high diffusion coefficient of the gases
can result in substantial diffusion-induced signal attenuation from just the standard imaging
gradients, without addition of specific diffusion-sensitization gradient pulses. Thus, pulse
sequences for which transverse magnetization generated by a given excitation RF pulse
experiences substantial gradient activity, as in fast/turbo spin-echo imaging, are of limited
utility for hyperpolarized-gas MRI because diffusion-induced signal attenuation is quite high
unless the spatial resolution is low (40,41). As a result, echo-train-based pulse sequences
such as fast/turbo spin echo or single-shot echo-planar imaging are not widely used for
hyperpolarized-gas MRI of the lung.

In proton MR, recovery of the longitudinal component of the magnetization through T1
relaxation is fundamental to the design of most pulse sequences. Regrowth of longitudinal
magnetization during the time between repetitions of the RF pulse(s) associated with a given
slice (that is, TR) is necessary to obtain adequate signal levels in the images. In contrast,
because hyperpolarized magnetization is not at thermal equilibrium in the static magnetic
field of the MR scanner, and because it is many times larger than the thermal equilibrium
magnetization, T1 relaxation results in decay, not regrowth, of longitudinal magnetization.

This important difference between thermally-polarized and hyperpolarized magnetization is
illustrated in Fig. 3, which shows the temporal evolution of the longitudinal component of
the magnetization for either thermally-polarized or hyperpolarized magnetization subject to
two common pulse sequences. The plot on the upper left shows the familiar situation for
thermally-polarized magnetization and a single spin-echo pulse sequence. The longitudinal
magnetization starts at its thermal equilibrium value (M), becomes zero as the first 90°
excitation RF pulse is applied at time zero, and then relaxes to an intermediate value
determined by the TR of the pulse sequence and T1 of the tissue. As the pulse sequence
repeats, the longitudinal magnetization again becomes zero as each successive 90° excitation
RF pulse is applied (at multiples of 0.5 s for this example), and relaxes back to the same
value between RF pulses. In contrast, as illustrated in the upper-right plot, the
hyperpolarized longitudinal magnetization does not relax back to its initial value (Mp)
following the first 90° excitation RF pulse applied at time zero. Instead, it remains zero.
(Actually, the hyperpolarized magnetization does relax back to M, for the gas, but, because
M, is so small compared to My, the value is zero for practical purposes.) Following a 90°
excitation RF pulse, additional hyperpolarized gas would need to be administered to regain a
useable level of magnetization. Since hyperpolarized-gas MR images of the human lung are
generally obtained using a single inhalation of gas, pulses sequences that require repeated
high-flip-angle excitation RF pulses, such as conventional spin-echo or fast/turbo spin-echo,
are generally not useful.
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Given that the total magnetization available following an inhalation of hyperpolarized gas is
fixed, an effective approach is to use a pulse sequence that consumes only a small fraction of
the longitudinal magnetization each repetition -- low-flip-angle gradient-echo imaging. For
thermally-polarized magnetization, the longitudinal component begins at M, and gradually
approaches a steady-state level as the fraction of longitudinal magnetization used by each
RF pulse is balanced by regrowth of the magnetization between RF pulses (Fig. 3, lower-left
plot). Since analogous recovery of the longitudinal magnetization does not occur for
hyperpolarized gas, it is fortunate that the T1 relaxation time is quite long (~20 s for
hyperpolarized 129Xe in the lung), and thus, over a period of several seconds, loss of
magnetization from T1 decay is not substantial. As a result, although the longitudinal
component of hyperpolarized magnetization decreases monotonically as RF pulses are
applied during the low-flip-angle gradient-echo acquisition (Fig. 3, lower-right plot),
appropriate choice of the flip-angle value provides relative levels of longitudinal
magnetization that are similar to those for thermally-polarized magnetization (compare
lower-left and lower-right plots of Fig. 3). Because of this favorable behavior for low-flip-
angle gradient-echo pulse sequences, they form the basis for the majority of techniques used
for hyperpolarized-gas MRI of the lung.

For standard sequential phase encoding, wherein the center of kA space is acquired midway
through the acquisition, it is easy to show that an optimum flip angle exists which provides
the highest SNR for a hyperpolarized-gas acquisition (42). An interesting consequence of
having fixed total longitudinal magnetization available for a gradient-echo acquisition is that
the SNR is independent of the number of phase-encoding steps (aside from a relatively weak
dependence on the long T1) when the optimum flip angle is used (42). This behavior has
important consequences for parallel imaging with hyperpolarized gases; for an ideally-
behaved RF-coil array, a hyperpolarized-gas gradient-echo acquisition can be accelerated
without loss of SNR (32,43). For certain applications, further optimization of the gradient-
echo acquisition, such as variable-flip-angle RF pulses or centric phase encoding, may be
useful; these topics are discussed in refs. (44-47).

FUNCTION & STRUCTURE OF THE LUNG AIRSPACES

Ventilation

Over the past fifteen years, a number of techniques for characterizing the function and
structure of the lung airspaces have been pioneered using hyperpolarized 3He (4-8).
Recently, translation of these techniques to hyperpolarized 129Xe imaging in humans has
begun (25,26,36,48-51). In the next few sections, we describe progress to date with 129Xe in
the historical context of 3He.

The most commonly-used technique for hyperpolarized-gas MRI of the lung is ventilation
imaging, which is performed by acquiring a series of two-dimensional images, or a three-
dimensional image set, during a breath-hold period following inhalation of the gas. While
ventilation images show high signal in normally-functioning regions of the lung, ventilation
defects -- regions of absent or relatively low signal -- are seen in regions where airflow is
partially or totally obstructed (52,53). Results from hyperpolarized 3He imaging have shown
that ventilation imaging is useful for detecting functional abnormalities in obstructive lung
diseases, such as chronic obstructive pulmonary disease (COPD), cystic fibrosis and asthma
(53-56). In terms of conventional proton-based MRI, ventilation imaging is simply spin-
density-weighted imaging. Based on our discussion above concerning the non-equilibrium
nature of the hyperpolarized magnetization, we can see that ventilation images will also be
weighted by any variations in the value of the flip angle, or in the value of T1, among
regions of the lung. Nonetheless, these effects are typically small for an appropriately
designed acquisition. It is also important to note that single breath-hold imaging does not
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measure quantitative (specific) ventilation in the context of respiratory physiology.
Nonetheless, approaches to quantitatively evaluate ventilation have been developed based
on 3He imaging, and applied primarily in animal models (57-59); preliminary results in
humans have also been reported (60,61).

In considering the translation of ventilation imaging from 3He to 12%Xe, it is important to
note that the physical properties of these two gases are very different: 3He is a very small
atom, lighter than the primary constituents of air, whereas 129Xe is a rather large atom, much
heavier than the primary constituents of air. These substantial disparities may manifest as
differences in flow and distribution characteristics between the gases upon inhalation (62).
Therefore, we cannot assume that the appearance of obstructive lung diseases in 129Xe
ventilation images will be identical to that in 3He ventilation images. This is not to

say 129Xe may be inferior; the different physical characteristics of 129Xe compared to 3He
could in fact make 129Xe more sensitive for the detection of mild obstruction. Nonetheless,
the following examples illustrate that the appearance of ventilation images acquired

using 129Xe are, at a minimum, very similar to those acquired using 3He.

The quality of ventilation images that can currently be obtained in healthy subjects using
hyperpolarized 129Xe is illustrated in Fig. 4 (lower row), and compared to typical results
from 3He (middle row) and the first results obtained in humans using 129Xe (top row) (12).
The tremendous improvement in the quality of 129Xe images since 1996 is attributable
primarily to an increase in gas polarization; the polarization levels for the images in the top
and bottom rows of Fig. 4 were approximately 1% and 35%, respectively. The 3He images
(middle row) show the typical quality that can be achieved using 300-400 ml of 3He
polarized to 30-40%. Despite the fact that the gyromagnetic ratio for 129Xe is lower than
that for 3He as discussed above, similar image quality can be obtained for 129Xe images
(lower row) by using a larger dose of gas (~700 ml) and a multi-channel array RF coil (33).
These ventilation images illustrate that 129Xe distributes generally uniformly throughout the
healthay lung, yielding results in healthy subjects which appear essentially the same as those
from °He.

Ventilation defects associated with functional abnormalities from pulmonary disease are
also clearly depicted with 129Xe (48), as illustrated in Fig. 5 for subjects with asthma (upper
row), COPD (middle row) or cystic fibrosis (lower row). These images show numerous
ventilation defects secondary to disease, which are, at least qualitatively, similar to defects
seen in 3He images. A direct comparison between 129Xe and 3He images for two subjects
with cystic fibrosis is shown in Fig. 6. For subject A (upper row), the ventilation defects
appear essentially identical in the 129Xe and 3He images, whereas for subject B (lower row;
same subject as shown in the lower row of Fig. 5), the ventilation defects in the 129Xe
images appear generally more severe than those in the 3He images. Based on 129Xe
ventilation imaging of the lung performed one year earlier in subject A, the major ventilation
defects are stable, suggesting complete airflow obstruction to the affected regions. Previous
lung imaging was not performed in subject B. Nonetheless, one could speculate that at least
some of the ventilation defects in this subject are associated with partial obstruction and that
the heavier 129Xe gas did not pass as easily through these partial obstructions, suggesting a
higher sensitivity for 129Xe to such obstructions. Anecdotal evidence aside, additional
research is obviously needed to quantitatively evaluate any differences between 129Xe

and 3He in depicting functional abnormalities from diseases such as asthma, COPD and
cystic fibrosis.

The application of diffusion MRI techniques to hyperpolarized gases permits quantitative
evaluation of the characteristics of the lung microstructure. Analogous to the information on
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the microscopic motion of water molecules in tissue provided by diffusion-based methods
used in proton MRI, diffusion-weighted hyperpolarized-gas MRI methods provide a
measurement that reflects the random Brownian motion of the gas atoms within the
airspaces of the lung (as opposed to the transmembrane diffusion of the gas, as measured
with diffusing capacity of the lung for carbon monoxide [DLCO]) and the degree to which
this random motion is restricted by the structure of lung tissue. As discussed above,
diffusion results in attenuation of the MRI signal, and the degree of signal attenuation
depends on the b/ value of the associated gradient waveform(s). (Although the standard
imaging gradients can result in measureable signal attenuation from diffusion for
hyperpolarized gases, as described above, diffusion-weighted methods use additional
diffusion-sensitization gradients to impart a chosen degree of diffusion-induced signal
attenuation.) By measuring the signal attenuation for at least 2 £ values, an apparent
diffusion coefficient (ADC), which varies inversely with the degree to which the diffusion
of the gas is restricted in the lung, can be calculated. For example, the ADC for
hyperpolarized gas in healthy lung parenchyma (~0.2 cm?/s [3He] or ~0.04 cm?/s [129Xe]
for typical measurements using a maximum 4 value of 1.6 s/cm? [3He] or 10 s/cm? [129Xe])
is substantially smaller than the corresponding diffusion coefficient of the gas in an
unrestricted space (~0.86 cm?2/s [3He] or ~0.14 cm?/s [129Xe] for the dilute gas in air [Table
1]). Further, the ADC measured in a lung with severe emphysema is larger than that for a
healthy lung, reflecting the enlargement of distal airspaces caused by the tissue destruction
that occurs in emphysema. Regional changes of the lung microstructure that occur in
pulmonary diseases such as emphysema can thus be characterized by measuring the ADC of
hyperpolarized gas in the lung (63-67).

Diffusion imaging of hyperpolarized 3He in the lung has been investigated in a large number
of research studies which have demonstrated the exquisite sensitivity of this method to both
disease-induced alternations (63—-67) and normal physiological variations in the
microstructure of the human lung. For example, it has been shown that ADC measurements
may reveal sub-clinical smoking-related emphysematous changes before they become
apparent on high-resolution CT (68), and that ADC measurements can detect the subtle
gravity-dependent gradient in alveolar size (69-71), as well as age-related changes in
alveolar size (72,73). Detailed analysis of the signal behavior as a function of the degree of
diffusion sensitization provides additional information about lung structure and, in
particular, model-based (65,74) and “g-space” (75,76) approaches permit underlying
structural dimensions to be estimated. Results from both of these techniques provide values
that are comparable to those from histological measurements. For example, in a study of six
human lung specimens including two normal lungs, two lungs with mild emphysema and
two lungs with severe emphysema, Yablonskiy et al (74) found a strong correlation (R? =
0.985) between histological measurements of the mean linear intercept (a parameter
commonly measured for histological evaluation of lung samples) and estimates of the mean
linear intercept from 3He diffusion data (see Fig. 4, ref. (74)).

As also discussed for ventilation imaging, it is reasonable to question whether the significant
disparities between the physical properties of 129Xe and those for 3He will result in a
substantial difference between information derived from diffusion-weighted 129Xe
measurements and that derived from diffusion-weighted 3He measurements. Given that the
diffusion coefficient for 129Xe in air is about six times less than that for 3He in air (Table 1),
it is obvious that the specific ADC values measured with the two gases will be different.
Nonetheless, the issue of importance is whether the relative changes in ADC values (or in
other derived metrics) in response to pathological or physiological processes will differ
substantially between 129Xe and 3He. Analogous to the situation for ventilation imaging,
preliminary results from a small number of subjects suggest that diffusion imaging

using 129Xe indeed yields similar information to that from diffusion imaging using 3He
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(36,77). For example, the two methods are compared in Fig. 7, which shows ADC maps
obtained in healthy subjects and subjects having COPD with emphysema. While the ADC
values derived from both gases are relatively low and spatially uniform in the healthy
subjects, both subjects with COPD demonstrate markedly inhomogeneous and generally
elevated ADC values compared to the healthy subjects. As noted above, the elevation in
ADC values for the subjects having COPD with emphysema reflects enlargement of the
distal airspaces due to the disease process.

Previous studies using 3He have shown that diffusion imaging using a relatively long
sensitization time (~1 s, compared to ~1 ms in commonly used gradient-echo-based
approaches) may provide improved sensitivity to certain microstructural changes associated
with disease (78,79). Preliminary results indicate that these /ong time scale methods are also
feasible using 129Xe and yield results similar to those obtained using 3He (50).

In a recent study including 8 COPD subjects with emphysema and 10 age-matched healthy
controls, Kaushik et al found that the mean ADC value of 129Xe for the COPD subjects was
significantly elevated compared to that for the age-matched healthy controls (36). This study
also demonstrated that ADC measurements using 129Xe can detect the subtle gravity-
dependent gradient in alveolar size (Fig. 8) and age-related increase in ADC values. In all,
the 129Xe diffusion results from Kaushik et al (36), as well as those from others (50,77),
parallel earlier, analogous observations made using 3He, supporting that diffusion imaging
using 129Xe and 3He provide comparable information on the microstructure of the lung.

Partial-pressure of Oxygen

Pure hyperpolarized gases have relaxation times that are much longer than those for
biological tissues. For example, in a properly-prepared glass container, the longitudinal (T1)
relaxation time for pure 3He can be tens of hours. When mixed with respiratory gases in the
lung, interaction with paramagnetic oxygen substantially accelerates longitudinal relaxation
of hyperpolarized gases, leading to a T1 value of roughly 20 s in the healthy human lung.
Further, the longitudinal-relaxation rate (1/T1) in the lung is directly proportional to the
concentration of oxygen (80). Thus, by acquiring image data from which maps of the T1
value can be calculated, the regional partial pressure of oxygen (pOy) in the alveolar
airspaces can be estimated (81). It is also possible to calculate regional ventilation-to-
perfusion ratios from the partial-pressure data (82).

Although measurements of oxygen concentration have obvious practical applications for the
study of the healthy and diseased lung, they are challenging to perform because the signal
loss from T1 relaxation has the same functional form and a similar magnitude to that
resulting from the application of the RF pulses required to collect the image data. This
situation has led to substantial technical development aimed at optimizing the sensitivity and
reproducibility of approaches for measuring alveolar pO, (83-87). Although previous
research has been based largely on hyperpolarized 3He, the primary considerations for
performing oxygen-concentration measurements using 129Xe are the same as those for 3He.
Thus, analogous to the situation for both ventilation and diffusion imaging, early studies in
humans suggest that pO, measurements are not only feasible using 129Xe (Fig. 9) (25,51),
but also yield comparable information to those performed using 3He. However, in contrast to
the situation for 3He, gas exchange and uptake in the lung play an important role for 129Xe
(as discussed below), accelerating the decay of the hyperpolarized magnetization. As a
result, the goparent pO, measured using 129Xe is biased upward (25,51), unless a correction
for the effects of gas exchange and uptake is applied (25). Nonetheless, this bias is relatively
modest at clinical field strengths (51).

J Magn Reson Imaging. Author manuscript; available in PMC 2014 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mugler and Altes

Page 11

Other Methods

A number of other techniques for characterizing the function and structure of the lung, such
as dynamic imaging of gas flow or of magnetization tags during inhalation and exhalation,
have been developed based on hyperpolarized 3He. Although little experience exists

with 129Xe implementations of these methods, the results described above for ventilation,
diffusion, and oxygen-concentration imaging suggest that, in general, the various methods
developed using 3He should successfully translate to 129Xe.

GAS EXCHANGE AND UPTAKE

Upon inhalation, 129Xe not only fills the airspaces of the lung, but also dissolves in the lung
parenchyma and blood (Fig. 10). As a result, an MR spectrum obtained from the lung shows
multiple peaks (12,18,19,88) associated with distinct physical compartments (Fig. 10, right).
While most 129Xe resides in the airspaces of the lung (so-called gas-phase xenon), and
corresponds to a single large peak, approximately 2% is dissolved in the lung parenchyma
and blood (so-called dissolved-phase xenon), and gives rise to two or more smaller peaks
with chemical shifts of about 200 parts per million (ppm) from the gas peak (12,18,19,88).
Note that the chemical-shift difference between gas-phase and dissolved-phase 12°Xe in the
lung is about 60 times larger than the chemical-shift difference between protons in water and
those in fat (~3.5 ppm). Driven by diffusion, 129Xe atoms in the gas phase exchange
continually with those in the dissolved compartments, and thus the small pool of dissolved-
phase xenon exists in dynamic equilibrium with xenon in the airspaces (Fig. 11). This xenon
exchange between the airspaces and parenchyma/blood, combined with the very large
chemical shift difference between gas- and dissolved-phase 129Xe (which corresponds to a
frequency difference of ~3.5 kHz at 1.5T), form the basis for several imaging approaches for
characterizing gas uptake and exchange in the lung. In this section we will describe two
classes of such imaging methods -- indirectand direct measurements. Spectroscopic
acquisitions of dissolved-phase 129Xe in the human lung have also produced interesting
results for characterizing gas uptake, exchange and transport; although these will not be
discussed further, the interested reader is referred to references (25,26,89) for additional
information.

Indirect Measurement

Although exchange and uptake of xenon offer interesting possibilities for producing images
of relevance to lung function and disease, the signal available from dissolved-phase 129Xe is
limited by the small fraction of 122Xe in the lung that dissolves in tissue or blood, making it
challenging to produce images with high spatial resolution that directly depict the dissolved-
phase compartments. To overcome this limitation, the xenon polarization transfer contrast
technique (abbreviated XTC) takes advantage of the rapid, diffusion-driven exchange of
xenon between the airspaces and dissolved-phase compartments (Fig. 11) to encode
information on gas-exchange characteristics into gas-phase 129Xe images of the lung
(20,90). Since most inhaled 129Xe resides in the airspaces, the relatively high gas-phase
signal permits increased spatial resolution compared to that achievable through direct
imaging of dissolved-phase 129Xe.

The primary concepts underlying the XTC technique are illustrated in Fig. 12. First,
following inhalation of hyperpolarized gas, an image of gas-phase 129Xe (i.e., a ventilation
image) is acquired using a low-flip-angle gradient-echo pulse sequence (Fig. 12, left). Next,
a high-flip-angle (e.g., 90°) RF pulse is applied at the frequency corresponding to the
dissolved-phase compartments (approximately +200 ppm from the gas-phase frequency),
thereby substantially reducing or eliminating the dissolved-phase longitudinal magnetization
(Fig. 12, plots in center). Immediately following this high-flip-angle RF pulse, 129Xe atoms
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in the tissue and blood diffuse into the airspaces, as 129Xe atoms in the airspaces diffuse into
the tissue and blood (Fig. 11). Since, immediately following the high-flip-angle RF pulse,
the dissolved-phase longitudinal magnetization is depleted while the gas-phase
magnetization, unaffected by the RF pulse, is relatively high, exchange of xenon atoms
between the airspaces and tissue/blood causes the longitudinal magnetization of the
dissolved-phase compartments to increase (Fig. 12, plot on right, gold and red curves) while
that for the gas-phase decreases (Fig. 12, plot on right, blue curve). Although the decrease in
the gas-phase longitudinal magnetization due to a single high-flip-angle RF pulse applied at
the dissolved-phase frequency is relatively small, the effect can be amplified by applying a
series of high-flip-angle RF pulses, with a delay time between RF pulses to permit exchange
between the airspaces and tissue/blood (Fig. 12, plot on right). This scheme generates image
contrast based on the characteristics of gas exchange since the gas-phase signal will decrease
rapidly in regions with substantial exchange, but much more slowly in regions with little
exchange. (For example, the signal decrease in healthy lung parenchyma is much larger than
that in the large airways (20).) Following this series of contrast-generating high-flip-angle
RF pulses, a second image of gas-phase 129Xe is acquired (Fig. 12, right). Analysis of the
changes in signal intensity between the first and second images provides a regional map
(Fig. 12, top) reflecting the degree of gas exchange that occurred during the delay between
contrast-generating RF pulses. For a relatively long delay between RF pulses, this map
primarily reflects tissue density, while for a short delay between RF pulses, the map reflects
alveolar surface-to-volume ratio (20,90).

During application of the contrast-generating RF pulses, the gas-phase 122Xe magnetization
also decreases due to T1 relaxation, xenon removal by blood flow, and any incidental effect
of the contrast-generating RF pulses on gas-phase 122Xe. These effects can be corrected in
the XTC map by using information from a “control” acquisition, wherein the high-flip-angle
RF pulses are applied at approximately —200 ppm (instead of +200 ppm) relative to the gas-
phase resonance frequency (20). Nonetheless, for an appropriately designed XTC
acquisition, the signal decrease due to the contrast-generating RF pulses is much larger than
that due to T1 relaxation.

While the XTC technique was originally developed based on studies in animals (20,90),
using separate breath-hold periods for the XTC and control acquisitions, Patz et al (25,26)
first demonstrated a single breath-hold version of the method suitable for application in
humans. An example of results from single breath-hold XTC measurements, performed at
0.2T, is shown in Fig. 13 (25). Maps of fractional gas exchange were obtained in a healthy
subject at lung volumes corresponding to 47% and 63% of total lung capacity (TLC). The
fractional gas exchange appeared fairly uniform across the lung in both cases, as expected in
a healthy subject, while the mean value decreased by 22%, from 1.8% (47% of TLC) to
1.4% (63% of TLC), in response to the increase in lung volume and corresponding decrease
in tissue density. Further, for 47% of TLC, summation of the values along the left-right
direction revealed an increase in fractional gas exchange of roughly 0.5% from apex to base,
whereas the corresponding values for 63% of TLC were uniform from apex to base (25). We
see that XTC-based measurement of gas-exchange characteristics is sufficiently sensitive to
detect the physiologic effects of a relatively small change in lung volume.

By making measurements at multiple values of the delay between contrast-generating RF
pulses (so-called multiple-exchange-time XTC, or MXTC), and using a simple model for the
process of gas exchange between airspaces and tissue/blood, the values of certain parameters
describing lung microstructure can be estimated using the XTC technique. This approach
was recently demonstrated by Dregely et al (91), who derived the parameters “MXTC-F,”
which is proportional to the tissue to alveolar-volume ratio (essentially, tissue density), and
“MXTC-S,” which is proportional to the mean septal wall thickness (i.e., the thickness of
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the barrier, composed of tissue and blood, separating alveoli; see Fig. 11). Figure 14 shows
maps of MXTC-F and MXTC-S derived from 3D acquisitions in a healthy volunteer (Fig.
14, upper row) and in a subject with moderate COPD (Fig. 14, lower row). For the healthy
volunteer, the parameter MXTC-F was generally uniform within each coronal section, but
clearly increased toward the posterior of the lung. This increase is consistent with the well-
known gravity-induced gradient in lung tissue density from anterior to posterior in the
supine position. In contrast, MXTC-F for the COPD subject showed substantial regional
variation within each coronal section, with markedly lower values in the apices. A CT scan
performed in this subject (Fig. 4, ref. (91)) indicated that regions of low MXTC-F values in
the apices correspond to tissue loss, presumably due to emphysema. Similar to the behavior
for MXTC-F, the parameter MXTC-S demonstrated relatively small variations within each
coronal section for the healthy volunteer, while also clearly increasing toward the posterior
of the lung. In contrast, MXTC-S values for the COPD subject did not show substantial
variation along the anterior-posterior direction, but were generally higher than those in the
healthy subject. This latter finding suggests that septal walls were thickened in the COPD
subject, even in emphysematous regions that show tissue loss but presumably maintain
residual alveolar structure. These preliminary results suggest that characterizing the lung
using parameters derived from XTC measurements may offer interesting new possibilities
for assessing lung disease.

Direct Measurement

Although interesting information regarding gas exchange in the lung, including the
consequences of pathological alterations, can be obtained using indirect measurements such
as performed with the XTC method discussed above, direct depiction of the dissolved
compartments offers a different and physiologically-relevant perspective on gas uptake in
the lung. Direct detection of dissolved-phase 122Xe was demonstrated in early studies of the
human lung, but the associated SNRs were too low for acquisition of dissolved-phase
images (12). Images of the dissolved phase were later acquired in animals using multiple
inhalations of hyperpolarized 129Xe (23,92,93), although a multiple-inhalation approach is
not feasible in humans using current technology. Nonetheless, recent improvements in gas-
polarization technology (28) permit liter quantities of hyperpolarized 129Xe to be obtained
with sufficiently high polarization to make direct dissolved-phase imaging in humans
feasible during a single breath-hold period. In 2010, two research groups (Cleveland et al
(94) and Mugler et al (95)) published results showing direct imaging of dissolved-

phase 129Xe in the human lung.

An important consideration in the design of pulse sequences for direct imaging of dissolved-
phase xenon is that 129Xe in the airspaces acts as a reservoir for the dissolved-phase
compartments. Thus, relatively high-flip angles can be applied to 129Xe in the dissolved-
phase compartments, which helps to compensate for the small fraction of xenon in the lung
that is dissolved (94,95), because following a high-flip-angle RF pulse gas exchange
replenishes the dissolved-phase compartments with a time constant on the order of 10 ms.
Considering the large frequency difference between gas-phase and dissolved-phase 129Xe, it
is straightforward to implement RF pulses that result in a high flip-angle at the dissolved-
phase frequency, but either a negligible (94) or relatively low (95) flip angle at the gas-phase
frequency (e.g., see Fig. 1B in ref. (95)). Further, this large frequency difference can be used
to acquire images that depict both the gas-phase and dissolved-phase components of 129Xe,
side-by-side, along the readout direction (95). Simultaneous acquisition of both components,
with matched spatial resolution, permits regional quantification of gas uptake by
normalizing the dissolved-phase signals by the gas-phase signals.

An example of direct dissolved-phase imaging is shown in Fig. 15 (95). For each section
from the 3D acquisitions (Fig. 15a), gas-phase 129Xe (reflecting ventilation) is on the left
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and dissolved-phase 129Xe (reflecting gas uptake) is on the right. The healthy subject (Fig.
15a, top) showed generally uniform distributions of gas-phase and dissolved-phase signal
intensities throughout the lung, as expected, although the dissolved-phase signal intensity in
the posterior portion of the lung was noticeably higher than that in the anterior portion,
consistent with a gravity-induced gradient in lung tissue density from anterior to posterior in
the supine position as described above for XTC results. In contrast, for the subject with mild
COPD, both gas-phase and dissolved-phase components showed non-uniform signal
distributions (Fig. 15a, bottom). Even though the distribution of 129Xe in the airspaces
modulates the amount of xenon available for exchange, signal intensity variations in the
dissolved-phase components were not identical to those in the corresponding gas-phase
components. Further, the signal intensity of the dissolved-phase component in the anterior
portion of the lung of the COPD subject (Fig. 15a, bottom, first two images) was clearly
higher than that for the corresponding gas-phase component, whereas the signal intensities
for gas-phase and dissolved-phase components were similar in the anterior portion of the
lung for the healthy subject. This difference between the healthy and COPD subjects is
illustrated clearly by calculating the ratio of the dissolved-phase to gas-phase signals (Fig.
15D, top two rows); in the anterior sections of the lung, this ratio is substantially higher in
the subject with mild COPD than in the healthy subject, which may reflect inflammation in
the subject with mild COPD. There are several regions in the ratio images for the COPD
subject (Fig. 15b, middle row) for which values are relatively low, and similar to those in the
healthy subject. However, comparison of the ratio images to ADC maps (Fig. 15b, lower
row) acquired in the COPD subject (albeit at slightly different section positions) reveals a
high degree of correspondence between reduced ratio values and elevated ADC values (e.g.,
arrowheads), which indicate regions of dilated airspaces, presumably due to emphysematous
changes.

The preliminary results from methods for direct imaging of 12Xe dissolved in the human
lung (94,95) suggest that these approaches will provide new opportunities for quantifying
relationships among gas delivery, exchange, and transport, and thus show substantial
potential to broaden our understanding of lung disease. Although initial results for direct
imaging provided relatively coarse spatial resolution and only moderate SNR, it is
reasonable to anticipate that technical advances can provide marked improvements.

FUTURE AS A CLINICAL TOOL

Unfortunately, since the sale of just a few gas-polarization systems by a company (MITI,
Durham, NC; see Fig. 1) in the mid-1990s, it has not been possible to purchase a
commercial polarizer in the US due to the business policies of the companies that have held
exclusive rights to very broad patents in the hyperpolarized-gas field. Researchers in
hyperpolarized-gas MRI have had polarizers on loan from the controlling companies, or
have custom-built their own. This situation is the primary reason that, to date,
hyperpolarized-gas MRI has failed to disseminate beyond a small handful of primarily
academic centers. However, two game-changing developments occurred in the latter part of
2011. First, the company holding exclusive rights to the very broad patents in recent years
offered to sell gas-polarization systems to the institutions that had them on loan. Many, if
not all, of these institutions took advantage of the offer, which now makes it possible for
these institutions to pursue research directions that were off limits when the polarization
systems were under company control. The second, and more important, development is that
a new company (Polarean, Inc., Research Triangle Park, NC) has formed which now has
control of the intellectual-property portfolio that includes the very broad patents in the field
of hyperpolarized-gas imaging. This company is dedicated to the development of
hyperpolarized-gas MRI, in contrast to previous controlling companies, and, for the first
time since the mid-1990s, offers gas-polarization systems for sale. This provides a clear path
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for new centers to become involved in hyperpolarized-gas MRI, which is critical for
development of the field.

This article has reviewed a number of the unique strategies for evaluating the structure and
function of the human lung provided by MRI using hyperpolarized 122Xe, including
methods for assessing gas uptake and exchange which are beyond the capabilities of
hyperpolarized 3He. Now that recent changes in the commercial landscape of the field make
it possible for this innovative technology to spread beyond a few centers, we will hopefully
see, in the next several years, whether these interesting methods can move beyond research
labs to become methods of choice for the routine evaluation and monitoring of pulmonary
disease.
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Optical pumping and spin exchange. (a) Simplified conceptual diagram of the optical-
pumping and spin-exchange process. In optical pumping (left), circularly-polarized laser
light at the appropriate wavelength polarizes the spins of the valence electrons (shown in
green) of rubidium atoms by preferentially populating one of the two spin states for the
valence electron. In this diagram, electron-spin polarization is illustrated by a change in the
electron-spin orientation (symbolized by the small black arrow through the electron) from
down to up. Spin-exchange collisions (right) transfer this polarization from rubidium
electrons to noble-gas nuclei. After spin exchange, the spins of the valence electrons of
rubidium atoms are polarized again and participate in subsequent spin-exchange collisions,
further increasing the noble-gas polarization. (Diagram adapted from Fig. 1 of ref. (99).) (b)
Photograph of an early prototype commercial gas-polarization system (model 1GI 9600,
Magnetic Imaging Technologies, Inc. [MITI], Durham, NC), showing some of the system’s
major functional aspects. This system, the first manufactured by MITI, has an exchangeable
central “cartridge” to permit operation with either 129Xe or 3He.
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Figure 2.

State-of-the-art gas-polarization system for 129Xe. These photographs show a prototype
commercial fourth-generation gas-polarization system optimized for 129Xe (model XeBox-
E10, Xemed, LLC, Durham, NH). This polarizer is based on the flowing approach for
hyperpolarized-gas production as discussed in the text. The polarizing column, which is the
functional analog of the optical cell shown in Fig. 1, is indicated on the right. Additional
technical details can be found in ref. (28).
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Figure 3.

Effect of T1 relaxation on thermally-polarized versus hyperpolarized magnetization. These
plots compare the evolution of the longitudinal component of thermally-polarized
magnetization (left column) to that of hyperpolarized magnetization (right column) for the
first several repetitions of either a single spin-echo (upper row) or low-flip-angle gradient-
echo (lower row) pulse sequence. Due to the non-equilibrium nature of the hyperpolarized
magnetization, pulse sequences using repeated, high-flip-angle RF pulses, such as a spin-
echo method as illustrated in the upper row, are not useful for hyperpolarized-gas imaging of
the lung. In contrast, for appropriate pulse-sequence parameter values, low-flip-angle
gradient-echo imaging yields similar relative magnetization evolutions for both thermally-
polarized and hyperpolarized magnetization as illustrated in the lower row. For the single
spin-echo pulse sequence a 90° excitation RF pulse is applied every 0.5 s (i.e., TR = 500 ms)
starting at time zero, and for the low-flip-angle gradient-echo pulse sequence a 10°
excitation RF pulse is applied every 20 ms starting at time zero. For thermally-polarized and
hyperpolarized magnetization, the T1 values are representative of biological tissue (1 s)

and 129Xe in the lung (20 s), respectively, and the initial values of the magnetization are
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denoted Mg, and My, respectively. Ideal spoiling of transverse magnetization between pulse-
sequence repetitions is assumed.
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Figure4.

Ventilation imaging of the healthy human lung. Coronal ventilation images were acquired
using hyperpolarized 129Xe (upper and lower rows) or 3He (middle row). In both the 3He
images shown in the middle row and the 122Xe images shown in the lower row,
hyperpolarized gas distributed generally uniformly throughout the ventilated airspaces of the
lung. The tremendous improvement in the quality of 129Xe images between 1996 and 2009
is attributable primarily to an increase in gas polarization; gas polarizations were
approximately 1% for the images in the upper row and 35% for those in the middle and
lower rows. The images in the upper and middle rows were acquired at 1.5T using a single-
channel chest RF coil, while those in the lower row were acquired at 3T using a 32-channel
array chest RF coil (33). All images were obtained using a low-flip-angle gradient-echo
(FLASH) pulse sequence. (Images in the upper row are reproduced with permission from
Fig. 1 of ref. (12), and those in the lower row are from the healthy subject shown in Fig. 1 of
ref. (48).)
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Figure5.

Ventilation imaging of the diseased human lung using 12°Xe. Coronal ventilation images
were acquired in subjects with asthma (upper row), COPD (middle row) or cystic fibrosis
(lower row). Numerous ventilation defects are seen in each of the images secondary to
airflow obstruction caused by the underlying diseases. Gas polarizations were between
approximately 25% and 35%. The images in the upper and middle rows were acquired at 3T
using a 32-channel array chest RF coil, while those in the lower row were acquired at 1.5T
using a single-channel chest RF coil. All images were obtained using a low-flip-angle
gradient-echo-based (FLASH or TrueFISP) pulse sequence. (Images in the middle row are
from the corresponding subject shown in Fig. 1 of ref. (48). Images in the bottom row are
from the same subject shown in the first row of Fig. 1 in ref. (100).)
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Figure®6.

Comparison of ventilation imaging using 129Xe and 3He in cystic fibrosis. Coronal
ventilation images were acquired in two subjects with cystic fibrosis; imaging for each
subject was completed on the same day. While, in subject A, the ventilation defects in 129Xe
images appear very similar to those in 3He images, in subject B the ventilation defects

in 129Xe images appear more severe than those in 3He images. This difference observed in
subject B is possibly attributable to the different physical properties of 129Xe and 3He gases.
All images were acquired at 1.5T using a single-channel chest RF coil and a low-flip-angle
gradient-echo-based (FLASH or TrueFISP) pulse sequence. (Images in the top and bottom
rows are from the same subjects shown in the second and first rows, respectively, of Fig. 1
in ref. (100).)
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Figure7.

Comparison of diffusion imaging using 12°Xe and 3He. Coronal ADC maps were obtained
in two healthy subjects and in two subjects with COPD using 129Xe (left two images) or 3He
(right two images). For both gases, the ADC values are relatively low and spatially uniform
in the healthy subjects. In contrast, the ADC values for the COPD subjects are markedly
inhomogeneous and generally elevated compared to those for the healthy subjects,
particularly in the apices. All images were obtained using a low-flip-angle gradient-echo
(FLASH) pulse sequence that included a bipolar gradient waveform, applied between the
excitation RF pulse and the spatial encoding gradients, to impart diffusion sensitization (&
values: 0 and 10 s/cm? [129Xe] or 0 and 1.6 s/cm? [3He]). (129Xe ADC map for COPD is
from the same subject shown in Fig. 4 of ref. (91).)
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Figure8.
Directional gradients in 129Xe ADC values. Coronal ADC maps obtained in a healthy

subject demonstrate gradients of the ADC values in both the anterior-posterior and superior-
inferior directions. The anterior-posterior gradient is attributed to the well-known gravity-
dependent gradient in lung tissue density from anterior to posterior in the supine position.
Kaushik et al suggest that the superior-inferior gradient may be associated with regional
variation in concentration of the inhaled 129Xe (36), although similar variations in ADC
values have also been observed using 3He (71). (Fig. 5 from ref. (36), reproduced with
permission.)
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Figure9.

Comparison of oxygen-concentration imaging using 129Xe and 3He. Coronal maps of the
partial pressure of oxygen (pO,) were obtained in healthy subjects using either 129Xe (left)
or 3He (right). For both gases, the pO,, values are generally uniform and in a range
consistent with normal lung physiology, except for artifactually high values at the base of
the lung caused by slight motion of the diaphragm during the acquisitions. Both images were
obtained using a gradient-echo-based, cardiac-triggered, short-breath-hold implementation
of pO, mapping (101). (12°Xe pO, map is from healthy subject #1 in ref. (101).)
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Figure 10.
129%e in the lung. Inhaled xenon gas distributes among the airspaces of the lung and also

dissolves in the lung parenchyma and blood. Because of the large chemical-shift, and hence
frequency, difference between 129Xe in the airspaces (alveoli) and that in the parenchyma/
blood, an MR spectrum of 129Xe in the lung reveals distinct spectral peaks corresponding to
the gas and dissolved components. For clarity, the dissolved-phase peaks, associated with
roughly 2% of 129Xe in the lung, are shown several times larger than they would appear if
the same flip angle was applied to both the gas-phase and dissolved-phase compartments.
(Lung rendering adapted from: dir.niehs.nih.gov/dirlrb/mchb/proj-cox.htm. Micrographs
reproduced with permission from Albertine KH. Structural organization and quantitative
morphology of the lung. In: Cutillo AG, ed. Application of Magnetic Resonance to the
Study of Lung. Hoboken, NJ: Wiley-Blackwell, 1996; 73-114.)
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Figure11.

129%e exchange between lung airspaces and tissue. Following inhalation, a dynamic
equilibrium is quickly established between xenon in the airspaces and xenon dissolved in the
parenchyma and blood, resulting in diffusion-driven exchange of xenon between the
airspaces (blue Xe atoms) and dissolved-phase compartments (red and gold Xe atoms). A
fraction of dissolved xenon is transported to other organs by the bloodstream. (Diagram
adapted from Fig. 2 of ref. (20). Micrograph reproduced with permission from Albertine
KH. Structural organization and quantitative morphology of the lung. In: Cutillo AG, ed.
Application of Magnetic Resonance to the Study of Lung. Hoboken, NJ: Wiley-Blackwell,
1996; 73-114.)
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Figure 12.
XTC: Xenon polarization transfer contrast. Following inhalation of hyperpolarized gas, a

low-flip-angle, gradient-echo image of gas-phase 129Xe is acquired (left). Next, image
contrast reflecting the degree of gas exchange between the airspaces and tissue/blood is
generated by applying a series of high-flip-angle RF pulses (green arrows in plots) at the
frequency corresponding to the dissolved-phase compartments. During the delay between
applications of these contrast-generating high-flip-angle RF pulses, exchange of xenon
atoms between the airspaces and tissue/blood causes the gas-phase longitudinal
magnetization to decrease (plot on right, blue curve) by an amount proportional to the
degree of exchange. Finally, a second low-flip-angle, gradient-echo image of gas-

phase 129Xe is acquired (right). Analysis of the changes in signal intensity between the first
and second images provides a regional map (top) reflecting the degree of gas exchange that
occurred during the delay between contrast-generating RF pulses. For clarity, the dissolved-
phase peaks (plot on left) and associated plots of longitudinal magnetization (plot on right)
are shown several times larger than actual values.
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Figure13.

XTC in a healthy human subject. Maps of fractional gas exchange were calculated from
single breath-hold XTC acquisitions at 0.2T (25) performed at 47% (left) and 63% (right) of
total lung capacity (TLC) in a healthy volunteer. The mean value of the fractional gas
exchange decreased from 1.8% (47% of TLC) to 1.4% (63% of TLC) in response to the
increase in lung volume. Although the fractional gas exchange appeared fairly uniform
across the lung in both cases, summation of the values along the left-right direction revealed
an increase in fractional gas exchange of roughly 0.5% from apex to base for 47% of TLC,
whereas the corresponding values for 63% of TLC were uniform from apex to base (25).
The time delay between applications of high-flip-angle RF pulses to the dissolved-phase
compartments was 62 ms; other acquisition parameters are described in ref. (25). Note that
the color scale for the map on the left has a maximum of 6%, while that for the map on the
right has a maximum of 3%. (Maps of fractional gas exchange reprinted from European
Journal of Radiology, 64(3), Patz S, Hersman FW, Muradian I, et al., Hyperpolarized 129Xe
MRI: a viable functional lung imaging modality?, 335-344, Copyright 2007, with
permission from Elsevier.)
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Figure14.

Lung microstructural parameters from XTC. Maps of the parameters MXTC-F (left half of
figure), proportional to the tissue to alveolar-volume ratio, and MXTC-S (right half of
figure), proportional to the mean septal wall thickness, were derived from multiple-
exchange-time XTC acquisitions at 3T (91). In a healthy volunteer (upper row), both
MXTC-F and MXTC-S clearly increased along the anterior-posterior direction, and were
either generally uniform or showed relatively small variations within coronal sections. In
contrast, for a subject with COPD (lower row), MXTC-F showed marked regional variations
within sections with lower values in the apices. Further, MXTC-S did not show substantial
variation along the anterior-posterior direction, but was generally higher than for the healthy
subject. Acquisition parameters are described in ref. (91). (Maps reproduced with
permission from Fig. 2 in ref. (91).)
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Figure 15.

Direct imaging of dissolved 12Xe in the human lung. (a) Three-dimensional acquisitions
depicting gas-phase 129Xe in the lung airspaces (left side of each section) and dissolved-
phase 129Xe in the tissue and blood (right side of each section) from a healthy subject (top)
and a subject with mild (GOLD stage 1) COPD (bottom) (95). While the signal-intensity
distributions for the gas-phase and dissolved-phase components were generally uniform for
the healthy subject, except for noticeably higher dissolved-phase signal intensity in the
posterior portion of the lung, both gas-phase and dissolved-phase components showed non-
uniform signal distributions in the subject with COPD, with some regions of mismatch
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between corresponding gas-phase and dissolve-phase signal variations. Acquisition
parameters are described in ref. (95). (Adapted from Fig. 2 in ref. (95).) (b) Maps showing
the ratio of dissolved-phase to gas-phase 129Xe in the healthy (top row) and COPD (middle
row) subjects, and showing the ADC for 129Xe (b values of 0 and 10 s/cm?) for the COPD
subject (lower row). In the anterior portion of the lung, the ratio of dissolved-phase to gas-
phase 129Xe for the COPD subject was substantially higher than that for the healthy subject.
Regions of relatively low ratio values for the COPD subject were generally associated with
elevated ADC values (e.g., arrowheads).
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