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REVIEW Magnetic Resonance in Medicine
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1 | INTRODUCTION

There are multiple brain imaging modalities currently
available for clinical diagnostic use, including ultrasound,
CT, single-photon emission CT, PET, and MRI. MRI is
a noninvasive technique that uses no ionizing radiation
and can produce images with high spatial resolution and
contrast-to-noise ratio. Despite numerous developments
and discoveries since MRI was invented in 1973,! the main
limitation of MRI remains the same: low sensitivity.>> The
MRI signal originates from the net magnetization of the
sample due to the small population difference between the
Zeeman energy levels of nuclei with typically a one-half
spin number. Conventional MRI uses the NMR signal from
water protons (H); numerous contrast agents are being
developed to enhance the 'H MRI signal and provide the
ability to localize the area of interest.>~> Many of these
agents, such as gadolinium chelated contrast agents, are
focused on decreasing the spin-lattice (T;) and effective
spin-spin (T,") relaxation of 'H nuclei, which increases
the MR contrast in T;-weighted and T, -weighted images.
Despite the wide use of 'H contrast agents, this approach
is limited due to the presence of the background signal
from surrounding tissues, which limits any increase in
contrast-to-noise ratio. Additionally, there are a variety of
techniques, such as BOLD functional MRI, arterial spin
labeling (ASL), and MRA, which require multiple image
acquisitions and complicated image postprocessing proce-
dures for accurate data interpretation.®’

Another fundamentally different method for enhanc-
ing the MRI signal involves creating a hyperpolarized (HP)
nuclear state.® The HP state is a metastable state that can
achieve up to a 10° times larger spin population excess,
compared with the thermal equilibrium state. Traditional
HP MRI techniques work with non-proton MRI-sensitive
nuclei such as xenon-129 (1?°Xe), helium-3 (*He), and
carbon-13 (13C).>!2 The signal from HP nuclei can be
enhanced by up to 10° times, and MRI images of HP agents
can be acquired with almost no background signal. Due to
this signal boost, imaging of low-concentration HP agents
becomes possible. Currently, the main application of HP
gas MRI is for lung imaging of healthy individuals and
individuals with lung disorders.>!? HP 2°Xe undergoes
gas exchange in the lungs,'* % easily dissolves in pul-
monary blood,'>!>16 and then distributes throughout the
body. Because HP #Xe has a sufficiently long T; relax-
ation time in the blood (T; in a range of 3.4-7.8 s),!7-2° HP
129Xe MRI has the potential to produce functional images
of highly perfused organs.®2-2> Although this idea was
originally formulated at the end of the 20th century,® HP
129Xe imaging in the brain is only recently under extensive
development, and HP 1?°Xe imaging of the kidneys has just
been demonstrated about a year ago.

Despite the intensive development of dissolved-phase
HP 12°Xe imaging in brain tissues over the past decade,
there have been no dedicated comprehensive reviews for
the advances in this area. This review article aims to
highlight the current progress and development in the
field of HP ?°Xe brain imaging, as well as discuss the
technical challenges associated with this technology. The
imaging approaches currently used are also reviewed and
discussed. It is anticipated that insights into the challenges
and opportunities of this field can be highlighted and aid in
further advancements in the methodology and technique
development of this technology with subsequent clinical
translation.

2 | HP2XE SPECTROSCOPY AND
CSI OF THE BRAIN

Historically, xenon was used in medicine as an anes-
thetic due to its ability to dissolve in brain tissue.?*+?® In
addition to its anesthetic applications, xenon was widely
used for cerebral blood flow evaluation using Xenon
CT (Xe-CT).?*-3! Implementation of the hyperpolarization
process for boosting the ??Xe MRI signal established an
entirely new field of brain imaging and investigations with
HP Xe. One of the properties that is most important
for brain research with HP 12°Xe dissolved in various brain
tissues is its chemical shift. The first in vivo *Xe brain
MR spectrum was obtained by Swanson et al. in 1997 from
the rat brain.3* A single blood-tissue resonance peak was
identified and used to produce an HP '?°Xe 2D CSI of
the rat brain (Figure 1). Later that year, Mugler et al. per-
formed the first 2*Xe MRS study of the human head.
In that study, volunteers inhaled between 300 and 500 ml
of HP 'Xe in one breath; 15 consecutive spectra of the
head were subsequently acquired during and after a 15-s
breath-hold period. The spectra showed one peak from
the gas phase and one peak from the dissolved phase that
was shifted 196 ppm from the gas peak. The dissolved
phase peak appeared at the end of the inhalation period
at approximately 5 s and disappeared 40 s after the start of
the breath-hold. The main limitation for the acquisition of
human brain images at that time was the extremely low
polarization of HP 2Xe achievable, approximately 2%.33

Obtaining a spectral peak from HP 12°Xe dissolved in
the brain allowed the conduction of a dynamic study of
the distribution of xenon in the rat brain using 1D and 2D
CSL3* Swanson et al. detected a signal from the rat brain
using 1D CSI with a low flip angle and investigated the
time evolution of this signal. The polarization of 12Xe in
this study, however, was still low (5%-8%); the study was
performed primarily to observe the signal evolution within
the body of the rat.
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FIGURE 1

(A) Hyperpolarized (HP) xenon-129 (12°Xe) axial 2D CSI of the rat brain in grayscale. (B) Color-coded overlay onto a

high-resolution proton image. The SNR of the HP 1?Xe image was equal to 20. (C) High-resolution proton spin-echo MRI image used for

brain localization. Images are reprinted with permission from the publisher3?

Duhamel et al. used a different approach for observa-
tion of the HP '2°Xe solubility in the rat brain at 2.35 T.?
They injected naturally abundant HP ?°Xe dissolved in
a lipid emulsion, into the carotid artery, and observed
two peaks at 199 and 194 ppm. These peaks were identi-
fied as '?°Xe dissolved in the tissue and the intravascular
compartment, respectively.®> It was clear that the signal
intensity was too small to observe peaks from all brain tis-
sues. Therefore, a final conclusion regarding the specific
resonance frequencies of all '»Xe compartments, rather
than merely just their frequency ranges, was not possible.
Wakai et al. was able to observe all the individual ?°Xe
resonances by averaging 60 acquisitions during continu-
ous breathing of an enriched HP %Xe gas mixture. They
observed five 12°Xe spectral peaks in the rat brain that
ranged between 189 and 210 ppm.*® Following this work,
Nakamura et al. assigned a spectral peak at 195 ppm to the
brain tissue: one at 210 ppm to HP #°Xe dissolved in the
blood, and one at 189 ppm to non-brain tissues (assumed
to be muscle).?” Their conclusions on the resonance fre-
quencies of HP ?Xe in the brain were aided by using
a rat model involving an arterial ligation. Kershaw et al.
found the peaks at 195 and 192 ppm originated from gray
and white matter, respectively.® Additionally, the peaks at
189 and 198 ppm were interpreted as signals from the jaw
muscle and fat tissue.®

The ability to distinguish the HP 2Xe peaks in the
human brain has become possible with the availability of
increased xenon polarization. 1D CSI spectra of the human
brain with 2°Xe polarized up to 8%, and a 2D-CSI image
using 14% polarized '*°Xe dissolved in brain tissue super-
imposed on a 'H image, were obtained by Kilian et al. in
2002.% Two additional peaks at 198 and 195 ppm were
observed on the 1D-CSI spectra beside an already identi-
fied peak at 196 ppm from Mugler et al.’s results.3®* The
2D-CSI measurements (Figure 2) revealed at least three
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FIGURE 2 Two-dimensional-CSI spectra of HP 12Xe

dissolved in brain tissue superimposed onto a ' H image. The image
was reprinted with permission from the publisher®

additional peaks at 185, 193, and 200 ppm after spectral
averaging, in addition to a peak previously observed at
197 ppm.*® Following their initial study, Kilian et al. per-
formed an additional 2D CSI using isotopically enriched
HP °Xe to determine the origin of 12Xe peaks in the
tissue compartment.** The authors observed two domi-
nant peaks from HP '?°Xe in the brain region at 196 and
193 ppm, and two additional minor peaks from HP '2Xe
in non-brain tissues located below the brain at 190 and
201 ppm. The origins of the dominant peaks at 196 and
193 ppm were proposed to come from the gray and white
matter, respectively.
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After more than 10years since these animal studies,
during which time the polarization of HP 12°Xe was sig-
nificantly improved, Rao et al. demonstrated the first HP
129Xe human brain CSI, with detailed spectroscopy, at 1.5 T
in 2015, where a red blood cell (RBC) *°Xe peak was
observed for the first time.*! During the following year,
they published a detailed study on the assignments of all
the observed HP '2°Xe brain peaks, which was based on
high-resolution spectroscopy and CSI measurements.*? In
the latter study, 3 healthy volunteers each inhaled 1 L of
HP 2Xe, followed by a 20-s breath-hold, during which the
acquisition was performed. CSI was conducted to assign
the HP 12°Xe peaks obtained from the spectroscopy results
(Figure 3D) to various tissue compartments within the
head. An HP '2Xe peak at 188 ppm (Figure 3A) was
assigned to HP '?°Xe dissolved in soft muscular tissue
in the cheek and '®Xe in the midbrain. The peak at
192 ppm (Figure 3B) corresponded to HP '*°Xe dissolved
in white matter; the peak at 196 ppm (Figure 3C) cor-
responded to HP 12°Xe dissolved in gray matter; and the
peak at 200 ppm (Figure 3E) was assigned to HP ?°Xe
dissolved in the plasma, fat tissue outside of the brain,
and CSF. The final peak observed at 217 ppm (Figure 3F)
showed high signal intensity at the location of the Circle
of Willis and corresponded to HP 2Xe dissolved in RBCs.
The results of this study mostly agreed with the results
obtained from previous studies using animal models. One
difference, however, was in frequency of the RBC peak,
which was reported at 210 ppm in rats, and at 217 ppm in
humans.

A spectroscopic study by Li et al** evaluated the influ-
ence of the pulmonary oxygen concentration on the HP
129Xe brain signal. The authors proposed an “apparent
relaxation time” as a parameter that reflects the depen-
dence of the HP *Xe brain signal on the pulmonary
oxygen concentration. The optimal pulmonary oxygen
concentration range for maximizing the SNR of *Xe
brain images was reported to be between 25% and 35%,
which agrees with previous experimental and theoretical
findings.*

Antonacci et al. raised an important question of the
effect of the macroscopic susceptibility gradients on the
dissolved-phase HP '?°Xe chemical shift.*> They pointed
out the lack of consistency of the HP ?Xe chemical shift
dissolved in the same tissues in the different studies. To
solve this problem, they proposed a novel method for mit-
igation of the effects of the macroscopic susceptibility gra-
dients by referencing the dissolved '*°Xe resonances with
the chemical shifts of the nearby 'H water protons. This
allows the comparison of the chemical shift values from
different studies and aids in the correct identification of
the origin of the peaks.

3 | RELAXATION TIME
MEASUREMENTS

Other important characteristics of HP !?°Xe are the
spin-lattice or longitudinal (T;) and spin-spin or trans-
verse (T,) relaxation times. The image quality depends
on the TR and TE, which are set based on the longitu-
dinal and transverse relaxation time values, respectively.
The first measurement of the longitudinal relaxation was
performed ex vivo in rat brain tissue at 9.4 T by Wilson
et al.* T, relaxation times were determined at varying
oxygenation levels and were reported to be 18 + 15 in the
oxygenated state and 22+ 2s in the deoxygenated state.
Following this ex vivo study, Duhamel et al. measured
the longitudinal and transverse magnetization in vivo at
2.35T.*” The T; of HP ?°Xe dissolved in brain tissue was
calculated to be 14+ 1s, and the T," was measured to be
8.0+ 1.2ms.*’ Spin-lattice relaxation for the white mat-
ter was also derived from human brain dynamic spectra
by Kilian et al. to be 8 s.*® The next measurement of T,
relaxation was performed in vivo in the rat brain by Wakai
et al, who proposed a method for measuring the longitu-
dinal relaxation without the need for an estimation of the
flip angle.* Using this approach, the longitudinal relax-
ation time of 1?°Xe in the rat brain was found to be 26 + 4s.
Due to the large discrepancies reported for T; in these
studies, in 2008, Zhou et al. reinvestigated the longitudi-
nal relaxation time of 2Xe dissolved in the rat brain by
developing a mathematical description of the HP %Xe
wash-out process from the brain.®® The authors deter-
mined the longitudinal relaxation time of 12Xe dissolved
in the rat brain using a two-pulse method (T; =15.3 +1.25)
and a multipulse protocol (T, = 16.2+0.95).%

The effective spin-spin relaxation (T,") for the '*Xe
gray-matter peak in the rat brain was estimated primarily
from the linewidth at half-height of the peak by Mazzanti
etal. tobe 5.42 +0.3ms at 4.7 T (observed at 194.7 ppm),!
and by Rao et al. in the human brain at 1.5 T to be 8.8 ms.*?

In summary, there is a lack of consistency among the
measured relaxation values (Table 1). Furthermore, there
were no T; measurements performed for HP **Xe dis-
solved in the gray matter in humans. An accurate assess-
ment of HP '¥Xe T, in the gray matter at different mag-
netic field strengths is vital for the practical implementa-
tion of HP 12°Xe brain imaging. Indeed, one of the main
potential applications of HP ?°Xe brain imaging is rapid
quantification of cerebral perfusion, as well as blood-brain
barrier permeability. According to multiple mathematical
models that were developed,*¥->?-5* however, the HP '2°Xe
signal dynamics depend equally on both tissue perfusion
and the T, relaxation time. Therefore, until T; is quanti-
fied with high accuracy in healthy individuals as well as
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FIGURE 3 Two-dimensional CSI of spatially resolved peaks from 2°Xe in the human head superimposed onto 'H images. (A) Tissue
in the cheek muscle and the midbrain/brainstem. (B) White matter and cartilaginous soft tissue. (C) Gray matter. (D) Spectra of the whole
brain with a bandwidth of 136.0 9 ppm and a spectral resolution of 0.33 ppm. (E) Body interstitial fluid/plasma, fat tissue outside of the brain,
and CSF. (F) Red blood cells (RBCs). The figure was reprinted with permission from the publisher*?
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TABLE 1

Chemical shift relative to gas peak (ppm)

Rat brain studies Tissue 194.5 (2.0 T)*?
199 (2.35T)*

195 (4.7 T)¥

198 (4.7 T)3

Muscle 189 (4.7 T)¥

189 (4.7 T)%

Blood 210 (4.7 T)%

Gray matter 195 (4.7 T)3

White matter 192 (4.7T)%®

Arterial blood

Human brain studies 196.5(2.94T)*
196 (3 T)*

196 (1.5 T)*

Gray matter

White matter 193 3T)*

192 (1.5T)*

RBCs 222 (1.5T)1
224 (4.7 T)V

217 (1.5T)*

197 (1.5T)Y
198 (4.7 T)V7
200 (1.5 T)*?

Blood plasma

Muscle tissue 188 (1.5 T)*

in patients with neurodegenerative or cerebrovascular dis-
eases, brain perfusion imaging using HP '?Xe MRI will
remain mostly qualitative.

Surprisingly, there were no T," measurements con-
ducted for HP 12Xe dissolved in human brain white mat-
ter, cerebral blood plasma and RBCs, and soft muscle
tissue. These measurements are essential for further HP
129Xe brain imaging pulse-sequence development because
they will allow proper optimization of the imaging TEs.

4 | STRUCTURAL BRAIN
IMAGING WITH HP 12°XE

At the end of the 20th century, the initial discovery of
boosting the 12°Xe signal with hyperpolarization for struc-
tural imaging of the brain using HP ?°Xe was extremely
promising.® After signal-intensity measurements at the

Chemical shift, longitudinal, and transverse relaxation of HP 12Xe dissolved in the different brain tissues

T, () T," (ms)

14.0+1.0 (2.35T)¥
3.6+2.1(2.35T)%
26+4(4.7T)%
15.3-16.2 (4.7 T)*®

8.0+1.2(2.35T)"
542+0.3(4.7T)"!

18 + 1 (oxygenated 9.4 T)*6
22 + 2 (deoxygenated 9.4 T)*6
13.7+1.6 (4.7T)"

13-16 (1.5 T)Y

8.8 (1.5T)*

8(2.94T)"

beginning of the 21st century, however, it became clear
that the polarization of HP 2Xe needed to be signifi-
cantly higher than what was possible at that time. Swan-
son et al. measured an SNR of 20 in the rat brain with
3.1x3.1x10mm? voxels.>? Due to the limited concen-
tration of HP '%Xe dissolved in brain tissue, CSI was
used as the main imaging approach for HP 12Xe brain
studies. To address the limitation of relying on CSI for
HP !°Xe brain imaging, Nouls et al. developed a fast
3D radial gradient-echo (GRE) acquisition approach for
HP '%Xe brain imaging.>® They acquired high-resolution
3D images of the HP '?°Xe distribution in the rat brain
with an isotropic 32 x 32 X 32 matrix and a voxel size of
3.65 % 3.65 x 3.65 mm?3 (Figure 4).

Recently, Friedlander et al. demonstrated spectrally
resolved HP '?°Xe imaging of the rat brain using iterative
decomposition with echo asymmetry and least-square esti-
mation (IDEAL) using a spiral readout at 3.0 T.>”3 Using
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FIGURE 4

Three-dimensional HP 12Xe MR images of rat brains. The dissolved HP %°Xe image (color) is overlaid onto a 'H

anatomical image (grayscale). The 2Xe signal largely matches the brain tissue. The 12*Xe signal was notably intense in the olfactory bulb

and midbrain regions and was largely absent from the cerebellum. The images are reprinted with permission from the publisher>®

this approach, images of 12°Xe dissolved in brain tissue
and RBCs were acquired with an SNR of 31 +4 and 16 + 2,
respectively, and a resolution of 0.5x0.5 cm?2.>’ Using
time-resolved dynamic spiral IDEAL imaging, Friedlan-
der et al. was able to perform, for the first time, '**Xe
local blood-brain barrier (BBB) permeability assessment
in hypercapnic and normocapnic rats during continuous
breathing of HP 12°Xe.>® Successful IDEAL decomposition
of the dissolved-phase HP ?°Xe signal will likely be of
interest for human brain imaging in future studies.

The first HP 2Xe structural human-brain image was
acquired at 1.5 T by Rao et al. in 2015, once the process of
polarization was improved.*! The image was acquired in
an axial projection using a 2D spoiled GRE sequence with
a voxel size of 6.88 X 6.88 x 50 mm?. The HP %Xe brain
image correlated with the corresponding anatomical 'H
MR image.

Rao et al. recently went on to perform 3D isotropic
spectroscopic imaging of HP '*Xe in the human brain.>
The acquisition matrix was 10 X 10 X 10, yielding a slice
thickness of 2cm and an acquisition voxel size of 8 cm?3.
The acquired images were interpolated to a voxel size
of 0.24 cm? and a slice thickness of 0.625cm. This novel
approach for HP !*Xe spectroscopic imaging cold be
potentially implemented in further brain oxygenation
mapping.

The most recent contribution to HP '2°Xe structural
brain imaging was achieved by Grynko et al. by acquir-
ing 3D multislice images of the human brain at 3 T
(Figure 5).% Five slices of the human brain were imaged
with a slice thickness of 20 mm and an acquisition voxel
volume of 1.22cm?3, which is the smallest acquisition
voxel volume of HP '?Xe human-brain imaging currently
achieved. The highest SNR was reported to be 18.76 +4.95

from the inhalation of 1 L of HP '?°Xe polarized to about
50%.

These two recent studies provided a significant step for-
ward, demonstrating the ability of HP 12°Xe brain imaging
to produce multiple slices, which will allow the accurate
and precise anatomical localization of HP ?°Xe dissolved
in the human brain.

Despite these recent achievements in structural HP
129X e imaging of the brain, the imaging voxel size remains
approximately two orders in magnitude larger compared
to that of conventional anatomical proton MRI (*H voxel
size ~10 mm?). The low concentration of >Xe dissolved
in the brain tends to significantly restrict the spatial res-
olution achievable for imaging. Based on previous uptake
models*®°! (detailed in the next section) and the Oswald
solubility of '?°Xe in pulmonary blood,®? it is estimated
that only about 1%-2% of the amount of inhaled *Xe
actually dissolves in the brain tissues. In spite of the low
concentrations of '?°Xe achievable in brain tissue, how-
ever, it will be seen in the following sections that there
is great value for using HP '2°Xe for perfusion and other
functional studies of the brain.

5 | HP!'XE UPTAKE MODELS
The dynamics of HP 12Xe uptake in the brain and its
wash-out are complex and require careful consideration
of multiple factors. Therefore, an accurate mathematical
model of HP 12°Xe signal dynamics is required for appro-
priate experimental design.

The first attempt to model 12°Xe uptake in brain tissues
was performed by Peled et al. in 1996.5! They proposed an
uptake model that calculated the time-dependent build-up



SHEPELYTSKYI ET AL.

8 . . . .
J—Magnetlc Resonance in Medicine

Slice #1 Slice #2 Slice #3 Slice #4 Slice #5

FIGURE 5 The first HP **Xe 3D gradient-echo (GRE) multislice image of the human brain. (A) 'H T,-weighted anatomical axial
turbo spin-echo (TSE) images of a representative healthy volunteer. B-D, Axial anatomical images of gray matter (B), white matter (C), and
CSF (D) segmented using high-resolution TSE 'H T,-weighted images of a representative healthy volunteer. (E) Three-dimensional GRE HP
129Xe axial brain slices acquired 10 s into the breath-hold. (F) Thresholded HP 2°Xe axial brain slice images superimposed on top of the
corresponding 'H anatomical images from (A). It can be seen that the HP 12°Xe signal corresponds well to the gray-matter distribution in the
brain. In addition, a partial correlation has been observed between the white-matter images and the HP 12°Xe images. The image was

reprinted with permission from the publisher®
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of polarized '?°Xe in brain-tissue compartments based on
estimates of the '?°Xe relaxation times in tissue, perfusion
rates, arterial transmit time, and partition coefficients. The
authors considered continuous breathing a dose of 70%
enriched HP 2°Xe mixed with 30% O,. The model pre-
dicted a maximum concentration of '?*Xe of 27 uM for gray
matter and 8 uM for white matter and myelin, reached at
60 s after inhalation. Martin et al. extended Peled’s model
by accounting for different breathing protocols and esti-
mated the '2°Xe concentration in the brain for a wide
range of T; values for the gas and tissue phases.®®> The
key 12°Xe T; parameters used in the model were as fol-
lows: 1000s in the polarizer cell, 6 s in the arterial blood
and in the tissue, and 12s in the mouth and lungs. In
this model, the polarization of 2°Xe was assumed to be
equal to 100%. The lung to brain transit time was esti-
mated to be 5 s. Three different breathing protocols were
investigated: continuous breathing, hyperventilation fol-
lowed by a breath-hold, and hyperventilation followed by
continuous breathing. The maximum HP '?Xe concen-
tration in the gray matter was calculated to be 0.09 mM
at 15 following inhalation for both the hyperventilation
with a breath-hold, and the continuous breathing meth-
ods. The ®Xe concentration in the brain was predicted
to be 0.04 mM at 50s after inhalation for the continuous
breathing protocol.5® Although both of these initially pro-
posed models did not account for such factors as chemical
shift effects, HP ?°Xe passage through biological mem-
branes, and 12°Xe exchange between brain compartments,
they provided useful information for conducting further
research. Kilian et al. went on to propose an improved
129Xe uptake model based on spectroscopic MR measure-
ments at various time points after '2°Xe inhalation.*® The
model was in agreement with the quantitative 12°Xe spec-
troscopy experimental data. Kilian also reported that the
longitudinal '**Xe relaxation in gray matter was slower
than that in white matter (Tyg > T1w).*® This model, how-
ever, also had drawbacks. It did not account for the gradi-
ent of 1?°Xe solubility in gray matter and white matter or
the exchange of 12°Xe between the tissues and the blood-
stream. Following this, Shepelytskyi et al. expanded on
Kilian’s model for the case of HP 12Xe dynamic imaging,
and implemented it for perfusion imaging of the human
brain.>?

An additional mathematical description of the HP
129Xe wash-out process was developed by Zhou et al.
for better estimation of the longitudinal relaxation time
of Xe dissolved in the brain tissues.® Following this,
Kimura et al. developed an HP '2Xe uptake model and
investigated 12°Xe uptake using chemical shift saturation
recovery spectroscopy in the mouse brain.** This model
allowed improvements to the estimation accuracy of the
HP ?°Xe longitudinal relaxation time in the mouse brain.

. . . . 9
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Imai et al. also developed a theoretical model of the 12°Xe
signal dynamics in the mouse brain, and suggested a
method for its quantitative measurement under continu-
ous 12Xe ventilation conditions.

The most recent kinetic model of HP '?°Xe uptake was
developed by Rao et al. for the determination of the trans-
fer rate of inhaled xenon from cerebral blood to the gray
matter in the human brain.>%® Using the time course
of the HP 12°Xe spectroscopic signal, the authors intro-
duced a tracer kinetic model that explains the exchange
of 1°Xe between these compartments.>® In this model, the
transient ratio of the HP ?Xe concentration from gray
matter to the blood was calculated from single-voxel MRS
spectra. The slope of the transient ratio over time was pro-
posed as a physiological marker of BBB permeability. The
main advantage of Rao et al.’s model compared with other
uptake models is that it considers the forward exchange
of 12Xe between the cerebral blood and gray-matter tis-
sue. However, it only considers the forward transfer of HP
129Xe, and neglects the gradient of the HP '?Xe concentra-
tion in the gray matter.

Further development of more complex mathematical
models is required to accurately describe the concentra-
tion of HP 2°Xe in the brain, and consequently, its signal
dynamics. Future models must also make a special effort to
describe the HP 1%°Xe diffusion processes in brain tissues.
They must consider both forward and retrograde transfer
of HP '2°Xe as well as properly describe the HP 12°Xe con-
centration gradient within the brain tissues. The diffusion
coefficients of HP 12°Xe in the cerebral blood and brain tis-
sues currently remains unknown, which reduces the accu-
racy of the previously established models, as they often
use the value of the 12°Xe diffusion coefficient in aqueous
solutions as a substitute for that in the brain. Dedicated
measurements of these important physical parameters for
HP 12°Xe are required to make further progress on HP 1Xe
uptake modeling.

6 | PERFUSION IMAGING WITH
HP 2XE

Perfusion imaging is used widely in the clinic for the
assessment of cerebrovascular physiology, to diagnose
brain pathologies such as brain tumors and stroke. Hyper-
polarized '?°Xe is an exogenous agent that can act as an
imaging agent for the evaluation of brain perfusion. This
application was first predicted by Duhamel et al. in 2002,
but the low polarization values of HP *°Xe (18%-20%)
at that time did not permit the researchers to obtain
high-quality results for perfusion assessment in the rat
brain.*’ The next attempt for perfusion evaluation was per-
formed by Rao et al. in the human brain in 2018, with
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HP %Xe polarized to 35% at 1.5 T.%% Three healthy
volunteers inhaled 1 L of 87% enriched 12°Xe for a 24-s
breathhold duration. The HP 12°Xe uptake images were
acquired with time intervals of 8, 16, 24, 32, 40, and 48 after
inhalation (Figure 6A-F). The volunteers resumed breath-
ing at 24s. The resulting images were zero-padded up to
an 80 x 80 in-plane resolution from 7.81 x 7.81 X 130 mm?3
voxels with a 32 X 32 resolution. The first four images were
signal averaged for further comparison to ASL imaging.
The signal averaged HP '%°Xe images exhibited certain
advantages over ASL perfusion imaging in that they did
not require averaging over a period of several minutes,
and they further lacked any undesired signals from blood
vessels (Figure 6H). The SNR from the averaged images
(Figure 6G) was 31+9, 24+4, and 23+2 from the 3
healthy volunteers.5® Although this technique is limited by
the quantity of '2°Xe that is delivered to the brain and also
by the loss of 12°Xe polarization during transport from the
lungs to the brain, it can be used for qualitative perfusion
estimates in the human brain.

Recently, Rao et al. demonstrated a moderate correla-
tion between the cerebral perfusion values as measured by
ASL and the ?*Xe uptake in the human brain.® To inves-
tigate this correlation, the ASL perfusion images were cor-
rected for any depolarization that '2°Xe would experience
using two exponential terms to account for the T; polariza-
tion decay of HP 12°Xe in the blood and during its residency
time in gray matter. The authors reported a moderate posi-
tive correlation (correlation coefficient range of 0.34-0.63)
between the corrected perfusion images obtained using
ASL and the HP '2°Xe brain images.

The most recent study on HP 2Xe perfusion imag-
ing was conducted by Shepelytskyi et al. in 2020.5 They
demonstrated a novel 12°Xe time-of-flight (TOF) MRI tech-
nique capable of quantitative perfusion measurements. It
was a different approach compared with that used by Rao
et al.% Tt was based on the time-resolved depolarization
of dissolved HP *°Xe in the brain and the acquisition of
dynamic images after subsequent TOF wash-in delays. It
fostered the absence of any background signal and iso-
lated the HP *°Xe delivered by the cerebral blood flow.
Cerebral perfusion was recalculated from the dynamic HP
129Xe TOF images using a modified version of Kilian’s
HP 2°Xe uptake model.*® Three dynamic TOF images
were acquired using incremental TOF delay times: 2.5,
6.7, and 7.1 s for axial projections, and 1, 6.5, and 7.1 s
for sagittal projections. The images were acquired using
a 20 x 20 acquisition matrix with a 12.5x 12.5 x 70 mm?
voxel volume, and zero-padded to a 32X 32 matrix.
Figure 7 shows the dynamic HP %Xe images and result-
ing perfusion map, overlaid on T,-weighted 'H brain
images.

In spite of the fact that several major advances have
been made in the development of HP 12°Xe perfusion imag-
ing, this methodology remains largely in its infancy. There
are numerous technical challenges associated with these
approaches that originate from the issues highlighted pre-
viously. Most applications of HP 2Xe MRI for cerebral
perfusion imaging remain, to a large extent, qualitative due
to the fact that there have not been any imaging techniques
developed that allow an accurate implementation of the
existing HP '2°Xe dynamic models. Shepelytskyi et al. car-
ried out a quantitative estimation of cerebral perfusion®?;
however, they used several significant simplifications that
somewhat reduce the accuracy of their estimations.

7 |
129XE

FUNCTIONAL MRI WITH HP

Because HP '%Xe acts as a natural cerebral blood flow
tracer, it was suggested that HP 12°Xe brain imaging should
be capable of detecting physiological activity in the brain
via changes in the local hyperpolarized *Xe density
contrast.® The fundamental principles behind this mech-
anism are quite simple compared with the conventional
BOLD technique for functional brain MRI (fMRI): Blood
flow to areas of the brain that respond to stimulation is
higher, and consequently, the local concentration of HP
129%e in these regions will also be higher. Brain activa-
tion maps can therefore be created after subtraction of
an HP ®Xe reference image acquired during a resting
state. This approach was used by Mazzanti et al. in 2011,
who first demonstrated the ability of HP 1*Xe brain MRI
to detect and map sensory stimulation of the rat brain.>!
Two-dimensional HP '?°Xe CSI images were acquired
before and after stimulation (Figure 8B-D) from injection
of capsaicin into the fore-paw. The authors observed an
increase of the HP 12°Xe signal in the somatosensory brain
regions responsible for pain processing.>!

Although these early results seemed promising, this
methodology was fraught with inherent errors and limi-
tations. The direct subtraction approach for two HP 1°Xe
brain images is associated with a high level of potential
errors caused by the interbreath-hold variability of the
HP '#°Xe signal. This signal variability has been estimated
to be about 30%, which can cause a large potential for
false-positive and false-negative results during hemody-
namic response mapping. This challenge was overcome
by Shepelytskyi et al., who performed fMRI of the human
brain using the novel HP ¥Xe TOF imaging technique,
which had been developed for perfusion assessment.>?
The HP Xe TOF pulse sequence substantially reduced
the interbreath-hold signal variability’® and functioned
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FIGURE 6 Brain perfusion in vivo images of a healthy volunteer. (A-F) HP '*Xe imaging at 1.5 T at 8 s (A), 16 s (B), and 24 s (C) after
inhalation during a breath-hold, and 32s (D), 40s (E), 48 s (F) after continuing breathing. (G) Average of the first four images (A-D) with
33-s total imaging time. (H) Pseudo-continuous arterial spin-labeling (ASL) image at 3 T; summation of seven contiguous sections with total
imaging time of 10 min. Images are reprinted with permission from the publishert?
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Example of perfusion map acquisition. (A,F) High-resolution, T,-weighted 'H scans for brain localization. (B-D) Three

dynamic HP #Xe time-of-flight (TOF) images acquired 2.5, 6.8, and 7.1 s after the application of a depolarization RF pulse in the axial

projection. The gradual SNR increase can be observed with increasing wash-in time. (E) The perfusion map created by the pixel-by-pixel

recalculation of the TOF slope was used to calculate the sum of the perfusion rates of gray matter and white matter superimposed on top of a

high-resolution proton brain image. (G-I) Three dynamic TOF images acquired after 1, 6.5, and 8 s in the sagittal view. (J) Perfusion map in

the sagittal view. Similar to (E), the intensity values were the net sum of the white-matter and gray-matter perfusion rates. Images are

reprinted with permission from the publisher>?

well for an accurate assessment of the hemodynamic
response (HDR).>> The HDR to visual and motor stimuli
(Figure 9) was investigated. The resulting functional brain
HDR maps (Figure 9B) correlated well with conventional
'H-BOLD fMRI (Figure 9D).

Although a spatial correlation between the HP #Xe
HDR maps and conventional 'H-fMRI images was
observed, the HP Xe HDR maps had a substantially
lower spatial resolution. The HDR maps had a single slice
thickness of about 100 mm and an in-plane pixel size of
7.81 mm?, whereas the conventional proton fMRI images
were acquired with a 4-mm slice thickness and 3.91-mm?
in-plane spatial resolution. Despite the significant lim-
itations in spatial resolution, HP ?*Xe HDR mapping
outperformed conventional fMRI in terms of temporal
resolution, as the whole brain was mapped in less than in
20s.

8 | BRAIN DISEASE DETECTION
WITH HP 12°XE

Despite the low signal intensity of HP 2Xe dissolved in
the human brain, it is possible to evaluate various differ-
ences in xenon physical properties between healthy sub-
jects and subjects with brain-related diseases. Zhou et al.
demonstrated the first application of HP 2°Xe brain CSI
for in vivo ischemic stroke imaging’! in a rat model. The
large hypointense region corresponding to the ischemic
core (Figure 10C) was observed in an HP '?Xe image

(Figure 10B).”* These results were corroborated by conven-
tional 'H DWI as well as by histology (Figure 10A).

Following this initial study in animal models, Rao
et al. conducted HP 'Xe brain perfusion imaging in
a 52-year old volunteer who had a stroke 2years and
3 months before imaging with HP 2°Xe.”? The conven-
tional proton MRI revealed intracranial arterial occlusion
with collateralization (Figure 11A). To evaluate perfu-
sion using HP 2°Xe, three 32 x 32 images were acquired
during a breath-hold at 8, 16, and 24s after inhalation
of 1 L of HP 12°Xe with 35% polarization. The images
were reconstructed up to an 80x 80 in-plane resolu-
tion with subsequent averaging from a 32X 32 matrix
with voxel size 6.875x% 6.875x 50 mm?>. The final image
(Figure 11D) revealed a region of signal hypointensity,
which indicated poor '?°Xe uptake in the stroke area.
The regional cerebral blood flow (Figure 11C) calculated
from pseudo-continuous ASL (Figure 11B), however, was
higher in the same area, which indicated a delayed hyper-
perfusion. The lower 2°Xe signal can be explained by a
shorter mean transit time due to a higher cerebral blood
flow. This reduces the transfer of 2°Xe to the tissue and
delays the delivery of *°Xe to that area, which affects
the magnetization because of its T; decay. Overall, this
pioneering study demonstrated proof-of-principle contrast
for using HP 12°Xe imaging for stroke imaging in human
subjects.

Another neurological disorder that affects the cere-
bral blood flow and the brain tissues is Alzheimer’s dis-
ease (AD). To investigate the possibility of using HP 1*Xe
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FIGURE 8 HP!'%Xe fMRI data from three animals. The HP 12°Xe signal is shown as a false-color overlay on the corresponding
1-mm-thick coronal proton reference image taken from the same animal. The left panel shows the HP 12Xe signal intensity during baseline,
and the right panel shows HP 12°Xe signal intensity after injection of capsaicin 20 ul (3 mg/ml) into the right forepaw. The color scale
represents SNR, and only signal with SNR above two are shown. Superimposition of a rat brain atlas (18) shows specific areas of the brain:
cingulate cortex (Cg), the motor cortex (M), primary somatosensory cortex, SS1 forelimb region (SS1 and SS1 f1), the secondary
somatosensory cortex (SS2), and striatum (CPu). The images were reprinted with permission from the publisher>!
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FIGURE 9 Detection of a hemodynamic response from a colorful visual stimulus using HP 12°Xe perfusion mapping validated by

BOLD brain functional MRI (fMRI). (A) Experimental design used for hemodynamic response detection. Two separate perfusion maps were

acquired during the control (gray screen) and visual stimulation. (B) Hemodynamic response map created by subtracting the control

perfusion map from the stimulated perfusion map and overlaid on top of a high-resolution proton scan. Activation of the occipital lobe,

superior parietal lobe, and frontal gyrus was observed. (C) BOLD fMRI experimental design for validation of the HP 2°Xe technique. (D)

BOLD fMRI 3D activation maps demonstrate a correlation with a 12Xe hemodynamic response map. The activated areas are indicated by

colored arrows. Images are reprinted with permission from the publisher™

imaging for AD detection, Hane et al. conducted an HP
129Xe washout study in 2018.>* Four participants diag-
nosed with mild to moderate AD and 4 age-matched
healthy volunteers underwent HP ®Xe gas MRS and
MRI during a 20-s breath-hold. Sixty dynamic MRS scans
were acquired every 2 s starting from initialization of the
breath-hold. Three dynamic balanced SSFP MRI images
were acquired at 10, 20, and 30s after gas inhalation.
Five different peaks were observed using MRS that agreed
with the spectroscopy results from Rao et al. in 2016.%?
Interestingly, however, in this study, the 12°Xe signal from
gray matter was 43% lower in AD participants compared
with healthy volunteers, and the white-matter peaks were
not statistically different between the two subject cohorts.
This reduction in HP %Xe signal resulted in a decrease
in the SNR of images acquired from the AD subjects
(Figure 12A). The white-matter and gray-matter spec-
tral peaks were monitored over time: The *Xe washout
half-life for healthy participants was 20 and 16 s for white
matter and gray matter, respectively, whereas the '*Xe
washout half-life for participants with AD was 42 and 43 s
in white matter (Figure 12C) and gray matter (Figure 12D),
respectively. The analysis of the dynamic 12Xe MR images
(Figure 12B) revealed that the Xe washout parameters

were similar in the caudal brain regions for both cohorts
of participants, whereas the prefrontal regions showed a
reduction of the localized 12°Xe washout parameter in AD
volunteers. Therefore, a 12°Xe retention parameter was
proposed as a potential biomarker for AD detection.

9 | DISCUSSION

HP 12°Xe MRI of the brain is a promising medical imaging
modality that is currently under extensive development.
Thirteen articles on HP ?°Xe brain imaging were pub-
lished between the period of the invention of HP %°Xe
MRI in 1994, and 2008, while 26 articles were published
between 2008 to the present. Furthermore, the number of
papers published in the HP'?°Xe brain imaging field grew
steadily over the past decade. The most prominent practi-
cal application of HP 2Xe brain imaging so far has been
its use for cerebral perfusion imaging.52->*%872 The free dis-
solution of HP '?°Xe in the pulmonary blood renders '2°Xe
an exogeneous blood-flow contrast agent. The signal inten-
sity of HP %Xe brain images is determined primarily by
the tissue perfusion, but is further regulated by the level
of polarization, the amount of Xe that is inhaled, and the
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FIGURE 10

In vivo evaluation of stroke using 2D 1?°Xe CSI. (A) Representative 'H apparent diffusion coefficient map image obtained

after a right middle cerebral artery occlusion. (B) Corresponding HP 1?°Xe 2D CSI indicating the large signal void corresponding to the

ipsilesional hemisphere. (C) Corresponding 2,3,5-triphenyltetrazolium chloride (TTC)-stained brain section of the same animal. (D) Tricolor

map based on the ADC and TTC images shown in (A) and (C). Green, red, and blue represent nonischemic stroke. The images were

reprinted with permission from the publisher’!

concentration of xenon that is transferred to the brain (Xe
solubility is 0.17 in the blood, 0.135 in gray matter, and
0.224 in white matter*®). Furthermore, HP 1*°Xe is an exo-
geneous perfusion inhalation contrast agent that does not
provide any undesired background signal.

Unlike 'H-ASL perfusion imaging, the lack of back-
ground signal and need for intensive signal averaging both
provide some of the main advantages of HP 12°Xe brain per-
fusion imaging. With this in mind, the acquisition protocol
for HP '?°Xe MRI can potentially be simpler compared
with that required for ASL MRI for future implementa-
tion in the clinic. Because no signal averaging is required,
the specific absorption rate of HP '?Xe perfusion imag-
ing scans can also potentially be lower compared with ASL
proton scans. Also, in contrast to ASL MRI, HP 1°Xe brain
perfusion imaging can be performed at low field, due to
both the exogeneous nature of HP 12°Xe and the fact that
its signal has a weak dependence of the Bo magnetic field

strength.”>-7> While ASL perfusion imaging is already well
developed for clinical use, HP '*Xe perfusion imaging is
still in its infancy; further improvements to its method
of signal acquisition, and increases to the '2°Xe polariza-
tion level, will be required to render HP '?°Xe perfusion
imaging competitive with ASL MRI.

Another advantage of HP '?°Xe brain perfusion imag-
ing is its ability for extremely rapid image acquisition.
This fact originates from the nonrecoverable nature of the
hyperpolarized longitudinal magnetization. Because the
HP state is a metastable non-equilibrium state, spin—lattice
relaxation destroys the longitudinal component of its net
magnetization over time. Therefore, the use of a short
TR is highly beneficial, which also results in a short scan
time. HP ?°Xe brain image acquisition times are typi-
cally on the order of seconds®*’? (Table 2), although fur-
ther shortening of the scan time is usually possible. Such
short image-acquisition times also reduce the sensitivity of
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Brain MR images acquired in the same session from a subject with established stroke. (A) Axial T;-weighted image

showing infarct in the centrum semiovale of the left cerebral hemisphere (arrow). (B) An axial image from pseudo-continuous ASL shows
hyperintensity in the cerebral cortex adjacent to infarction. (C) Map of CBF estimated from ASL in (B) shows increased perfusion. (D)
Hyperpolarized 2Xe brain image shows reduced uptake in the brain tissue supplied by the left internal carotid artery. The 12°Xe signal in the
region of hypointensity in (D) was 60% lower when compared with the average signal in the healthy region. Images are reprinted with

permission from the publisher’?

HP %Xe cerebral perfusion imaging to motion artifacts.
In contrast, ASL perfusion imaging scans usually require
several minutes due to the need for multiple signal aver-
ages, which makes conventional ASL MRI techniques very
sensitive to motion artifacts.”s78

Despite the aforementioned advantages of HP *Xe
cerebral perfusion imaging, this methodology currently
has several limitations. First, to perform HP ?°Xe MRI,
the research center or clinical site must possess an MRI
scanner capable of performing multinuclear imaging. In
addition, a high-yield 1?°Xe polarizer (an expensive piece
of equipment) is needed, in addition to dedicated MRI coils
tuned to the resonance frequency of '2°Xe. It is desirable
to use a dual-tuned 'H/2Xe RF head coil, as initial 'H
brain localization is required before HP '2°Xe brain imag-
ing. Additionally, the use of isotopically enriched >°Xe is

often required to achieve acceptable SNR levels, as the con-
centration of HP %°Xe is relatively low in the brain tissues.
The necessity of specialized equipment and isotopically
enriched 1%Xe gas renders HP 12°Xe brain perfusion imag-
ing much more expensive than conventional clinical 'H
perfusion MRI techniques.

As previously mentioned, another challenge for HP
129Xe brain imaging is the relatively low concentration of
129Xe dissolved in brain tissues (on the order of uM*®).
Therefore, the overall HP 12°Xe signal level originating
from the brain is quite low, resulting in relatively low
image SNR, which significantly limits the use of HP 1Xe
for anatomical brain imaging. In common practice, to opti-
mize the HP 12°Xe brain image SNR, the acquisition matrix
is typically kept at a low resolution, and a single slice
image is commonly acquired. The most commonly used
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(A) Axial and sagittal *Xe MRI of healthy controls and Alzheimer’s disease (AD) participants. (B) Xenon washout

parameter maps of healthy controls age-matched to AD patients overlaid onto T,-weighted anatomical images. MRS SNR of 1*Xe-WM (C) and
129Xe-GM (D) spectral peaks as a function of time for healthy controls (blue) and AD participants (red). The participants inhaled 500 ml of HP
129Xe and held their breath for 20s. 2?Xe MRS from the brain region was acquired every 2 s. An increase in 12°Xe signal after approximately
10 s was noticed as the Xe reached the brain. At 20s, the participant exhaled and the 12°Xe signal began to decrease at different rates for
AD participants compared with healthy controls for white matter and gray matter. Images are reprinted with permission from the publisher>*

acquisition matrix is 32 X 32, which is two times smaller
compared with the most frequently used acquisition
matrix for ASL imaging. In addition, ASL-based perfusion
imaging techniques can acquire images with a slice thick-
ness about 3-4 mm, whereas the minimum slice thickness
achieved so far for HP '2°Xe imaging is 20 mm. This yields
an HP 2Xe voxel size that is at least 20 times larger com-
pared with typical ASL voxel sizes. Recent advances in
3D-GRE HP '%Xe brain imaging can help to increase the
spatial resolution of HP 12Xe cerebral perfusion images
and potentially render them comparable to modern clin-
ical ASL standards. Further increases in the HP %Xe
polarization (ideally up to the theoretical limit of 86%7°)
could potentially facilitate the enhancement in the sig-
nal required for use of an acquisition matrix of 64 x 64,
which would meet current clinical standards for perfusion
imaging. Even if this is accomplished, a 64 x 64 acquisition

matrix will not be sufficient for structural brain imaging
with HP 12Xe, as conventional 'H MRI is capable of much
higher resolution. Therefore, it can be foreseen that HP
129Xe brain MRI does not bode well as a new anatomical
MRI imaging modality, but has great potential for appli-
cations in the fields of functional imaging, such as perfu-
sion imaging, blood flow detection, and BBB permeability
imaging.

Extensive development of both hardware and MR
pulse sequences is required to increase the SNR and
spatial resolution of HP '?Xe brain MRI. The highest
reported level of '?°Xe polarization used for brain imag-
ing so far was about 50%,°>6*7° which is a significant
advancement compared with polarization values used for
earlier experiments.*®*® An increase in the polarization
level will produce a linear increase in the 12°Xe signal
level. In addition, an increase in the isotopic enrichment of
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TABLE 2
imaging

Imaging parameter HP ?Xe perfusion imaging

SNR (arb. units) 26 +4.36%;
11.2 + 2.9 (sagittal)*?;
9.5+ 2.9 (axial)*?;

12.15+5.457

Acquisition matrix 32 x 3267:70.72;
20 % 2032
Reconstruction matrix 80 x 80677%;
48 x 487
32 % 325270;
Number of slices 152.67,70,72
Slice thickness (mm) 5067.72;
70 (axial)®?;
130 (sagittal)®?;
TR (ms) 346772
6.152,70

Image parameter comparison for human HP '?°Xe perfusion imaging, 'H ASL perfusion imaging, and HP %°Xe structural

1H ASL perfusion imaging HP ?°Xe structural imaging

18.76 + 4.95 (axial)®®
19.47 + 3.25 (sagittal)*;

8.74 +2.02 (pCASL)®
16.5+2.2 (pCASL)*
21.5+ 3.6 (VSASL)*
30.7 +£10.1 (CASPR)*!

64 X 6489:90.92-96. 32 x 3200
73 x 73°1

128 x 12877

64 X 6459949, 32x32%

128 x 1289098

189.

>

890.

5

5091

391 2060
490;
128%

4000460059059 6.2%

63001

Abbreviations: CASPR, Cartesian acquisition with spiral profile reordering; pCASL, pseudo-continuous ASL; VSASL, velocity-selective ASL.

129Xe gas used for imaging will also give a linear increase
in the image SNR. Finally, the development and imple-
mentation of a multichannel phased-array receiver RF coil
could also increase the SNR of HP #Xe brain imaging.
Although preliminary results have been reported using
a six-channel phased array ?°Xe brain coil for in vivo
single-voxel spectroscopy,?® further implementation of the
parallel imaging approach for imaging purposes is essen-
tial to advance HP 2°Xe imaging of the human brain.

Alongside hardware development, future work must
also be focused on imaging pulse sequence development
and breathing protocol optimization. Due to the short
TR requirements, HP 12°Xe brain imaging mostly uses
GRE imaging pulse sequences. Until recently, the most
commonly used MR protocol for ?Xe brain imaging
was a thick single-slice 2D GRE image acquisition with
standard sequential k-space filling.5346872 The use of
non-Cartesian k-space trajectories, which oversample the
center of a k-space (such as radial trajectories) can fur-
ther increase the image SNR, and may allow the acquisi-
tion of thinner slices and higher spatial resolution in HP
129Xe brain images. The downside of using non-Cartesian
k-space trajectories is that they undersample the outer
edges of k-space, which results in blurriness of the image.

Recent development by Rao et al. allowed progression
to 3D multislice isotropic ?°Xe brain MRI spectroscopic
imaging, which could be further implemented for brain
oxygenation mapping and for voxel-wise quantification of
HP %Xe dissolved in different brain compartments.®

Another pulse-sequence approach worth pursuing is
translation from 2D-GRE to 3D-GRE imaging. 3D-GRE
imaging will allow the image SNR to increase through
additional phase encoding in the slice-selection direc-
tion and will allow multislice image acquisition. A
proof-of-concept demonstration of 3D-GRE HP #Xe
imaging in humans was recently demonstrated by Grynko
et al.%® In this study, use of a 3D-GRE sequence allowed
reduction of the voxel size by 93% compared with the
2D-GRE imaging approach. Because all of the spins in
the volume of interest get excited simultaneously, 3D-GRE
multislice imaging better uses the hyperpolarized mag-
netization, compared with 2D-GRE multislice imaging.
Combining 3D-GRE pulse sequences with non-Cartesian
k-space trajectories has the potential to further improve
the quality of HP 2°Xe brain images.

The breathing protocol is another vital factor that
should be carefully considered. The most commonly used
breathing protocol for HP 2Xe human brain imaging is
the inhalation of 1 L of HP gas followed by a subsequent
breath-hold.>2->*68.72.81.82 Thijg approach, however, is asso-
ciated with a high level of signal variability (~30%).7082
This signal variability can be caused by numerous factors,
such as the exact quantity of HP 2Xe gas dispensed in
the bag each time, the T; relaxation during gas storage
before being administered, different concentrations of HP
129Xe in the lungs, cerebral perfusion values, lung-brain
arterial transit times, and the amount of time into the
breath-hold when image acquisition begins. All of these
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factors affect the concentration of HP '?Xe dissolved in
the brain at a particular moment in time. A recent study
demonstrated that the use of a time-resolved initial depo-
larization pulse (TOF technique) reduces the variability of
the HP 12°Xe signal by up to 2.4 times.”® Use of an initial
depolarization pulse, therefore, is highly beneficial for all
further HP '?°Xe brain imaging studies. Despite achieving
a significant reduction, however, the presence of an ini-
tial depolarization pulse did not completely eliminate the
interbreath-hold signal variability issue. A contributing
factor that cannot be eliminated originates from variations
in blood flow in the cerebral arteries feeding the tissues,
which directly affects the HP 12°Xe brain signal. The high-
est level of signal variability was observed to correspond to
the brain region supplied by the posterior cerebral artery,
whereas the lowest variability corresponded to the region
supplied by the anterior cerebral artery.”

To maximize the image SNR, data acquisition should
be performed once the brain tissues are saturated with
HP ?°Xe.” Based on the various HP '2Xe brain uptake
models previously developed,*®>2 the concentration of HP
129Xe in the brain reaches a maximum at approximately
15s into the breath-hold for typical values of cerebral per-
fusion, arterial transit times, and T; relaxation times in the
blood and brain tissues. To maximize the HP >Xe SNR,
therefore, the image should be acquired at this moment
in time. If a subject cannot hold his or her breath for this
amount of time (eg, subjects with pulmonary disorders or
children), however, or if the imaging purpose is to acquire
dynamic images over a breath-hold (eg, to quantify HP
129Xe uptake), the resulting image SNR can potentially be
lower.

It is worth considering other breathing protocols. One
that might be of interest for future studies, and that might
overcome some of these issues, is continuous breathing
using HP 12°Xe premixed with oxygen. Continuous breath-
ing protocols have been used for animal lung studies,3*-34
and human lung studies with 3He?>-%" and ?°Xe.® They
might be beneficial for HP 12°Xe brain imaging, as they can
prolong the plateau of the maximum brain '>°Xe concen-
tration period. This could allow the conductance of longer
scans, signal averaging, and acquisition of HP 2Xe brain
images in subjects that are not capable of performing a
long breath-hold.

Currently, the main advantages of ASL over HP '?°Xe
cerebral perfusion imaging is the higher in-plane spatial
resolution (typically 64 x 64), thinner slices, and commer-
cially available software for image analysis. As indicated in
Table 2, the SNR values of HP 12°Xe perfusion images are
comparable with clinically available pseudo-continuous
ASL perfusion images. The recent implementation of a
3D-GRE readout has further increased the SNR of HP
129Xe brain images up to the level that is comparable with

velocity-selective ASL. The spatial resolution of HP 12°Xe
images, however, remains at least four times lower com-
pared with ASL techniques. To bridge this gap, further
improvements to the HP '*Xe SNR, as discussed previ-
ously, can be converted into increasing the acquisition
matrix and reducing the slice thickness.

In addition, the further development of mathematical
models for HP '?°Xe signal dynamics and its conversion
into computer algorithms for HP ?°Xe cerebral perfu-
sion image calculation can improve the accuracy of HP
129Xe perfusion imaging. Additional experimental char-
acterization of HP '%Xe in the brain should accompany
the optimization of mathematical models, as there still
remain multiple fundamental physical properties of HP
129Xe dissolved in cerebral blood and brain tissues that
remain unknown. For example, accurate measurements of
the T, relaxation times of each of the HP '?°Xe spectral
components, as well as HP 2°Xe diffusion coefficients, are
required. Without these experimental data, it will not be
possible to quantify cerebral perfusion accurately.

In spite of these shortcomings, it is inspiring that HP
129%e brain imaging has already demonstrated its poten-
tial to image subjects with AD>* and stroke.®® Moreover,
because the HP *°Xe brain signal depends on the cere-
bral perfusion, as well as the permeability of the BBB, it
might also be useful for the detection of other diseases
associated with cerebral blood flow changes (eg, Parkin-
son’s disease,” atherosclerosis!??) or those with associated
BBB impairment (eg, cerebral small vessel disease,'*! mul-
tiple sclerosis!®?). Additionally, due to the high lipophilic-
ity of xenon, HP '**Xe imaging may also be useful for
brain cancer detection. Although there were two prelimi-
nary studies on this application,'%*1%* the validation of HP
129%e brain imaging for use in cancer detection will require
further proof-of-concept studies.

10 | CONCLUSIONS

HP !'?°Xe brain imaging is a promising imaging modal-
ity that has been developing rapidly over the past several
years. With further development, it has the potential to
provide rapid and direct imaging of perfusion with an SNR
comparable to that of ASL perfusion imaging, even at low
field. HP '2°Xe perfusion imaging has an extremely fast
acquisition time (less than 20 s), has no endogenous back-
ground signal, and is much simpler in practice than other
MRI techniques from the MR pulse-sequence design point
of view. The rapid acquisition times possible for HP 1*Xe
perfusion images ensure its insensitivity to motion arti-
facts. In addition, due to xenon’s ability to cross the BBB,
assessment of BBB permeability can readily be performed
using HP 1Xe MRI.>% HP %°Xe perfusion imaging has
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the potential to become a valuable new perfusion imag-
ing technique that eventually will take its place alongside
that of clinical ASL MRI and dynamic contrast-enhanced
perfusion imaging.

ACKNOWLEDGMENT

The authors thank Dilip Balamore for stimulating discus-
sions on the topic of ?*Xe brain MR imaging. The authors
are also grateful to Vincent Knight for manuscript edit-
ing. This research was funded by the Ontario Research
Fund (ORF RE 09 029), Northern Ontario Academic
Medical Association (A-18-05), Mitacs Elevate (IT25574),
and Natural Science and Engineering Research Council
(NSERC) Discovery grant (RGPIN-2017-05359). JMW and
MRR were funded by the Medical Research Council (MRC
- MR/MO008894/1). YS was supported by the Mitacs Elevate
Postdoctoral Fellowship (IT25574). VG was supported by
an Ontario Trillium Scholarship.

ORCID

Yurii Shepelytskyi © https://orcid.org/0000-0001-5526-
7958

Vira Grynko ‘© https://orcid.org/0000-0002-9580-0072
Madhwesha R. Rao @ https://orcid.org/0000-0002-4109-
4176

REFERENCES

1. Lauterbur PC. Image formation by induced local interactions:
examples employing nuclear magnetic resonance. Nature.
1973;242:190-191.

2. Couch MJ, Blasiak B, Tomanek B, et al. Hyperpolarized and
inert gas MRI: the future. Mol Imaging Biol. 2015;17:149-162.

3. Caravan P. Strategies for increasing the sensitivity of
gadolinium based MRI contrast agents. Chem Soc Rev.
2006;35:512-523.

4. Wahsner J, Gale EM, Rodriguez-Rodriguez A, Caravan P.
Chemistry of MRI contrast agents: current challenges and new
frontiers. Chem Rev. 2019;119:957-1057.

5. Xiao YD, Paudel R, Liu J, Ma C, Zhang ZS, Zhou SK. MRI con-
trast agents: classification and application (review). Int J Mol
Med. 2016;38:1319-1326.

6. Buyuksarac B, Ozkan M. Utilization of MR angiography
in perfusion imaging for identifying arterial input function.
MAGMA. 2017;30:609-620.

7. Kim SH, Lee HHS, Kang BJ, et al. Dynamic contrast-enhanced
MRI perfusion parameters as imaging biomarkers of angiogen-
esis. PLoS One. 2016;11:€0168632.

8. Albert MS, Cates GD, Driehuys B, et al. Biological mag-
netic resonance imaging using laser-polarized 129Xe. Nature.
1994;370:199-201.

9. Kurhanewicz J, Vigneron DB, Ardenkjaer-Larsen JH, et al.
Hyperpolarized *C MRI: path to clinical translation in oncol-
ogy. Neoplasia. 2019;21:1-16.

10. Leary D, Svenningsen S, Guo F, Bhatawadekar S, Parraga G,
Maksym GN. Hyperpolarized *He magnetic resonance imaging
ventilation defects in asthma: relationship to airway mechan-
ics. Physiol Rep. 2016;4:12761.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Svenningsen S, Kirby M, Starr D, et al. Hyperpolarized >He
and '%Xe MRI: differences in asthma before bronchodilation.
J Magn Reson Imaging. 2013;38:1521-1530.

Kruger SJ, Nagle SK, Couch MJ, Ohno Y, Albert M, Fain SB.
Functional imaging of the lungs with gas agents. J Magn Reson
Imaging. 2016;43:295-315.

Chang YV. MOXE: a model of gas exchange for hyperpolar-
ized ¥Xe magnetic resonance of the lung. Magn Reson Med.
2013;69:884-890.

Chang YV, Quirk JD, Ruset IC, Atkinson JJ, Hersman FW,
Woods JC. Quantification of human lung structure and
physiology using hyperpolarized 12°Xe. Magn Reson Med.
2014;71:339-344.

Driehuys B, Cofer GP, Pollaro J, Mackel JB, Hedlund
LW, Johnson GA. Imaging alveolar-capillary gas transfer
using hyperpolarized *Xe MRI. Proc Natl Acad Sci USA.
2006;103:18278-18283.

Stewart NJ, Horn FC, Norquay G, et al. Reproducibility of quan-
titative indices of lung function and microstructure from 12°Xe
chemical shift saturation recovery (CSSR) MR spectroscopy.
Magn Reson Med. 2017;77:2107-2113.

Albert MS, Balamore D, Kacher DF, Venkatesh AK, Jolesz
FA. Hyperpolarized '*XE T1 in oxygenated and deoxygenated
blood. NMR Biomed. 2000;13:407-414.

Albert MS, Kacher DF, Balamore D, Venkatesh AK, Jolesz FA.
T1 of 12°Xe in blood and the role of oxygenation. J Magn Reson.
1999;140:264-273.

Wolber J, Cherubini A, Dzik-Jurasz ASKK, Leach MO,
Bifone A. Spin-lattice relaxation of laser-polarized xenon in
human blood. Proc Natl Acad Sci U S A. 1999;96:3664-3669.
Norquay G, Leung G, Stewart NJ, Wolber J, Wild JM. 12°Xe
chemical shift in human blood and pulmonary blood oxy-
genation measurement in humans using hyperpolarized 2°Xe
NMR. Magn Reson Med. 2017;77:1399-1408.

Chacon-Caldera J, Maunder A, Rao M, et al. Dissolved hyper-
polarized xenon-129 MRI in human kidneys. Magn Reson Med.
2020;83:262-270.

Albert MS, Balamore D. Development of hyperpolarized noble
gas MRI. Nucl Instrum Methods Phys Res A. 1998;402:441-453.
Ruppert K. Biomedical imaging with hyperpolarized noble
gases. Rep Prog Phys. 2014;77:116701.

Cullen SC, Gross EG. The anesthetic properties of xenon in
animals and human beings, with additional observations on
krypton. Science. 1951;113:580-582.

Bein B, Hanne P, Hanss R, et al. Effect of xenon anaesthesia
on accuracy of cardiac output measurement using partial CO2
rebreathing. Anaesthesia. 2004;59:1104-1110.

Sanders RD, Franks NP, Maze M. Xenon: no stranger to anaes-
thesia. Br J Anaesth. 2003;91:709-717.

Roehl AB, Goetzenich A, Rossaint R, Zoremba N, Hein M.
A practical rule for optimal flows for xenon anaesthesia
in a semi-closed anaesthesia circuit. Eur J Anaesthesiol.
2010;27:660-665.

Martins CF, Neves LA, Chagas R, Ferreira LM, Coelhoso IM,
Crespo JG. Removing CO2 from xenon anaesthesia circuits
using an amino-acid ionic liquid solution in a membrane con-
tactor. Sep Purif Technol. 2021;275:119190.

Yonas H, Darby JM, Marks EC, Durham SR, Maxwell C. CBF
measured by Xe-CT: approach to analysis and normal values.
J Cereb Blood Flow Metab. 1991;11:716-725.



SHEPELYTSKYI ET AL.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

Van Roost D, Hartmann A, Quade G. Changes of cerebral blood
flow following dexamethasone treatment in brain tumour
patients. A Xe/CT study. Acta Neurochir. 2001;143:37-44.
Sturnegk P, Mellergérd P, Yonas H, Theodorsson A, Hillman J.
Potential use of quantitative bedside CBF monitoring (Xe-CT)
for decision making in neurosurgical intensive care. Br J Neu-
rosurg. 2007;21:332-339.

Swanson SD, Rosen MS, Agranoff BW, Coulter KP, Welsh RC,
Chupp TE. Brain MRI with laser-polarized 12°Xe. Magn Reson
Med. 1997;38:695-698.

Mugler JP, Driehuys B, Brookeman JR, et al. MR imaging
and spectroscopy using hyperpolarized 12°Xe gas: preliminary
human results. Magn Reson Med. 1997;37:809-815.

Swanson SD, Rosen MS, Coulter KP, Welsh RC, Chupp TE. Dis-
tribution and dynamics of laser-polarized 12°Xe magnetization
in vivo. Magn Reson Med. 1999;42:1137-1145.

Duhamel G, Choquet P, Leviel J-L, et al. In vivo '*Xe
NMR in rat brain during intra-arterial injection of hyperpo-
larized *Xe dissolved in a lipid emulsion. C R Acad Sci III.
2000;323:529-536.

Wakai A, Nakamura K, Kershaw J, Kanno I. In vivo MR spec-
troscopy of hyperpolarized Xe-129 in rat brain. Int Congr Ser.
2004;1265:139-143.

Nakamura K, Kondoh Y, Wakai A, Kershaw J, Wright D,
Kanno I. '*Xe spectra from the heads of rats with and with-
out ligation of the external carotid and pterygopalatine arteries.
Magn Reson Med. 2005;53:528-534.

Kershaw J, Nakamura K, Kondoh Y, Wakai A, Suzuki N,
Kanno 1. Confirming the existence of five peaks in *°Xe rat
head spectra. Magn Reson Med. 2007;57:791-797.

Kilian W, Seifert F, Rinneberg H. Chemical shift imaging of
human brain after inhaling hyperpolarized '2°Xe-gas. In: Pro-
ceedings of the 10th Annual Meeting of ISMRM, Honolulu,
Hawaii, USA, 2002. p 758.

Kilian W, Seifert F. 2D chemical shift imaging of hyperpolar-
ized isotopically enriched '*Xe within human brain. In: Pro-
ceedings of the 13th Annul Meeting of ISMRM, Miami Beach,
Florida, USA, 2005. p 1163.

Rao M, Stewart N, Norquay G, Griffiths P, Wild J. Imaging the
human brain with dissolved xenon MRI at 1.5T. In: Proceed-
ings of the 23rd Annual Meeting of ISMRM, Toronto, Ontario,
Canada, 2015. p 1254.

Rao M, Stewart NJ, Norquay G, Griffiths PD, Wild JM. High
resolution spectroscopy and chemical shift imaging of hyper-
polarized '*°Xe dissolved in the human brain in vivo at 1.5 tesla.
Magn Reson Med. 2016;75:2227-2234.

Li H, Zhang Z, Zhong J, et al. Oxygen-dependent hyperpolar-
ized 1*Xe brain MR. NMR Biomed. 2016;29:220-225.

Zhou X, Tzeng YS, Mansour JK, Mazzanti ML, Sun Y, Albert
MS. Optimum ventilation mixture ratio for maximizing hyper-
polarized ?Xe MR brain signal. In: Proceedings of the 17th
Annual Meeting of ISMRM, Seattlel, Washington, USA, 2007.
p 1270.

Antonacci MA, Zhang L, Burant A, McCallister D, Branca RT.
Simple and robust referencing system enables identification of
dissolved-phase xenon spectral frequencies. Magn Reson Med.
2018;80:431-441.

Wilson GJ, Santyr GE, Anderson ME, Deluca PM. Longitudi-
nal relaxation times of 1?°Xe in rat tissue homogenates at 9.4 T.
Magn Reson Med. 1999;41:933-938.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

. . .. 2
Magnetic Resonance in MedlcmeJ—

Duhamel G, Choquet P, Grillon E, et al. Global and
regional cerebral blood flow measurements using NMR of
injected hyperpolarized xenon-129. Acad Radiol. 2002;9(Suppl
2):5498-S500.

Kilian W, Seifert F, Rinneberg H. Dynamic NMR spectroscopy
of hyperpolarized '*°Xe in human brain analyzed by an uptake
model. Magn Reson Med. 2004;51:843-847.

Wakai A, Nakamura K, Kershaw J, Kondoh Y, Wright D,
Kanno I. A method for measuring the decay time of hyperpo-
larized '?°Xe magnetization in rat brain without estimation of
RF flip angles. Magn Reson Med Sci. 2005;4:19-25.

Zhou X, Mazzanti ML, Chen JJ, et al. Reinvestigating hyperpo-
larized *Xe longitudinal relaxation time in the rat brain with
noise considerations. NMR Biomed. 2008;21:217-225.
Mazzanti ML, Walvick RP, Zhou X, et al. Distribution of hyper-
polarized xenon in the brain following sensory stimulation:
preliminary MRI findings. PLoS One. 2011;6:e21607.
Shepelytskyi Y, Hane FT, Grynko V, Li T, Hassan A, Albert MS.
Hyperpolarized 1?°Xe time-of-flight MR imaging of perfusion
and brain function. Diagnostics. 2020;10:630.

Rao MR, Norquay G, Stewart NJ, Wild JM. Measuring '**Xe
transfer across the blood-brain barrier using MR spectroscopy.
Magn Reson Med. 2021;85:2939-2949.

Hane FT, Li T, Plata J-A, Hassan A, Granberg K, Albert MS.
Inhaled xenon washout as a biomarker of Alzheimer’s disease.
Diagnostics. 2018;8:41.

Choquet P, Hyacinthe JN, Duhamel G, et al. Method to deter-
mine in vivo the relaxation time T, of hyperpolarized xenon in
rat brain. Magn Reson Med. 2003;49:1014-1018.

Nouls J, Cleveland Z, Freeman M, Moeller H, Hedlund L,
Driehuys B. 3D MRI of the hyperpolarized 12°Xe distribution
in the rat brain. In: Proceedings of the 19th Annual Meeting of
ISMRM, Montréal, Quebec, Canada, 2011. p 879.

Friedlander Y, Zanette B, Couch M, Kassner A, Santyr G.
Spiral-IDEAL for time-resolved imaging of hyperpolarized
129Xe kinetics in the rat brain. In: Proceedings of the 27th
Annual Meeting of ISMRM, Montréal, Quebec, Canada, 2019.
p 4300.

Friedlander Y, Zanette B, Lindenmaier A, et al. Hyperpolar-
ized '¥Xe MRI of the rat brain with chemical shift satura-
tion recovery and spiral-IDEAL readout. Magn Reson Med.
2021;87:1971-1979.

Rao MR, Collier GJ, Norquay G, Schulte RF, Wild JM. 3D
isotropic spectroscopic imaging of hyperpolarized '*Xe in the
human brain. In: Proceedings of the 29th Annual Meeting of
ISMRM [Virtual], 2021. p 3567.

Grynko V, Shepelytskyi Y, Li T, Hassan A, Granberg K, Albert
MS. Hyperpolarized ?Xe multi-slice imaging of the human
brain using a 3D gradient echo pulse sequence. Magn Reson
Med. 2021;86:3175-3181.

Peled S, Jolesz FA, Tseng C-H, Nascimben L, Albert MS,
Walsworth RL. Determinants of tissue delivery for '2°Xe mag-
netic resonance in humans. Magn Reson Med. 1996;36:340-344.
Weathersby PK, Homer LD. Solubility of inert gases in bio-
logical fluids and tissues: a review. Undersea Biomed Res.
1980,7:277-296.

Martin CC, Williams RF, Gao J-H, Nickerson LDH, Xiong J,
Fox PT. The pharmacokinetics of hyperpolarized xenon:
implications for cerebral MRI. J Magn Reson Imaging.
1997,7:848-854.



22 . . o e
—I—Magnetlc Resonance in Medicine

64.
65.

66.

67.
68.
69.
70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

SHEPELYTSKYI ET AL.

Kimura A, Imai H, Wakayama T, Fujiwara H. A simple method
for quantitative measurement and analysis of hyperpolarized
129Xe uptake dynamics in mouse brain under controlled flow.
Magn Reson Med Sci. 2008;7:179-185.

Imai H, Kimura A, Akiyama K, Ota C, Okimoto K, Fujiwara H.
Development of a fast method for quantitative measurement of
hyperpolarized 1?°Xe dynamics in mouse brain. NMR Biomed.
2012;25:210-217.

Rao M, Stewart N, Norquay G, Wild J. Quantification of per-
fusion and xenon-transport across the blood-brain barrier in
humans with hyperpolarized '?°Xe brain MR at 1.5T. In: Pro-
ceedings of the 23rd Annual Meeting of ISMRM, Toronto,
Ontario, Canada, 2015. p 1445.

Rao M, Stewart N, Gri P, Norquay G, Wild J. Advances in imag-
ing the human brain with inhaled hyperpolarized xenon-!%
MRI at 1.5 T. In: Proceedings of the 25th Annual Meeting of
ISMRM, Honolulu, Hawaii, 2017. p 4543.

Rao MR, Stewart NJ, Griffiths PD, Norquay G, Wild JM. Imag-
ing human brain perfusion with inhaled hyperpolarized 1*Xe
MR imaging. Radiology. 2018;286:659-665.

Rao M, Norquay G, Wild J. Investigating gas-exchange and
tissue perfusion in the human brain using a combination of
proton and hyperpolarized xenon-129 MRI. In: Proceedings
of the 27th Annual Meeting of ISMRM, Montréal, Quebec,
Canada, 2019. p 3095.

Shepelytskyi Y, Grynko V, Li T, Hassan A, Granberg K, Albert
MS. The effects of an initial depolarization pulse on dis-
solved phase hyperpolarized >Xe brain MRI. Magn Reson
Med. 2021;86:3147-3155.

Zhou X, Sun Y, Mazzanti M, et al. MRI of stroke using hyper-
polarized 1%Xe. NMR Biomed. 2011;24:170-175.

Rao MR, Norquay G, Stewart NJ, Hoggard N, Griffiths PD,
Wild JM. Assessment of brain perfusion using hyperpolarized
129Xe MRI in a subject with established stroke. J Magn Reson
Imaging. 2019;50:1002-1004.

Parra-Robles 7, AR, Santyr GE. Theoretical
signal-to-noise ratio and spatial resolution dependence on
the magnetic field strength for hyperpolarized noble gas
magnetic resonance imaging of human lungs. Med Phys.
2005;32:221-229.

Middleton H, Black RD, Saam B, et al. MR imaging with hyper-
polarized 3He gas. Magn Reson Med. 1995;33:271-275.
Venkatesha AK, Zhang AX, Mansour J, et al. MRI of the lung
gas-space at very low-field using hyperpolarized noble gases.
Magn Reson Imaging. 2003;21:773-776.

Petersen ET, Zimine I, Ho YCL, Golay X. Non-invasive mea-
surement of perfusion: a critical review of arterial spin labelling
techniques. BrJ Radiol. 2006;79:688-701.

Amukotuwa SA, Yu C, Zaharchuk G. 3D pseudocontinuous
arterial spin labeling in routine clinical practice: a review
of clinically significant artifacts. J Magn Reson Imaging.
2016;43:11-27.

Alsop DC, Detre JA, Golay X, et al. Recommended implementa-
tion of arterial spin-labeled perfusion MRI for clinical applica-
tions: a consensus of the ISMRM perfusion study group and the
European consortium for ASL in dementia. Magn Reson Med.
2015;73:102-116.

Norquay G, Parnell SR, Xu X, Parra-Robles J, Wild JM.
Optimized production of hyperpolarized *Xe at 2 bars

Cross

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

for in vivo lung magnetic resonance imaging. J Appl Phys.
2013;113:044908.

Puddu C, Rao M, Rodgers O, Maunder A, Wild J. 6-channel RF
array for hyperpolarized 12°Xe brain MRI at 3T. In: Proceedings
of the Annual Meeting of ISMRM [Virtual], 2020. p 4099.
Shepelytskyi Y, Hane FT, Grynko V, Li T, Hassan A, Albert
MS. Hyperpolarized *°Xe functional brain mapping. In: Pro-
ceedings of the Annual Meeting of ISMRM [Virtual], 2020. p
0556.

Rao M, Norquay G, Wild J. Assessment of repeatability of imag-
ing inhaled hyperpolarized xenon-129 in the human brain. In:
Proceedings of the 27th Annual Meeting of ISMRM, Montréal,
Quebec, Canada, 2019. p 3319.

Loza LA, Kadlecek SJ, Pourfathi M, et al. Quantification of ven-
tilation and gas uptake in free-breathing mice with hyperpolar-
ized 12°Xe MRI. IEEE Trans Med Imaging. 2019;38:2081-2091.
Imai H, Matsumoto H, Miyakoshi E, Okumura S, Fujiwara H,
Kimura A. Regional fractional ventilation mapping in sponta-
neously breathing mice using hyperpolarized ?*Xe MRI. NMR
Biomed. 2015;28:24-29.

Hamedani H, Emami K, Kadlecek S, et al. Differences in pul-
monary function testing and distribution of alveolar oxygen
tension in asymptomatic smokers. Am J Respir Crit Care Med.
2012;185:A6046.

Hamedani H, Clapp JT, Kadlecek SJ, et al. Regional fractional
ventilation by using multibreath wash-in 3He MR imaging.
Radiology. 2016;279:917-924.

Hamedani H, Kadlecek S, Xin Y, et al. A hybrid multi-
breath wash-in wash-out lung function quantification scheme
in human subjects using hyperpolarized 3He MRI for simul-
taneous assessment of specific ventilation, alveolar oxygen
tension, oxygen uptake, and air trapping. Magn Reson Med.
2017;78:611-624.

Hamedani H, Bermudez F, Baron R, et al. A comparison of
hyperpolarized gas imaging of aeration and fractional ventila-
tion. Am J Respir Crit Care Med. 2019;199:A5772.

Vidorreta M, Wang Z, Chang YV, Wolk DA, Ferndndez-Seara
MA, Detre JA. Whole-brain background-suppressed pCASL
MRI with 1D-accelerated 3D RARE stack-of-spirals readout.
PLoS One. 2017;12:1-16.

Liu D, Xu F, Li W, van Zijl PC, Lin DD, Qin Q. Improved
velocity-selective-inversion arterial spin labeling for cerebral
blood flow mapping with 3D acquisition. Magn Reson Med.
2020;84:2512-2522.

Greer JS, Wang X, Wang Y, et al. Robust pCASL perfusion
imaging using a 3D Cartesian acquisition with spiral profile
reordering (CASPR). Magn Reson Med. 2019;82:1713-1724.
Kilroy E, Apostolova L, Liu C, Yan L, Ringman J, Wang
DJJ. Reliability of two-dimensional and three-dimensional
pseudo-continuous arterial spin labeling perfusion MRI in
elderly populations: comparison with 150-water positron emis-
sion tomography. J Magn Reson Imaging. 2014;39:931-939.
Lim J, Wu W, Chau WJ, Detre JA, Dinges DF, Rao H.
Imaging brain fatigue from sustained mental workload: an
ASL perfusion study of the time-on-task effect. Neuroimage.
2010;49:3426-3435.

Schmithorst VI, Ph D, Hernandez-garcia L, et al. Optimized
simultaneous ASL and BOLD functional imaging of the whole
brain. J Magn Reson Imaging. 2015;39:1104-1117.



SHEPELYTSKYI ET AL.

. . .o e 23
Magnetic Resonance in MedlclneJ—

95.

96.

97.

98.

99.

100.

White CM, Pope WB, Zaw T, et al. Regional and voxel-wise
comparisons of blood flow measurements between dynamic
susceptibility =~ contrast magnetic resonance imaging
(DSC-MRI) and arterial spin labeling (ASL) in brain tumors.
J Neuroimaging. 2014;24:23-30.

Noguchi T, Yoshiura T, Hiwatashi A, et al. Perfusion imag-
ing of brain tumors using arterial spin-labeling: correla-
tion with histopathologic vascular density. Am J Neuroradiol.
2008;29:688-693.

Okazawa H, Higashino Y, Tsujikawa T, et al. Noninva-
sive method for measurement of cerebral blood flow using
0O-15 water PET/MRI with ASL correlation. Eur J Radiol.
2018;105:102-109.

Liu K, Li B, Qian S, et al. Mental fatigue after mild traumatic
brain injury: a 3D-ASL perfusion study. Brain Imaging Behav.
2016;10:857-868.

Melzer TR, Watts R, MacAskill MR, et al. Arterial spin labelling
reveals an abnormal cerebral perfusion pattern in Parkinson’s
disease. Brain. 2011;134:845-855.

Sfyroeras GS, Karkos CD, Gerassimidis TS. Cerebral perfusion
patterns in patients with extracranial carotid atherosclerosis
and the impact of carotid stenting: a review. J Cardiovasc Surg
(Torino). 2008;49:497-502.

101.

102.

103.

104.

Wong SM, Jansen JFA, Zhang CE, et al. Blood-brain barrier
impairment and hypoperfusion are linked in cerebral small
vessel disease. Neurology. 2019;92:e1669-e1677.

Leech S, Kirk J, Plumb J, McQuaid S. Persistent endothe-
lial abnormalities and blood? Brain barrier leak in primary
and secondary progressive multiple sclerosis. Neuropathol Appl
Neurobiol. 2007;33:86-98.

Wolber J, McIntyre DJO, Rodrigues LM, et al. In vivo hyperpo-
larized '?Xe NMR spectroscopy in tumors. Magn Reson Med.
2001;46:586-591.

II’'yasov AV, Mazitov RK, Enikeev KM, Panov AN, II’'yasov NA,
Khasanov RZ. 1?Xe NMR in study of tissues and plants. Appl
Magn Reson. 1999;17:77-84.

How to cite this article: ShepelytskyiY,

Grynko V, Rao MR, et al. Hyperpolarized *°Xe
imaging of the brain: Achievements and

future challenges. Magn Reson Med. 2022;1-23. doi:
10.1002/mrm.29200



