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MRI of stroke using hyperpolarized 129Xe
Xin Zhoua,b*, Yanping Sunb,c, Mary Mazzantib,c, Nils Henningerd,
Joey Mansourb,c, Marc Fisherd and Mitchell Albertb,c
Because there is no background signal from xenon in
NMR Biom
biological tissue, and because inhaled xenon is delivered to the
brain by blood flow, wewould expect a perfusion deficit, such as is seen in stroke, to reduce the xenon concentration in
the region of the deficit. Thermal polarization yields negligible xenon signal relative to hyperpolarized xenon;
therefore, hyperpolarized xenon can be used as a tracer of cerebral blood flow. Using a rat permanent right
middle cerebral artery occlusion model, we demonstrated that hyperpolarized 129Xe MRI is able to detect, in vivo,
the hypoperfused area of focal cerebral ischemia, that is the ischemic core area of stroke. To the best of our
knowledge, this is the first time that hyperpolarized 129XeMRI has been used to explore normal and abnormal cerebral
perfusion. Our study shows a novel application of hyperpolarized 129Xe MRI for imaging stroke, and further
demonstrates its capacity to serve as a complementary tool to proton MRI for the study of the pathophysiology
during brain hypoperfusion. Copyright � 2010 John Wiley & Sons, Ltd.
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INTRODUCTION

Stroke is the third leading cause of death in developed countries
and is the single most common reason for permanent disability.
In the USA, about 780,000 people suffer from stroke every year,
leading to 150,000 deaths, and the estimated direct and indirect
costs associated with stroke for 2008 totaled $65.5 billion (1).
During acute ischemic stroke, a core of brain cells at the center of
the affected region dies quickly, and the damage subsequently
spreads to surrounding tissue over the next several hours (2).
Because they allow for the delineation of areas of ischemic
neuronal injury and hypoperfusion within minutes after the
induction of cerebral ischemia, conventional proton MRI,
especially diffusion-weighted imaging (DWI) (3,4) and perfusion-
weighted imaging (PWI) (5,6), have been particularly useful in
the diagnosis of acute ischemic stroke.
The target of acute stroke therapy is the portion of the

ischemic region that is still potentially salvageable, that is the
ischemic penumbra (7). MRI operationally defines the ischemic
penumbra by the PWI–DWI mismatch area. DWI detects changes
in the apparent diffusion coefficient (ADC) of water molecules
associated with early cytotoxic edema in ischemic stroke. Arterial
spin labeling (ASL)-based PWI methods provide excellent
anatomical information for the measurement of tissue perfusion
(5). The ASL technique shows numerous advantages, such as
noninvasive measurements of cerebral blood flow (CBF)
quantifiable in standard units of mL/g/min, and is able to image
multi-slices and multi-regions of the brain. However, in some
situations, PWI methods require the injection of gadolinium-
containing contrast agents to map relative CBF in order to
identify the hypoperfused tissue (8–11). In addition to the
conventional DWI and PWI techniques, van Zijl and coworkers
(12,13) have developed pH-weighted MRI to study stroke and
ischemic penumbra. However, proton imaging has a large
background signal in biological tissue, and contrast injection is
an invasive approach. Moreover, contrast-associated nephro-
genic systemic fibrosis has been reported after the use of
ed. 2011; 24: 170–175 Copyright � 2010
gadolinium-based agents, and many patients with impaired renal
function are not eligible to receive contrast media (14–17).
In contrast, hyperpolarized 129Xe MRI shows great potential

and advantages for the identification of hypoperfused brain
tissue. Xenon is highly lipid soluble and lacks an intrinsic
background signal in biological tissue (18). Duhamel et al. (19,20)
have studied CBF using intra-arterial injection of hyperpolarized
129Xe dissolved in a lipid emulsion. Alternatively, hyperpolarized
129Xe can be administered noninvasively by inhalation; following
inhalation, 129Xe is absorbed into the bloodstream and delivered
to the brain through the circulation. Because the spin-exchange
optical pumping technique can enhance the 129Xe MR signal
10,000–100,000 times over thermal polarization (21–23), the
John Wiley & Sons, Ltd.
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dissolved-phase hyperpolarized 129Xe signal in the brain can be
detected even at low concentrations. Because the xenon signal
is proportional to CBF (24), a decrease in the signal is expected
to occur in areas of decreased CBF after the inhalation of
hyperpolarized xenon gas. Hyperpolarized xenon imaging
currently cannot achieve a slice as thin as that obtained by
ASL. In addition, ASL can be performed with substantially higher
spatial resolution than hyperpolarized xenon imaging in brain
tissue. However, the ASL technique requires two experiments
(arterial spin labeled and controlled) to obtain CBF information. In
this article, we report, for the first time, that hyperpolarized
129Xe MRI is able to detect areas of decreased CBF following
middle cerebral artery occlusion (MCAO) in a single scan. These
findings show the great potential and utility of hyperpolarized
129Xe MRI for stroke imaging, and further demonstrate that
hyperpolarized 129Xe is a safe and noninvasive signal source for
imaging diseases and function of the brain.
1

MATERIALS AND METHODS

Animal preparation

All animal procedures were approved by the Harvard Medical
Area Standing Committee on Animals. Eight male Sprague-
Dawley rats (Rattus norvegicus), weighing 175–200 g, were
anesthetized with isoflurane (5% for induction, 2% for surgery,
1.2% for maintenance) in room air, and no other anesthetics or
paralytics were used. Permanent MCAO (n¼ 4) was produced by
intraluminal suture occlusion of the right middle cerebral artery
using 4-0 silicon-coated monofilament sutures, as described
previously (25,26). Briefly, an occluder was introduced through
the right common carotid artery (CCA) into the internal carotid
artery (ICA), and then advanced approximately 18–20mm from
the CCA bifurcation until mild resistance indicated correct
placement of the filament tip (27). Two control animals received
sham surgery without occlusion of the middle cerebral artery.
Two animals were excluded, as no xenon signal was detected
during the acquisition phase because of technical issues.
Following endotracheal intubation with a 14-gauge, 3.5-cm
catheter, we placed the animals in themagnet and connected the
catheter to an animal respirator (SAR 830 AP; CWE Inc., Ardmore,
PA, USA). The respirator was interfaced to an MR-compatible gas
delivery system controlled by programmed computer software
(LabView; National Instruments, Austin, TX, USA). The respiratory
rate was set at 60 breaths per minute and the tidal volume at
3mL. The body temperature was maintained at 37.0� 0.58C
using a feedback-regulated heating pad. Throughout the
experiment, the animal’s peripheral oxygen saturation (SpO2)
and heart rate were monitored with a pulse oximeter (8600 V;
Nonin Medical Inc., Plymouth, MN, USA) via a pair of
phototransducers placed on the hind paw.

Hyperpolarized xenon gas ventilation

The xenon experimental set-up is similar to that described
previously by Zhou et al. (24). Hyperpolarized 129Xe, with a
polarization of about 10%, was produced by a gas flow-through
spin-exchange optical pumping polarizer (IGI.XE.2000, GE
Healthcare, Durham, NC, USA); 500mL of hyperpolarized 129Xe
gas was collected in 45min. Animals were ventilated with 1.2%
isoflurane in room air when 129Xe chemical shift imaging (CSI)
was not implemented. For 40 s prior to hyperpolarized 129Xe CSI
NMR Biomed. 2011; 24: 170–175 Copyright � 2010 John Wile
acquisition, until the xenon signal of dissolved xenon in the brain
tissue reached a steady state, animals were ventilated with two
breaths of room airþ isoflurane alternating with two breaths of
100% hyperpolarized xenon gas (24). We then continued this
ventilation protocol until after the completion of hyperpolarized
129Xe CSI acquisition.

MRI

All MRI measurements were carried out on a Bruker (Ettlingen,
Germany) BioSpec 4.7 T horizontal MRI system using a dual-tuned
surface coil (diameter, 3.5 cm) tuned to the 1H and 129Xe resonance
frequencies (200.1 and 55.4MHz, respectively). We implemented
shimming on the proton signal from the rat brain using an
automatic shimming tool (Bruker Paravision 3.0.2). For consistent
between-experiment shimming quality, we shimmed the full width
at half-maximumof the hyperpolarized 129Xe spectroscopy peak at
194.7 ppm to 58Hz, which was slightly better than the normal
value observed in the rat brain using a smaller surface coil (28). We
acquired proton T2-weighted images with eight slices (each slice
thickness, 2.5mm; field of view, 2.5 cm� 2.5 cm) along the axial
direction to localize one specific slice, which was used for the
following DWI and hyperpolarized 129Xe scans. The proton ADC
and hyperpolarized 129Xe CSI were performed at 90min after
MCAO. We obtained the ADC map from two spin-echo images
along the axial direction with two different diffusion weightings
(b¼ 6.070 and 1366.159 s/mm2), and each image was acquired
over 8.5min with a matrix of 128� 128, TR¼ 2 s, TE¼ 35.2ms,
D¼ 24ms, d¼ 4.75ms, field of view of 2.5 cm� 2.5 cm, slice
thickness of 2.5mm, one average and one slice. The diffusion
gradient was only applied in a dorsal–ventral direction, that is in
the same direction of frequency encoding, although the
isotropically weighted diffusion technique would be better, and
it is rotationally invariant (29). We acquired hyperpolarized
129Xe CSI, with a chemical shift at 194.7 ppm for the major
dissolved-phase tissue peak, using a slice-localized pulse sequence
with free induction decay recording of signals, a sinc-shaped 908
radiofrequency pulse duration of 800ms (the pulse power was
calibrated to achievemaximal signal from the same xenon CSI slice
as described below), 16 phase-encoding steps in two dimensions,
each phase gradient duration of 500ms, TR¼ 1 s, field of view of
2.5 cm� 2.5 cm, slice thickness of 5mm with the slice centered at
the center of the ADC slice, one average and one slice.

Histology

The rats were sacrificed 8 h following MCAO, and the brains were
sectioned into axial slices (i.e. slices in the coronal or frontal plane,
dividing anterior and posterior) with a slice thickness of 2.5mm
and stained with 2,3,5-triphenyltetrazolium chloride (TTC). It
should be noted that, in standard medical terminology, the
histology was sectioned in the rat’s ‘coronal’ plane, but, according
to standard MRI convention, this plane is referred to as the ‘axial’
plane; to avoid confusion, we use theMRI convention in this article.

Data analysis

We processed all the data using Matlab software (MathWorks,
Natick, MA, USA). Quantitative ADC maps, in units of square
millimeters per second, were calculated using the Stejskal–
Tanner equation (30). The average ADC value and standard
deviation of normal rat brain tissue were analyzed from a 16� 16
region, that is a square delineated by four coordinate points, (40,
y & Sons, Ltd. wileyonlinelibrary.com/journal/nbm
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Figure 1. (a) Proton coronal image of a rat brain used for slice selection
along the axial direction. Slice thickness, 2.5mm. (b) Slice 6 was selected

as a reference image.
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56), (56,56), (40,72) and (56,72), on the 128� 128 ADCmap. Based
on previous studies characterizing the diffusion and perfusion
mismatch in the MCAO model, we used the critical threshold of
5.3� 10�4 mm2/s to delineate the ischemia lesion core area (31).
We processed raw data from xenon CSIs in spectral dimension
using a 20-Hz exponential line-broadening filter, and in two
phase-encoding dimensions zero-filled to 128. We then per-
formed Fourier transforms on these three dimensions to obtain
xenon CSIs (signal intensity is in arbitrary units). In order to
analyze the xenon-averaged signal in different brain areas of the
MCAOmodel, we selected two regions of interest (ROIs; shown in
Fig. 3b) for statistical comparison. These ROIs describe two tissue
compartments: the stroke core (ROI1), defined by a reduced ADC
below the critical threshold and a TTC abnormality; normal tissue
(ROI2), defined by a nonreduced (compared with the normal
contralesional side) Xe CSI signal and the absence of ADC or TTC
lesions.

Statistics

We present the statistical data as the mean� one standard
deviation. Statistical analysis of the physiological variables, xenon
signal and lesion areas was performed using a repeated
measurement analysis of variance (ANOVA). We used two-tailed
Student’s t-tests (paired or unpaired) to compare parametric
variables. We set the a error level at 0.05.
RESULTS

Physiological variables (SpO2, heart rate) remained within normal
limits throughout the experiment and there were no significant
between-group differences at corresponding time points
(p> 0.05, Table 1).
Figure 1a shows a representative axial proton image of the rat

brain, and eight blue slabs indicate that eight T2-weighted
images were acquired to localize one specific slice for the DWI
scans. Figure 1b shows the proton T2-weighted image from slice
6, which was subsequently used for the DWI scans for calculation
of the proton ADC map. This slice was chosen because it typically
depicts both core and penumbra in the MCAO rat model (32).
Figure 2 shows a representative hyperpolarized 129Xe CSI from

one control animal. This image illustrates that the signal of
hyperpolarized 129Xe dissolved in brain tissue can be observed in
both brain hemispheres, as shown previously (24).
Table 1. Physiological variables at different time points after middle
representative time points are shown

Time Rat 1

SpO2 (%) Immediately after MCAO 95
Mean� SD
90 min 96
Mean� SD

Heart rate
(beat per min)

Immediately after MCAO 366
Mean� SD
90 min 358
Mean� SD

wileyonlinelibrary.com/journal/nbm Copyright � 2010 Jo
Figure 3a shows a representative proton ADC map obtained
90min following MCAO. There is a large ischemic core within the
ipsilesional (right) MCA territory, as indicated by ADC values
below the critical threshold of 5.3� 10�4 mm2/s for infarction
(31). [The normal ADC value of rat brain tissue in the
contralesional (left) hemisphere is (7.5� 1.8)� 10�4 mm2/s.]
Figure 3b depicts the corresponding hyperpolarized 129Xe CSI,
indicating signal reduction in large parts of the right hemisphere,
consistent with the area typically experiencing decreased CBF
following right MCAO in the model used (20). Figure 3c shows the
TTC-stained brain section of the same animal as illustrated in
Fig. 3a, b; the black line in this figure delineates the infarcted
brain tissue. Xenon CSI, shown in Fig. 3b, demonstrates reduced
perfusion in brain tissue, ultimately leading to infarction, as
shown by TTC staining in Fig. 3c. In Fig. 3d, the blue area
represents the difference between the ADC lesion and TTC lesion
areas, and the green area shows the nonischemic region.
ROI analyses were performed to further characterize the Xe CSI

tissue signals within the different observed tissue compartments
defined by their respective ADC and TTC signatures. Table 2
shows the xenon CSI signals for the defined ROIs from both
MCAO and control groups. Xenon signals from each ROI in the
contralesional (left) hemisphere were set as a reference (100%),
and xenon signals from each ROI in the ipsilesional (right)
hemisphere were normalized to these signals. The xenon signal in
the ischemic core (ROI1) dropped to 8.4� 0.4% of the
contralesional side signal, and the xenon signal in normal tissue
(ROI2) remained the same. Moreover, the xenon signal in ROI1
was reduced significantly relative to the corresponding con-
cerebral artery occlusion (MCAO). For clarity, only data from two

MCAO group Control group

Rat 2 Rat 3 Rat 4 Rat 5 Rat 6

96 96 95 95 96
95.5� 0.6 95.5� 0.7

96 97 96 96 95
96.3� 0.5 95.5� 0.7

372 359 361 366 358
364.5� 5.8 362� 5.7

369 362 360 363 356
362.3� 4.8 359.5� 4.9

hn Wiley & Sons, Ltd. NMR Biomed. 2011; 24: 170–175



Figure 2. Hyperpolarized 129Xe chemical shift imaging (CSI) from a
nonlesioned rat brain (control experiment). A homogeneous hyperpol-

arized 129Xe signal can be observed within both brain hemispheres.

Xenon signal intensity is indicated in arbitrary units.

Figure 3. (a) Representative proton apparent diffusion coefficient (ADC)
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tralesional ROIs in the MCAO group, as well as the corresponding
ipsilateral ROIs in control animals. Within the control group, no
significant differences in the xenon signal were observed
between the corresponding ROIs of both hemispheres.
map image obtained 90min after right middle cerebral artery occlusion

(MCAO). The ischemic core is indicated by ADC values below

5.3� 10�4 mm2/s (circled by a blue line). (b) Corresponding hyperpol-

arized 129Xe chemical shift image (CSI). There is a large signal void in the
ipsilesional (right) hemisphere. The defined regions of interest (ROIs)

are labeled as follows: ROI1, core; ROI2, normal tissue. The xenon

signal intensity is given in arbitrary units. (c) Corresponding

2,3,5-triphenyltetrazolium chloride (TTC)-stained brain section of the
same animal as in (a) and (b). (d) Tricolor map based on the ADC and

TTC images shown in (a) and (c). Green, red and blue represent non-

ischemic tissue, core and penumbra, respectively.
DISCUSSION

As a result of the low concentration of xenon dissolved in brain
tissue, it is impossible to obtain MR images with thermal
polarization. Hyperpolarization is required to provide sensitivity,
but the magnetization density of xenon in the dissolved phase is
not sufficiently high for frequency-encoding imaging methods,
such as gradient echo imaging. Hyperpolarization performed
after the excitation pulse is nonrecoverable, whereas proton
thermal polarization can be recovered during TR in conventional
MR imaging. Therefore, we chose CSI to obtain xenon images.
Because fresh hyperpolarized xenon was continuously delivered
by CBF during all phase-encoding steps, the short T1 for dissolved
xenonwas not a problem for the CSI modality. In general, the T2 of
dissolved xenon is short, and so this modality has an issue which
limits the signal-to-noise ratio; however, using the CSI sequence,
as the effective TE is 0.9ms, the T�2 of 17ms allows for adequate
time to collect the signal. As the T2 values of dissolved xenon
are generally short, we used a CSI sequence exactly for this
reason, because it has a very short effective TE. To obtain a
reference image for coregistration of the hyperpolarized
129Xe MRI, we selected the slice with the same center as used
for proton DWI. The polarization of hyperpolarized 129Xe might
vary over experiments; therefore, we set the xenon signal in
Table 2. Xenon chemical shift imaging (CSI) signal in different regions of interest (ROIs) of the brain from both middle cerebral
artery occlusion (MCAO) and control groups, and statistics between the contralesional and ipsilesional sides, and between the two
groups. The xenon signal from each ROI of the contralesional brain hemisphere was set at 100% as a reference, and all signals from
the ROIs of the ipsilesional hemisphere were normalized to the xenon signal of the contralesional side tissue

ROI

MCAO group Control group

p
(between
groups)

Contralesional
(left side)
(reference)

Ipsilesional
(right side)

P
(between
sides)

Contralesional
(left side)
(reference)

Ipsilesional
(right side)

P
(between
sides)

ROI1 (core) 100% 8.4� 0.4% 1.18� 10�9 100% 99.9� 0.2% 0.500 < 0.05
ROI2 (normal tissue) 100% 99.6� 0.3% 0.058 100% 99.8� 0.2% 0.344 > 0.05

1

NMR Biomed. 2011; 24: 170–175 Copyright � 2010 John Wile
normal tissue as a reference in each experiment. This normal-
ization enables xenon signal intensity data from ROIs in the
lesioned hemisphere to be quantified and analyzed statistically
with greater validity and accuracy.
Following inhalation, xenon dissolves in the blood of the

pulmonary capillary system and is then circulated to the brain,
where it penetrates the blood–brain barrier and is distributed
into brain tissue. Therefore, as long as CBF is not compromised,
the xenon signal in whole brain tissue should remain relatively
constant during 129Xe inhalation. Indeed, a homogeneous xenon
signal was observed in the brains of control rats without
significant hemispheric side-by-side differences. However, the
hyperpolarized 129Xe signal was reduced significantly in the right
occluded hemisphere of MCAO rats, which is similar to the results
y & Sons, Ltd. wileyonlinelibrary.com/journal/nbm
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reported previously for conventional proton PWI imaging (22,26).
The dissipation of the xenon signal, which takes place in the
extracellular space during the experiment, does not compromise
the measurement of blood perfusion using the xenon signal
intensity. First, we used a 908 radiofrequency pulse to acquire
each phase encoding the CSI datum. Because the hyperpolar-
ization of xenon is completely depolarized during each
acquisition, we could not detect the residual magnetization of
depolarized xenon. Second, because xenon’s diffusion coefficient
in water is 2.2� 10�5 cm2/s (33), it diffuses about 0.05mm in 1 s.
The xenon diffusion coefficient in brain tissue should be smaller
because brain tissue has a higher viscosity than pure water. Even
compared with proton diffusion imaging with a resolution of
about 0.2mm, diffusion is not a problem. Third, as xenon in tissue
has a shorter T1 than in the gas phase, its signal decays much
more quickly. Only fresh hyperpolarized xenon arising from the
blood flow contributes to the CSI signal. Therefore, xenon
dissipation was not a problem in our experiment.
In two studies (34,35), Kohno et al. demonstrated nearly

identical relative hemispheric lesion volumes at 2 and 7 h,
respectively. Previously, we have evaluated the spatiotemporal
evolution of the respective CBF and ADC lesions in the MCAO
model, and found that substantial growth of the ischemic core
occurs early following MCAO. However, this process is substantial
slowed in permanent MCAO after the 60–90-min time point
(26,36). After this time, there is no ADC–CBF mismatch identified,
and the respective CBF and ADC lesion volumes essentially match
the 24-h TTC volume (26,36). For the TTC volume, previous studies
have shown that a ‘maturation time’ of as little as 6 h is sufficient
to allow for the correct delineation of infarct size. Therefore, our
choice of acquisition of ADC and xenon CSI at 90min and waiting
8 h prior to TTC staining appear to be appropriate.
Xenon CSIs were interpreted from a raw data matrix of 16� 16,

which is not sufficient to show perfusion-like anatomical features
produced by ASL or other perfusion methods. In our current
experiment, xenon polarization was only about 10%. However, a
higher xenon polarization using recently introduced hyperpol-
arized technology (37) and new signal enhancement method-
ology (38) would increase the spatial resolution of the xenon
dissolved phase. We would expect this to provide more sensitive
hyperpolarized xenon MR brain images. The xenon perfusion
image is able to provide information complementary to
conventional proton diffusion maps to determine the penumbra
area, without injection of gadolinium-based contrast agents.
Generally, the ADC–PWI mismatch is used to operationally define
the ischemic penumbra. Hyperpolarized xenon MRI may provide
a novel means to characterize tissue perfusion and assess
ischemic penumbra. Subsequent research, using higher spatial
resolution xenon MR images, would be helpful for further
quantitative validation of these findings.
To achieve more precise identification of the stroke penumbra

from the core, it is important to develop a quantitative method to
quantify the regional blood flow from hyperpolarized xenon
images. If perfusion imaging via ASLwas not available, this would
avoid the need to localize the ischemic penumbra through the
exposure of stroke patients to intravenous contrast agents, which
pose the risk of contrast-associated nephrogenic systemic
fibrosis. Xenon is a chemically inert gas, and an anesthetic in
alveolar concentrations higher than 70%. However, in human
studies with hyperpolarized xenon, there were no adverse events
reported after performing more than 350 breath-hold exper-
iments (39,40). Although the MR signal-to-noise ratio of
wileyonlinelibrary.com/journal/nbm Copyright � 2010 Jo
hyperpolarized 129Xe dissolved in brain tissue is not as high as
that of protons, and thus fast xenon imaging could not be
implemented on the brain using the conventional MRI method,
the recently developed Hyper-SAGE approach provides a novel
method to amplify the dissolved xenon signal by remote
detection of the extracted xenon gas (38). Combining the
additional sensitivity of hyperpolarized 129Xe to blood oxygen-
ation and the xenon biosensor techniques developed (41–43),
hyperpolarized xenon MRI is likely to have many important
clinical applications in the future.
CONCLUSION

For the first time, we have shown that in vivo hyperpolarized
129Xe MRI is able to detect an area of decreased CBF induced by
MCAO. These preliminary results demonstrate the feasibility of
detecting stroke by imaging hyperpolarized xenon in the brain
tissue. More importantly, our results indicate the possibility of the
use of in vivo MRI to diagnose brain disease employing inhaled
hyperpolarized gas, eliminating the potential adverse effects to
the patient resulting from the injection of gadolinium-based
contrast agents.
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