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Abstract

Purpose—To investigate the temperature dependence of the resonance frequency of Lipid-
Dissolved Xenon (LDX) and to assess the accuracy of LDX-based MR thermometry.

Methods—The chemical shift temperature dependence of water protons, methylene protons, and
LDX was measured from samples containing tissues with varying fat contents using a high-
resolution NMR spectrometer. LDX results were then used to acquire relative and absolute
temperature maps in vivo and the results were compared to PRF-based MR thermometry.

Results—The temperature dependence of PRF is strongly affected by the specific distribution of
water and fat. A redistribution of water and fat compartments can reduce the apparent temperature
dependence of the water chemical shift from —0.01ppm/°C to —0.006ppm, whereas the LDX
chemical shift shows a consistent temperature dependence of —0.21ppm/°C. The use of the
methylene protons resonance frequency as internal reference improves the accuracy of LDX-based
MR thermometry but degrades that of PRF-based MR thermometry as microscopic susceptibility
gradients affected lipid and water spins differently.

Conclusion—The LDX resonance frequency, with its higher temperature dependence, provides
more accurate and precise temperature measurements, both in vitro and in vivo. More importantly,
the resonance frequency of nearby methylene protons can be used to extract absolute temperature
information.
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INTRODUCTION

In addition to providing real-time anatomical images to monitor the progress of treatments,
MRI offers the possibility to measure temperature changes, non-invasively, in vivo in tissues.
A variety of MR parameters are indeed sensitive to temperature. These include proton
density (1), longitudinal (2,3) and transverse (4) relaxation times, water diffusion constant
(5,6) and water proton resonance frequency (PRF) (7). Among them, PRF is the preferred
temperature sensor as the water resonance frequency shifts linearly with temperature by
about —0.01 ppm/°C over a wide temperature range and in different tissue types (8-10). One
of the successful applications of PRF-based MR thermometry includes MR guided focused
ultrasound (MRgFUS) of uterine fibroids (11), where MR thermometry is used to monitor,
in real time, tissue temperature during thermal ablation by high intensity focused ultrasound
(HIFU).

Traditionally, the phase difference between two images acquired pre- and post-heating is
used to calculate the temperature change. However, in biological systems, any change in the
local magnetic field caused by motion, field drift and macroscopic field inhomogeneities can
easily overshadow the much smaller proton resonance frequency shift (PRFS) caused by
temperature (12,13). Different approaches have been proposed to address this issue. These
include model-based referenceless thermometry (14), multi-baseline correction methods
(15,16), or both (17). Despite recent successful applications of these methods in MRgHIFU
for the treatment of different types of cancer (18-20), tumors surrounded by fat tissues such
as breast cancer still remain a challenge (21). In fatty tissues, inadvertent motion and phase-
unwrapping errors caused by susceptibility gradients generated by water/fat interfaces can
render temperature readings less accurate. The effect of such susceptibility gradients on the
accuracy of MR thermometry was already analyzed previously by De Poorter et al (22) and,
more recently, by Baron et al (23), who proposed a model-based correction method to
estimate the proton resonance frequency shift caused by temperature-induced magnetic
susceptibility changes in the presence of fat (24). Another way to improve the accuracy of
PRF shift (PRFS) based MR thermometry is to use a ‘temperature independent’ resonance
frequency, usually that of the methylene protons of nearby lipid molecules, as an internal
reference to correct for field variations (25,26) or even to extract absolute temperature
information (27). Unfortunately, since water and lipid spins always reside in different tissue
or cell compartments, the effect of local susceptibility gradients cannot be completely
removed, as also pointed out by Baron et al (23). To make matters worse, even though the
resonance frequency of lipid spins remains virtually temperature independent over a wide
range with a coefficient measured to be around +0.00018 ppm/°C (28), the magnetic
susceptibility of fat has a relatively strong temperature dependence of 0.01 ppm/°C (22,29),
which can lead to significant temperature-induced changes in the local magnetic field
distribution, reducing the accuracy of PRF-based relative temperature measurements in the
presence of fat.

Apart from 1H, 129Xe has attracted some interest as a potential temperature probe for MR
thermometry. By virtue of having a large electron cloud, xenon’s chemical shift is very
sensitive to changes in its physical and chemical environment. Schilling et al leveraged on
this property to develop a 129Xe-based temperature sensor (30). Specifically, the strong
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chemical shift difference between cryptophane-bound (31) xenon and unbound xenon (-0.29
ppm/°C) was used to measure absolute temperature in vitro in an agueous suspension
containing the sensor at a concentration of 150 pM with an accuracy of 0.1° C.

More recently, our group showed that the chemical shift of xenon atoms naturally dissolved
in adipose tissue, upon xenon inhalation, has a strong temperature dependence (32). The
chemical shift temperature coefficient of lipid dissolved xenon (LDX), which we measured
in vivo in mice, was found to be about —0.2 ppm/°C, similar to values previously reported
for xenon dissolved in olive oil (=0.21 ppm/°C) and corn oil (=0.25 ppm/°C) (33). This
strong temperature dependence, coupled with the high solubility of xenon in lipids, clearly
opens up new opportunities for MR thermometry of fatty tissues in vivo. More interestingly,
as LDX and methylene protons reside in the same tissue and cell compartment, lipid protons
could be used as an internal temperature-insensitive reference to compensate for the effects
of magnetic field drift, motion, and susceptibility gradients, at both macro and microscopic
levels. To this end, in this paper we analyze the feasibility of LDX-based MR thermometry
both in vitro and in vivo. Specifically, we first measured the temperature dependence of
LDX, water protons and lipid protons in different in vitro adipose tissue samples. We then
used this temperature dependence to assess the accuracy of LDX-based MR thermometry in
Vvivo.

METHODS

Simulation

Water and fat spins always reside in different tissue and cell compartments and, as such, the
effect of microscopic susceptibility gradients cannot be removed by referencing the water
resonance frequency to that of nearby lipid protons.

To this end, simulations were carried out to evaluate the temperature-induced changes of the
magnetic susceptibility gradients generated by different water-fat distributions and their
effect on the resonance frequency of water and fat spins and on the accuracy of relative and
absolute PRFS-based MR thermometry. Specifically, the local magnetic field perturbation
due to magnetic susceptibility mismatch between water and fat compartments was first
computed in MATLAB (MathWorks, Natick, MA), similarly to what was recently done by
Baron et al (23). This was accomplished by using a Fourier based method first introduced by
Deville et al (34) and by Salomir et al (35). Briefly, this approach takes advantage of the
linear and local relation that exists in k-space between the z-component of the magnetization
density, M,(k), and the z component of the magnetic field, B,(k):

B,(k)=M,(k) - &0 . (1—3cos?p), (1)
where [1p=1.2566 T-um-A~1 and B represents the angle between the vector k and the
direction of the main magnetic field By. For each geometry, M,(k) is obtained by Fourier

transforming the z-component of the magnetization density M,(r), calculated using the
following relation:
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which is valid since the magnetic susceptibility of water (-9.04 ppm (22)) and fat (-7.79
ppm (36)) are much smaller than 1. From My(r), the resulting susceptibility field distribution
B,(r) can then be obtained using Eqgn. (1).

In our simulations, the computed B,(r) was superimposed onto the main magnetic field By
to calculate the evolution and apparent frequency shift of water and fat spins diffusing and
dephasing in their respective compartments. Specifically, for each of the 4 different water-fat
distributions analyzed (Figure 1), each consisting of a 128x128x128 matrix with an isotropic
pixel size of 2.056 pm, we tracked the evolution of 25,000 spins for a total time of 2 s.
During this time, each spin was allowed to evolve under the local magnetic field for a total
time of 0.167 ms before diffusing to a different position. Diffusion was computed with a
random walk Monte Carlo algorithm using a diffusion length L of 1.5 um, calculated by
using:

L=v6-D-7, (3)
with D being 2.22x1073 mm2.s71 (37) and ©=0.167 ms. A Fourier transform of the simulated

FID was then performed to obtain a spectrum from which water and fat frequency shifts
were determined.

In vitro high-resolution spectroscopic study

Muscle and white adipose tissue (WAT) were excised from the legs and abdominal regions
of mice and rats right after euthanasia, while human WAT was harvested from the
subcutaneous fat layer of a human cadaver. Tissues were not homogenized but minced and
placed into O.D. 5 mm medium-walled NMR tubes to create 3 different samples, one
containing human WAT (hWAT), one containing rodent WAT (rWAT) and one containing a
mixture of rWAT and muscle. After introducing the sample into the NMR tube, the tube was
connected to a vacuum/charge system equipped with a rotary pump, a precision pressure
gauge (precision up to 0.01 psi) and a xenon cylinder. A long plastic hose, with a dead
volume of about 317 cm?3, was used to connect the NMR tube to the vacuum/charge system,
located outside of the 5 Gauss line of the fringe field of the spectrometer. Air from the entire
system was first removed by the rotary vacuum pump, while the NMR tube was kept frozen
in liquid nitrogen. After evacuating the entire system (NMR tube + connecting hose), 129Xe
(>86% isotopic enrichment) gas was introduced into the closed system until a specific
pressure was reached. The NMR tube was then placed inside the magnet and remained
connected through the hose to the vacuum/charge system for the entire duration of the
experiment, to allow for monitoring and changing of 129Xe pressure. The large dead volume
of the system, in which O, was allowed to degas for at least 24 hours, guaranteed an in-
tissue oxygen concentration of less than 10~ amagat. 129Xe pressure in the system was
changed between 1 atm and 3 atm. After being charged and after each pressure change,
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samples were allowed to stabilize for at least 24 hours. This time was chosen after
measuring a sample’s xenon-saturation time of about 18 hours by 129Xe NMR spectroscopy.

All in vitro spectroscopic studies were made on a Varian Inova 500 MHz NMR
Spectrometer (Varian NMR Systems, Palo Alto, California) using a 1H-19F/15N-31p PFG
switchable broadband probe. First order and second order shim gradients were used to
clearly resolve the water and CH, frequency line in the 1H spectrum. A temperature
controller (L900, Highland Technology, San Francisco, CA) was used to set and maintain
sample temperature at a given value. Temperature values were calibrated with an accuracy of
0.1 °C at the beginning of each spectroscopy experiment by using the chemical shift
separation between the methanol and methylene protons in a 100% methanol sample. All 1H
spectra were acquired using center frequency at 499.784378 MHz (arbitrarily defined as 0
ppm), repetition time (TR) of 3s, spectral width (SW) of 5997 Hz, 4096 points, 1 average
and flip angle (FA) of 36° to minimize radiation damping effects. All 129Xe spectra were
acquired with center frequency at 138.268955 MHz (arbitrarily defined as 0 ppm), TR of
30s, SW of 29996 Hz, 14998 points, FA of 90°, and 64 — 128 averages, depending on
spectral SNR.

In vivo imaging study

All in vivo animal studies were conducted under an animal protocol approved by the
Institutional Animal Care and Use Committee at the University of North Carolina at Chapel
Hill. For these studies, a total of 8 female obese (ob/ob) mice were used. Before the
experiments, mice were first anesthetized with an IP injection of 75 mg/kg of pentobarbital
(Nembutal, Abbott Laboratories). They were then intubated using a 22-gauge catheter
(Sherwood Medical) and mechanically ventilated, using a hyperpolarized gas-compatible
constant volume ventilator (38) at a rate of 100 breaths per minute. The gas mixture
consisted of 75-vol% N, and 25-vol% O, for a total tidal volume of 0.2 ml. During 129Xe
imaging, 75-vol% N, was switched to 75-vol% of HP Xe.

To generate hyperpolarized 129Xe, a gas mixture of 1% xenon (26.4% 129Xe content), 10%
N>, and 89% He (Global Specialty Gases, Bethlehem, PA) was flowed through a Polarean
9800 129Xe Polarizer (Polarean, Inc., Durham, NC). A mass flow controller was used to
regulate the flow rate of the gas mixture to 1.5 SLM, while the hyperpolarized xenon was
cryogenically collected for a time of 15 minutes. The total gas pressure within the optical
cell of the polarizer was maintained at 60 psi during collection. The temperature of the
optical cell was controlled in two ways. First, forced air convection maintained the
temperature of the oven, which housed the optical cell at 353 K. Second, heat tape was
placed around the pre-saturation bulb of the optical cell and the temperature was kept at 453
K by an attached thermocouple. Upon the completion of gas collection, HP xenon was
dispensed into a 350-mL Tedlar bag (Jensen Inert Products, Coral Springs, FL). The first
sample of HP xenon for any study was placed inside a Polarean 2881 Polarization
Measurement Station (Polarean Inc., Durham, NC) to determine the polarization level of
xenon, with an average value of 10% across studies. Subsequent samples were immediately
transferred to the ventilator.
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Imaging experiments were performed on a 9.4T Bruker BioSpec 94/30 USR (Bruker
BioSpin, Billerica, MA) spectrometer controlled by a console running ParaVision software.
Mice were placed either supine (2 mice) or prone (6 mice) on a xenon surface coil (1-cm
diameter, transmit and receive, resonant at 110.76 MHz, without 1H decoupling) to select
regions of the body with a different water/fat distribution. The surface coil was then
positioned inside a 1H volume coil (72-mm inner diameter, transmit and receive, resonant at
400 MHz).

1H frequency maps were collected by using a chemical shift imaging (CSI) protocol that
selected a 2 cm-thick axial slice centered on the 129Xe surface coil. 129Xe frequency maps
were collected without slice selection, using an adiabatic BIR4 (B, insensitive rotation-4)
pulse with a 90° flip angle. For both temperature maps we selected a Field of View (FOV) of
6 cm x 4 cm, a matrix size of 6x4 reconstructed to 16x16 or 32x32, 2048 points, an echo
time (TE) of 20 ms for 129Xe and 14 ms for 1H, a TR of 12 s for 129Xe and 4 s for 1H.
Anatomical *H images were also acquired using a gradient echo sequence (axial slice
orientation, 20 mm thickness, 128x128 matrix, 6x6 cm FOV, TE=2.2 ms, TR=15s) to
provide anatomical reference.

For these experiments the body temperature of anesthetized mice, which are unable to
control their body temperature under anesthesia, was allowed to equilibrate with bore
temperature for at least 30 minutes before each measurement. Rectal temperature and bore
temperature were measured and maintained within 0.2 °C from the target temperature
using a closed loop temperature control system (Small Animal Instruments, Inc., Stony
Brook, NY). This included warm air circulating through the bore, a fiber optic temperature
probe used to monitor bore temperature, and a fiber optic temperature probe used to monitor
rectal temperature.

Data processing

RESULTS

Both in vitro and in vivo spectra were fit with custom MATLAB codes using a Voigt
function to calculate the frequency of lipid-dissolved xenon. To calculate the absolute
temperature, the chemical shift of LDX was referenced to the chemical shift of nearby
methylene protons (rLDX) as follows. The methylene frequency was first placed at 1.3 ppm
from a fictitious IH center frequency (FHCF). The LDX chemical shift was then calculated
with respect to a fictitious 129Xe center frequency (fXeCF), which is linked to the fHCF by:

erCF:fHCF’fTe. This way, the chemical shift difference between LDX and methylene
protons (rLDX) could be easily calculated and compared for different samples and field
strengths.

Figure 1 shows the local magnetic field disturbance produced by the susceptibility gradients
for 4 different distributions of water and fat spins, while Table 1 shows the changes in the
chemical shift of water and fat spins induced by the local susceptibility gradients. The
magnetic susceptibility difference between water and fat compartments can change the water
resonance frequency by as much as 0.2 ppm. More importantly, because water and fat spins
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reside in different tissue compartments, their frequency is generally shifted in opposite
directions and by different amounts and the resulting absolute temperature measurements
can be off by several tens of degrees Celsius. In addition, because of the strong temperature
dependence of the magnetic susceptibility of fat, when the relative temperature change is
measured by using the chemical shift difference between water and fat spins, large
temperature errors can also be made.

In Figure 2 we show representative 1H and 129Xe spectra acquired on the rWAT sample on
the high-resolution NMR spectrometer and the temperature-induced shift on the water,
methylene and lipid-dissolved xenon resonance frequencies. In the figure, a small shift
toward higher frequencies (+0.0032 ppm/°C) can be observed in the methylene resonance
frequency (Figure 2b), while water drifts toward lower frequencies with a larger temperature
coefficient of —0.0089 ppm (2c). The LDX resonance frequency which, thanks to the high
solubility of xenon in fat (39), was easily detected at relatively low gas pressures (~1 atm),
also drifted towards lower frequency (2d) with a much higher temperature coefficient of
-0.2 ppm/°C. Given the high SNR of both spectra and the relatively narrow line widths, we
were able to determine xenon and methylene resonance frequencies with high accuracy in all
samples. Specifically, the LDX resonance frequency was determined with an accuracy of
better than 0.01ppm, except for the rWAT/Muscle sample. In this sample, the error in the
determination of the LDX resonance frequency was slightly higher as the field
inhomogeneity was not completely removed by shimming gradients. The water line width
was also slightly higher (140 Hz) than in other samples, but still well resolved from the
nearby methylene peaks (~1700 Hz downfield) such that we could determine the water
resonance frequency with an accuracy of about 0.04 ppm. Interestingly, despite the presence
of muscle in the rWAT/Muscle sample, due to the very low solubility of xenon in non-fatty
tissues we were able to detect only the resonance frequency of LDX.

Figure 3 shows the temperature dependence of the water, methylene and LDX resonance
frequency for rWAT, rWAT/Muscle and hWAT samples equilibrated at various xenon
pressures. When temperature was increased, the methylene frequency (Fig 3a) slightly
increased with a coefficient of about 0.003 ppm/°C in the rWAT and hWAT samples. In these
samples, the water resonance frequency showed a temperature dependence similar to its
nominal value of —0.01ppm/°C. As a result, when the water resonance frequency was
referenced to the methylene resonance frequency (3c), the temperature coefficient of water
increased for both samples (-0.011 ppm/°C in rWAT and -0.013 ppm/°C in hWAT). For the
rWAT/muscle sample, on the other hand, the behavior was quite different. In this sample, the
temperature dependence of the magnetic susceptibility of fat caused a variation of the local
field distribution with temperature, which affected both water and methylene frequencies.
Specifically, the methylene resonance frequency decreased instead of increasing with
temperature, while the water resonance frequency showed much smaller temperature
dependence, at least in the sample equilibrated at 1 atm (—0.0064 ppm/°C) (3b). In this
sample, the distribution of water and fat spins drastically changed between the first set of
measurements at 1atm and the second set of measurements at 3atm. It is noticeable that, in
all samples, after the first set of measurements we observed a liquid phase floating on top of
a more solid-like phase. Most likely, the breakdown of the adipocyte membranes led to the
release of the lipid content of the cells. This separation did not affect the resonance
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frequencies of the water and methylene spins in the two fat samples (hWAT and rWAT), but
drastically affected that in the rWAT/Muscle sample. In this case, the redistribution of the
two compartments pushed water and fat resonances in different directions, substantially
changing the water-methylene resonance frequency difference by 0.37 ppm, and its
temperature dependence from —0.0105 ppm/°C (measurement at 3 atm) to —0.0041 ppm/°C
(measurement at 1 atm). As predicted by our simulations, as water and methylene protons
reside in different tissue compartments, such redistribution led to a drastic change in the
water-methylene resonance frequency difference.

The same figure also shows the temperature and pressure dependence of the LDX chemical
shift in the same samples. By increasing xenon gas pressure in the system, an increasing
amount of xenon dissolved in the sample, leading to an equivalent increase in LDX signal
intensity (3d). As the figure 3(e) shows, the LDX resonance frequency presented a very
similar temperature coefficient across all samples, averaging to —0.208 ppm/°C with a
standard deviation of only 0.002 ppm/°C (3e). In addition, when the methylene spins were
used as internal reference (3f), the difference in the chemical shift of the referenced LDX
(rLDX) signal between the 3 samples decreased substantially, from 0.4 ppm to 0.3 ppm
between the hWAT and rWAT sample, and from 0.2 ppm to less than 0.02 ppm between the
rWAT and the rWAT/muscle sample. The larger difference in the rLDX frequency between
the rWAT/Muscle and the hWAT sample suggests a small dependence of the LDX frequency
on fat composition, which is expected to be different between the humans and rodents. An
increase in rLDX frequency was also observed for pressure greater than 2.5atm. Specifically,
at 3 atm the rLDX chemical shifts increased slightly by about 0.33 ppm. The chemical shift
temperature dependence of LDX seemed to increase slightly as well between 2 atm and 3
atm, changing from —0.2089 ppm/°C to —0.2138 ppm/°C. We should point out that in all
temperature studies we also noticed a small increase in xenon pressure as temperature was
raised, most likely due to the temperature dependence of xenon solubility in fat. However,
since this increase was smaller than 0.3 psi, it was not considered.

Interestingly, in the r'W/AT/muscle sample, despite the redistribution of water and fat
compartments between the 1atm and 3 atm measurements, the rLDX was quite similar.
Moreover, the temperature coefficient of rLDX was modified by less than 0.013 ppm/°C,
while the temperature coefficient of the LDX-methylene chemical shift difference was
modified even less by —0.011 ppm/°C. This result is not surprising. LDX and methylene
spins reside in the same tissue compartment, thus they are always subjected to the same field
perturbation. As such, the methylene spins represent a much better reference for LDX spins
than they do for water protons, which reside in different tissue compartments and therefore
are subjected to a different field perturbation. This clearly suggests that, by using the
methylene spins as reference one always improves the accuracy of LDX-based thermometry,
but not necessarily that of PRFS-based thermometry.

Figure 4 shows representative LDX relative temperature maps acquired in vivo from the
abdomen of an anesthetized obese mouse acclimated at 3 different bore temperatures using
the —0.21 ppm/°C LDX temperature coefficient found in vitro. All temperature maps display
a temperature variation of less than 1 °C across the sensitive region of the coil. When two
temperature maps were subtracted to calculate relative temperature changes, the apparent
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temperature variation across the abdomen of the mouse dropped to less than 0.5 °C while the
correct temperature change value was obtained within 0.3 °C.

Figure 5 shows water protons, methylene protons and LDX frequency maps for another
mouse whose body temperature was equilibrated at two different temperatures, and the water
and LDX temperature maps obtained by using the methylene frequency as an internal
reference. The frequency maps of water and LDX spins across the mouse abdomen
presented a similar variation of about 0.05 ppm for proton and 0.1 ppm for xenon. The
methylene frequency variation in this case was much larger at about 0.35 ppm, mainly due to
a poor methylene line shape. Because of these large variations in the methylene resonance
frequency, the corrected PRF temperature maps presented a variation of about 40 °C, while
the variation in the corrected LDX temperature maps decreased to less than 1 °C. The same
figure also shows the corrected (referenced to the methylene resonance frequency) LDX
resonance frequency as a function of rectal temperature as obtained from all in vivo studies,
along with the values obtained from the rwWAT and hWAT samples on the high-resolution
spectrometer. Interestingly, the LDX-methylene values obtained in vivo match very well
with those obtained in vitro from rWAT. In all 8 mice analyzed, the big uncertainty in the
absolute chemical shift difference between methylene and LDX was rooted in the large
uncertainty in the apparent methylene resonance frequency, which was caused by poor
methylene line shapes across the mouse abdomen. This was the case whenever the mouse
was placed supine on the xenon surface coil such that the sensitive region contained mainly
a large water peak and a much weaker and distorted methylene peak.

DISCUSSION

One of the aims of this work was to measure the temperature coefficient of lipid-dissolved
xenon in white adipose tissue under well-controlled pressure and temperature conditions.
The temperature coefficient of LDX measured in this study was —0.208+0.002 ppm/°C,
similar to what we previously found in vivo (32) and what has been reported in olive oil
(33). Although the temperature dependence of LDX has never been investigated, we
hypothesize that this dependence arises from the temperature-induced change in the density
of the fat in which xenon dissolves. Because xenon has a large number of electrons, even a
small change in the available volume between the triglyceride molecules in which it diffuses
is expected to lead to a large change in its chemical shift.

We also showed that the use of methylene protons as an internal reference for the LDX
chemical shift is able to completely remove the effect of macroscopic and microscopic
magnetic field inhomogeneities. This is not surprising, as LDX and methylene protons reside
in the same tissue compartment and experience the same field perturbation. Methylene
protons, on the contrary, are not a good reference for water protons, as they reside in
different compartments and experience different field perturbations. Consequently,
variations in the water/fat spatial distribution are expected to lead to variations in the
observed water-fat frequency difference (23) and, unless the exact distribution of water and
fat spins is known at the sub-voxel level, PRF-based thermometry methods are expected to
show an acceptable performance only at moderate temperature elevations and/or in voxels
with low fat contents.
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We also measured a small difference in chemical shift of less than 0.3 ppm between the
LDX signal originating from hWAT and rWAT samples. This difference is more likely due to
a different fatty acid profile between human adipose tissue and rodent adipose tissue, to
which xenon is also expected to be sensitive.

A pressure dependence of the LDX frequency was also seen in samples equilibrated at
pressures above 2.5 atm. This pressure dependence likely arose from Xe-Xe interactions,
which were expected to have an impact only at very high concentrations of dissolved xenon.
Considering the high solubility of xenon in adipose tissue, this pressure dependence seems
to arise only for an in-tissue xenon concentration higher than 100 mM, i.e. orders of
magnitude higher than the concentration achievable in vivo in tissues upon inhalation of the
gas. As such, this pressure dependence is not expected to affect the accuracy of in vivo LDX
MR thermometry.

Despite the high accuracy of LDX-based MR thermometry, a consideration must be made
about its potential use in humans. With respect to previously proposed xenon-based
temperature sensors, this method has the advantage that it does not require an in vivo
injection of a contrast agent and can be performed after a single xenon inhalation. More
importantly, it provides a direct measurement of tissue cell temperature. However, this
method also requires the presence of lipids in which xenon should quickly dissolve before
depolarizing at a concentration high enough for its detection. Since the achievable xenon
concentration in tissue after a single inhalation of HP gas depends on blood flow, good
targets for LDX-based MR thermometry would be the highly-perfused and lipid-rich brown
adipose tissue (40), the brain and breast tumors. Tumors in the breast are generally highly
vascularized and surrounded mostly by fat. More importantly, because of the presence of fat,
in voxels on or near water-fat boundaries, temperature errors by PRF-based MR
thermometry are known to be an issue (41). Brown adipose tissue is a fatty tissue that
recently gained a lot of attention for its presumptive role in the regulation of body weight
and glucose homeostasis (42). This tissue is specialized in heat production and, during
stimulation of BAT thermogenesis, the increase in blood flow to this tissue leads to a specific
uptake of xenon in BAT, both in mice (32) and in humans (43). Since the temperature of this
tissue is expected to rise by 1-2 °C during thermogenesis, tracking of BAT temperature by
LDX MR spectroscopy after a single inhalation of HP 129Xe gas could be used to assess
BAT thermogenic activity in humans, as has been done in mice (32). More recently, a LDX
signal was also detected in the brain of human subjects inhaling 1 L of hyperpolarized xenon
at 1.5 T (44). Although the LDX peak was attributed mainly to fat tissue outside the brain
region, a strong signal originating from xenon dissolved in white matter was also detected.
We speculate that this signal originates mostly from xenon dissolved in the myelin sheaths,
which are composed mainly (~80 %) of lipids. Of course, temperature imaging based on
LDX in humans would require large amounts of highly polarized HP 129Xe gas, possibly
coupled to multiple xenon inhalations, which may not be feasible given the known anesthetic
effect of xenon at high concentrations. Nonetheless, although temperature monitoring may
not be feasible at the temporal and spatial resolution required for hyperthermia treatments,
we do foresee the use of LDX-based MR thermometry for temperature calibration at
clinically relevant field strengths and for monitoring BAT thermogenesis in humans during
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cold exposure. For other less-vascularized tissues, a better delivery of xenon to this tissue
would be necessary.

CONCLUSION

In this work, the chemical shift temperature dependence of water protons, methylene
protons, and lipid-dissolved xenon was measured in vitro for 3 different types of samples
containing adipose tissue. Despite the strong similarity in composition between these
samples, we observed a large variation in the chemical shift and in the temperature
coefficient of the PRF, which means that, in the presence of fat, using the nominal —-0.01
ppm/°C PRF temperature coefficient can be very unreliable for relative temperature
measurements. Also, the magnitude of the water-fat chemical shift difference is strongly
affected by the relative distribution of water and fat spins at the microscopic level and
therefore it cannot be used for accurate absolute or relative temperature measurements. On
the other hand, LDX and methylene spins reside in the same tissue compartment and, when
the LDX is referenced to the methylene protons, both macro and microscopic magnetic field
inhomogeneities can be completely removed, allowing more accurate and precise relative, as
well as absolute, temperature measurements, both in vitro and in vivo.
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Figure 1.
Water-fat distribution geometries simulated in this study (a, b, ¢ and d) and their associated

magnetic field perturbation (e, f, g and h) produced by the magnetic susceptibility mismatch
between water and fat compartments. In figures a—d, the yellow color represents the fat
compartment while the blue color represents the water compartment. For each geometry,
field maps are reported for the center YZ slice (dotted square in a). (2-columns)
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1H and 129Xe spectra acquired on rWAT sample equilibrated at 3atm. (a) H spectrum at
34°C. Water and methylene peaks are highlighted by the blue and red dashed boxes,
respectively. The 1H center frequency was arbitrarily set at 0 ppm, leaving the methylene
spins at around —3.1 ppm and the water spins at around 0.4 ppm at 26°C. (b) Shift of the
methylene resonance frequency line with temperature. (c) Shift of the water resonance
frequency line with temperature. (d) 129Xe spectrum at 26°C showing a single peak: the
Lipid Dissolved Xenon (LDX) peak. (e) Shift of LDX peak with temperature. (f) MATLAB
fit of the LDX resonance at 26°C. (1.5-columns)
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Temperature dependence of water, methylene, and lipid-dissolved xenon resonance
frequencies for three different adipose tissue samples equilibrated at different xenon gas
pressures. (a) Temperature dependence of the methylene resonance frequency. (b)
Temperature dependence of the water resonance frequency. (¢) Temperature dependence of
the water-methylene resonance frequency difference. (d) 129Xe spectra at 26 °C for the
r'WAT sample at different xenon gas pressures. (e) Temperature dependence of the lipid-
dissolved xenon resonance frequency. (f) Temperature dependence of the lipid-dissolved
xenon-methylene resonance frequency difference. (2-columns)
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Figure 4.
In vivo temperature maps obtained from an obese mouse using the LDX frequency as

temperature sensor. (a) Coronal view showing the selected axial slice. The mouse was
positioned supine and the position of the Xe surface coil is indicated by the yellow line. (b)
LDX temperature map overlaid on the axial 1H reference image. (c)—(e) LDX temperature
maps acquired with the mouse body temperature equilibrated at 3 different temperatures. A
coefficient of —0.21 ppm/°C was used for all temperature maps (f—h) Relative temperature
change maps showing the correct average temperature change (2°C for f and g, and 4 °C for
h). (1.5-columns)
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Figure5.
Frequency and temperature maps acquired in vivo from an obese mouse whose body

temperature was equilibrated at two different temperatures: 31.2°C and 34.2°C. (a) Water,
methylene, water-methylene, LDX and LDX-methylene resonance frequencies. (b)
Temperature maps showing the relative temperature change between the two measurements
obtained by using a temperature coefficient of —0.01ppm/°C for both the water resonance
frequency and the water-methylene resonance frequency difference, and a temperature
coefficient of —0.21 ppm/°C for the LDX resonance frequency and LDX-methylene
resonance frequency difference. (c) LDX-methylene resonance frequency obtained in vitro
for the rWAT sample overlapped with that obtained in vivo showing the difference in LDX
frequencies. (d) Absolute temperature map obtained at 31.2°C using the LDX-methylene
resonance frequency difference. The mouse was positioned supine and the coil position is
indicated by the yellow line. The real temperature is overestimated by less than 0.5°C. (2-
columns)
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