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Abstract
Tissues containing both water and lipids, e.g., breast, confound standard MR proton reference
frequency-shift methods for mapping temperatures due to the lack of temperature-induced
frequency shift in lipid protons. Generalized Dixon chemical shift–based water-fat separation
methods, such as GE’s iterative decomposition of water and fat with echo asymmetry and least-
squares estimation method, can result in complex water and fat images. Once separated, the phase
change over time of the water signal can be used to map temperature. Phase change of the lipid
signal can be used to correct for non-temperature-dependent phase changes, such as amplitude of
static field drift. In this work, an image acquisition and postprocessing method, called water and
fat thermal MRI, is demonstrated in phantoms containing 30:70, 50:50, and 70:30 water-to-fat by
volume. Noninvasive heating was applied in an Off1-On-Off2 pattern over 50 min, using a
miniannular phased radiofrequency array. Temperature changes were referenced to the first image
acquisition. Four fiber optic temperature probes were placed inside the phantoms for temperature
comparison. Region of interest (ROI) temperature values colocated with the probes showed
excellent agreement (global mean ± standard deviation: −0.09 ± 0.34°C) despite significant
amplitude of static field drift during the experiments.
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Hyperthermia shows great promise both as a primary or an adjunct treatment for a variety of
malignancies. In addition, high-frequency focused ultrasound has been demonstrated to be
effective for treating superficial and deep tumors in soft tissue (1,2). Conventional, lower-
temperature hyperthermia therapies have been shown to be effective as an adjunct treatment
(3) with radiation or chemotherapy in such cases as recurrent tumors in the chest wall (4)
and sarcomas in leg and other extremities.

Accurate tumor and normal tissue temperature measurements are necessary to confirm
desired thermal dose distributions, a key factor for successful treatment (3,5,6). Invasive
thermometry provides accurate but spatially limited measurements. Devices such as fiber
optic probes are often limited to a single location or a one-dimensional track through the
region of interest, due both to accessibility and patient tolerance. Regional temperature
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mapping via MR methods should increase control of the therapy distribution by providing a
three-dimensional distribution of temperatures, using a noninvasive technique (7).

Previous work has shown the value of using the temperature sensitivity of the tissue water
proton resonant frequency shift (PRFS) (8-11). The temperature dependency of water
protons is approximately 0.01 PPM/°C (12), which in a 1.5-T scanner results in 0.64 Hz/°C.
This effect can be observed in its most simple form via a gradient echo data acquisition,
where a series of images of a water-based gel phantom is acquired through time while
applying heat. If each complex image is subtracted from the first and the phase angle for
each time point plotted against time, then the phase change over time directly correlates to
the change in temperature. However, tissues with a mix of water and lipids, e.g., breast,
confound most standard PRFS approaches because lipids have no chemical shift dependence
with temperature (13).

The separation of water and fat signals into separate images is an active and growing area of
research, with numerous clinical and clinical research applications (14-20). Most techniques
developed differentiate these signals by exploiting the chemical shift differences between
water and fat signals (~210 Hz between water and the methylene resonance at 1.5 T). Both
two-point and multipoint sequences exist, and both types have been shown to be sensitive to
the effects of T2* bias, T1 bias, and the accuracy of the spectral modeling for fat resonances
(21,22). Mixed water and fat within a voxel has also been used by one group to correct
PRFS measurements for field changes during MR thermometry imaging (23).

In this paper, we demonstrate an image acquisition and postprocessing method for thermal
imaging in tissues containing both water and fat, called water and fat thermal (WAFT) MRI.
For this work, we made use of an offline implementation of the IDEAL (iterative
decomposition of water and fat with echo asymmetry and least-squares estimation)
(18-20,24) water-fat separated imaging algorithm; however, theoretically any technique that
results in separate complex images of water and fat could have been used. The IDEAL
method is a multiecho algorithm that allows data acquisition echo times (TE) to be
generalized. Extensions in the original IDEAL method have been developed to account for
T2* and T1 bias artifacts and to allow a multispectral peak model to be used to improve fat
fraction estimates. The algorithm also accounts for amplitude of static field (B0)
inhomogeneities across a sample. The complex signal phase changes between the water and
fate images due to heating over time are exploited to determine tissue temperature change
while avoiding apparent variations in temperature measurements due to global B0 changes.

MATERIALS AND METHODS
WAFT-MRI Theory

In its most commonly used form, the IDEAL technique uses complex MR image data
acquired at three or more TE to estimate the complex water and fat contributions and B0
inhomogeneity in each voxel. The complex water and fat signals in a voxel can be modeled
by:

[1]

where Aw exp(iϕw) and Af exp(iϕf) represent the complex signals from water and fat protons,
respectively. The frequency difference due to chemical shift between water and fat is
accounted for by the term exp(ifcstn). Global frequency changes (e.g., B0 drift) are accounted
for by the Ψtn term. A minimum of three TE is required to solve for the five independent
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variables, Aw, Af, ϕw, ϕf, and Ψ. Note that the estimated water and fat signals are complex,
with independent phase.

Due to chemical shift, aka shielding interactions, water protons display a marked frequency
shift with temperature change, while protons attached to fat do not. As the water frequency
changes with temperature, this adds a frequency shift over time in the water term. When the
water signal in IDEAL processing is modeled as being on-resonance, temperature changes
result in an apparent phase change in the fat term:

[2]

The apparent phase change in the fat signal is ϕΔTn = ωΔTtn, where ωΔT is the frequency shift
in radians due to temperature change. This apparent temperature-dependent phase change in
fat can be solved for by calculating voxel by voxel the fat signal phase angle difference
between each reconstructed fat image. However, we found that the calculation of the phase
angle difference between the water and fat signals was more useful. This value references
changes due to temperature to the fat signal in the voxel, which is inherently insensitive to
temperature but accounts for phase changes due to all other mechanisms, such as B0 drift.

The temperature dependency of water protons is approximately 0.01 PPM/°C (12), which in
a 1.5 T scanner results in 0.64 Hz/°C. The effect of this relatively small frequency shift can
be amplified in gradient echo pulse sequence data by using longer TE to acquire data, e.g., a
TE = 4 ms yields 0.92° of phase per degree Celsius; however, a TE = 20 ms gives
approximately 4.6° of phase per degree Celsius.

The complex fat signal is actually composed of multiple spectral lines at different chemical
shift offsets due to the variability of the magnetic microenvironment experienced by protons
in the lipid chain. The phase of each fat resonance thus changes differently with time. A
number of groups have shown that the accuracy of water-fat-separated image methods
improve when the fat signal model accounts for this spectral distribution (14,22). This is
particularly important when acquiring data at longer TE values as the phase differential
between lipid groups is further exaggerated. Thus, we can write the complex fat signal with
N lines, relative amplitudes pn, and relative signal phases of ϕfn as:

[3]

Phantom Data and WAFT-MRI Postprocessing
Three water-fat phantoms consisting of peanut-oil-in-gelatin dispersions (25) were created.
The phantoms’ water-to-fat ratios were 30:70, 50:50, and 70:30 by volume. The water-fat
solution of each phantom was doped with salt to approximately physiologic saline levels to
improve coupling for radiofrequency (RF) heating. The melting point of the gelatin matrix
occurs at over 100°C. The 50:50 and 70:30 phantoms were built in 5 × 10 inch (diameter ×
length) cylindrical plastic tubes, but the 30:70 phantom was built in a 4.25 × 7 inch
cylindrical plastic tube to simplify the creation of this phantom and improve the
homogeneity of the water and fat ratio throughout. Four catheters were inserted along the
length of each phantom, one at the center of each cylinder and three near the outside edge of
the phantom at 120° offsets from each other. The catheters allowed the insertion of invasive
Lumasense fluorescent probes (Lumasense Technologies, Santa Clara, CA) to measure
actual temperatures at MR image locations during image acquisitions.
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Single-voxel, short-TE MR point-resolved spectroscopy was used to determine fat peak
frequency values and relative amplitude ratios. Acquisition parameters were pulse repetition
time = 5 sec, TE = 30 ms, SW = 2000 Hz, 2048 points, and eight averages with no water
suppression. Single-voxel, short-TE MR point-resolved spectroscopy voxels were acquired
from 1-cm3 voxels centered at each of the catheter locations midway along the length of
each phantom to determine the homogeneity of each solution (Fig. 1). The SITools-FITT
software package (26) was used to fit areas and frequencies beneath a single water peak and
six lipid peaks (Fig. 2).

Each phantom was actively heated, independent of the other two, in a miniannular phased
array (MAPA) (27) with four RF antennas. A water bolus sleeve (see Fig. 3a) was used to
improve coupling of the RF energy at 140 MHz into the water-fat phantom. D2O (99.8%
pure; Sigma Aldrich #617385, St. Louis, MO) was used to fill the bolus sleeve to minimize
image artifacts from convection currents. Four narrow, cylindrical references containing
only silicone oil were located both inside the water bolus and along the sides of the MAPA.
These references provide pure fat signals for B0 drift corrections during PRFS measurements
but were not necessary for this experiment. Each water-fat phantom was positioned in the
center of the MAPA and RF heating was applied in an Off1-On-Off2 pattern. During the On
period, all four RF antennae were set to 15 W continuous power to heat the phantom with a
symmetric distribution. Lumasense temperature probes were centered within the MR slice
and recorded temperatures every 10 sec for the duration of the experiment. A text file record
of Lumasense measurements was saved offline for comparison to reconstructed temperature
maps.

Complex MR image data were acquired on a GE Signa HDX 1.5T system (GE Healthcare,
Waukesha, WI). Five gradient echo images were taken at each time point. A single slice was
positioned at the center of the MAPA/phantom, with 6mm slice thickness, TE = [16.78,
19.84, 22.91, 25.98, 29.04 ms], pulse repetition time = 34 ms, field of view = 30 cm, 128 ×
128 points, receive band width 32 kHz, and averages = 2. Nominal voxel size was 2.4 × 2.4
× 6mm. Five TE were acquired to permit the temperature map algorithm to determine if a
five-echo fit permitted a better estimate than a three-echo fit. Total data acquisition for the
five echoes was approximately 2 min. Over 52 min, 25 time points were acquired, with
approximately 20 min heat Off1, 20 min with heat On (15 W × four channels), and 12 min
heat Off2. Complex image data were transferred offline and temperature maps reconstructed
using in-house software written in IDL (ITT-VIS, Boulder, CO).

Standard IDEAL image reconstruction, without T2* correction, yielded complex image
estimates for water and fat, using both three- and five-echo reconstruction algorithms.
Heating resulted in the addition of an apparent complex phase component to the fat image.
In each voxel, the phase accumulation due to temperature was calculated by taking the
difference between the current water-fat phase angle, atan(ϕw − ϕf), and the water-fat phase
angle for the previous image acquired. The total phase change due to heating was calculated
as the sum of the changes at each time point. Based on the assumption that the phase change
due to temperature ϕΔTn = ωΔT tn was small between the N echoes acquired for the IDEAL
reconstruction, the temperature change was be calculated via ϕΔT ~ ωΔT TEN/2, where TEN/2
was the middle TE value collected for IDEAL reconstruction. Each IDEAL image
reconstruction was performed independent of all other time points. The above assumptions
were made based on an expectation for smoothly distributed temperature changes. Because
image noise from each data collection can lead to small variations in IDEAL image
reconstruction, we expect variations in temperature measurements to also be independent of
time points and related to image noise.
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RESULTS
An example of water-fat phantom single-voxel, short-TE MR point-resolved spectroscopy
spectra is shown in Fig. 1 from center voxels positioned in the (Fig. 1a) 30:70, (Fig. 1b)
50:50, and (Fig. 1c) 70:30 phantoms. An example of fitting the center spectrum from the
50:50 water-fat phantom is shown in Fig. 2. A total of 12 spectra were fitted across three
phantoms. Six spectral lines were used to characterize the fat, as indicated by the arrows in
Fig. 2. Due to their similarity, fat peaks 3 and 4 were combined to simplify the IDEAL
calculation. Fat peak areas were normalized to the total fat area. The mean PPM and area of
each peak were used in the IDEAL reconstruction; these were 5.22, 2.69, 1.96, 1.21, and
0.78 PPM and 0.071, 0.012, 0.091, 0.734, and 0.092 for the respective areas. Standard
deviations for fitted values in the 50:50 phantom were on the order of 2-8%, except for the
smallest peak, at 2.69 PPM with a 20% standard deviation.

Figure 3 shows (Fig. 3a) the MAPA RF heating device and (Fig. 3b) a representative axial
gradient echo image for TE = 16.1 ms, with the water-fat phantom (gray, center) supported
by the D2O bolus sleeve (dark) with fat-filled outer oil references (gray). The dotted yellow
circle indicates outer diameter of the MAPA former. The red square indicates the region of
the acquired images that was postprocessed for temperature maps. Signal-to-noise ratio for
all water-fat phantoms ranged between 12 and 100:1, depending on water-fat ratio and in/out
phase characteristics due to TE. Figure 4 shows the results for IDEAL reconstructed (Fig.
4a,c) water-only images and (Fig. 4b,d) fat-only images for the 50:50 phantom. Figure 4a,b
was constructed from data with no heating applied. Figure 4c,d was constructed from data
taken at maximum temperature change at time equal approximately 42 min. Similarly
homogeneous water-fat images were reconstructed for all phantoms, although, as in Fig. 4c,
some slight shading was seen in the water images in areas with the highest temperature
changes due to T1 changes due to temperature.

B0 maps reconstructed from the IDEAL algorithm are shown in Fig. 5 for both the three- and
five-echo reconstructions of the 50:50 phantom at the first time point. Both maps (Fig. 5a,b)
show spatially inhomogeneous fields with a range of approximately 20 Hz across the
phantom. B0 values at the locations of the four Lumasense probes are shown in Fig. 5c,d for
all time points of the experiment. These plots show that the spatially inhomogeneous pattern
persists throughout the experiment but also displays a global drift with time.

WAFT-MRI calculated temperatures are compared to Lumasense temperature
measurements in 12 plots in Fig. 6. Each of the four Lumasense locations in a given
phantom is shown vertically, while the same Lumasense in each of the three phantoms is
shown horizontally. The mean of the first 20 Lumasense temperatures has been subtracted
from each overall Lumasense plot to enable the relative changes of the WAFT-MRI values
to be compared to the absolute Lumasense measurements. The Lumasense values show a
flat baseline temperature change near 0°C during the initial period without heating (Off1)
and a smooth increase in temperature during heating (On). Maximum temperature change
varied between 4 and 9°C, depending on probe location. WAFT-MRI plots show excellent
agreement with the Lumasense values for all locations and phantoms. Table 1 shows the
variability in WAFT-MRI calculation about 0°C after subtracting the “gold standard”
Lumasense values. For the initial nine time points, corresponding to the no-heat-applied
period, the temperature variability was −0.11 ± 0.20°C for the three-echo reconstruction and
−0.06 ± 0.17°C for the five-echo reconstruction. For the all 25 time points, the temperature
variability was −0.21 ± 0.34°C for the three-echo reconstruction and −0.03 ± 0.29°C for the
five-echo reconstruction. Further breakdown by phantom ratios and grouped values is also
shown.
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WAFT-MRI temperature maps are shown in Fig. 7 for all three phantoms at six time points,
two in the initial no heat period (Off1), three in the heating period (On), and a final one in
the second no-heat period (Off2). Temperature maps show a smooth transition of values
both spatially and temporally for all phantoms. Despite equal power on all MAPA RF
elements, the maps show asymmetric heat patterns. However, the same pattern is seen on all
phantoms, indicating that the asymmetry was likely due to a slight systemic miscalibration
of the MAPA RF amplifiers.

DISCUSSION
Both visual inspection and the temperature variations in Table 1 demonstrate that the
WAFT-MRI method agrees very well with Lumasense measurements. The mean
temperature values for both the initial period without heat (Off1) and the entire time course
were within 1 standard deviation of 0°C in all phantoms, regardless of the reconstruction
method. Mean temperatures for both the three-echo and five-echo reconstruction methods
remained consistent throughout the data collection, but the standard deviations for the entire
heating period (Off1-On-Off2) were almost double those for the initial (Off1) period alone.

As there was no heating in the Off1 period, we would not expect the assumptions made for
the WAFT-MRI method to interfere with the IDEAL reconstruction. These temperature
variations are likely the most representative of the error due to image noise and the water-fat
estimation assumptions made by the IDEAL method and thus a limit of the WAFT-MRI
method. Work has been done to determine optimized TE values for improving the accuracy
of the water-fat IDEAL estimates; however, such optimization was beyond the scope of this
work. The TE values chosen for this report were ones empirically shown to produce
reasonable results.

A significant benefit of the WAFT-MRI method over the PRFS method is that it provides
inherent independence from artifacts due to B0 drift. The WAFT-MRI method calculates
temperature changes using the phase angle between water and fat. This allows the apparent
phase change in the fat to be self-referenced in the same voxel to the fixed frequency water
signal. Because both signals are affected equally by the B0 drift and corrected equally by the
IDEAL reconstruction estimate of B0 changes both spatially and with drift over the 50-min
heating period (approximately ±40 Hz spatially and ±5 Hz/h in this experiment), the method
was not susceptible to artifacts due to B0 inhomogeneity, as is the PRFS method. However,
if significant B0 changes occur within the total acquisition time of all echoes for an image,
such as can occur in a breast during normal breathing (28), this could result in artifacts in
both the water-fat and temperature images. One possible solution will be to use a high-speed
multiecho acquisition to acquire data during a single breath hold.

Temperature results in this report were similar for all phantoms, regardless of water-fat
ratio; however, the WAFT-MRI method is expected to fail as the voxel fat-water ratio
approaches 0% or 100%. In organs containing compartments with both water and fat or just
water, the data collected for IDEAL water-fat image reconstruction could also be used to
perform a PRFS temperature change analysis. With the B0 estimates created during the
WAFT-MRI measurements, the B0 drift found in water and fat compartments could also be
used to estimate field drift corrections for the water-only compartments, using a PRFS
measure. In both cases, it could be possible for the phase accumulated due to temperature
change to exceed 360° and require phase unwrapping to differentiate actual changes.
However, TE times can be selected for the WAFT-MRI method that can accommodate the
range of temperatures expected to within one phase cycle. Also, by accumulating the change
in phase between each temperature time point, rather than by comparison with an initial
baseline value, phase unwrapping is not needed in a normal PRFS calculation either.
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A drawback to the data collection method in this report was that we were unable to acquire
our data using a multiecho sequence on our MR system, although multiecho
implementations of IDEAL have been described (22,29). Individual echoes were acquired
sequentially and overall acquisition time was approximately 2 min for five echoes. This
imposed some necessary limitations to our spatial and temporal coverage. We acquired two
averages to ensure sufficient signal-to-noise ratio to test our method. Based on the signal-to-
noise ratio of our data and because the IDEAL water-fat images are reconstructed from three
images, averaging was not necessary. Also, we were only able to acquire one slice in a
reasonable amount of time. A multiecho sequence would have facilitated improved
coverage. On higher field scanners, say at 3 T, where the chemical shift of water-fat is twice
that at 1.5 T, it may be necessary to interleave two three-echo acquisitions to acquire the TE
spacing needed. However, these acquisitions could be reconstructed in a fashion similar to a
moving window technique (TEodd1 with TEeven1, then TEeven1 with TEodd2, then TEodd2
with TEeven2, etc.) to increase temporal resolution.

There were also consequences from our data collection method to the accuracy of the
WAFT-MRI method. Because the “middle” echoes for each reconstruction, the second and
third echoes, respectively, were acquired approximately 40 sec apart, the five-echo
reconstruction shows a definite left shift and apparent overestimation of the temperature
versus the three-echo method. More important, we saw more variability in temperature maps
during heating and as the absolute temperature change got higher. This effect is likely due to
our assumption that ϕΔT ~ ωΔTTEN/2, based on the time between echoes being small. We
also assumed that the amount of temperature change during the entire data acquisition would
also be small. At 2 min and low heating, this may have been a reasonable assumption, which
broke down as the change in temperature increased. Again, the use of multiecho data
acquisition may alleviate this challenge.

Water and fat in the same anatomic locations resonate at slightly different frequencies due to
the chemical shift of fat protons away from the water frequency. This can cause a chemical
shift artifact in the reconstruction, where the fat image appears displaced slightly away from
its true anatomic location along the direction of the readout gradient. This effect can be
minimized in a given sequence but needs to be accounted for by physically aligning the
water and fat images prior to calculating temperatures. The in-plane shift for our data was
approximately one voxel (2.4mm), and temperatures changed smoothly and slowly in most
locations for this experiment. We thus expect variability due to in-plane chemical shift to be
small, and it could be further decreased via higher receive bandwidth or smaller field-of-
view values. There is no solution for through-plane shift except to use high-bandwidth slice
excite pulses and/or thicker slices.

Fat signals have the majority of their signal strength in peaks located around 1.2-1.4 PPM;
however, a number of lipids (primarily olefinic, -CH = CH- signals) have appreciable signal
components whose peaks are at approximately 5.3 PPM (30-33). This signal contribution,
which is very close to the water peak will also demonstrate no temperature-dependent
chemical shift. In tissues with high fat to water content, this resonance group could
significantly mask the phase change of the water signal and lead to temperature
inaccuracies. The multipeak model of the lipids in our phantoms accounted for this effect.
Unpublished results from using only a single peak fat model have shown that temperature
values can vary widely from Lumasense values and thus underscore the need for an accurate
determination of the fat model. Fortunately, both water-fat imaging and MR spectroscopic
techniques exist to allow investigators to determine the number of peaks and their frequency
offsets and relative ratios. A possible source of error in our multipeak fat model
determination was the use of a single-voxel, short-TE MR point-resolved spectroscopy
spectrum with a TE = 30 ms, while the water-fat separated images were acquired with TE
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~20 ms. This could result in relative peak areas changing somewhat due to different T2
values and to a lesser extent due to J-coupling effects. For future development of water-fat
temperature methods, it may prove beneficial to determine relative ratios directly from a
water-fat precalibration imaging set (22).

The WAFT-MRI method’s use of longer TE values to amplify the temperature-dependent
phase angle between water and fat can also increase errors in the water and fat signal
estimations when a T2* decay term is not included in the model. While the phase angle
between water and fat is not directly affected by T2* signal attenuation, the accuracy of the
water-fat separated image reconstruction can be improved by including this effect (21,22).
While this extension to the signal model would also increase the complexity of image
reconstruction, it would likely improve temperature estimates in regions of severe T2*
decay, such as occurs due to tissue iron loading.

In future work, an investigation of the optimal number and spacing of image echoes for
improving temperature accuracy and variability is an important next step. Also, the WAFT-
MRI method could be improved by explicitly deriving the mathematical expression for the
frequency change in the water model due to temperature with a nonlinear signal model. The
temperature change parameter could then be solved for directly from the data rather than
having to estimate the change based on assumptions made in this report. However, since the
frequency shift term would only be applied to the water signal, this would invalidate the
assumptions made for the IDEAL processing algorithm and require that a nonlinear least
squares or other global fitting approach be used to solve for Aw, Af, ϕw, ϕf, Ψ, and ϕΔT. This
would add significant processing time to the reconstruction and might limit its use in real
time or pseudo-real-time clinical heating applications. Other considerations that we will
explore in future work will be the effects of phantom and heat-source orientation on our
method (34). We will also determine whether the acquisition of both the temperature-
dependent water and fat reference signals in the same data acquisition for each temperature
time point obviates the need to account for changes in tissue conductivity with temperature
(35). In both cases, the use of a multiecho data acquisition sequence to minimize our
temporal resolution will be necessary.
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FIG. 1.
Single-voxel MR spectra (single-voxel, short-TE MR point-resolved spectroscopy; TE = 30
ms) of 1-cm3 voxels from the three water-fat phantoms. Phantoms were composed of peanut
oil in gelatin dispersions at (a) water-fat 30:70, (b) water-fat 50:50, and (c) water-fat 70:30
ratios by volume. Water consists of a single peak at 4.7 PPM; all other peaks are due to lipid
resonances.
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FIG. 2.
Fitted peaks for peanut oil resonances and water. This spectrum was acquired from the 50:50
water-to-fat-ratio phantom. Six resonances were sufficient to characterize the lipid peaks, as
indicated by the arrows at 5.22, 2.69, 1.96, 1.21, and 0.78 PPM.
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FIG. 3.
a: MAPA RF heating device. b: Axial magnitude gradient echo image with TE = 16.1 ms of
50:50 water-fat phantom (inner gray circle) surrounded by a D2O-filled bolus (black) with
fat-filled half-cylinder internal and rectangular outer references. The dotted yellow circle
indicates outer diameter of the MAPA former. The red square indicates the region of the
acquired images that was postprocessed for temperature maps, as displayed in subsequent
figures. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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FIG. 4.
IDEAL reconstructed (a,c) water-only images and (b,d) fat-only images for phantom with
50:50 water-to-fat ratio. Images (a,b) were constructed from data with no heating applied.
Images (c,d) were constructed from data taken at maximum temperature change, time ~42
min. Catheters for the four Lumasense fiber optic temperature probes can be seen as four
small signal-hypo-intense areas in the center and around the edge of each phantom.
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FIG. 5.
IDEAL calculated B0 maps using (a) three and (b) five echoes in the 50:50 water-fat
phantom. The four colored squares marked 1, 2, 3, and 4 show the placement of the 5 × 5
pixel ROIs that overlie the location of the Lumasense fiber optic temperature probes. Plots
(c,d) show the B0 drift for all time points for the four ROIs marked. A spatially
inhomogeneous field with a global range of approximately 20 Hz is shown. This pattern
persisted through time but showed a global field drift.

Soher et al. Page 15

Magn Reson Med. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIG. 6.
Temperature values from the ROIs indicated in Fig. 5a that overlie the four Lumasense fiber
optic temperature-probe locations. WAFT-MRI values calculated with three echoes are
plotted in blue; values calculated with five echoes are shown in red. Lumasense values are
plotted in black. RF heating (On) started at approximately 20 min into the experiment and
was turned off at 40 min (Off2). Rows show the value for a given Lumasense location in the
30:70, 50:50, and 70:30 water-fat ratio phantoms, respectively. Columns show the results for
the four Lumasense locations—1, center; 2, top; 3, bottom right; and 4, bottom left—in a
given phantom. WAFT-MRI measurements showed good agreement for most locations and
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slightly better agreement with the Lumasense values for three echo calculations than for five
echo calculations.
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FIG. 7.
WAFT-MRI temperature maps for all water-fat phantoms at six time points during data
acquisition. The yellow ROI indicated in the Time 1 map shows the location of the
Lumasense probe, whose values are plotted at the top. RF heating was set equally for all
antennas at all time points during the On period from minute 20 till minute 40 to ensure
smooth heating.
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Table 1

Temperature Variation of WAFT-MRI Values Minus Lumasense Values for Three-Echo and Five-Echo
Reconstructions*

WAFT-MRI minus
Lumasense three-echo

reconstruct (°C) (mean ± SD)

WAFT-MRI minus
Lumasense five-echo

reconstruct (°C) (mean ± SD)

WAFT-MRI minus
Lumasense both reconstruct

(°C) (mean ± SD)

Time points 2–18 min (heat Off1)

 Water-fat 30:70 −0.151 ± 0.246 −0.043 ± 0.185 −0.097 ± 0.225

 Water-fat 50:50 −0.100 ± 0.135 −0.079 ± 0.165 −0.090 ± 0.150

 Water-fat 70:30 −0.088 ± 0.202 −0.044 ± 0.175 −0.066 ± 0.189

 All phantoms −0.113 ± 0.199 −0.055 ± 0.174 −0.084 ± 0.189

Time points 2–52 min (heat Off1-On-
Off2)

 Water-fat 30:70 −0.337 ± 0.428 −0.014 ± 0.298 −0.175 ± 0.402

 Water-fat 50:50 −0.153 ± 0.266 −0.029 ± 0.269 −0.062 ± 0.282

 Water-fat 70:30 −0.133 ± 0.279 0.071 ± 0.288 −0.031 ± 0.300

 All phantoms −0.208 ± 0.344 0.029 ± 0.286 −0.090 ± 0.337

*
Values are grouped for both reconstructions and broken down for individual and grouped phantoms. Results are further broken down for

variations around the first nine time points, when there was no heating applied, and then for all time points. SD, standard deviation.
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