
Toward Real-Time Temperature Monitoring in Fat and Aqueous 
Tissue During Magnetic Resonance–Guided High-Intensity 
Focused Ultrasound Using a Three-Dimensional Proton 
Resonance Frequency T1 Method

Mahamadou Diakite1,2,*, Henrik Odéen1,2, Nick Todd2, Allison Payne2, and Dennis L. 
Parker2

1Department of Physics & Astronomy, University of Utah, Salt Lake City, Utah, USA

2Department of Radiology, University of Utah, Salt Lake City, Utah, USA

Abstract

Purpose—To present a three-dimensional (3D) segmented echoplanar imaging (EPI) pulse 

sequence implementation that provides simultaneously the proton resonance frequency shift 

temperature of aqueous tissue and the longitudinal relaxation time (T1) of fat during thermal 

ablation.

Methods—The hybrid sequence was implemented by combining a 3D segmented flyback EPI 

sequence, the extended two-point Dixon fat and water separation, and the double flip angle T1 

mapping techniques. High-intensity focused ultrasound (HIFU) heating experiments were 

performed at three different acoustic powers on excised human breast fat embedded in ex vivo 

porcine muscle. Furthermore, T1 calibrations with temperature in four different excised breast fat 

samples were performed, yielding an estimate of the average and variation of dT1/dTacross 

subjects.

Results—The water only images were used to mask the complex original data before computing 

the proton resonance frequency shift. T1 values were calculated from the fat-only images. The 

relative temperature coefficients were found in five fat tissue samples from different patients and 

ranged from 1.2% to 2.6%/°C.

Conclusion—The results demonstrate the capability of realtime simultaneous temperature 

mapping in aqueous tissue and T1 mapping in fat during HIFU ablation, providing a potential tool 

for treatment monitoring in organs with large fat content, such as the breast.
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Introduction

MR-guided high-intensity focused ultrasound (HIFU) is a noninvasive technique for thermal 

ablation of solid tumors with real-time image guidance. For thermal therapy to be 

successful, it is essential that sufficient heat to cause ablation is delivered to the tumor while 

the heating of healthy surrounding tissue is minimized. Therefore, accurate temperature 

mapping in the tumor and surrounding tissue throughout a thermal therapy procedure is 

essential to ensure the safety and efficacy of the treatment.

MRI temperature measurement methods based on the temperature dependency of the water 

proton resonance frequency (PRF) shift have shown the best ability to quantify temperature 

rises in aqueous tissues (1,2). Furthermore, the temperature dependency of PRF shows little 

dependence on the tissue changes that occur when the tissue is rapidly heated, such as with 

HIFU.

Unfortunately, the PRF shift with temperature does not apply to lipid protons, since there is 

no hydrogen bonding among the methylene protons that supply the bulk of the fat signal (3). 

For tissues with large fat content, such as breast tissue (4), a thermometry technique for fat 

and aqueous tissues is desired. This can be technically challenging, particularly due to the 

complex chemical structure of the fat molecule. In vivo MR spectroscopy indicates that 

human breast fat is composed of a number of different fatty acids (5) that yield different 

chemical shifts. The dominant components in fat are methylene (CH2) and methyl radicals 

(CH3).

The relaxation times (T1 and T2) of tissues, which are sensitive to the dynamic structure and 

amount of water in the biological system, are also sensitive to temperature. The temperature 

sensitivity of the spin-lattice relaxation time, T1, has been measured for a number of fatty 

tissues, and has been found to obey a nearly linear relationship with temperature (6,7). T1 of 

CH2, the dominant component of fat, was shown to be promising in terms of reliability and 

reproducibility for measuring temperature changes (8).

In this study, we present an MRI sequence for simultaneous three-dimensional (3D) fat and 

water temperature imaging based on the extended two-point Dixon fat and water separation 

and the double flip angle (DFA) T1 mapping techniques. The technique was implemented 

using a 3D segmented flyback echoplanar imaging (EPI) sequence for real-time temperature 

monitoring during HIFU sonication of a phantom consisting of human breast fat embedded 

in ex vivo porcine muscle. The mixture of these tissues was used as a substitute for the 

human breast.

Methods

Extended Two-Point Dixon

The extended two-point Dixon method, which provides fat and water separation comparable 

to the three-point Dixon method (9), was applied for two flip angles (α1 and α2) as follows:
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where I1 and I2 represent the two in-phase images acquired at echo time (TE) and I3 and I4 

are the two out-of-phase images acquired at TE+Δ. W and F are real, nonnegative, and 

proportional to the amount of water and fat magnetization in each voxel, respectively. The 

flip angles α1 and α2 were computed to minimize the variance in fat T1 as described 

previously (10). ϕ1 is the phase accumulation induced by B0 field inhomogeneity during the 

time Δ. ϕ0 is the phase that accumulates from all sources during time TE.

Equations [1] and [3] can be solved for W and F by first eliminating ϕ0 using:

The phase of the image ( ) was unwrapped (11) before extracting the phase as: 

. The final water and fat images were obtained as:

where W and F are the resulting water and fat-only images at flip angle α1. Similarly, I2 and 

I4 were used to obtain fat and water images at flip angle α2.

PRF Temperature Measurement

The PRF shift uses the temperature-dependent change of the proton chemical shift relative to 

a baseline value (nonheated). The phase difference is converted to temperature change as 

(12–14):
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[5]

where γ is the gyromagnetic ratio, β is the thermal coefficient, B0 is the main magnetic 

field, and Δϕ is the phase change. Phase subtraction was performed to exclude nonthermal 

contributions to the phase (e.g., radiofrequency [RF] coil sensitivity or B0 field 

inhomogeneities), leaving only the spatially resolved phase shift attributable to temperature-

induced PRF shift. PRF temperature changes were estimated in aqueous tissue by using the 

water-only images, derived from the Dixon water/fat separation, as a mask on the original 

complex data.

Furthermore, in the regions where fat and water voxels overlapped due to the chemical shift 

(usually at the fat/water interface regions), the water phase was calculated in a 

straightforward manner based on the fraction of the fat and water in each voxel, the fat 

background phase, and the resulting signal intensity in those voxels before the fat/water 

separation. From a schematic representation of fat (F⃗) and water (W⃗) magnetization vectors 

as well as the resultant signal vector (S⃗I) in a single overlapped fat/water voxel, one can 

obtain the scalar form as:

[6]

where (w, ϕw) and (f, ϕf) are the magnitudes and phases of the vectors F⃗ and W⃗, respectively. 

Similarly, SI and ϕ are the magnitude and phase of the resultant signal. The fat background 

phase, ϕf, for a mixed fat/water voxel is set equal to the phase of the nearest fat-only voxel.

From Equation [6], one can solve for the water phase as:

[7]

where  is the fat fraction in the mixed fat/water voxel.

Because the fat phase changes very little with a rise in temperature, it can be assumed that ϕf 

remains constant and ϕw can be extracted for measuring the PRF temperature throughout the 

treatment. However, it is important to note that if a small change in fat phase were to occur, 

this would be a source of error in the computation of the water phase in mixed fat/water 

voxels.
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Furthermore, it has been shown that the susceptibility change in fat is a source of error in the 

PRF temperatures in mixed fat/water tissue (15). These errors are not eliminated by fat 

suppression, and they originate from several factors, which range from the shape and 

orientation of the heating pattern to the water and fat distribution inside the heated area. In 

general, they are small and difficult to quantify and should be evaluated on an experiment-

by-experiment basis for tissues with large fat content.

T1 Temperature Measurement Using the DFA Method

The DFA method uses the equation describing the T1 dependence of the signal of an ideally 

spoiled steady state gradient echo sequence. We calculated a single longitudinal relaxation 

time assuming that fat can be represented by its dominant methylene peak.

Two measurements made at different flip angles are used to linearize the signal equation and 

therefore T1 can be extracted by linear regression as described in Deoni et al. (10). The two 

flip angles must be chosen carefully to optimize the precision of the measurement. Deoni et 

al (16) and Schabel and Morrell (17) have each shown that the precision is best when the flip 

angles chosen are on either side of the Ernst angle and the signal for each is 71% of the 

signal intensity produced at the Ernst angle. Measurement accuracy is compromised when 

the flip angles used in the calculations do not equal the actual flip angles applied. Because 

B1 is not homogeneous, a B1 field map for accurate flip angle determination needs to be 

obtained prior to the measurement. In gradient echo sequences, the B1 field map at a given 

flip angle, α, can be obtained by dividing two acquisitions performed with flip angles α and 

2α (18). This approach of the B1 field mapping is T1-dependent and requires that the 

repetition time (TR) during the acquisition at the two flip angles is long (e.g. 5 times T1) 

compared with T1 of the sample. Because the goal of these experiments was to determine T1 

in fat, the TR used for B1 determination was five times the T1 of fat. B1 is then determined 

from the local flip angle:

[8]

Furthermore, T1 can be simultaneously calculated in fat and water with minimum loss of T1 

precision in fat. In this case, our simulations (Fig. 1) show that a good precision in T1 in 

both fat and water can be achieved by solely considering the optimum two flip angles of 

water and setting the TR to equal five times T1 of the water for B1 field mapping. The 

simulation was performed using the parameters TR = 20 ms, T1,fat = 300 ms, and T1,water- = 

1200 ms, which yielded two sets of optimal flip angles (9°, 48°) and (5°, 25°) for fat and 

water, respectively. The plot of the relative variance of T1 versus the second flip angles of fat 

and water in Figure 1 was obtained by setting the first flip angle of fat equal to the first 

optimal flip angle of water (a1fat = a1water = 5°), and changing the second flip angle from 6° 

to 180° in 2° increments for fat and water, respectively.

The dependence of T1 with temperature has been demonstrated experimentally (19,20) and 

can be approximated as:
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[9]

where  is tissue-dependent, T is the absolute temperature during heating, and Tref is 

the absolute temperature of the reference time point where no heating has occurred.

Experimental Setup and Pulse Sequences Design

We conducted experiments on excised human breast fat embedded in ex vivo porcine muscle 

using a Siemens TIM Trio 3T MRI scanner (Siemens Healthcare, Erlangen, Germany). The 

sample was sandwiched between two custom-built two-channel RF receiver surface coils for 

better imaging signal-to-noise ratio (SNR) at the ultrasound focus and was placed in a 

sample holder. For the experiment, the excised breast fat was kept refrigerated and was used 

within the first 2 days after excision. To provide proper acoustic coupling, a layer of 

degassed water was poured between the bottom of the container made of mylar film, and the 

tissue sample and water filled any space between the excised fat and porcine tissue. Sample 

heating was performed using a 256-element MRI compatible phased-array ultrasound 

transducer (Imasonic, Besançon, France) that was housed in a bath of deionized and 

degassed water. The transducer (1 MHz, 13 cm focal length) was mounted in a computer-

controlled, mechanically driven, MRI-compatible positioning system (Image Guided 

Therapy, Bordeaux, France). The ultrasound power was controlled outside the MR room via 

the controller computer. A fiber optic temperature probe (OpSens, Inc, Quebec, Canada) was 

placed at the interface between the fat and the aqueous tissue and high-resolution images of 

the sample were taken to position the ultrasound focus near the tip of the probe but outside 

of the direct ultrasound beam path. Figure 2 shows a schematic of the experimental setup 

used in our experiment.

To simultaneously measure PRF and T1, the new hybrid Dixon PRF-T1 sequence was 

implemented as a modification of a standard segmented EPI sequence. The sequence was 

implemented by alternating two flip angles every other time frame and two TEs (TE, TE+Δ) 

every other two time frames, respectively. TE and TE+Δ (where Δ = 1.15 ms at 3T) 

represent the echo times when water and fat are in phase and 180° out phase, respectively. 

Finally, flyback lobes were added to the readout echo train to ensure that all k-space lines 

were acquired in one direction, therefore providing a highly efficient method for acquiring 

extended 2-point Dixon data in the presence of fat and aqueous tissue. The temperature 

maps were acquired in four measurements as described in Figure 3.

In practice, temperature quantification using T1 method necessitates the calibration of T1 

with temperature. Therefore, T1 calibrations with temperature in breast fat samples for four 

different patients were performed to determine the variability of the average temperature 

coefficient dT1/dT and consequently the average relative temperature coefficient (%/°C). 

These calibration experiments consisted of imaging two vials (inside diameter = 2 cm, 

height = 5.5 cm) containing breast fat sample while they were cooling. The vials were 

preheated in a water bath and placed within a thermal insulating Styrofoam block. The 

temperature of the fat samples were recorded during the cooling phase using two 
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temperature probes (OpSens, Inc, Quebec, Canada) that were inserted in the vials before 

placing the ensemble within a 16-channel Siemens head coil (Siemens Healthcare, Erlangen, 

Germany). The temperatures were sampled every 3 minutes for all experiments for 105 

minutes on average. Table 1 lists the imaging parameters of the different experiments.

Experiment and Data Processing

T1 values of the sample were obtained at the beginning of the experiment using the null-

point (21) of a conventional two-dimensional inversion recovery (IR) turbo spin echo pulse 

sequence (TR/TE = 5000/17 ms, 2 × 2 × 3 mm resolution, 7 slices, 128 × 90 image matrix, 

echo train = 11, TI = [50 200 300 400 800 1000 1200]).

The T1 values obtained were used to select a minimum TR that provided a good SNR for the 

two optimum flip angles. The prescribed flip angles that would result in the best T1 

measurement precision were empirically determined from the signal intensity averaged over 

a large region of interest using the 3D segmented flyback EPI sequence with a range of flip 

angles from 7° to 87° in 10° increments. The two optimum flip angles were derived from the 

plot of the normalized signal intensity versus the prescribed flip angles (Fig. 4). To minimize 

error in T1, a correct flip angle map of each selected optimum flip angle was obtained using 

the steps described for Equation [8].

The HIFU heating experiment was performed at three different acoustic powers: 10, 20, and 

26 W. The sequence was used to acquire images with coronal slice orientation during the 

heating and the cooling phases. Scan parameters for the three heating runs were as follows: 

TR/TE = 20/9.8 ms, readout bandwidth = 640 Hz/pixel, echo train length = 5, image matrix 

= 128 × 90, 8 slices, and 2 × 2 × 3 mm resolution for a scan time of 3.7 s for a single flip 

angle. The scan time of 3.7 s included a prescan time of 0.8 s to reach steady state in 

addition to the actual acquisition time [(90 × 8 × 20)/5 = 2.88 s]. The prescan time was 

needed before acquiring each time frame, because the flip angles were alternating from time 

frame to time frame. Although short TR and TE allow for fast measurement, the PRF 

method yields the best precision if (22–25). The  value for the muscle is 

approximately 25 ms (26); therefore, a compromise between short measurement time (short 

TE, high SNR) and accuracy of the temperature map was necessary.

The readout bandwidth and the echo spacing used in this experiment resulted in a chemical 

shift of the fat with respect to the aqueous tissue of 1 pixel along the readout direction and 4 

pixels in the phase-encoding direction. The empirically determined optimum flip angles 

were 8° and 35°, respectively. The first two heating runs (10 W and 20 W) focused the beam 

on a single point and were performed for a duration of 2 min each. The last run of the 

experiment (26 W) heated a circular trajectory (radius = 2 mm, 13 points, 50 ms/point) for 3 

min. A variable time delay, ranging from 10 to 15 min was applied between ultrasound 

sonications to allow the heated region to cool to within about 5°C of the starting 

temperature.

Image reconstruction, fat-water image processing, and the calculation of temperature maps 

were performed offline with MATLAB (MathWorks, Natick, MA). The individual coil 

images of each heating run were decomposed into fat and water magnitude images using the 
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extended two-point Dixon method. The decomposed fat and water magnitude images from 

each coil were then combined using the “sum-of-squares” method (27), which effectively 

computes the root-mean-square average of the images associated with the different coils. To 

calculate the PRF temperature maps, the original complex images were reconstructed using 

a multicoil algorithm that combines the phase differences between adjacent time frames 

weighted by the square of the magnitudes. The water-only images were used to mask the 

combined complex images before computing the PRF shift. Averaging of the phase maps of 

the two optimum flip angles was used to improve the SNR of the temperature maps. The 

thermal coefficient β = −0.01 ppm/°C was used for PRF thermometry calculation.

The values of the spin-lattice relaxation time T1 were calculated from the fat-only images at 

the two optimum flip angles following the steps described earlier. Before obtaining the T1 

maps, the image noise was reduced by applying a Hanning filter to the raw data.

Results

Temperature images of the 3D volume of the phantom were obtained with a 14.8 s temporal 

resolution and 2 × 2 × 3 mm spatial resolution. Figure 5 shows the T1 maps of the fat in 

slices 4, 5, and 6, which were computed using the DFA method as described earlier. Figure 

5b shows T1 rise with temperature at the focal point in the fat sample during the HIFU 

heating.

Figure 6 shows on the top row the zoomed in PRF temperature maps of the eight coronal 

slices of the aqueous tissue of the phantom during the HIFU heating run 2. All coronal slices 

show temperature rise at the focus of the ultrasound beam except slice 5 (Fig. 6e) which 

contains fat at that location. Because fat does not show a temperature-dependent frequency 

shift, the localized fat signals have been removed from slices 4, 5, and 6 (Fig. 6d, 6e, and 6f) 

using the extended two-point Dixon method beforehand. The locations of the fat signal in 

these slices are indicated by arrows. All the slices are shown in the plane perpendicular to 

the HIFU beam path. The bottom row of Figure 6 shows the temperature maps of the fat 

tissue obtained from the T1 maps from Figure 5 using the results of the calibration of T1 

with temperature in Figure 8.

To validate T1 values derived from the DFA method, T1 maps were calculated using the IR 

and the DFA methods of the 10 coronal slices of the two samples of the breast fat tissue 

from patient 1 (Fig. 7a). The images of IR and DFA were acquired with the same spatial 

resolution (1.3 × 1.3 × 0.3 mm), and the locations of the slices were identical. Although the 

fat sample did not contain a large amount of water (<5%), T1 images using DFA were 

computed on fat-only images as described in Figure 3, while IR images were computed in 

mixed fat and water. Figure 7b shows the line plots along the green dashed line in Figure 7a. 

Figure 7c shows the error bar plots of the means and the standard deviations of T1 computed 

over a 7 × 7 pixel region of interest (ROI) in the 10 coronal slices using the IR and the DFA 

methods, respectively. The means and standard deviations were calculated from the 

combined T1 values from the two vials over the ROIs shown by the black squares on the T1 

maps of slice 2 derived from the IR and the DFA methods. The average mean values of T1 

from the 10 slices were found to be 280 ± 25 ms for IR and 282 ± 18 ms for DFA.
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T1 calibration with temperature for the HIFU experiment was performed in fat over a 2× 

voxel ROI chosen near the tip of the fiber optic temperature probe. Figure 8 is a plot of the 

absolute T1 versus the temperature reading of the fiber optic temperature probe during the 

HIFU heating and cooling phases of the sample for the heating runs at 10, 20 and 26 watts 

respectively. The recorded temperatures via the fiber optic temperature probe during the 

experiment have a precision of ±0.5°C below 40°C according to the temperature probe 

manufacturer. To estimate the precision of T1 values, the standard deviation of the absolute 

T1 have been measured in a uniform, non-heated region and was found to be ±5 ms. From 

Figure 8a-c, it can be seen that T1 changes linearly with temperature with an average 

temperature coefficient of 11.2 ms/°C.

Similarly, PRF temperature rise in aqueous tissue for the three HIFU heating runs over the 

same ROI location in all eight slices was calculated and plotted versus the time in Figure 9. 

The offset between the location of the fat and water spins due to the chemical shift was 

corrected while choosing the corresponding ROI in aqueous tissue. The plots of the PRF 

temperature versus the time show that the fat voxels in slice 5 experienced a small change of 

PRF temperature over time, which is either the result of the B0 field drift of the MRI scanner 

or to the result of a susceptibility change due to heating of the tissue sample.

The cooling experiments show that T1 of breast fat is linear with temperature over a larger 

temperature range up to 78°C. Similarly, the temperature coefficients vary from 6.21 to 

10.97 ms/°C, which confirms the tissue dependence of T1. To compensate for tissue 

variability of T1, the relative temperature coefficients were also calculated and ranged from 

1.2 to 1.58 %/°C.

Discussion and Conclusion

The results presented herein demonstrate the 3D fat and water temperature imaging 

capability of a new acquisition scheme based on an extended two-point Dixon fat and water 

separation and the DFA T1 mapping techniques. Visual inspection of the PRF temperature 

maps of the eight slices in Figure 5 and the T1 map values of the fat in Figure 6 demonstrate 

the effectiveness of the extended two-point Dixon method in separating fat and water 

signals.

The carefully chosen TE value used for this experiment provided high imaging SNR, which 

has improved the accuracy of the fat water decomposition method. Furthermore, in voxels 

where fat and water signals overlap due to the chemical shift, the method presented in this 

paper allows the phase of water to be calculated with minimum error. The calculation is 

made possible by assuming that the fat phase is the same as that of the nearest fat-only voxel 

and remains constant throughout the treatment. This assumption appears reasonable from the 

results shown in Figure 9, as the phase from the fat region in slice 5 (the only slice without 

partial water signal) changes very little during heating and only slightly more during 

cooling. These small changes will induce only a small error in the water phase calculation 

and affect only mixed fat/water voxels.
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Although B1 mapping can be challenging and is prone to errors in DFA T1 calculation, the 

comparison of our T1 maps with the ones derived from the IR method (Fig. 7) shows that the 

DFA method achieved the same bulk of T1 values in the 10 coronal slices of the fat sample 

from patient 1.

Additionally, one of the prerequisites for successful T1 monitoring of thermal therapy is 

stability over the entire treatment period. The data from our study demonstrate the stability 

of T1 determination during the application of several individual sonications. Moreover, the 

average temperature coefficients dT1/dT was found to be 11.2 ms/°C with a relative value of 

2.6%/°C in the HIFU heating experiments and values ranging from 6.21 to 10.97 ms/°C with 

relative values from 1.2 to 1.58 %/°C in the water bath cooling experiments. Although the 

voxels for T1 measurement were chosen to be as close as possible to the fiber optic probe 

location, uncertainty in that location also has an effect on the value of the slope obtained. To 

reduce that error, the voxels were chosen to minimize the hysteresis in the plot of T1 versus 

the probe temperature. When the T1 measurement and the probe are not in the same location, 

hysteresis occurs because of the difference in time for the heat from the ultrasound focus to 

diffuse to the two locations.

A small variation was noted in the T1 dependence on temperature for the four subjects 

included in Table 1. If this range of sensitivities is typical of the population of women to be 

encountered in thermal therapies, this intersubject variation could result in some error in the 

fat temperatures estimated during thermal procedures. For example, using the T1 thermal 

coefficient of patient 4 to estimate the temperature change in the 40°C range in the fat tissue 

of patients 1, 2, and 3 could result in 43%, 23%, and 8% overestimation, respectively, of the 

temperature of the fat in those patients during real-time thermal therapy. Note that breast 

cancer usually originates in the fibroglandular tissue, and the goal of T1 estimation is to 

monitor and minimize temperature rise in the surrounding healthy fatty tissue. However, if 

the range of T1 dependencies is large, it may be useful to find a way to calibrate the 

temperature dependence on each subject. This calibration might be done by using voxels that 

contain both fat and water. In fact, it might be possible to use the knowledge of PRF 

temperature in water in mixed fat/water voxels to calibrate the temperature dependence of T1 

in fat. The accuracy of this method will require (a) a voxel that is large enough to yield 

sufficient signal from both fat and water and (b) a small temperature gradient across the 

voxel.

Imaging time is often a concern with any MR thermometry technique requiring multiple 

image acquisitions. Therefore, real-time control of thermal ablation procedures in 

immobilized organs such as the human breast (28) requires a method that has good temporal 

and spatial resolution, provides sufficient thermometry precision, and is easy to implement. 

The pulse sequence used in our study is easy to implement and has good spatial resolution. 

Although the proposed technique for simultaneous temperature mapping in fat and water is 

not currently practical for clinical applications due to the long acquisition time (14.8 s for 

the four image volumes of one complete set of temperature maps), the temporal resolution 

can be considerably improved by calculating PRF temperatures from each pair of flip angles 

and also by implementing a parallel acquisition technique. For instance, GRAPPA 

[GeneRalized Autocalibrating Partially Parallel Acquisitions (29–31)] with an accelerated 
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factor of 4, which is common for 3D sequences in the clinical setting, can reduce the 

acquisition time by four-fold with little sacrifice in accuracy of the temperature maps. In 

addition to increased temporal resolution at a given spatial resolution, the time savings of a 

parallel acquisition technique can also be used to improve the spatial resolution in a given 

imaging time. However, the time can also be reduced by having more echoes in the EPI 

echotrain.

The precision of T1 measurements using the variable flip angle technique depends on using 

an accurate estimate of the actual local flip angles. B1 inhomogeneity causes a spatial 

variation in the flip angle and therefore needs to be corrected. Simulations investigating T1 

accuracy as a function of the nominal flip angle, demonstrated that the results were highly 

sensitive to imprecision in flip angle, with T1 error > 10% with a 5% deviation in flip angle 

(32). Although B1 mapping over the entire volume requires several minutes of acquisition 

and processing, it has to be performed only once and then can be used throughout the 

procedure. Moreover, in 3D imaging, RF pulse profile errors are minimal if the region of 

interest is centered in the excited 3D slab, like the fat slices in this experiment, or if the slab-

select gradient is turned off. Additionally, a custom-designed Shinnar-Le Roux selective 

excitation pulse (33) or fast passage adiabatic pulses can be used to optimize T1 accuracy.

In conclusion, the ability of real-time simultaneous temperature mapping in fat and aqueous 

tissue during HIFU ablation has been demonstrated in ex vivo tissue samples. The sequence 

uses a segmented EPI read-out to shorten the scanning time and an acquisition method to 

produce simultaneous temperature maps of fat and aqueous tissue during thermal therapy. 

The technique has shown stability and reliability during the thermal ablation. Studies 

demonstrating the applicability of this new technique in vivo are ongoing. The results of this 

investigation in conjunction with reducing the acquisition time of the temperature maps will 

be presented in future work.
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Fig. 1. 
Simulation result of the relative variance of T1 when the two optimal flip angles of water are 

used to estimate T1 in mixed fat/water tissue. For the simulation, the first flip angle for fat 

was set equal to the first optimum flip angle of water (a1water = a1fat = 5°) and the second flip 

angles for fat a2fat and water a2water were found by varying the flip angles from 6° to 180° in 

2° increments. The plot shows that T1 can be computed simultaneously in fat and water with 

minimal loss in T1 precision in fat by just using the two optimal flip angles of water.
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Fig. 2. 
Experimental setup. Human breast fat, embedded in porcine muscle, was used as a substitute 

for human breast. The sample was sandwiched between the two custom-built two-channel 

RF receiver surface coils and placed within the sample holder container. A chimney filled 

with degassed water ensured an acoustic beam path to the tissues sample.

Diakite et al. Page 15

Magn Reson Med. Author manuscript; available in PMC 2017 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Schematic diagram of the simultaneous fat and aqueous tissue temperature imaging using 

the two-point Dixon hybrid PRF-T1 acquisition method. The two temperature maps, PRF 

and T1, are acquired in a series of four images. Images acquired at the same flip angle are 

combined using the extended two-point Dixon methods to separate fat and aqueous tissues. 

The water-based tissue-only images are used to mask the original complex images to remove 

the fat signal. The phases of the aqueous tissue in regions where fat and water voxels 

overlapped due the chemical shift were computed using Equation [7]. A high SNR PRF 

temperature map was obtained by averaging over the phase maps of the two FAs. The T1 

map of the fat was computed from the fat-only images using the DFA method.
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Fig. 4. 
Plot of the normalized signal intensity (SI) of the 3D segmented flyback EPI sequence 

versus the flip angles. The maximum T1 precision is achieved by choosing the flip angles 

such that SIa1=SIa2= 71% of the SI at Ernst angle αE. The plot is zoomed in to show the 

locations of the two optimal flip angles.

Diakite et al. Page 17

Magn Reson Med. Author manuscript; available in PMC 2017 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
HIFU heating experiment results for run 2 (20 watts). T1 maps at the peak temperature of the 

fat in slice 4 (a), slice 5 (b), and slice 6 (c). After separating water and fat signals using the 

extended two-point Dixon method, the T1 maps of fat were obtained using the DFA method.
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Fig. 6. 
HIFU heating experiment results for run 2 (20 W). The top two rows show PRF temperature 

maps at the peak temperature of the eight coronal slices (perpendicular to the HIFU beam) 

of the aqueous tissue in the 3D volume. PRF temperature maps of these coronal slices were 

obtained by removing the fat signal using the extended two-point Dixon methods. The 

arrows indicate the locations of the removed fat signal. In the regions where fat and water 

voxels overlapped due to the chemical shift, the water phase was calculated based on the 

fraction of fat and water in each voxel, the fat background phase, and the resulting signal 

intensity in those voxels before the fat/water separation. The bottom row shows temperature 

maps of the fat tissue in slices 4, 5, and 6 obtained from the T1 maps in Figure 5. The 

temperature maps were calculated using the average T1 calibration coefficients obtained in 

Figure 8.
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Fig. 7. 
a: The top row shows zoomed-in T1 maps of the 10 coronal slices in ascending order of the 

breast fat tissue from patient 1 (see Table 1) computed using the inversion recovery (IR) 

method. The bottom row shows T1 maps of the same coronal slices using the DFA method. 

b: Line plots along the green dashed lines on the IR and the DFA T1 maps of slice 1. c: 
Error bar plots of the T1 maps of the 10 slices. The error bar plots show the mean and the 

standard deviation of T1 calculated over an ROI of 7 × 7 pixels shown by the black squares 

on slice 2 of the T1 maps obtained from the IR and the DFA methods.

Diakite et al. Page 20

Magn Reson Med. Author manuscript; available in PMC 2017 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. 
T1 profile in slice 5. All measurements were performed in adipose tissue. The plot of the 

absolute T1 versus the temperature reading of the fiber optic temperature probe is shown for 

each of the three HIFU heating runs: 10W (a), 20 W (b), and 26 W (c). T1 was computed 

over an ROI of 2 × 2 pixels near the tip of the fiber optic temperature probe. The standard 

deviation of the absolute T1 change was ±5 ms.
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Fig. 9. 
(a-c) Plots of the PRF temperature versus the time of the corresponding ROI of 2 × 2 pixels 

described in Figure 8. All of the measurements were made in the aqueous tissue for each of 

the three heating runs: 10W (a), 20 W (b), and 26 W (c). The offset between the location of 

the fat and the water voxels due to the chemical shift was corrected while choosing the ROI 

in aqueous tissue.
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Table 1
Temperature Dependence of the Spin-Lattice Relaxation Time (T1) in Breast Fat of Four 

Patients Acquired during Cooling Experiments

Patient 1 Patient 2 Patient 3 Patient 4

TR/TE (ms) 30/8 30/11 30/9.8 30/8.6

Image matrix 128 × 31 128 × 39 128 × 31 128 × 31

Voxel size (mm3) 1.3 × 1.3 × 3 1 × 1 × 3 1.2 × 1.2 × 3 2 × 2 × 3

EPI factor 3 3 3 3

Bandwidth (Hz/pixels) 550 454 368 448

Slices 10 18 18 8

Averages 5 5 5 10

Flip angles (°) 13/57 16/63 15/58 15/66

ROI size 5 × 5 5 × 5 5 × 5 5 × 5

Average temperature coefficient (ms/°) 10.97 8.15 6.76 6.21

Average relative temperature coefficient (%/°C) 1.58 1.20 1.37 1.29

Temperature range (°C) 24–65 26–78 25–67 25–68

Correlation coefficient R 0.9875 0.9980 0.9973 0.9956
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