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Abstract The purpose of this study was to evaluate mag-
netic resonance (MR) temperature imaging of the laser-
induced thermotherapy (LITT) comparing the proton reso-
nance frequency (PRF) and T1 thermometry methods. LITT
was applied to a liver-mimicking acrylamide gel phantom.
Temperature rise up to 70 °C was measured using a MR-
compatible fiber-optic thermometer. MR imaging was
performed by a 1.5-T scanner utilizing fast gradient echo
sequences including a segmented echo planar imaging (seg-
EPI) sequence for PRF and the following sequences for T1
method: fast low-angle shot (FLASH), inversion recovery
turbo flash (IRTF), saturation recovery turbo flash (SRTF),
and true fast imaging (TRUFI). Temperature-induced change
of the pixel values in circular regions of interest, selected on
images under the temperature probe tip, was recorded. For
each sequence, a calibration constant could be determined to
be −0.0088 ± 0.0002 ppm °C−1 (EPI), −1.15 ± 0.03 °C−1

(FLASH), −1.49 ± 0.03 °C−1 (IRTF), −1.21 ± 0.03 °C−1

(SRTF), and −2.52 ± 0.12 °C−1 (TRUFI). These constants
were evaluated in further LITT experiments in phantom com-
paring the calculated temperatures with the fiber optic-
measured ones; temperature precisions of 0.60 °C (EPI),
0.81 °C (FLASH), 1.85 °C (IRTF), 1.95 °C (SRTF), and
3.36 °C (TRUFI) were obtained. Furthermore, performing
the Bland–Altman analysis, temperature accuracy was

determined to be 0.23 °C (EPI), 0.31 °C (FLASH), 1.66 °C
(IRTF), 1.19 °C (SRTF), and 3.20 °C (TRUFI). In conclusion,
the seg-EPI sequence was found to be more convenient for
MR temperature imaging of LITT due to its relatively high
precision and accuracy. Among the T1 method sequences,
FLASH showed the highest accuracy and robustness.

Keywords LITT .MR thermometry . PRF . Thermal
ablation . Gel phantom

Introduction

Tumor thermotherapy methods, among them laser-induced
thermotherapy (LITT) [1–7], radio frequency (RF) [2,
8–10], microwave (MW) [10–12], and high-intensity fo-
cused ultrasound (HIFU) [13, 14] ablation, are nowadays
widely in clinical use. In these methods, tumor cells are
heated up to ~80 °C or even higher. At a temperature of
~50 °C, the tissue begins to coagulate, and at higher tem-
peratures, tissue necrosis happens. However, the coagula-
tion process depends not only on the temperature but also on
the time; it can take seconds to minutes. These changes in
the tumor tissue ensure the death of malicious cells [15–19].
The LITT method is capable of destroying abdominal tu-
mors, e.g., liver metastases, with an improved survival rate
and low complication rate of <2 % [20–22]. It is based on
the direct transmission of laser energy to the tumor tissue.
Based on noninvasive imaging techniques, among them
magnetic resonance imaging (MRI), computer tomography
(CT), and ultrasound imaging, real-time monitoring and con-
trol of the therapy is possible. This enables a more efficient
destruction of tumor cells and a better protection of healthy
surrounding cells [3, 6, 8–10, 17]. To this end, the imaging-
based thermometry can be used as a useful tool.
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MRI lacks ionizing radiation and enables a multidirectional
scan with a high contrast and resolution; it thus allows for a
noninvasive real-time temperature mapping. Different
temperature-sensitive MR parameters, including proton reso-
nance frequency (PRF) of the water molecule, T1 relaxation
time, and diffusion coefficient (D), can be used for tempera-
ture measurement [15].

The PRF method is based on the fact that the resonance
frequency of the hydrogen nucleus (i.e., the proton) in a
water molecule depends on the magnetic field in which it is
located. In a MRI static magnetic field (B0), the hydrogen
proton experiences a magnetic field which deviates from B0

due to the electronic screening of the proton. Since the
temperature change alters the fraction of the hydrogen bonds
to neighboring molecules, the screening of the proton varies.
Consequently, the PRF is changed by the temperature [15].
This change is almost linear over a temperature range of −15
to 100 °C [15] and makes the PRF useful for temperature
measurement. Other advantages of this method include high
temperature sensitivity, temperature accuracy, fast acquisi-
tion, and independence on the tissue type except for the fat
tissue [23–25]. However, there are some drawbacks to this
method such as high sensitivity to motion artifacts [25, 26]
and inappropriateness for lipid tissues [27].

The T1 relaxation time can also be used for temperature
estimation. In biological tissues, the water molecule dipolar
interaction with surrounding macromolecules causes the spin–
lattice relaxation [15]. The corresponding relaxation time, T1,
is a function of the temperature; it increases with temperature
rise. This change is linear within a certain temperature range
(30–70 °C) [28]. Since this method is more sensitive at low-
field strengths, it is favored at low-field scanners [29]. Other
advantages of this method include low motion sensitivity and
ease of implementation [25]. Nevertheless, since the
temperature-induced T1 change depends on the tissue type
(e.g., 1–2 % °C−1 for the liver), the thermal coefficient should
be determined for each tissue [15, 25].

Thermometry with the diffusion coefficient, D, is based on
the thermal random Brownian motion of water molecules
which causes the change of D; it increases exponentially with
temperature and induces signal attenuation [15]. This method
is highly sensitive to temperature (~2 to 2.5 % °C−1) and is not
affected by the field strength but has a long acquisition time
and is highly sensitive to motion [15, 29, 30].

Much effort has been spent over the last years to develop or
improve thermometry tools. Previous experiments were
conducted in vivo or in vitro employing the LITT, RFA, or
HIFU under guidance of MRI or CT [17, 25, 26, 29, 31–37].
However, a comparison of different MR thermometry
methods and their compatibility with the LITT ablation has
not been performed before in a liver-equivalent phantom.
Therefore, in the present study, first, we developed a liver-
mimicking polyacrylamide gel phantom as an improved

version of the phantom reported in our previous paper [38].
Then, the PRF and T1 thermometry methods were investigated
applying the MR-guided LITT to the gel phantom.

Materials and methods

Phantom preparation

In a previous study of the authors [38], the absorption andMR
relaxation properties of the ex vivo porcine liver tissue were
identified at different temperatures utilizing spectroscopy and
MRI techniques. The absorption spectrum was measured in
the range of 750–2,500 nm through the near-infrared spec-
trometer Spectrum™ 100 N FT-NIR (PerkinElmer, Waltham,
MA, USA), and the relaxation times, T1 and T2, were deter-
mined using the 1.5-T MR scanner Magnetom Espree (Sie-
mens Medical Solutions, Erlangen, Germany). These data
were considered as reference to develop a hemoglobin-
containing gel phantom for use in thermal ablation
experiments.

Here, using the same reference data, methods, and equip-
ment, a MR-compatible liver-equivalent gel phantom was
developed. This phantom includes bovine serum albumin
(BSA) instead of hemoglobin as absorber of laser photons.
Table 1 shows the composition of the phantom as follows:
distilled water; the gelling agent Rotiphorese® Gel 40
(29:1)1 (Roth, Karlsruhe, Germany); the BSA Albumin
Fraction V (Roth, Karlsruhe, Germany), which was deliv-
ered as a coarse powder and had to be dissolved in the base
solution of the phantom, stirring it thoroughly by means of a
magnet mixer; the polyvinyl acetate (PVA) microsphere
solution Mowilith 0530 S2 (Celanese, Perstorp, Sweden),
which was first diluted in distilled water to a concentration
of 30 wt% in order to reduce its viscosity; the MR contrast
agents Magnevist®3 (Bayer HealthCare, Leverkusen,
Germany) and Lumirem® (Guerbet GmbH, Sulzbach,
Germany) for modification of T1 and T2; the two catalysts
tetramethylethylenediamine (TEMED) and ammonium
persulfate4 (APS) for activating the polymerization process;
NaCl for simulating the electrical conductivity of biological
tissues; and sodium azide (NaN3) for preventing the growth
of microorganisms. The phantom solution was mixed very
gently in order to prevent the formation of foam and bubbles.
Immediately after adding APS, the solution was molded into
cone-shaped plastic containers (6.5/4.8–6.2 cm in
height/diameter) forming the phantom (5/4.8–5.8 cm in
height/diameter) after ~15 min (Fig. 1a).

1 40 vol% acrylamide/bisacrylamide; mixture ratio 29:1
2 59 wt%; microsphere diameter, 0.45–3.51 μm
3 0.5 mmol gadopentetate dimeglumine (Gd-DTPA) in 1 ml Magnevist
solution
4 10 wt% solution; diluted in distilled water
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Data acquisition and processing

MR imaging for the adjustment of the phantom relaxation
times, T1 and T2, was conducted with the sequences inver-
sion recovery turbo flash (IRTF) [matrix, 88 × 128 pixels;
field of view (FOV), 127 × 185 mm; slice thickness (ST), 5.
5 mm; repetition time/echo time/inversion time (TR/TE/TI),
3,000/1.27/100–2,500 ms; flip angle (FA), 15°] and multi-

contrast spin echo (matrix, 88 × 128 pixels; FOV, 192 ×
280 mm; ST, 5.5 mm; TR/TE, 2,000/10.6–339.2 ms; FA,
180°), respectively. The images were then processed with
the software Matlab® R2009b (The MathWorks™, Natick,
MA, USA). Two circular regions of interest (ROIs) were
selected on each image, inside (34/22 pixels regarding T1/T2
images) and outside (138/90 pixels regarding T1/T2 images)
the phantom (Fig. 1b). Signal intensities (SI) of the T1/T2
images, i.e., averaged pixel values in the ROIs, were col-
lected and plotted against TI/TE showing an exponential
tendency described as follows:

S TIð Þ ¼ S0 � 1� 2 � e�TI
T1 þ e

�Tsat
T1

� �
ð1Þ

and

S TEð Þ ¼ S0 � e
�TE
T2 þ S1; ð2Þ

where S0 is the intensity at the time origin (TI/TE = 0), Tsat in
Eq. (1) is the time of the signal saturation, S1 in Eq. (2) is the
intensity at large TE values, and S is the noiseless signal
intensity [38, 39]. The latter can be derived from the following:

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SIin2 � SI2out

q
: ð3Þ

Table 1 Ingredients of the gel phantom

Substance Dosage

Distilled water 37.9 vol%

Rotiphorese® (gelling agent) 30 vol%

BSA 16 wt%

PVA microsphere (30 wt% suspension) 10 vol%

Magnevist® (T1 modifier) 0.04 vol%

Lumirem® (T2 modifier) 3.3 vol%

TEMED 0.08 vol%

APS (10 wt% solution) 1.75 vol%

NaCl 0.9 wt%

NaN3 0.03 wt%

Fig. 1 Gel phantom and
experiment setup. a The gel
molded in plastic container, b a
MR image showing a cross-
section of the phantom as well
as the ROIs for recording the
phantom signal (inside) and the
noise (outside), c experiment
setup showing the laser
applicator and the two fiber-
optic temperature probes
inserted in the phantom and the
elliptical heated zone around
the applicator, d a high-
resolution MR acquisition for
exactly registering the
temperature probe tips
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Here, the signal intensity in the ROI outside the phantom
(SIout) represents background noise and can be subtracted from
the phantom signal (SIin) [38, 39]. T1 and T2 were determined
from the curves described by Eqs. (1) and (2), respectively.

Finally, the phantom was validated comparing it with the
liver tissue regarding the temperature dependence of the
absorption at λ = 1,064 nm (within 25–95 °C) and relaxa-
tion times (within 25–75 °C). As described in the study [38],
several samples were fabricated and then heated up in a
water bath, each up to a certain temperature in the range of
25–95 °C. The parameters, i.e., absorption and relaxation
times, were then measured for/at each sample/temperature.
Strength of the linear relationship between the liver and
phantom data was examined through the Pearson’s correla-
tion test. The data plotting and fitting were performed by the
software Origin® (OriginLab, Northampton, MA, USA).

MR-guided LITT in phantom

Experiment preparation and execution

As shown in Fig. 1c, the MR-compatible water-cooled laser
applicator Power-Laser-Set 602120 (Somatex® Medical Tech-
nologies, Teltow, Germany) was inserted ~4.5 cm into the
middle of the phantom sample. An optical fiber (model
602203; Somatex® Medical Technologies, Teltow, Germany)
having a diffuser portion of 3 cm was inserted into the applica-
tor in order to deliver the laser photons (λ = 1,064 nm) from a
neodymium-doped yttrium aluminum garnet (Nd:YAG) laser
device (model MY30; Martin Medizintechnik, Tuttlingen, Ger-
many), operating with a power of 30 W, to the phantom. The
mentioned fundamental wavelength of 1,064 nm is typically
used in laser ablations due to a higher penetration depth [4, 16,
31, 40]. In order to protect the optical fiber and applicator
against high temperatures, the applicator was connected to a
water circulating system. A water pump (model GF1200E;
Dornier Medizintechnik, Wessling, Germany) was used to cir-
culate the saline solution (0.9 % NaCl) at a flow of 58 ml min−1

through a plastic pipe into the applicator. Two fiber-optic tem-
perature probes of the Luxtron 790 thermometer (Luxtron
Corporation, Santa Clara, CA, USA) were also inserted into
the phantom on both sides of the applicator at a distance of 1.2 ±
0.1 cm from the applicator periphery for temperature measure-
ment during the heating. To insert the probes parallel to the
applicator, first, two rigid plastic tubules were inserted into the
phantom. The probes were then inserted through the tubules
such that they aligned parallel to the applicator, and their tips
were ~1 cm outside the tubules and had a direct contact with the
gel material. Thereby, it was considered that the probe tips reach
the same depth as the middle of the applicator diffuser (i.e.,
~3 cm) since the highest temperature is obtained at this point,
due to the elliptical shape of the diffuser emission. The Luxtron
thermometer uses the Fluoroptic™ effect; a temperature-

sensitive phosphorescent sensor is attached to the tip of the
probe and detects temperature changes. Temperature accuracy
of the device is 0.1 °C, as specified by the manufacturer.

The heating process was monitored at the 1.5-T MR scan-
nerMagnetomAvanto (SiemensMedical Solutions, Erlangen,
Germany), utilizing gradient echo sequences including a seg-
mented echo planar imaging (seg-EPI) sequence for the PRF
[41] and the following sequences for the T1 method: fast low-
angle shot (FLASH), inversion recovery turbo flash (IRTF),
saturation recovery turbo flash (SRTF), and true fast imaging
(TRUFI). Using these rapid sequences increases the acquisi-
tion speed and consequently minimizes the motion problem
[25, 26]. The sequences parameters are listed in Table 2. The
parameters were set such that a high image quality and signal
to noise ratio (SNR) were achieved within a reasonable acqui-
sition time (TA) of <5 s. In ablation therapies in a moving
organ, movement effects can be reduced by choosing such
short acquisition times. The resolution, ST, and FOV were
chosen the same for all sequences resulting in a voxel volume
of ~19 mm3. Three slices were acquired in all experiments.
The seg-EPI sequence collected k-space lines of all three slices
simultaneously. In order to increase the SNR and temperature
sensitivity of the EPI sequence, TE was approximately chosen
equal to the T2* relaxation time of the phantom material at 1.
5 T, which was experimentally determined to be 13 ms, and
FAwas approximately set to the Ernst angle of 50°, given by
the Ernst relation as follows [25, 41, 42]:

cos FAð Þ ¼ e�
TR
T1 : ð4Þ

Thereby, a TR of 155 ms (Table 2) and a T1 of 300 ms
(equal to that of the phantom material at 1.5 T and at room
temperature) were considered. Temperature and image ac-
quisition were performed every 5 s until both probes mea-
sured a temperature of 70 °C. The process took ~4–5 min
each time. The experiment was performed two times with
each sequence providing four temperature data sets, since
two temperature probes were used in each experiment.

Determination of MR thermal coefficients

Using the Matlab software, the median pixel values within
two circular ROIs of 3 pixels, positioned on the images
immediately under the probe tips, were read out. The exact
position of the probe tips was registered on images acquired
through a high-resolution sequence (Fig. 1d) prior to the
experiment. Similarly, the values in a further ROI of 18
pixels, selected in an empty region outside the phantom,
were read out for noise quantification regarding the T1
method sequences. For the PRF method, the phase images
and, for the T1 method, the magnitude images were
processed. For each sequence, four ROI value data sets were
obtained. In case of the T1 method sequences, the noise was
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subtracted from the ROI values as described in the last
section [Eq. (3)]. In general, to estimate the temperature
with the PRF method, the phase shift between a current
and a reference phase image is determined. The current
temperature can be then calculated by the following [15,
24, 25, 35]:

Tcur ¼ Δf
a � g � B0 � TE þ Tref : ð5Þ

Here, Tcur is the current temperature, Tref is the reference
temperature measured at the beginning of heating, a is the
PRF shift coefficient (thermal coefficient) in part per million
per degree Celsius, Δ8 is the phase shift between a current
and the reference image in rad, g is the gyromagnetic ratio
of the water proton (267.5 rad MHz T−1), B0 is the static
magnetic field of the MR scanner (1.5 T), and TE is the echo
time, set to the T2* relaxation time of the phantom material
at 1.5 T (13 ms). To determine the thermal coefficient α,
three data sets of the ROI values were converted to phase
angles, comparing the range of the pixel values on images of
[−2,048, 2,048] with the phase angle range of [−π, π] rad.
Then, the phase angle was plotted versus temperature up to
70 °C. The term Δ8/(Tcur − Tref) in Eq. (5) was substituted
by the slope of the linear regression of the data points, and a
could be then obtained. In case of the T1 method sequences,
the noiseless ROI values (three data sets) were plotted
versus their associated temperature data. The thermal coef-
ficient was defined by the slope of a linear fit to data points.
The three coefficient values obtained for each sequence
were averaged.

Validation of MR thermal coefficients

To determine the temperature through the thermal coefficients,
the fourth data set, including ROI values and their associated
fiber-optic temperatures, was processed. The PRF temperature
was calculated through Eq. (5) using phase angles which were

determined by converting the ROI values. The thermal coef-
ficient a, as well as other parameters, was placed in the
equation, and the temperature was calculated. For the T1
method sequences, Tcur was calculated as follows:

Tcur ¼ 1

b
ΔS þ Tref : ð6Þ

Here, b is the thermal coefficient, and ΔS is the ROI
value difference between a current and the reference image
acquired at the beginning of the experiment. The standard
deviation of the averaged ROI values resulted in an uncer-
tainty of the calculated temperature; the temperature errors
were thus approximated by the Gaussian error propagation
rule, and then, the root mean square error (RMSE) was
determined for each sequence as a measure for temperature
precision. Temporal profile of the MR-based temperature
was compared with the fiber optic-measured temperature
profile. The Bland–Altman analysis was performed to eval-
uate the agreement between the temperature trends. For each
image, the signal to noise ratio (SNR) was calculated as the
ratio between the ROI value located in a non-heated part
inside the phantom and the noise obtained from the ROI
located outside the phantom. The SNR values of each image
series were then averaged. SNR of the EPI sequence was
calculated also from the magnitude images. All data analy-
ses were performed by the software Origin®.

Results

Phantom parameters evaluation

Absorption

Figure 2a compares the apparent absorption coefficient of the
constructed gel phantom and the ex vivo porcine liver tissue,
which was considered as reference, within the temperature

Table 2 Parameter settings for
the MR sequences EPI FLASH IRTF SRTF TRUFI

TR (ms) 155 13 820 820 6.7

TE (ms) 13.3 4.8 1.6 1.6 3.4

TI (ms) – – 520 520 –

FA (°) 50 70 20 20 70

FOV (mm) 280 × 280 280 × 280 280 × 280 280 × 280 280 × 280

ST (mm) 4 4 4 4 4

Matrix (pixel) 128 × 128 128 × 128 128 × 128 128 × 128 128 × 128

Bandwidth (Hz/pixel) 399 200 399 399 200

Multi-slice mode Single shot – – – –

EPI factor 7 – – – –

Segments 21 – – – –

TA (s) 4.4 4.9 2.9 2.9 2.6
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range of 25–95 °C. Both fitted curves [R2 = 0.997/0.999
(liver/gel)] show a sigmoidal behavior with an initial
slow change up to ~55 °C followed by a rapid rise to

saturation at ~80 °C. However, the absorption of the gel
is somewhat lower over the whole temperature range.
The error bars indicate the standard deviation (SD) of

Fig. 2 Comparison between the MR and absorption properties of the phantom material and the liver tissue at different temperatures. a Absorption
at 1,064 nm, b T1 relaxation time, c T2 relaxation time

Fig. 3 Phase value (a) and signal intensity (b) change with tempera-
ture of the PRF and T1 method sequences, respectively. The thermal
coefficients were determined from the slopes of the fits to the data
points. Demonstrated data correspond to one of the ROI/probe data sets

of each sequence. For a better comparison of the slopes, the initial
signal values of the T1 sequences have been normalized to the initial
value of the FLASH sequence
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averaging the data of three measurements. Pearson's test
determined a factor of 0.928 for the correlation between
the two data series.

Relaxation times

Comparison between relaxation times of the liver tissue and
the gel within the temperature range of 25–75 °C is
presented in Fig. 2b (T1) and Fig. 2c (T2). The linear fits
to the data [with R2 of 0.973 and 0.987 (T1) as well as 0.981
and 0.969 (T2) for the liver and gel, respectively] do not
deviate significantly from each other. Nevertheless, a dis-
crepancy is observed for T1 at higher temperatures and for
T2 at lower temperatures. The Pearson's test revealed a
strong positive correlation between the relaxation times of
the liver and the gel with coefficients of 0.984 (T1) and 0.
980 (T2). The error bars are standard deviations of the
averaged ROI values.

MR-guided LITT in phantom

Determination of MR thermal coefficients

In Fig. 3, temperature-dependent change of the phase value
and signal intensity (with respect to the PRF and T1 method)
of one of the ROI/probe data sets of each sequence are
presented. As can be seen, the phase (Fig. 3a) and signal
intensity values (Fig. 3b) decay linearly with increasing
temperature within the respective temperature range. The
thermal coefficients were determined from the slope of the
linear fits (Table 3).

Validation of MR thermal coefficients

The temperature calculated through the thermal coefficients is
compared with the measured temperature in Figs. 4 and 5 for
the EPI, FLASH, IRTF, SRTF, and TRUFI sequences. Figure 4
compares temporal profiles of the two temperatures. In all
cases, data points of the MR temperature show almost the
same trend as the measured temperature. The RMSE values
(Table 4) represent temperature precision of the sequences.
The Bland–Altman analysis exhibited in Fig. 5 shows the
discrepancy between the two temperatures. Mean of

differences (MOD) and limits of agreement (LOA) values
are listed in Table 4. MOD values evaluate the systematic
main bias and define the temperature accuracy of the se-
quences. Furthermore, the SNR values of the sequences are
also listed in Table 4.

Discussion

To achieve a better control of image-guided tumor ablation
therapies, a real-time temperature monitoring is advanta-
geous. For the LITT ablation, due to the compatibility of
laser system and applicator with MR scanners, the MR-
based thermometry is applicable.

In this study, different MR thermometry sequences were
evaluated applying the LITT method to an in-house devel-
oped gel phantom which is the modified version of a
hemoglobin-based phantom reported by the authors in an-
other paper [38]. The developed phantom here is based on
the polyacrylamide and consists of MR contrast agents and
BSA for mimicking the properties of the liver tissue, which
was confirmed in this paper regarding the absorption coef-
ficient and MR relaxation times. Advantages of this phan-
tom, comparing to those reported in some previous studies
[38, 42, 43], are high melting point due to the use of
polyacrylamide [38], MR compatibility, and the addition
of BSA. The latter is responsible for a liver-like near-
infrared absorption in the phantom. In contrast, the men-
tioned hemoglobin-containing phantom [38] showed a liver-
like absorption only at temperatures below 50 °C.

In vitro thermometry experiments in phantom can be help-
ful to develop and verify real-time temperature-monitoring
tools [42]. Advantages of performing the experiments in
phantom include simplicity to implement, a homogeneous
and well-defined structure as well as reproducibility of the
phantom. For these reasons and also due to problems related
to the experiments in tissue (e.g., heat-induced structural
changes causing possibly large fluctuations of MR image
pixel values), it is reasonable to perform thermometry exper-
iments in tissue-mimicking gel phantoms [42].

In order to increase the sensitivity and the SNR of the
seg-EPI sequence, TE was set equal to the T2* relaxation
time of the phantom material, and FA was set to the Ernst
angle, defined by the Ernst relation [25, 41, 42]. To provide
the acquisition consistency, the resolution, slice thickness,
and the field of view were set identical for all sequences.
The ROIs, whose pixel values were used to determine the
thermal coefficients and then temperature, were selected on
the images as small as possible and located immediately
under the fiber-optic temperature probe tip in order to re-
duce the effect of temperature gradient within the ROI.
Thus, the actual temperature in the ROI did not differ
significantly from the measured temperature through the

Table 3 Determined thermal coefficients of the MR sequences

a (ppm °C−1) b (°C−1)

EPI −0.0088 ± 0.0002 –

FLASH – −1.15 ± 0.03

IRTF – −1.49 ± 0.03

SRTF – −1.21 ± 0.03

TRUFI – −2.52 ± 0.12
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probes. To exactly register the probe tips, a high-resolution
acquisition was performed prior to each heating experiment.

The observed change of the PRF and the signal inten-
sity with temperature are in accordance with the literature;
a linear trend is expected for the PRF method within the
range of −15 to 100 °C [15] and for the T1 method within
the range of 30–70 °C [28]. The PRF thermal coefficient

of −0.0088 ppm °C−1 obtained in this study for polyacryl-
amide has a difference of 0.0016 with the value reported
in some other studies (−0.0072 ppm °C−1) [44, 45]. This
discrepancy can be explained by different compositions of
the phantoms. Nevertheless, it does not differ significantly
from the value of −0.01 ppm °C−1 used for water and
tissue [15].

Fig. 4 Comparison of the MR-based and the fiber optic-measured reference temperatures. An agreement is obvious between the temperature trends
for the EPI (a), FLASH (b), IRTF (c), SRTF (d), and TRUFI (e) sequences
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Fig. 5 Difference between the MR-based and the fiber optic-measured reference temperatures is illustrated by the Bland–Altman plots for the EPI
(a), FLASH (b), IRTF (c), SRTF (d), and TRUFI (e) sequences. Tref is the reference temperature measured by the fiber-optic thermometer

Table 4 Comparison between
the fiber optic-measured and
MR-based temperatures

Temperature precision (°C) Bland–Altman SNR

(RMSE) MOD (°C) LOA (°C)

EPI 0.60 0.23 3.69/−3.22 67 ± 3

FLASH 0.81 0.31 3.53/−2.91 72 ± 8

IRTF 1.85 1.66 6.89/−3.57 57 ± 11

SRTF 1.95 1.19 6.49/−4.11 54 ± 8

TRUFI 3.36 3.20 14.25/−7.85 28 ± 3
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The temperature trends estimated with the thermal co-
efficients and the fiber optic-measured temperature trends
are almost in agreement. According to the RMSE values,
EPI and FLASH are the most precise sequences, followed
by IRTF, SRTF, and TRUFI. With regards to the temperature
sensitivity of the T1 method sequences, TRUFI is the most
sensitive sequence, while FLASH shows the lowest sensi-
tivity, comparing their thermal coefficients. In terms of the
accuracy, defined by MOD, EPI and FLASH are again the
preferred sequences followed by SRTF, IRTF, and TRUFI.
The SNR value of FLASH was measured to be higher than
those of other sequences. These results agree, to some
extent, with the results reported by Vogl et al. [37]. Howev-
er, in that paper, IRTF was introduced as the most sensitive
and accurate T1 method sequence (in phantom and at 1.5 T),
while in the present study, FLASH was found to be the most
accurate sequence for the T1 thermometry. It should be
considered that the agarose phantom prepared in the men-
tioned study was not examined whether it is liver equivalent,
concerning the absorption and MR properties. Furthermore,
thermal coefficients were determined during the cooldown
period of the phantom which had been preheated up to 60 °C.
SomeMR parameters including TR, TE, TI, and FAwere also
chosen differently.

According to the results of the present study, the PRF
thermometry method with the seg-EPI sequence is more
appropriate for temperature monitoring in the LITT ablation
method. This is in accordance to another (not yet published)
study that we performed in ex vivo porcine liver tissue.
Although it was not examined here, the T1 method may be
more suitable in the case of a homogeneous moving organ
such as the liver, by taking the advantage of its relative
robustness to motion [25]. To this end, FLASH would be
the sequence of choice due to its higher precision and
accuracy compared to other T1 method sequences.

In this preliminary study, we compared the potential of
different MR sequences for temperature monitoring during
the LITT ablation method using a liver-equivalent phantom.
The results are being used to develop a temperature distri-
bution simulation tool and verify its numerical calculations.
Developing this tool is a step toward enhancing the nonin-
vasive real-time control of the LITT ablation therapies.

Conclusion

In this study, the PRF and T1 thermometry methods were
investigated performing MR-guided LITT experiments in a
liver-mimicking gel phantom. The seg-EPI sequence
appeared to be more convenient for temperature estimation,
providing a higher precision and accuracy. Among the T1
method sequences, FLASH was found to be more accurate
and robust for temperature imaging of LITT.
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