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Abstract

Purpose: The purpose of this study was to evaluate different methods of magnetic resonance thermometry (MRTh) for the
monitoring of intradiscal laser ablation therapy in an open 1.0 Tesla magnetic resonance (MR) scanner.

Material and methods: MRTh methods based on the two endogenous MR temperature indicators of spin-lattice relaxation
time T1 and water proton resonance frequency (PRF) shift were optimised and compared in vitro. For the latter, we
measured the effective spin-spin relaxation times T2%* in intervertebral discs of volunteers. Then we compared four gradient
echo-based imaging techniques to monitor laser ablations in human disc specimens. Criteria of assessment were outline of
anatomic detail, immunity against needle artefacts, signal-to-noise ratio (SNR) and accuracy of the calculated temperature.
Results: T2* decreased in an inverse and almost linear manner with the patients’ age (r=0.9) from 70 to 30 ms (mean of
49 ms). The optimum image quality (anatomic details, needle artefacts, SNR) and temperature accuracy (+1.09°C for
T1-based and £1.11°C for PRF-based MRTh) was achieved with a non-spoiled gradient-echo sequence with an echo time
of TE=10ms.

Conclusion: Combination of anatomic and thermometric non-invasive monitoring of laser ablations in the lumbar spine is
feasible. The temperature accuracy of the investigated T1- and PRF-based MRTh methods in vitro is high enough and
promises to be reliable in vivo as well.

Keywords: MR thermometry, laser ablation, interventional MRI, proton resonance frequency, spin-lattice relaxation time T1,
effective spin-spin relaxation time T2*

Introduction thermally magnetic resonance (MR)-controlled ther-
apy permits localised monitoring of the increasing
temperature inside the disc, as well as adverse
temperature spreading to vulnerable adjacent ana-
tomic structures.

MR thermometry (MRTh) has been proven to
be a reliable method for therapy control [7, 8].
Non-invasive temperature monitoring has been

High-temperature ablation therapies can be an alter-
native to traditional surgery [1, 2]. One of these
clinical applications, percutaneous laser disc decom-
pression (PLDD), is described for the treatment of
symptomatic herniated intervertebral discs. Here,
pain reduction is achieved by thermally reducing

intradiscal pressure and thus the discs” volume [3]. established in the thermal treatment of specific soft
The therapeutic success of PLDD, whether under tissue organs (brain [9], liver [10], prostate [11]).
CT/fluoroscopic imaging [4] or MR-guidance [5], Clinical feasibility studies of MR-monitored abla-
is clinically defined by precise needle placement tion therapies of the skeletal system exist for
and predefined energy deposition [3, 6]. Moreover, bone tumours [12] and osteoid osteoma [13].
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Thermometric research as well as clinical routine are
performed at field strengths ranging from 0.5T [5]
up to 7T [14] in open [13, 15] and closed bore [10,
11] scanner systems. An overview of the diversity of
MR-based temperature calculations is given by Rieke
et al. [16]. However, typically used thermometric
methods are based on the endogenous temperature
indicators, such as spin-lattice relaxation time (T1)
[17] and the phase shift of water proton resonance
frequency (PRF) [18]. In 1998, Steiner et al. first
presented T1-MRTh during PLDD in an open
system at 0.57T [19], but provided no information
on temperature accuracy. To our knowledge there
are no clinical applications of thermal monitoring
during PLDD within an open 1.0T system. MRTh
based on PRF, although proven to be very
temperature-sensitive [20], has not yet been investi-
gated for the monitoring of thermal therapies in the
spine.

The aim of our study is to systematically compare
two MRTh methods (T1, PRF) in phantom experi-
ments with respect to further investigations on
real-time feedback techniques. We started with
relaxation time studies of the intervertebral disc
(T1 and effective spin-spin relaxation time (T2%)).
We then compared four gradient echo-based imaging
techniques normally used for MR thermometry and
examined image quality as well as temperature
accuracy for the two described thermometry

methods. Further, we parameterised a
gradient-recalled sequence in dependence to echo
time (TE) and repetition time (TR). Finally, we
present colour-coded temperature maps of in vitro
ablation.

Methods
Experimental set-up

All experiments were performed in an open 1.0T
MR-scanner with vertical field configuration
(Panorama, Philips Healthcare, Best, NL) and a
flexible multi-purpose surface coil (Figure 1).
Measurements were performed in accordance to
the clinical PLDD set-up in vitro in human disc
specimens as well as in vivo in volunteers. All
volunteers were asked to take a lateral recumbent
position at the scanner’s iso-centre in analogy to the
patients’ position during a PLDD.

For our in vitro experiments we used freshly
excised human intervertebral disc specimens. The
discs’ collagen tissue is fat free, contains no vessels
and consists of two parts: a viscous centre (nucleus)
and a strong, fibrous ligament surrounding the
nucleus (annulus).

18G MR compatible pencil tip needles (Somatex,
Teltow, Germany) were positioned at an angle of
approximately 45° with respect to the main field BO.
Spatial and therapeutic considerations of spinal

Figure 1. Experimental setup for temperature measurements during laser ablation in human disc specimen. (A) The static
main field in the open MRI is vertical (white arrows), the open configuration allows good access from all sides to the
scanners’ iso-centre. (B) The bare laser fiber (1) and the fiber optic sensor (2) are inserted into the in vitro phantoms. A
flexible multi-purpose coil (3) was used for MR-imaging. During heating experiments the dynamically acquired images
could be viewed on an in-room monitor (4) next to the scanner. (C) The bare laser fiber and the fiber optic probe are placed
orthogonally to one another with a distance of about 4mm inside the disc tissue.
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interventions in an open MR-scanner necessitate a
puncture angle of (45°) [21] to ensure regular needle
artifacts [22] and procedural reliability. A 400 um
end-firing, bare laser fibre connected to a 1064 nm
Nd:YAG laser (Medilas Fibertom 5100, Dornier
Med Tech, Wessling, Germany) was inserted
through the cannula into the centre of the disc.
The needle was retracted approximately 5mm [6,
13] before the laser procedure with single 1-second
pulses and intervals was performed. Laser power was
10W, due to energy loss along the 12-m laser fibre,
resulting in 1800-2200] effectively in the disc
material after 10 minutes lasing. In a clinical setting,
<1500] [3] are delivered to the disc. In this
experimental setting, these limits were exceeded to
ensure a sufficient temperature increase from room
temperature up to >60°C in immediate proximity of
the temperature probe. Direct temperature measure-
ments were performed using a fibre-optic temperature
sensor (reFlex, Neoptix, Quebec, Canada) with a tip
diameter of 1.15mm, a manufacturer guaranteed
accuracy of £0.8°C within the temperature range of
—80° to 250°C and a response time of 250 ms. The
sensor was positioned approximately 4 mm from the
end of the laser fibre. Three heating experiments were
performed per specimen, while MR magnitude and
phase data were dynamically recorded.

Relaxation time studies

To optimise the MRTh sequences for the intradiscal
ablation therapy the knowledge of relaxation times
T1 and T2* of the anatomic region is of interest. In
our measurements we obtained relaxation times of
discs in lumbar (L) and sacral (S) spine (L5/S1-L2/
L3) from 20 volunteers. T1 was acquired according
to Look and Locker [23] by an inversion prepared
segmented echo planar imaging technique. Hereby
an inversion pulse is followed by a train of equally
spaced interrogation pulses (25 ms) with small flip
angles (TR/TE/FA =18 ms/6.2ms/8°). The spacing
in between adjacent inversion pulses was 5s.

We analysed T2* with a gradient-recalled echo
protocol and multiple echoes (TR/FA =21 ms/25°)
with six signal readouts (first TE/echo spac-
ing=2.1ms/3.2ms). The relaxation times were
fitted to the corresponding exponential curves on a
pixel-by-pixel basis using a non-linear fitting algo-
rithm of Levenberg-Marquardt [24].

Sequence studies

We compared four different gradient echo-based
sequences for MRTh in our in vitro experiments: an
echo-planar imaging sequence (EPI) with rapid
echo-shifting (principles of echo shifting using a train
of observations, PRESTO), an EPI without echo
shifting, a TIl-weighted spoiled gradient echo

sequence (T1W-GRE) and an unspoiled gradient
echo sequence (GRE). To ensure comparability, field
of view (230 * 290 mm?), voxel size (2.8 * 2.8 * 4 mm?)
and acquisition time (TA) (8s) were the same in all
four sequences. The sequence protocols were
optimised by imaging experiments on volunteers.
Herein, the signal was increased by varying the
bandwidth (BW) in readout direction, FA, TR and
TE as follows:

PRESTO (TR/TE/FA/BW/EPI-factor/slices = 18 ms/
23 ms/7°/2061 Hz/5/15),

EPI (TR/TE/FA/BW/EPI-factor/slices = 21 ms/
10 ms/20°/894 Hz/11/15),
TIW-GRE  (TR/TE/FA/BW/slices =15 ms/10 ms/

20°/2129 Hz/3) and
GRE (TR/TE/FA/BW/slices = 15 ms/10 ms/25°/
2129 Hz/3).

The assessment criterion was the signal to noise
ratio (SNR) in the imaged lumbar spines of the
aforementioned volunteers. All heating experiments
were performed in phantoms. In these in vitro
experiments, needle artefacts were measured by
plotting intensity profiles. The artefact was defined
to be the region deviating+30% from the median
signal intensity around the needle [22]. Temperature
sensitivity (T'1, PRF) was determined by means of
linear regression analysis.

Further, TE and TR were varied in the
unspoiled GRE sequence (TR=TE+ 3ms;
TE=2,7,10,12,15ms). In this part of the study,
heating experiments were performed and tempera-
ture sensitivity was assessed (T1, PRF). A linear
regression analysis, as well as Bland-Altman analysis
was performed.

Temperature calculation

MRTh was calculated from magnitude and phase
data using an image processing software (MATLAB,
MathWorks, Natick, USA). Calibration constants
and dynamic temperature series were derived apply-
ing pixel-by-pixel calculation.

We processed T1-MRTh data by calculating the
relative temperature increase from magnitude image
differences according to the two-parameter model
AT =a+b-Sy, [25]. Constant a is the temperature
offset measured by the optical fibre probe before
starting the laser procedure. The slope b is defined by
the specific tissue type, as well as by the specific
sequence parameters, which are flip angle (FA) and
repetition time (TR). Sy is the normalised signal
strength Sy = (So — S)/Sy [26]. Here, S is the signal
of the first magnitude image and S is the signal of
the current image. Sy is averaged over four pixels,
taken at three different reference points near the
optical fibre from two different heating experiments.
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Figure 2. Representative data of the thermal history show
the direct temperature measured with the fiber optic probe
and the dynamically acquired MRTh data of the unspoiled
GRE (TE=7ms) during the heating experiment. PRF-
MRTh with a postprocessing algorithm (.), that subtracts
the magnetic field drift (¢&) from the phase-image
differences (x), avoids an underestimation of the
temperature.

During PRF-MRTh the temperature-induced shift
of hydrogen-PREF is extracted from phase image data,
as first described by Ishihara et al. [18]. We calcu-
lated the relative temperature changes AT from
phase image differences according to AT =Ag/
a-y-BO-TE. Here, Ap is the phase difference
between the current image and the reference image
acquired before heating. « is the temperature-
dependent chemical shift (0.01 ppm/K), y is the
gyromagnetic ratio of hydrogen protons (y/
27 =42.576 MHz/T), BO is the static magnetic field
(1.0T) and TE is the echo time used in the
sequence. The magnetic field drift was monitored
in the surrounding muscle tissue. Drift corrections
[27] were averaged over 25 pixels and the dynamic
phase image differences were averaged over 4 pixels
as described above (T1-MRTh) as is illustrated
in Figure 2.

Results
Relaxation times studies

Relaxation parameters in the nucleus averaged
690+ 70ms for the T1 and 49+ 13ms for T2*.
The highest T2* value (72.3ms) was measured in
the disc of a 27-year-old female, while the lowest
T2* value was measured in the disc of a 69-year-old
female (27.9 ms). A high age-dependency for discal
T2* values (Figure 3) was observed (coefficient
of correlation r:0.912). T1 wvalues showed no
age-dependency.

80
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Figure 3. Age-dependency of T2* measured in the
nucleus in 20 volunteers (4/group).

Sequence studies

In volunteers, the unspoiled GRE showed the least
susceptibility artefacts out of the investigated pulse
sequences. The EPI-based sequences showed sub-
stantial susceptibility artefacts at the phase margins
between the different tissues in the volunteers’
lumbar region (disc, bone, cerebrospinal fluid).
The T1W-GRE and the GRE were superior with
respect to anatomical detail, such as nerve roots,
facet joints and the spinal canal. SNR values for
vertebral discs as well as for vertebral endplates were
highest in the GRE sequence (Figure 4A).

In the phantom studies, the GRE showed the
smallest needle artefact (PRESTO/EPI/T1W-GRE/
GRE: 6.0/6.0/5.1/4.9 mm) and the smallest tip-shift
error (PRESTO/EPI/T1W-GRE/GRE: 5.4/5.1/3.6/
3.0mm) (Figure 4B). The highest correlation
between temperatures, directly measured and calcu-
lated from PRF-MRTh, was shown for the GRE
sequence (PRESTO/EPI/T1W-GRE/GRE: 0.688/
0.981/0.899/0.984). The smallest temperature error
of PRF-thermometry was shown for the GRE
sequence as well (PRESTO/EPI/T1W-GRE/GRE:
4.34+3.6/3.8+£2.9/2.3+1.0/1.5£1.5°C).

Comparing the four sequences with respect to
temperature sensitivity calculated with T1-MRTh,
the GRE-calculated temperatures showed the highest
correlation to the measured temperatures (PRESTO/
EPI/T1W-GRE/GRE: 0.935/0.986/0.983/0.988) and
the smallest temperature error (PRESTO/EPI/
T1W-GRE/GRE: 5.34+3.7/1.2+0.9/1.4+0.8/1.1
+0.8°C).

Results of T1- and PRF-based MRTh applying
GRE with different TEs are shown in Table I. The
accuracy of MRTh-derived temperature increases
with increasing TE for the PRF-MRTh, which is
illustrated by the increasing coefficient of deter-
mination and the decreasing temperature error.
For the T1-based MRTh, the accuracy of tempera-
ture increases in shortening TE. The minimum
(0.61°C) and maximum temperature errors (2.46°C)
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Figure 4. Comparison of four gradient-echo based sequences for thermal mapping. (A) SNR in two different tissues types
acquired during volunteer scans, (B) needle susceptibility artifacts in cadaveric lumbar disc tissue.

Table I. Results of linear regression analysis of the phantom heating experiments for GRE with T1- and PRF-based MRTh.
The analysis was based on a two-parameter model ATMR=Tref min+b - TMR, the number of data points was =60 and
the temperature range from 20 to 60°C.

PRF-Thermometry T1-Thermometry

Echo-Time (ms) 2.4 7 10 12 15 2.4 7 10 12 15

Slope of 1.08+£0.03 0.80+£0.02 0.97+0.02 0.88+0.01 0.964+0.01 0.96+0.01 0.97+0.01 0.94+0.01 0.98+0.02 0.934+0.02
correlation

Ordinate —1.78+1.31 6.71+£0.91 1.774+0.71 5.094+0.52 1.56+0.37 2.03+0.49 1.10+£0.53 2.46+0.58 2.48+0.72 2.024+0.93
point of
intersection

Coefficient of 0.954 0.960 0.984 0.991 0.996 0.991 0.991 0.988 0.986 0.974
determination

Mean 2.46+1.68 2.67+1.26 1.11+£0.84 1.68+0.57 0.61+£0.45 0.97+0.63 0.75+0.62 1.09+0.81 1.88+1.17 1.78£1.14
temperature
error (°C)

Temperature —0.007 —0.015 —0.027 —0.029 —0.04 —-1.17 —-1.22 —2.13 —2.63 —3.87
sensitivity rad/°C rad/°C rad/°C rad/°C rad/°C %/°C %/°C %/°C %/°C %/°C

were reached with PRF-MRTh during heating monitored with the GRE (TE=10ms). The areas

experiments. of heating were consistent with the procedure and
Agreement of directly measured and MRTh- nearly identical for both MRTh calculation methods.
calculated temperature values for the T1- and No motion artefacts were observed during image

PRF-based MRTh is shown for the shortest (2.4 ms) acquisition (7.8s).
and the longest (15ms) echo-time (Figure 5).
The Bland-Altman analysis presenting mean of
differences £95% limits of agreement (1.96-standard
deviation of the differences T (probe)-T(MR))
were 1.6 £5.3 for the PRF-MRTh (TE =2.4m:s), To improve the effectiveness and safety of laser
—0.1£1.5 for the PRF-MRTh (TE=15ms), ablation therapy in the lumbar spine, both anatom-
0.5+£2.0 for the T1-MRTh (TE=2.4ms) and ical and thermometric MR monitoring is desirable.

Discussion

—1.5+3.5 for the T1-MRTh (TE = 15 ms), respec- In contrast to the bore-like MR scanners, those with
tively. No temperature dependent error was found for open configuration design permit easy access to the
both MRTh methods inside the measured area from patient and more flexible interventional manipula-
20°C up to 60°C, whereas both MRTh methods show tion. In comparison with lower magnetic fields
statistically distributed errors for short TE. associated with the most open MR scanners, the

MRTh colour-coded plots were mapped over relatively high field strength of 1T is expected to
magnitude image data (Figure 6) taken from improve image quality and increase temperature

a heating experiment, which was dynamically accuracy. In the last years great progress has
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(A) PRF-Thermometry with GRE (TE=2.4ms) (B) T1-Thermometry with GRE (TE=2.4ms)
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Figure 5.

mean of T(probe) and T(MR) in °C

Mean-difference plots (Bland-Altman Plots) show the comparison between measured temperature with

the optical temperature probe and calculated absolute MR-temperature with a two-parameter model ATMR=
Tref_min+b- TMR. Results with lowest and highest echo-times for both thermometric methods (PRF, T1) are shown,
the means and +£95% limits of agreement are indicated: (A) PRF-thermometry, TE =2,4ms; (B) T1-thermometry,
TE = 2,4ms; (C) PRF-thermometry, TE = 15ms; (D) T1-thermometry, TE = 15ms.

been made in research and clinical application of
MRTh [7, 16, 28-30]. However, so far, no MRTh
application is commercially available. Due to the
clinical protocols and applications, every user has to
optimise their specific MRTh approach. This
depends on the anatomical region and the target
tissue, field strength of the MR scanner and config-
uration, as well as the heat source used. As a
consequence, various pulse sequences and calcula-
tion algorithms have been proposed. Therefore, the
published documentation of several research groups
can only provide slight orientation.

To enable comparability, we systematically inves-
tigated fast pulse sequences with different gradient-
echo readouts, suitable for real-time feedback and
capable of MRTh. We optimised each sequence with
regard to image quality (anatomical details, needle
artefacts, SNR) both in vitro and in vivo. The
evaluation of temperature accuracy was performed
in vitro. The investigated MRTh methods were
based on the two endogenous MR temperature
indicators: T1 and PRF. The optimal compromise
between acquisition time, image quality and temper-
ature accuracy was achieved with a non-spoiled
gradient-echo sequence at the echo time of
TE=10ms. Although only partially acquired

in vivo, these results are promising for applications
in vivo.

Relaxation times studies

The theoretical requirement for PRF-MRTh is
TE=T2*. De Zwart et al. [32] have shown that
with TE=T2*, the temperature-sensitive signal
to noise ratio (SNRp=TE:exp(—TE/T2%)) of
PRF-MRTh reaches its maximum, while the vari-
ance of the calculated temperature reaches its min-
imum. In consequence, T2* relaxation data of disc
tissue at 1.0 T were needed. Bottomley et al. [32],
listed T1 and the spin-spin relaxation time (T2) for
several tissue types at different field strengths. T1
and T2 relaxation times have been measured in 355
discs in a 1.5T closed-configuration MR scanner
[33]. Unfortunately, no relaxation time data for a
field strength of 1.0 T and disc tissue is available. As
previously shown by Boos et al. [34], age and the
extent of herniation have a significant influence on
the relaxation times. Our measurements were per-
formed on healthy volunteers. Although the sample
size in this study was small, we were able to show that
older individuals have longer T2* relaxation times.
Age-related dehydration, as well as the summation of
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t1-temperature map pri-temperature map.

t1-temperature map pri-temperature map

t1-temperature map pri-temperature map

Figure 6. MRTh is calculated from image data during a laser ablation in human cadaveric disc. For imaging the GRE was
used (TE=10ms). Color-coded thermographic plots were mapped over the corresponding MR magnitude images.
Calculations based on T1-MRTh (left) and on PRF-MRTh (right) show the heat spread inside the nucleus. The image data
were taken at different points during the experiment: (A) after 2 min, (B) after 6min and (C) after 10 min of lasing with a
NdYAG laser (1064 nm).
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biochemical effects, which are associated with disc
degeneration, contribute to increased proton relax-
ation times [34]. We measured the shortest effective
spin-spin relaxation times (about 30 ms) in the discs
of healthy young volunteers (20-30 years). Thus, for
degenerated discs T2* values at 1.0 T are expected to
be even higher.

It was not possible to fulfil the theoretical require-
ments for high temperature precision (TE =T2%) for
PRF-MRTh. Optimisation of the acquisition param-
eter TE was limited by the increasing needle artefact
with increasing TE [22], that occurs within heat
induced lesion. In fact, we used half of the predicted
optimal TE. The PRF-MRTh provided temperature
accuracies of £2°C and better, which has proposed as
the maximum tolerable error for high-temperature
MRTh [29].

Sequence studies

The comparison of four gradient-recalled sequence
types (PRESTO, EPI, TIW-GRE, GRE), typically
used for thermometric monitoring, was carried out
with regard to image quality and temperature sensi-
tivity. A spatial resolution of 2.8*2.8*4mm’ was
found to show sufficient SNR of the nucleus in
magnitude images. In using echo-planar imaging
techniques (PRESTO, EPI) we were not able
visualise smaller anatomic structures or heat-induced
lesions round the cannula. Both sequences were
insufficient to monitor the spinal region with its high
susceptibility gradients caused by resonance offset
artefacts, which lead to image destruction at suscep-
tibility boundaries. Using the EPI technique, the
image distortion in phase encoding direction is
stronger than the distortion in frequency-encoding
direction [34]. Hence, we used multi-shot EPI
techniques to reduce artefacts in phase encoding
direction. Susceptibility artefacts at tissue/bone
interfaces and the needle artefact size could not be
reduced by the variation of readouts after excitation
(EPI-factor), which affect image distortion as well as
temperature sensitivity [28], or the variation of BW
in frequency-encoding direction. Magnitude images
of the GRE and TI1W-GRE showed the best
anatomical detail, the highest SNR and the smallest
needle artefact.

We made compromises in temporal resolution by
using the longest acquisition time of the GRE for all
sequences to ensure comparability. Acquiring three
slices is sufficient to survey the ablation volume, as
well as the heat spread to neighbouring tissues. This
finally leads to a temporal solution of 8s. Although
the EPI exhibited good temperature sensitivity in
both methods, we are aware that the EPIs’ temporal
resolution can be improved.

The slight systematic offset between MRTh and
direct temperature measurements expressed by the
ordinate point of intersection in Figure 1 are caused
by the high spatial temperature and susceptibility
gradients around the needle. We eliminated system-
atic errors by using a fibre-optic probe with a tip size
of half a voxel and a response time that is much
shorter than a single-scan duration. We ensured
comparability with an invariable experimental set-up,
regular geometry (Figure 1) and constant tempera-
ture ranges (Figure 2). The slightly changing com-
position of the cadaveric specimens might be the
reason for the differences in the slope of correlation
(Table I). During our in vitro heating experiments,
no motion artefacts occurred. Other well known
sources of error during MRTh such as changes of the
thermal coefficient depending on the tissue type and
the heating method [35] as well as the temperature
dependent susceptibility, which was examined by
dePoorter [36] in fat and muscle tissue, were
precluded in this study with respect to spatial and
temporal MRTh resolution.

Good agreement between MRTh and direct tem-
perature measurements could be shown with varying
TEs for the GRE. Temperature errors were small
although we reduced the TE down to 10 ms for the
PRF-MRTh (£1.11°C) and increased the TE up to
15ms for the TI1-MRTh (£1.78°C). Moreover,
comparable heat patterns could be shown in in
vitro MRTh with a GRE (TE =10 ms).

Gradient echo-based sequences have been
reported to be promising for MRTh during high-
temperature interventions. The requirements for
monitoring of high temperature gradients in small
anatomical regions are high temporal and spatial
resolution. Since both requirements cannot both be
met at one time, compromise solutions have to be
found. Accelerated gradient echo techniques such as
PRESTO have been used for MRTh control at 4.7 T
during ablative interventions in liver and thigh [31,
37]. Other groups have evaluated EPI with varying
echo train lengths at 1.5T during radio-frequency
ablation of liver tissue [28]. Further research groups
used TIW-GRE in an open 0.5T system during
PLDD [15] and have investigated unspoiled GRE at
1.5 T to monitor high focused ultrasound hyperther-
mia [26]. In an open system at 1.0 T, we decided to
use the GRE due to its high SNR in disc and
neighbouring tissues and the induction of discrete
needle artefacts.

Moreover, we were able to achieve good temper-
ature accuracy using the GRE in the full range of
tested TEs. When using T1-MRTh, the sequence
should first be calibrated for the specific tissue, since
spin-lattice-relaxation and its temperature-induced
signal changes are strongly tissue-dependent.
TI1-MRTh is considered to be linear up to a
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coagulation temperature of 60°C [38] and is
proven to be more sensitive at relatively low field
strengths [7].

The advantage of PRF-MRTh of discal laser
therapies is that the nucleus and the annulus are fat
free. It is well known that errors related to the
presence of lipids lead to temperature errors of
PRF-MRTh [7, 16, 20, 29]. Subsequently, when
monitoring disc tissue with PRF-MRTh, these errors
are irrelevant. There is no doubt, that MRTh is an
attractive option to optimise therapeutic efficacy and
safety of thermal interventions. MR monitoring of
high-temperature thermal therapies offers not only
anatomical information on the treated regions but
also allows flash temperature mapping. PLDD,
especially under MR fluoroscopy, is a therapy that
has become increasingly popular over the last
20 years. Thermometric monitoring can be helpful
to survey the vulnerable structures surrounding the
disc, i.e. endplates, the spinal canal and nerve roots,
which have to be protected from excessive heat.

Conclusion

In this in vitro feasibility study in the 1.0 T open MR
scanner, we were able to show sufficient temperature
accuracy (better than +2°C) for non-spoiled
gradient-recalled echo sequences. Further, we were
able to increase temperature accuracy by varying
calculation techniques (T1-MRTh, PRF-MRTh)
with respect to sequence parameters (TE, TR).
Whether T1-MRTh or PRF-MRTh should be
regarded as the method of choice has to be
investigated further in clinical studies.
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