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ABSTRACT

Background: T, thermometry is considered a straight method for the safety moni-
toring of patients with deep brain stimulation (DBS) electrodes against radiofrequen-
cy-induced heating during Magnetic Resonance Imaging (MRI), requiring different
sequences and methods.

Objective: This study aimed to compare two T, thermometry methods and two
low specific absorption rate (SAR) imaging sequences in terms of the output image
quality.

Material and Methods: In this experimental study, a gel phantom was pre-
pared, resembling the brain tissue properties with a copper wire inside. Two types of
rapid gradient echo sequences, namely radiofrequency-spoiled and balanced steady-
state free precession (bSSFP) sequences, were used. T, thermometry was performed
by either T -weighted images with a high SAR sequence to increase heating around the
wire or T, mapping methods.

Results: The balanced steady-state free precession (bSSFP) sequence provided
higher image quality in terms of spatial resolution (1x1x1.5 mm? compared with
1x1x3 mm?) at a shorter acquisition time. The susceptibility artifact was also less pro-
nounced for the bSSFP sequence compared with the radiofrequency-spoiled sequence.
A temperature increase, of up to 8 °C, was estimated using a high SAR sequence. The
estimated change in temperature was reduced when using the T, mapping method.

Conclusion: Heating induced during MRI of implanted electrodes could be es-
timated using high-resolution T, maps obtained from inversion recovery bSSFP
sequence. Such a method gives a direct estimation of heating during the imaging
sequence, which is highly desirable for safe MRI of DBS patients.
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Introduction
eep brain stimulation (DBS) involves inserting long leads into
the brain to stimulate specific targets in a variety of diseases,
including Parkinson’s disease, essential tremor, and drug resis-
tance epilepsy [1]. The targets, such as the subthalamic nucleus (STN)
and globus pallidus interna (GPi) are miniscule and hardly seen by com-
mon imaging techniques. In this way, Magnetic Resonance Imaging
(MRI) provides various advantages in the localization of the target for
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surgery guidance, monitoring the progress of
treatment after surgery, and DBS training [2].
Functional MRI (fMRI) can provide a unique
opportunity in finding new functional targets,
evaluating outcomes, and shedding light on
the underlying mechanisms of DBS therapy
[1]. These benefits can be achieved only if
patient safety is fully considered in the MRI
environment [3].

There are different MRI-related safety issues,
among which heat generation near the elec-
trode is the main concern for DBS implants
[3]. DBS implants are usually MRI-compati-
ble under certain conservative conditions [4],
restricting the potential benefits of MRI. How-
ever, there is considerable evidence, showing
that these safety recommendations are unnec-
essarily conservative [5, 6], and the specific
absorption rate (SAR) reported by the scanner
may not appropriately represent the amount
of heat in this situation [3, 7, 8]. On the other
hand, numerous factors affect the heating pro-
cess, varying the amount of produced heat
in different situations [3, 9]. Direct tempera-
ture measurement using MRI thermometry
[10, 11] is suggested to provide 2D or 3D ther-
mal maps noninvasively in this situation.

Various magnetic resonance (MR) param-
eters, including T,, T,, proton resonance fre-
quency, and diffusion coefficient are tem-
perature sensitive [10]. The proton resonance
frequency and T, have higher temperature
sensitivity and at lower magnetic fields, T,
thermometry is more sensitive [10], and T,-
weighted images are also used for target local-
ization and treatment evaluation [12]. Conse-
quently, T, thermometry seems to be pertinent
to temperature measurement in patients with
DBS implants [13].

Despite better management of the suscep-
tibility artifact, the spin echo (SE) sequence
is not recommended for patients with DBS
electrodes because of the high RF power
deposition during refocusing [14]. Two gra-
dient-echo sequences have been used for T,
thermometry [10, 13]: the RF-spoiled and

the balanced steady-state free precession
(bSSFP) sequences, commercially called
FLASH and TrueFISP, respectively [15].
However, FLASH is more common for neuro-
imaging, TrueFISP can be less sensitive to the
susceptibility artifact [16], resulting in a good
candidate for DBS patients.

Magnetic resonance thermometry has
been performed using different methods
[13, 17, 18]. The extra amount of heat is usu-
ally generated by modifying the sequence
[17], applying a high SAR sequence [18], or
repeating the sequence multiple times [13]
to increase the imaging sensitivity. Tempera-
ture changes could be detected by alterations
in signal intensity of T -weighted images in
comparison with a reference image [13]. The
extra amount of heat generated by the above-
mentioned methods can be clinically harmful.
On the other hand, it overestimates the amount
of heat produced by the imaging sequence.
In a second approach, temperature distribu-
tion could be obtained from alterations in T,
values of a T, map [10]. T, mapping is usu-
ally performed using a set of images at differ-
ent inversion times (TI) and a fitting method
[19, 20]. Since the amount of heat is almost in-
dependent of TI [21], it remains unchanged for
all images in a specific set. A precise T, map
could thus provide temperature distribution
around the wire during MRI.

The study aims to compare two gradient-
echo sequences (i.e., FLASH and TrueFISP)
for T, thermometry in a phantom with a metal
wire inside. To the best of our knowledge, a
comparison between these two approaches has
not been previously reported. Consequently,
the obtained results can help develop safety
protocols in clinical situations.

Material and Methods

Phantom

In this experimental study, all the measure-
ments were performed on a gel phantom [22]
with magnetic resonance and electrical prop-
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erties similar to those of human tissues. Aga-
rose (Type I, Merck) (0.755 g) as a T, modifier
was mixed with 23.7 umol / kg GdCl, (Sigma-
Aldrich) as a T, modifier and 3 gr carrageenan
(Sigma-Aldrich) as a gelling agent. Distilled
and deionized water was added to bring the
total mass to 100 g to provide the MR prop-
erties equivalent to the thalamus [22]. The
mixture was then stirred and simultaneously
heatedinaboilingbathatatemperature of90 °C.
Finally, the solution was boiled in a microwave
oven and poured into 100 ml Pyrex bottles for
solidification.

A thin copper wire (1.2 mm in diameter),
which was electrically insulated except for 1.5
mm at one end as an electrode with a 1-mm
distance from the wire tip (Figure 1), was used
as the lead. Before the phantom got solidified,
the wire was placed into it. The susceptibil-
ity artifact is supposed to be less significant
because of the close magnetic susceptibility of
the copper to that of water [17]. The length of

(@)

the wire was 90 cm, at which the most heat
generation is expected in a 3 T MRI scanner
[23]. Only the last 50 mm of wire was placed
into the phantom. The external portion of the
wire was put straight into the head coil with-
out looping to increase heat [24, 25]. A thin
and straight wire can cause more heating than
a configuration of coiled wire resembling real
electrodes [26]. Accordingly, a worst-case
scenario 1s presented in this study. The phan-
toms were then placed in the MRI room 24 h
before the experiment to assure thermal equi-
librium.

The T, and T, relaxation times of the phan-
tom were measured using saturation-recovery
spin-echo and multi-echo methods, respec-
tively [19]. The dielectric properties of the
phantom were measured before solidification
using an Agilent 85070E Dielectric probe Kkit.
The probe was calibrated with water, and the
measurement was also performed three times
(Table 1).

(b) (c)

Figure 1: (a) Schematic of the copper wire inside the phantom, (b) Schematic of the phantom in

a Pyrex bottle, and (c) The phantom image.

Table 1: Phantom properties at 64 MHz (1.5 T).

T, (ms) T,(ms) 20 (S/m) bg

NaCl (%) Agar (%) GdCl, (1 mol/kg)

125 890

2 conductivity, ® relative permittivity

0.241 74.7

0 0.755 23.7
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MRI imaging

All the measurements were performed on a
3 T Siemens Prisma scanner (Siemens Health-
ineers, Muenchen, Germany). Two approach-
es were used for T, thermometry, and two gra-
dient-echo sequences (FLASH and TrueFISP)
were utilized for each approach. The image
acquisition time was kept at less than 15 min
for all the experiments.

First approach

A reference T -weighted image was ob-
tained before a high SAR turbo spin echo
(TSE) sequence. The high SAR sequence was
used to induce heating around the wire. Im-
mediately after the TSE sequence acquisition,
a second T -weighted image was acquired to
compare with the reference image. A differ-
ence image was obtained by subtracting the
two T -weighted images. The parameters of
the TSE sequence were modified for a whole
head averaged SAR of 2.23 W/kg (reported
by the MRI scanner) during a scan time of
approximately 1 min.

The T,-weighted images were acquired
using FLASH or TrueFISP sequences, and the
imaging parameters were modified to maxi-
mize the SNR of the sequence based on the
analytical expressions available for signal
intensity in the literature [16, 20, 27, 28]. In
TrueFISP, the SNR is almost independent of
TR for TR<<T, [28]; TR was thus considered
as low as possible. The shortest TE was select-
ed for both sequences to keep the susceptibil-
ity artifact as low as possible. The parameters
for each sequence are shown in Table 2.

Second approach

T, was measured near the wire tip, and the
temperature was estimated according to the T,
changes in that area. The FLASH and True-
FISP were used with an inversion-recovery
preparation pulse for T, mapping, and the Lev-
enburg-Marquardt method was used for data
fitting for the available real images. For mag-
nitude images, a data fitting method [29] was

used due to signal polarity concerns. Three TIs
with values specified in [30] were used to opti-
mize precision per unit of time.

A T, mapping method independent of the
real flip angle field [31] for FLASH was here
used with the following parameters: TR/TE:
1020/2.36 ms, slice thickness: 4 mm, TI: [30,
200, 1000] ms, and a flip angle of 8°. For
TrueFISP, a linear phase encoding direction
was used to ascertain the steady state condi-
tion for the central lines of the k-space. The
imaging parameters were as follows: TR/TE:
5000/1.96 ms, slice thickness: 3 mm, TI: [320,
820, 1100, 4100] ms, and a flip angle of 34°.
For both sequences, the average was set to 4 to
have detectable data.

Results
The phantom properties are summarized in
Table 1.

First approach
The sequence parameters for the first ther-
mometry approach are presented in Table 2.
The difference images for two adjacent
slices containing the wire tip are shown in

Table 2: Imaging parameters for each
sequence in the first approach.

Sequence FLASH TrueFISP
Width 256 256
Height 256 256

In-plane , . . .
. 1 mm, isotropic 1 mm, isotropic
resolution
Slice thickness 15
(mm)
TR (ms) 6.2 4.63
TE (ms) 2.36 2.32
No of averages 4 4
Flip angle (deg) 6 38

FLASH: Fast Low-Angle Shot, TrueFISP: True Fast Imaging
with Steady Precession, TR: Repetition Time, TE: Echo Time
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Figure 2. For better visualization, only a ma-
trix of 29x29 pixels around the wire tip is de-
picted. Negative values indicate a decrease in
intensity after using the TSE sequence due to
an increase in temperature around the wire tip.
Similar observations were noticeable for five

10
0
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50

adjacent slices in the images obtained using
TrueFISP but not in the images obtained using
the FLASH sequence.

Figure 3 shows a box plot of the pixel
value distributions presented in (Figure 2)
and normalized to the mean intensity of the
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Figure 2: (a), (b) Difference images using Fast Low-Angle Shot sequence and (c), (d) True Fast
Imaging with Steady Precession sequence. (b), (d) are related to the slice containing the wire

tip, and (a), (c) represent the adjacent slice.
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Figure 3: (a), (b) Box plots of the relative change in pixel value distributions for the different
images obtained from Fast Low-Angle Shot and (c), (d) True Fast Imaging with Steady Preces-
sion. (b), (d) represent the data from the slice containing the wire tip, and (a), (c) represent the

data from the adjacent slice.

J Biomed Phys Eng 2024; 14(6)

/ 573



Zinat Zarrini-Monfared, et al

corresponding reference images. The median
and the first and third quartiles are displayed
with horizontal lines of the boxes. The length
of the vertical lines (whisker) is 1.5 times the
interquartile values. The outliers (values out-
side the whisker length) are mostly placed on
the negative side, showing a decrease in inten-
sity for pixels around the wire. If we consider
T, to change with temperature with a factor
of 1.3% / °C for the proposed phantom [13],
the estimation of the temperature based on the
changes in signal intensity is possibly present-
ed on the right-hand side of Figure 3.

Second approach

Images acquired at different TI values exhib-
ited changes in quality. The FLASH showed
noisy images at some TI values, and a visu-
ally detectable pattern of T, change near the
wire was not observed. TrueFISP images were
affected by the banding artifact. A T, map of
the phantom obtained using TrueFISP is de-
picted in Figure 4. Several pixel values were
adjusted for a better contrast at the bottom.

i o "
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The wire tip is placed at the center of the im-
age. For a temperature estimation, the T, rela-
tive change in each pixel was calculated as the
difference between the T, value of that pixel
and a mean value divided by the mean value
(AT/T)). The mean value of T, calculated
from a rectangular area of 144 pixels out-
side the wire region was 1123+12 ms.
Temperature dependence of the order of
1.3% / °C for the proposed phantom [13] was
considered for temperature estimation.

Discussion

A phantom with a metal wire inside was built
to resemble a brain tissue with a DBS elec-
trode inside. MRI-induced heating near the
wire tip was estimated using T, thermometry.
Two approaches were considered as follows:
1) a high SAR sequence (TSE) was introduced
to increase the generated heat; a temperature
map was produced from a subtraction image,
showing the difference in the signal intensity
before and immediately after applying the
TSE sequence and 2) a temperature map was

1170
: : 1160
'y | 28 1450

11140
11130

11120

-1 1110
1100

1090

Figure 4: AT map obtained from True Fast Imaging with Steady Precession (TrueFISP). Several
pixel values at the bottom of the image were adjusted for better contrast. A temperature esti-
mation is also provided based on the relative change in T..
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obtained from a T, map near the wire. How-
ever, FLASH and TrueFISP were used for
both approaches, the TrueFISP showed better
performance for both approaches in terms of a
clear pattern of intensity changes near the wire
with superior spatial resolution and in a short-
er acquisition time. The results show that the
TrueFISP might be a good candidate for ther-
mal field estimation near electrodes in phan-
toms for both approaches. The use of a T, map
obtained from TrueFISP leads to determining
induced heat from the imaging sequence. Such
temperature maps help develop new protocols
for the safe MRI of these patients.

For the subtraction method, the TrueFISP
provided images with the best visual quality,
acceptable spatial resolution (1x1x1.5 mm?),
and shorter acquisition times compared with
that of FLASH (1x1x3 mm?®), probably due
to the higher signal intensity of TrueFISP se-
quence in comparison to that of the FLASH
[15]. For TrueFISP, the SNR is almost inde-
pendent of 7R for very short 7Rs [28], result-
ing in high-quality images in very short ac-
quisition periods. The susceptibility artifact is
always present, and from the artifact perspec-
tive, TrueFISP with a phase evolution similar
to spin echoes [16] provides the best option
for implant MRI. However, pixel values for
TrueFISP were more scattered compared with
those of FLASH (Figure 3), which could be
due to reduced slice thickness for TrueFISP.

During the TSE sequence, the quick heating
[18] resulted in considerable heat dissipation
before the acquisition of the second image.
Thermal models [18] are suggested for pixels
near the wire for both the dynamic changes
in temperature and the susceptibility artifact,
which may conceal potentially harmful hot
spots next to the electrodes.

Magnetic resonance thermometry using
heating pulses [17, 32] or high SAR sequences
[18] provides an extreme condition, in which
an extra amount of heat is produced. Despite
several advantages, such as controlled implant
heating, this method is inappropriate for real

situations in which implanted patients are ex-
posed to an imaging sequence. On the other
hand, T, mapping performed by a few rep-
etitions of a low SAR sequence seems more
suitable in this application because a T, map
can be converted to a temperature map for a
specific ROL. In this study, the temperature
map obtained from the T, map showed a tem-
perature increase of almost 1 °C, directly re-
lated to the imaging sequence without using
a high SAR sequence (Figure 4). A high SAR
sequence may elevate the temperature in-
crease to several degrees Celsius as shown in
Figure 3.

In the present study, the small size of the
phantom could intensify the effect of the sus-
ceptibility artifact. Therefore, experiments us-
ing a head phantom or animals with implanted
DBS electrodes are recommended. However,
obtained results can be considered criteria to
compare various situations and methods based
on the temperature in DBS patients.

Conclusion

The TrueFISP shows superior potential for
T, thermometry in implant MRI regarding the
spatial resolution and acquisition time com-
pared with that of FLASH. The TrueFISP is
not usually recognized as a neuroimaging se-
quence. However it can provide a higher SNR,
and reduced susceptibility artifact leading to a
promising sequence in advanced applications,
such as T, thermometry and mapping for pa-
tients with DBS electrodes.
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