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Abstract: At ultra-high field MRI (By > 7T) it is crucial to
predict and control the patient safety. Commonly patient safety
is controlled by the power deposited in the tissue (specific
absorption rate - SAR). However, temperature distributions do
not always correlate directly with SAR distributions, which
makes temperature control also a crucial parameter to guar-
antee patient safety. In this work, temperature changes were
accessed by MR thermometry, specifically by the proton reso-
nance frequency shift technique (PRF). A phantom mimicking
muscle tissue was used to evaluate the temperature rise caused
by the radiofrequency (RF) absorption during 7T MRI, applied
through a commercial birdcage head coil. A pulse-sequence
protocol was implemented for both, the generation of temper-
ature increase and the MR thermometry. To control the temper-
ature, a digital thermometer was used, and oil tubes were uti-
lized to dismiss the By drift effects for PREF. Measurements of
the phantom’s dielectric characteristics, i.e. conductivity and
permittivity, were in good agreement with the literature val-
ues for muscle. Spatio-temporal evaluations showed a temper-
ature increase in time via RF exposure and the feasibility of
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measuring temperature maps using the PRF shift method. The
accuracy of the PRF shift method increased when the By drift
effects were quantified and dismissed, indicating a PRF read-
ing accuracy differing less than 0.5 °C from the thermometer.
Results also validate our heating and temperature imaging pro-
tocol. This study is a valuable contribution to the evaluation of
heating effects caused by RF absorption and demonstrates po-
tential impact on future thermal investigations, which may use
different heating sources, as well validate thermal simulations.

Keywords: MR thermometry, 7T MRI, MRI safety, proton
resonance frequency (PRF), temperature mapping.

1 Introduction

During magnetic resonance imaging (MRI) procedures, the ra-
diofrequency (RF) energy is used to promote spin excitation.
Part of the absorbed energy is converted into tissue heating,
which may pose a potential hazard for the patient, specifically
at ultra-high fields. Patient safety is assessed through the SAR,
defined as the power deposited in tissue per unit mass. In the
human body, the RF deposition pattern depends on diverse as-
pects, such as dielectric tissue properties, anatomical geome-
try, pulse sequences, among others [1]. Numerical simulations
usually obtain SAR predictions. An induced heating profile
can be evaluated based on SAR values by solving the bioheat
transfer equation. Heating and SAR correlation is non-linear
and heterogeneous since the resulting temperature is a balance
between local heat and cooling sources leveraged by thermal
conduction, convection, and materials’ thermal properties [1].

Temperature variations can be assessed experimentally
using different MR thermometry techniques. Measuring tem-
perature variations during an MRI procedure is essential for
many safety reasons, such as evaluating the heating induced
by RF energy absorption, for thermal therapies like high-
intensity focused ultrasound ablation, and others. The proton
resonance frequency (PRF) shift is one of the most widely
used MR-based thermometry methods. The technique is based
on the fact that the electron shielding of water varies lin-
early with the temperature. It allows spatio-temporal evalua-
tions, is non-invasive, and relatively independent of tissue type
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[2]. The method presents accurate results compared to results
measured by temperature sensors during the MR procedure,
mainly when necessary correction methods are applied [1, 2].

In this work, we created and characterized a homogeneous
muscle-mimicking phantom to experimentally investigate the
temperature rise caused by the RF absorption during 7T MRI.
The RF transmission was done using a commercial birdcage
head coil, and a temperature heating and imaging protocol was
developed and applied. Four oil tubes were placed outside the
phantom as reference to calibrate the By drift effects. Tem-
perature evaluation was done via digital thermometer and PRF
shift method with and without By drift correction. Results for
the axial plane demonstrate the temperature increase via RF
exposure and the improvement in measurement accuracy us-
ing the By drift correction.

2 Materials and methods

2.1 Phantom preparation

The homogeneous muscle-mimicking phantom was manufac-
tured following the recipes in [3] to simulate the dielectric,
thermal, and MR properties of human tissues. It is a water-
gelatine-oil-salt mixture, where the gelatine works as a gelling
agent to avoid flow and thermal convection, NaCl controls the
phantom’s conductivity, and oil the permittivity. The phantom
was created using 7.5594 g of NaCl, 200.6656 g of gelatine
240 bloom, 140.0 ml of canola oil, 12.6 ml of formaldehyde
37% (all from Carl Roth GmbH + Co, Germany), 1260.0 ml of
deionized water and 8.0 ml of the surfactant Ecosurf™ SA-9.
The details of manufacturing are described in [3]. The mix-
ture was inserted into a cylindrical support made of Plexiglas®
(height =200 mm, radius = 50 mm), as can be seen in Fig. 1(a).
The dielectric properties were measured using a dielec-
tric assessment kit (DAK, Speag, Switzerland). Measurements
were performed at 23 °C in 8 different regions of the phan-
tom, repeated 10 times each. Phantom’s conductivity and
permittivity at 300 MHz were: o) =0.742+0.006 S/m and
€r(p) =57.65 £ 0.45, respectively, which is in good agreement
with the values obtained from the literature o;=0.771 S/m
and €,.(;) =58.2 [4]. The measurements at the different regions
showed very small variations of the dielectric properties.

2.2 RF heating and temperature imaging

The protocol to generate a temperature increase and at the
same time monitor it was created, tested, and implemented at a
7T MRI scanner MAGNETOM 7T, Siemens Healthcare, Ger-
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Fig. 1: (a) The homogeneous muscle-mimicking phantom. (b)
Positioning of the phantom and oil tubes inside the coil. A non-
magnetic spirit level was used to ensure horizontal alignment.

many) installed in Sdo Paulo (Brazil) and Magdeburg (Ger-
many). To heat the phantom, no external heating device was
used. Solely T2-weighted turbo spin-echo (TSE) sequences
were applied. The TSE is a standard clinical sequence that
repeats in short time intervals the application of various refo-
cusing RF pulses (180°), known to impose RF heating [5]. To
monitor spatio-temporally the temperature increase, a multi-
echo gradient-echo (GRE) sequence was applied.

The RF heating and temperature imaging protocol started
with a pre-scan that includes: calibration, shimming, and Bi"
field acquisitions. In sequence, GRE was applied to acquire the
initial phase information for all three anatomical planes (axial,
coronal, and sagittal) before heating. Next, the TSE sequence
was applied twice, with no interval, 8.5 minutes in total. After
that, GRE acquisitions were obtained for the three planes, fol-
lowed by two TSE applications. The same steps were repeated
until the end of the experiment (26 =112 min). Phase maps
acquisitions were obtained at 27 time points: tq, t1, ..., t26-

The TSE application was done to generate a large tem-
perature increase. Its parameters were: echo-time Ty = 24 ms,
repetition time Tz =5, 180° flip angle, echo train length 20,
13 slices, 10 mm thickness. GRE parameters: T =(2.5, 4, 5.5,
T)ms, Tr = 10 ms, 30° flip angle. For the axial plane 20 slices
were acquired with 11.0 s of acquisition time, and for coronal
and sagittal planes 13 slices were acquired with 7.3 's. Acqui-
sitions were done for all phase-encoding directions and orien-
tations, with 192 phase-encoding steps. In this work, just the
results for the central axial plane measured with anterior-to-
posterior (AP) phase-encoding direction and 75 =5.5ms are
shown. In the PRF, using short GRE acquisitions guarantees a
minimal heating/cooling of the phantom and therefore it can be
considered that heating comes predominately from the TSE.

2.3 PREF shift temperature maps

For every time point ¢ after the heating, i.e. ty > o, the ac-
quired GRE phase images were converted to maps of temper-
ature differences ATy = Ty — Ty using the PRF shift formula:
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where ¢y is the phase information acquired at a time tg, ¢ ¢ the
phase information at time point ¢ ¢, v the gyromagnetic ratio of
hydrogen, By the main magnetic field and « is the PRF coeffi-
cient (o =-0.01ppm/°C) [2]. To calculate the phase difference,
the phase images were first rescaled and then unwrapped [6].

The accuracy of the PRF shift method can be substantially
improved when doing corrections prospectively and/or retro-
spectively to the measurement. One correction method with
a great impact on the results is the By drift effect correction
since the PRF shift method is very sensitive to phase changes.
To quantify and correct the By drift present during the experi-
ment, four oil tubes were imaged along with the phantom. The
phase changes that occur in oil are mostly caused by the By
drift, and less by the temperature [2]. The phase changes in
each oil were measured and via interpolation of these values,
phase correction maps over phantom’s image region of inter-
est (ROI) and over time were estimated. Each correction map
is subtracted from the phantom’s phase difference as:

(65 — ¢0) = (Poil; — Poily)

ATy ayBoTg

@)

The oil tubes (inner diameter = 12 mm, length = 130 mm)
were placed outside and around the phantom using a structure
made of Plexiglas®, as in Fig. 1(b). This setup was placed in-
side a commercial birdcage head coil for 7T (Nova Medical,
USA). This is a coil with one channel of circular polarized
transmission and a 32 channel receive array (1Tx/32Rx).

3 Results and discussion

To ensure initial thermal equilibrium, the phantom rested
overnight in the MRI room. Phantom’s initial and room tem-
perature were Tp=17.4°C. The phantom was quickly re-
moved from the MRI room for the measurement of its isocen-
ter temperature using a digital thermometer TP101 (Bmax,
China). At the end of the experiment, the phantom’s temper-
ature was Tog =20.5 °C. Using both initial and final tempera-
ture, a curve for In(7'/Ty) was generated and an interpolation
was done to estimate the temperature values for each time mo-
ment in between (i.e. T to T55).

The relative temperature maps via PRF shift method were
generated for all the anatomical planes and for each time inter-
vals using (1). To improve the accuracy, the By drift correction
was implemented.

For the axial plane, eight phase differences were calcu-
lated subtracting the reference phase (¢g) from each phase ac-

quired after heating (¢3, ¢6, 9, P12, P15, P18, P21, P24). In

Fig. 2(a), the phantom’s temperature change for different time
intervals using PRF with and without By drift corrections is
shown. Temperature distribution in a horizontal line (red line
in Fig. 2(a) at AT»y4) for different time variations is shown in
Fig. 2(b). The curves in Fig. 2(b) were plotted from raw data.
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Fig. 2: (a) Phantom’s temperature variation obtained via PRF shift
technique with and without By drift correction for the central axial
slice. (b) The temperature variation along the central horizontal
line in axial view from PRF without and in (c) with By correction.

To estimate the temperature values via PRF shift, a cal-
ibration was done assuming the initial temperature from the
thermometer as the same initial temperature for the central ax-
ial region (measured for a ROI with 3 pixels-radius around the
central pixel). The central pixel temperature variations during
the time can be seen in Fig. 3, where they were compared with
the interpolated results obtained for the thermometer.
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Fig. 3: Phantom’s temperature for each specific time when an ax-
ial plane phase information was acquired. The temperatures Ty
and The measured with the digital thermometer and the interpo-
lated values in between, as well the temperature values from PRF
shift method without and with By drift correction are presented.

As seen in Fig. 3, the curve for the PRF shift method
without correction differs from the interpolated thermometer
values, and its difference increases over time. The values ob-
tained with the By drift correction differ much less from the
thermometer results. This demonstrates the improvement in
the accuracy of the PRF shift method using oil for By drift
corrections, which is in accordance with the literature [1, 2].
The improvement in the accuracy can be seen in Table 1 for
four different times. Observable is also the increase of the By
drift in time, effect that is well described in the literature. It
is more noticeable in long MRI acquisitions and should be al-
ways taken into account for MR thermometry.

Results from Figs. 2 and 3 and Table 1 confirm that PRF
shift method can provide time and spatial information from the
RF absorption during 7T MRI. The PRF shift results observed
after the By correction show more accurate results when com-
pared to the thermometer values. However, this study has some
limitations. The temperature control can be done continuously
using suitable probes, as fiber optic sensors, the heating pro-
tocol can be faster, as choosing less slices, planes or phase-
encoding directions to analyze, among others. Such improve-
ments will be applied to our next measurements.

Tab. 1: Central phantom’s temperature acquired via digital ther-
mometer and PRF shift with and without By drift correction.

Temperature (°C) T3 Ty Tis T24

PRF, no correction 1768 18.10 18.41 19.31
PRF, By drift correction 1790 18.62 19.32 20.71
Thermometer, interpolation 17.86 1856 19.25 20.38
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4 Conclusions

This work analyzed the temperature rise in a muscle-
mimicking phantom, which was exposed to RF heating ap-
plied by a birdcage head coil for 7T. The created phantom pre-
sented dielectric characteristics comparable with muscle tissue
and its temperature was measured using a digital thermome-
ter. Temperature variation measured via PRF shift presented
an accuracy increase after correcting the By drift effects us-
ing oil tubes. Results showed that the RF heating protocol el-
evated the phantom’s temperature by around 3 °C, measured
with both the thermometer and the PRF with B drift correc-
tion. In this work, just the axial results were presented, but the
same protocol was applied for coronal and sagittal planes, and
the preliminary results are comparable. The thermal measure-
ments present some limitations, which will be improved, such
as using fiber optics sensors and making the GRE acquisition
time faster by reducing the number of planes, slices, and/or
phase-encoding directions.
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