Evaluation of temperature increase during Magnetic Resonance examinations by combining electromagnetic/thermal simulations and B1 maps
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Abstract— The purpose of the present study is to evaluate the temperature increase due to radio-frequency (RF) exposure in Magnetic Resonance (MR) examinations, by combining electromagnetic/thermal simulations and B1 maps. 
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I.  Introduction 
This study aimed to evaluate the temperature increase (ΔT) due to radio-frequency (RF) exposure in magnetic resonance (MR) examinations, by combining electromagnetic/thermal simulations and B1 maps. The study was validated by an experiment conducted on a phantom, and demonstrates that temperature increase in MR due RF exposure can be accurately predicted by combining electromagnetic/thermal simulations and B1+ maps.
II. Methods
A. Electromagnetic/Thermal simulations
3D full wave numerical electromagnetic (EM) simulations using a Finite Integration Technique (FIT), employed in CST MW Suite (CST-Computer Simulation Technology AG, Darmstadt, Germany), were used to simulate a 7.0T 1H quadrature birdcage head coil manufactured by Nova Medical (Wilmington, MA, USA). The birdcage was loaded with an agar-agar cylindrical phantom with height = 12.5 cm and radius = 3 cm, with characteristics reported in TABLE I (taken from [1]), and positioned in the center of the coil with its axis parallel to the static magnetic field. The coil was tuned to the frequency of 298 MHz and matched to achieve Sxx < -10dB (more details can be found in [2]). B1+ was calculated in the axial slice crossing the center, while a map of SAR [W/kg] was calculated on the entire cylindrical phantom in order be used as input for the thermal simulation. Specifically, the time-average [3] SAR for a given sequence applied on a given slice can be determined by using a scaling factor which accounts for all the sequence-related parameters: time of repetition (TR), number and waveform of RF pulses, and the corresponding nominal flip angle (FA) averaged on the slice (which are related to the nominal B1+, i.e. B1+, nominal). In this context, the time-average SAR for the following sequence was determined: Axial “Zero” Time-of-Echo (ZTE) sequence [4] (“SILENT”) centered on the slice crossing the center; 384 FA = 4° hard pulses of 12 μs length; 5 inversion and saturation pulses per TR (TR = 525 ms); time of echo (TE) = 16 μs; post-segment time of delay TD = 2 s; field of view (FOV) = 192 x 192 x 192 mm3; voxel size = 1 x 1 x 1 mm3.

The EM simulation was combined with the transient thermal simulation of CST Suite through the multi-physics tool, to solve the thermal equation. The thermal equation for a thermally insulated and non-perfused material with an internal heat source (in our case, SAR) can be written as follows 
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where c is the heat capacity, Δt is the scan duration, ΔT is the temperature change [3].

We simulated the temperature inside the phantom during SILENT execution (460 s); the initial temperature was set to 293.1 K (magnet room temperature).

B. B1+ maps and phantom experiment
The phantom was created by dissolving agar (7 g/L), NaCl (10 g/L) and CuSO4 (1 g/L) in hot water and then allowing the solution to cool down and solidify in the cylindrical plastic former [1]. The cylindrical phantom was placed in the center of the coil. 
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Fig. 1. Birdcage coil loaded with the cylindrical phantom.

We acquired B1+, map with a Bloch-Siegert sequence [5] prescribed on the central axial slice corresponding to that used in simulations: parameters TR = 33 ms, TE = 15 ms, RBW = 15.6 kHz, thickness = 3.5 mm, matrix-size 64 x 64, square FOV = 22 cm, number of excitations (nex) = 2  (acquisition time: 9 s). A coefficient C, proportional to avg(|B1+, map|)/ B1+, nominal was calculated and used to appropriately scale the  simulated temperature. Since C refers to B1+, temperature scaling must be performed multiplying by C [2].

ΔT generated by SILENT was measured with a fiberoptic temperature probe (Neoptix Canada LP, Quebec, Canada, resolution: 0.1 °C) with length of approximately 2 cm, placed at location of anticipated maximum SAR, near the surface of the phantom, on the central axial plane (white bar in Fig. 2). Before performing ΔT measurements, the phantom was equilibrated to room temperature; thermal insulation was achieved by inserting the phantom in an extruded polystyrene cavity and turning off the patient ventilation fan [6].
TABLE I.  Characteristics of the agar-agar cylindrical phantom. 
	Quantity
	Value

	Heat capacity (c) 
	4.2 kJ/K/kg

	Dielectric permittivity (εr)
	77.52

	Electric conductivity (σ)
	1.886 S/m

	Mass density (ρ)
	1054 kg/m3
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Fig. 2. Simulated temperature after B1+ map scaling obtained inside the phantom after SILENT execution (460 s) : a. sagittal plane; b. coronal plane; c. transverse plane. The white segment mimics length and position of the probe. 
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Fig. 3. Simulated temperature during 460 s for nine points evenly distributed along the white segment shown in Fig. 2.
III. Results
Fig. 2 shows the simulated temperature after B1+ map scaling obtained inside the phantom after 460 s of SILENT scanning; the maximum temperature was 293.53 K. In order to compare the simulation and the measurements, we integrated the simulated temperature along a 2 cm segment mimicking the probe: we found that the simulated ΔT was 0.32 K, while the measure was 0.3 K. In Fig. 3 simulated temperature is shown during 460 s for nine points evenly distributed along the segment. 
IV. Discussions and Conclusions
Simulated temperature behavior during time is consistent with literature [1], [3], [6]. There is a good agreement between the measured and the simulated ΔT due to the SILENT sequence at 7.0 T. Temperature increase in MR due RF exposure can be accurately predicted by combining electromagnetic/thermal simulations and B1+ maps.
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