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Thermotherapy-based interventional technologies have rapidly developed as means to
treat several pathologies. Ablative therapies have become especially useful in the
treatment of movement disorders and brain tumors.[1-3] These procedures are typically
monitored by magnetic resonance temperature imaging (MRTI), using the proton
resonance frequency (PRFS) method.[4] The PRFS method is very sensitive to image
phase artifacts, and therefore much care must be given to ablation probe design to
minimize susceptibility-induced image artifacts. Interstitial MR-guided focused
ultrasound (iMRgFUS) probes contain metal wires, piezoelectric material and water flow
lines for cooling, all of which have the potential to cause drastic MRTI degradation. Here
we (i) perform quantitative DB0, SNR, B1+ phantom tests on a recently developed
catheter based iMRgFUS probe [5] in various orientations and power states, and (ii)
perform phantom MRTI heating validation tests at multiple sonication power levels using
4 different MRTI sequences. The goal of this work is to evaluate, optimize and down-
select MRTI protocols in order to achieve maximum temperature measurement precision
and volume coverage in the presence of image artifacts arising from the iMRgFUS probe
design and operation.

Phantom imaging tests were performed on a 3T GE Architect scanner (GE Healthcare,
Waukesha, WI). Body coil transmit was used with a single channel (15 cm ID) loop coil for
receive signal. Phantoms were 3% Agar solution doped with copper sulfate to mimic the
relaxivity of brain tissue at 3T. Two separate phantoms were used for testing: one
phantom containing only the probe in Agar as depicted in Fig. 1 (phantom 1), and one
containing multiple fiber optic temperature probes for MRTI validation testing seen in
Fig. 3a (phantom 2). The iMRgFUS probe (Acoustic Medsystems, Savoy, IL) was
constructed with a multielement 10mm long tubular piezoelectric transducer mounted
on a hollow polyimide tubular structure. It was inserted into the Agar phantom as can be
seen in Fig. 1a. Quantitative imaging tests were performed to assess (i) DB0, (ii) B1+, and
(iii) basic SNR tests using a gradient-echo (GRE) sequence. All imaging tests were
performed at 0°, 45°, and 90° orientations of the axis of the catheter based therapeutic
US probe with respect to the main magnetic field (B0). Figs. 1c-d depicts the parallel (0°)
and orthogonal (90°) orientation examples. Phantom MRTI tests were performed using
phantom 2 depicted in Fig. 3a with three fiber optic temperature probes (Neoptix)
distributed in-plane, at different radial distances from the US transducer element. Four
sequences were tested using the PRFS MRTI method: a spoiled gradient echo (SPGR),
echo-planar imaging -GRE, fast SPGR, and multi-echo fast-SPGR. The precision and
accuracy of MRTI measurements are defined as the standard deviation of the
temperature measurements averaged within a 20-pixel diameter region centered on the
probe, and the absolute difference between the temperature probe readings and the
MRTI reading at the T-probe locations respectively.

Phantom 1 was constructed with only the US probe and Agar in order to minimize any potential confounding artifacts during DB0, SNR, B1+
measurements. These imaging measurements were repeated with phantom 2, and no new imaging artifacts were noted when the
temperature probe was inserted. The table in Fig. 2 summarizes the results of the orientation dependence study for phantom 1. The
standard deviation of DB0 is reduced by a factor of 2 in the parallel (0°) orientation. SNR likewise increases within the 20-pixel diameter
averaging region in the parallel position, indicating that DB0 effects primarily contribute to MR signal drop in the immediate vicinity of the
US probe. B1+ maps remain largely unchanged in the different orientations. The table in Fig. 3 indicates the precision, accuracy, and
maximum volume coverage in a 10 second window for the multiple MRTI methods tested in phantom 2. Overall, single-echo SPGR provided
the highest temperature precision and accuracy, although it performs worst in terms of volume coverage. Relative to SPGR, EPI-GRE
provides a factor of 3 increase for volumetric coverage yet underperforms in terms of MRTI temperature precision and accuracy (over 40%
reduction). Fast-SPGR, and multi-echo fast-SPGR perform similarly well, and give similar MRTI metrics with an approximate 2-fold increase
in volumetric coverage relative to SPGR.

Figure 1: Phantom 1. (a) Photo of the iMRgFUS
probe/applicator (b) Probe inserted in Agar phantom
(c) Phantom in parallel (0°) orientation (d) Phantom
in orthogonal (90°) orientation

Figure 2: Results of DB0, SNR, and B1+ measurements using phantom 1. (a-c) Shows DB0 maps
(top) and sum of squares magnitude images (bottom) for the same locations (centered on the
active FUS element). The orientation wrt B0 is specified in the B0 map. The bottom table
summarizes the results for the average, minimum/ maximum value, and standard deviation
computed for a 20-pixel diameter region centered on the probe, as described in the text.

Figure 3: MRTI testing and validation results using phantom 2. (a) Shows the placement of three fiber optic probes
in relation to the active US probe element. (b) Peak heating MRTI map using EPI-GRE sequence and 7W input
power on US applicator. (c) Position 3 temperature probe data, overlayed with 20-pixel diameter averaged
temperature region data for multiple MRTI acquisition methods. (d) Table summary results of the MRTI precision
and accuracy analysis: the accuracy data is averaged for all temperature probes using a 3W and 7W heating cycle
in both orientations (temperature data collected for 3 probes, 2 input power levels, 4 MRTI methods, in 2
orientations [ie 48 total datasets])..

Experiments done here show that a 90° orientation of the iMRgFUS probe with respect to B0 increased
susceptibility-induced artefacts, which ultimately reduces the precision of MRTI. This information
should provide useful insights for iMRgFUS treatment planning, as burr holes/US probe insertions
oriented parallel to B0 will ultimately provide the best MRTI data for treatment monitoring. Finally,
analysis performed here highlights tradeoffs between several MRTI sequences in terms of temperature
measurement precision, accuracy, and volumetric coverage capacity. Most notably in this case, fast-
SPGR provides the best option for iMRgFUS treatment monitoring with respect to the image artifacts
caused by this iMRgFUS probe.
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