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INTRODUCTION: Localized hyperthermia using focused ultrasound (FUS) has been suggested as a noninvasive method for achieving locally
enhanced drug delivery and triggering temperature-sensitive drug release, but many questions remain regarding the optimization of hyperthermia
protocols for drug delivery in vivo. Our group has been developing MR-guided scanned focused ultrasound systems for use in preclinical drug delivery
experiments, designed to achieve temporally and spatially uniform temperature elevations of 5-10°C in targets measuring up to 2.0 cm in diameter. The
purpose of this study is to present a motorized transducer positioning system capable of modulating ultrasound power along a rapidly scanned circular
heating trajectory during MR temperature imaging, and to demonstrate its ability to achieve temporally and spatially uniform heating in tissue using MR
temperature images for single and multi-point proportional-integral (PI) feedback control.

METHODS: In order to be used during imaging, Table 1. Baseline temperature variations during simultaneous imaging & transducer motion.
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Figure 2. Coronal temperature map with 5mm ROI for baseline temperature measurements.
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Numerical simulations of scanned FUS hyperthermia based on the bioheat transfer equation and ultrasound field calculations were used to identify
appropriate PID gains for the specific transducer, imaging sequences and experimental setup used. The single-point controller was implemented with a
proportional gain Kp = 0.050 and integral gain Ki = 0.001. Multi-point control was achieved as the application of several identical single-point controllers
operating independently around the scanning trajectory. The feasibility of MR-guided scanned heating using this system, and the relative efficacy of
single- and multi-point control algorithms were compared in ex vivo heating experiments using degassed turkey breast.

RESULTS: Baseline temperature artifacts caused by circular scanning of the transducer setup were measured in a 5mm region of interest (outlined in
Figure 1) for several sets of motion parameters. Each set of motion parameters was used for 2 minutes, and the ROl mean was compared over the
resulting 24 images, with the range, mean and standard deviation summarized in Table 1. Temperature variations observed for 2.5 mm and 5 mm
scans (approximately + 1°C) were deemed to be sufficiently low to use for hyperthermia control. Figure 2 shows the maximum temperatures in a 2 cm
region of interest during scanned FUS heating of a circular region with 5 mm radius at 1 revolution per second under single-point (left) and multi-point
(right) feedback control. The multi-point controller exhibits better spatial uniformity across the heated region.

DISCUSSION: The results from ex vivo heating confirm the feasibility of using MR-guided scanned focused ultrasound to produce temporally and
spatially uniform hyperthermia in small targets. Minimal artifacts of [+1°C] were observed in MR temperature maps acquired while rapidly scanning the
transducer along a circular trajectory below the focal plane, which did not prevent the use of MR-guided temperature control. The use of multiple rapidly
switched single-point controllers achieved better spatial temperature distributions than a single point.
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