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Abstract

Purpose: Mild hyperthermia (40–45°C) is a proven adjuvant for radiotherapy and chemotherapy. 

Magnetic resonance guided high intensity focused ultrasound (MR-HIFU) can non-invasively heat 

solid tumours under image guidance. Low temperature-sensitive liposomes (LTSLs) release their 

drug cargo in response to heat (>40°C) and may improve drug delivery to solid tumours when 

combined with mild hyperthermia. The objective of this study was to develop and implement a 

clinically relevant MR-HIFU mild hyperthermia heating algorithm for combination with LTSLs.

Materials and methods: Sonications were performed with a clinical MR-HIFU platform in a 

phantom and rabbits bearing VX2 tumours (target = 4–16 mm). A binary control algorithm was 

used for real-time mild hyperthermia feedback control (target = 40–41°C). Drug delivery with 

LTSLs was measured with HPLC. Data were compared to simulation results and analysed for 

spatial targeting accuracy (offset), temperature accuracy (mean), homogeneity of heating (standard 

deviation (SD), T10 and T90), and thermal dose (CEM43).

Results: Sonications in a phantom resulted in better temperature control than in vivo. Sonications 

in VX2 tumours resulted in mean temperatures between 40.4°C and 41.3°C with a SD of 1.0–

1.5°C (T10 = 41.7–43.7°C, T90 39.0–39.6°C), in agreement with simulations. 3D spatial offset 

was 0.1–3.2 mm in vitro and 0.6–4.8=mm in vivo. Combination of MR-HIFU hyperthermia and 

LTSLs demonstrated heterogeneous delivery to a partially heated VX2 tumour, as expected.

Conclusions: An MR-HIFU mild hyperthermia heating algorithm was developed, resulting in 

accurate and homogeneous heating within the targeted region in vitro and in vivo, which is 

suitable for applications in drug delivery.

Correspondence: Matthew R. Dreher, PhD, National Institutes of Health, 9000 Rockville Pike, Building 10, room 2N212, MSC 1182, 
Bethesda, MD 20892, USA. Tel: 301-402-8427. Fax: 301-496-9933. dreherm@cc.nih.gov. 

HHS Public Access
Author manuscript
Int J Hyperthermia. Author manuscript; available in PMC 2020 November 05.

Published in final edited form as:
Int J Hyperthermia. 2012 ; 28(4): 320–336. doi:10.3109/02656736.2012.680173.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Drug delivery; liposome; mild hyperthermia; MR-HIFU; temperature sensitive liposome; 
thermotherapy

Introduction

Mild hyperthermia is a therapeutic technique in which cancerous tissue is heated above the 

body temperature to induce a physiological or biological effect but often not intended to 

directly produce substantial cell death. The goal is to obtain temperatures of 40°C to 45°C 

for time periods up to 1 h [1, 2]. In contrast, ablative hyperthermia is commonly greater than 

55°C but for shorter durations of 20 s to 15 min [3]. Thermal dose (e.g. cumulative 

equivalent minutes at 43°C (CEM43)) has often been used to define the transition from mild 

hyperthermia to ablative hyperthermia (e.g. CEM43>240 may indicate ablative exposures [4, 

5]). Hyperthermia treatments may result in both physiological (e.g. perfusion) and cellular 

(e.g. gene expression) changes that improve the therapeutic effectiveness when used in 

conjunction with chemotherapy or radiation therapy [1]. For example, several studies have 

shown that mild hyperthermia in combination with radiation and/or chemotherapy can 

improve response and survival [1, 2, 6, 7].

In addition to combination with traditional systemic chemotherapy and external beam 

radiotherapy, more recently hyperthermia has been combined with temperature responsive 

and non-responsive drug delivery systems in an effort to reduce systemic toxicity and 

improve overall efficacy. For non-responsive drug delivery systems, hyperthermia can 

improve the extravasation of nanoparticles [8, 9]. When hyperthermia is combined with 

temperature responsive drug delivery systems, the heat may also be used as a trigger to 

initiate an event such as drug release. Temperature responsive drug delivery systems include 

polymers (polyNIPAAm) [10], bio-polymers [11, 12], micelles [13] and liposomes [14]. One 

of the most promising temperature responsive drug delivery systems are temperature 

sensitive liposomes (TSLs) that release their contents in response to temperatures around the 

gel to liquid crystalline phase transition temperature of the lipid formulation [14–16].

Specifically, herein we use low temperature-sensitive liposomes (LTSLs), which contain a 

lysolecithin lipid and rapidly release encapsulated doxorubicin upon being heated to 

temperatures (40–42°C) within the mild hyperthermic range [17]. Previous studies 

combining LTSLs with local hyperthermia have demonstrated significant reduction in 

tumour volume in mouse tumour models compared with conventional free drug or non-

thermally sensitive liposome therapy [17–20]. Furthermore, mild hyperthermia has been 

shown to assist drug delivery with liposomes by increasing vascular permeability, resulting 

in enhanced drug levels in solid tumours [8, 9] and may increase the sensitivity of cancer 

cells to chemotherapeutics [16].

The combination of regionally targeted, image-guided mild hyperthermia (40–45°C) and 

TSLs is an attractive and potentially clinically feasible strategy for augmenting delivery of 

drugs to solid tumours [21]. However, for this strategy of TSLs mild hyperthermia to realise 

its full potential in the clinic, hyperthermia applicators must provide accurate and 
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homogenous heating in a target region, often deep inside the body. Furthermore, the 

optimum temperature for most mild hyperthermia applications is in the 40–45°C range (T < 

40°C causes limited effect, T>45°C may shut down tissue perfusion [22, 23]), and may 

require durations of 30–60 min [22], placing strict and challenging technical requirements 

on a hyperthermia applicator. Commonly used means for inducing hyperthermia include 

radiofrequency applicators [24–27], microwave applicators [28, 29], hot water baths [30], 

lasers [31, 32], and magnetic fluids [33, 34]. Despite some promising results, these devices 

and methods have drawbacks including highly invasive applicators, lack of spatial precision 

and temperature accuracy (such as hot or cool spots [25]), inability to achieve mild 

hyperthermia temperatures (40–45°C), and/or ability to only heat superficial tumours.

High intensity focused ultrasound (HIFU) utilises tightly focused ultrasonic waves, leading 

to absorption of energy and rapid, highly localised temperature elevations. HIFU represents 

an alternative to more widely used hyperthermia applicators. Although focused ultrasound 

was suggested for localised hyperthermia as early as the 1940s [35, 36], the lack of suitable 

image guidance and temperature control techniques prevented it from gaining widespread 

clinical adoption [37]. Due to its superior soft-tissue contrast, high spatial image resolution, 

and its ability to measure temperature changes, magnetic resonance imaging (MRI) is 

suitable for HIFU treatment planning and monitoring in real time (MR-HIFU). Temperature 

monitoring with MRI is commonly achieved with the water proton resonance frequency shift 

(PRFS) method [38], which utilises the linear dependence of PRFS on temperature change 

in the mild hyperthermic range in all non-adipose tissues [39, 40]. The PRFS method has 

been used to provide accurate and real-time thermometry free of interference from HIFU 

[41, 42]. Reliable magnetic drift correction could allow monitoring of long HIFU exposures 

using PRFS. Therefore, MR thermometry can be utilised to perform either operator 

adjustable or fully automated feedback control of the treatment [43–48] in order to improve 

the temperature accuracy and uniformity, and patient safety. Phased-array transducers in 

combination with appropriate driving electronics enable the creation of a desired focal 

pattern by making fast temporal displacement of the focus or the generation of multiple foci 

possible, thus significantly increasing the treated volume [5, 49–52]. Pre-clinical HIFU 

hyperthermia studies, both with and without image guidance, have also demonstrated 

enhanced release of drug and/or contrast agent from TSLs [47, 53–58], and improved gene 

expression [59,60]. These developments in both ultrasound applicators and MRI-based 

monitoring methods [39, 61–64] have made MR-HIFU mediated mild hyperthermia an 

attractive option as a non-invasive hyperthermia treatment modality, especially in 

combination with drug delivery.

The objectives of this study were to develop and implement a clinically relevant volumetric 

mild hyperthermia heating algorithm and to evaluate the ability to monitor and control 

heating in real time with MR-HIFU, using both tissue-mimicking phantoms and a rabbit 

VX2 tumour model. This mild hyperthermia technique was combined with LTSLs to 

demonstrate the potential of this combination strategy for image-guided local drug delivery.
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Materials and methods

Tissue-mimicking gel phantom preparation

To develop and evaluate algorithms for MR-HIFU-mediated mild hyperthermia, tissue-

mimicking gel phantoms were prepared using agarose (2 wt%, VWR International, Radnor, 

PA, USA) and 0.5–10 mm silica particles (2 wt%, Sigma-Aldrich, Schnelldorf, Germany) to 

provide scattering. These materials were added to distilled and degassed water, and the 

mixture was heated to 90°C with constant stirring for the agar to completely dissolve. After 

~30 minutes at 90°C, the mixture was slowly cooled while stirring, to prevent settling of 

silica. Upon cooling down to 45°C, the gel was poured into a container (1 L) and allowed to 

solidify on ice. This procedure resulted in a gel phantom with a uniformly dispersed 

suspension of silica particles in a solid matrix of agarose [65]. While the acoustic cavitation 

threshold for this phantom is unknown, cavitation has not been observed in these phantoms 

at acoustic power levels reported herein.

Animal procedures and tumour model

All animal-related procedures were approved and carried out under an animal use protocol 

approved by the Animal Care and Use Committee. VX2 tumours in the superficial thigh 

muscle of New Zealand White rabbits (n = 10, ~2–3 kg body weight) were prepared as 

described by Ranjan et al. [66]. Briefly, VX2 was propagated in a donor rabbit, then 

inoculated into experimental rabbits as a single cell suspension under ultrasound guidance. 

Tumour growth was monitored with ultrasound for 2–3 weeks and MR-HIFU experiments 

were performed when the tumour was greater than 1 cm in any dimension.

One animal (animal 2 in Table I) was injected intravenously with LTSL (5 mg 

doxorubicin/kg, ThermoDox®, Celsion Corporation, USA) prior to its VX2 tumour being 

heated with MR-HIFU, and subsequently monitored for 4 h post-injection under anaesthesia, 

as previously described [66]. Following euthanasia, this animal’s tumour was harvested and 

dissected into ten segments, and doxorubicin concentration was determined by HPLC [66] in 

each segment. At the end of the experiment, all animals were immediately euthanised by 

intravenous injection of Beuthanasia III (dose 0.2 mL/kg, pentobarbital sodium 390 mg/mL 

and phenytoin sodium 50 mg/mL).

In vitro phantom set-up

Prior to the experiments, the tissue-mimicking gel phantom was positioned on the treatment 

table, and acoustic coupling was achieved using degassed, distilled water.

In vivo experiment set-up

On the treatment day, the rabbits were anaesthetised with an intramuscular injection of 

ketamine and xylazine (28.6 mg/kg ketamine, 4.8 mg/kg xylazine). To ensure proper 

acoustic coupling, the tumour-bearing leg was carefully shaved and any remaining hair was 

removed using depilatory cream (Nair, Church & Dwight, Princeton, NJ, USA).

An animal was then positioned on top of the MR-HIFU treatment table. General anaesthesia 

was maintained using 1–3% isofluorane and oxygen through a nose mask. Acoustic coupling 

PARTANEN et al. Page 4

Int J Hyperthermia. Author manuscript; available in PMC 2020 November 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was achieved by submerging the tumour-bearing thigh muscle in a degassed water bath 

directly above the transducer (Figure 1). Body temperature (rectal) and breathing rate were 

monitored using standard MR-compatible devices. An optical temperature probe (diameter 

0.56 mm, Luxtron 3100, LumaSense Technologies, Santa Clara, CA, USA) was inserted in 

the thigh muscle near the tumour, and used for a baseline temperature for MR thermometry, 

prior to each sonication.

MR-HIFU platform

A clinical integrated MR-HIFU platform (Sonalleve 1.5T, Philips Medical Systems, Vantaa, 

Finland) was used both for sonications and MR guidance, using partly modified clinical 

software to suit small animal studies. The system was capable of delivering spatiotemporally 

controlled ultrasound energy, and consisted of a therapy control workstation, RF generators 

and control electronics, a treatment table that housed the electromechanical positioning 

system and a spherical-shell phased-array piezoelectric ultrasound transducer immersed in a 

sealed tank of degassed water, and a standard MR scanner (Achieva 1.5T, Philips 

Healthcare, Best, the Netherlands). The transducer could be mechanically translated along 

all three major axes as well as tilted, resulting in five degrees of freedom. The system also 

included a multi-element MR receive coil, which consisted of a single integrated element 

located around the acoustic window in the treatment table (below the animal) and another 

two elements that were embedded in curved and rigid plastic enclosure (above the animal). 

The coil elements were immobilised and not in direct contact with the animal.

A focused ultrasound beam was created using the 256-element (12 cm radius of curvature, 

13 cm aperture) transducer, operated in continuous wave mode at 1.2 MHz. The ultrasound 

beam propagated vertically out of the sealed water tank and into the target through a thin (50 

μm) circular Mylar membrane, with acoustic coupling provided by degassed water. The 

ellipsoid focal point produced by this transducer was approximately 1.6 mm × 1.6 mm × 10 

mm (−6 dB), as measured along the ellipsoid axes using a needle hydrophone (Precision 

Acoustics, Dorchester, UK). Acoustic output power was calibrated using a radiation force 

technique (IEC-61161). In situ intensity (Ispta) at the focus was estimated from the total 

acoustic power, geometry of the transducer and the focal point, and an attenuation correction 

(based on muscle, absorption coefficient was assumed to be 0.5 dB cm−1MHz−1) to be 120 

W/cm2 for 7.5 W and 550 W/cm2 for 35 W at a sonication depth of 15 mm in tissue [67].

The system-driving hardware and the workstation were located outside the MRI room. 

During therapy, in order to achieve desired outcome, the system allowed adjustments of the 

following parameters: size of the target region, output acoustic power, sonication duration, 

target temperature range, and ultra-sound frequency. The relative phases of ultrasound 

waves, separately produced by each element, were matched such that the individual waves 

interfered constructively at the desired focus. A heated volume of approximately 2 mm in 

diameter (~10 mm in length) resulted from a single focal point. Larger volumes were heated 

by rapid and sequential electronic steering of the ultrasound beam over a plane 

perpendicular to beam axis [5].
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Treatment planning and MR thermometry

MRI was used to plan the therapy with 3D anatomical imaging as well as to monitor 

temperature rise with temperature-sensitive imaging during therapy, using the same 

sequences both in vitro and in vivo. Prior to therapy, proton density-weighted planning 

images were acquired as a 3D coronal stack, automatically transferred to the treatment 

workstation and used for ultrasound exposure planning. VX2 tumour was clearly visible in 

the thigh muscle as shown in Figure 2. The pulse sequence used for therapy planning was a 

3D turbo spin echo (TSE) sequence with repetition time (TR) 1600 ms, time to echo (TE) 30 

ms, matrix of 640 × 640, field of view (FOV) of 200 × 200 mm, slice thickness of 2 mm, 

stack of 80 slices, TSE factor 70, SENSE factor 2, bandwidth 585 Hz, coronal scan plane, 

and a total scan time of 5 min 47 s.

To monitor the induced temperature elevation during each sonication, multi-plane 

thermometry was performed during HIFU sonications using a dynamic fast field echo-echo 

planar imaging (FFEEPI) sequence. Two image slices were acquired; one coronal and one 

sagittal slice automatically positioned perpendicularly and parallel to the beam axis with the 

slices crossing at the centre of the target region (Figure 1). This imaging geometry allowed 

for simultaneous monitoring of the temperature evolution along and perpendicular to the 

beam axis. The temperature imaging sequence was a multishot RF-spoiled FFE-EPI with 7 

k-space lines acquired per excitation. Identical imaging parameters were used for both 

slices: TR = 54 ms, TE = 30 ms, matrix of 144 × 144, FOV of 200 × 200 mm2, slice 

thickness of 7 mm, flip angle 19°, bandwidth 252 Hz, and a 121-binomial water-selective 

excitation pulse. The resulting spatial resolution for both slices was 1.39 mm × 1.39 mm × 

7.0 mm, with a total acquisition time of 2.5 s per dynamic. SNR-masked temperature maps 

were calculated in real time [5] from the resulting phase images using the PRFS (0.0094 

ppm/°C) technique [38] and displayed as two-dimensional temperature maps (colour scale) 

overlaid on top of the magnitude images (greyscale) when ΔT>2°C. The obtained 

temperature maps were corrected for baseline drift by subtracting the average apparent 

temperature change of all voxels in a freehand-drawn reference region (coronal slice) near 

the ultrasound focus but outside of the target heated region (Figure 2). Temperature map 

mean noise level was calculated as an average (across all animals) of temperature standard 

deviation in the unheated region used for baseline drift correction.

Overview of mild hyperthermia volumetric feedback control algorithm

In this mild hyperthermia feedback implementation, the target region (known as a treatment 

cell) consists of concentric sonication subtrajectories, which together make up an entire 

trajectory. The trajectory consists of heat-up subtrajectories, temperature maintaining 

subtrajectories, and one wait subtrajectory during which the sonication power is 0 W. 

Trajectory geometry and size, number of subtrajectories, acoustic power, target temperature 

range, ultrasound frequency, and therapy duration are set by the user. The trajectory shape 

and size can be arbitrary.

Subtrajectories are heated for a specified duration using a combination of criteria, which can 

include temperature, thermal dose, temperature deviation, and SNR in the treatment cell or 

subtrajectory. Each criterion has its own limit(s); once reached, sonication can be stopped, 
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paused or switched to another subtrajectory (Figure 3A). In the initial heat-up phase, 

sonication is switched from a heat-up subtrajectory towards the next in a prescribed manner 

until all subtrajectories are sonicated once. After the sonication of the last heat-up 

subtrajectory is complete, sonication is switched to the wait subtrajectory. From the wait 

subtrajectory, sonication can be switched to any of the heat-maintaining subtrajectories, 

depending on the realised criteria. For each temperature map, the criteria of the maintaining 

subtrajectories are inspected and if any of the prescribed criteria have been realised, 

sonication is switched to the indicated subtrajectory (Figure 3A). If conditions for several 

heat maintaining subtrajectories are fulfilled at the same time, then the one that has 

prescribed priority is chosen to be sonicated first. From any of the heat maintaining 

subtrajectories, sonication is moved back to the wait subtrajectory once the action criteria of 

the maintaining subtrajec-tory have been realised.

Example action items (Figure 3):

• Heat-up: Sonication cycles through all heat-up subtrajectories.

• Wait: Once the criteria for the heat-up subtrajectories are met, heating is paused.

• Maintain: When temperature in one of the monitored subtrajectories drops below 

the lower limit, sonication resumes on that subtrajectory until the upper limit is 

reached.

Mild hyperthermia algorithm implementation

In this study, the design of the binary mild hyperthermia feedback control incorporated the 

volumetric heating approach and trajectory geometry described by Köhler et al. and 

elements of binary feedback control as described by Enholm et al. [5, 48].

Trajectory geometry and sonication timing.

The trajectory consisted of multiple concentric circles positioned in the plane perpendicular 

to the direction of HIFU propagation and centred on the axis of propagation. Sonication was 

started at the innermost subtrajectory and moved outward once the mean temperature limit 

had been reached in the current subtrajectory. Each circle consisted of several predetermined 

focal points that were regularly positioned by electronic steering along the circumference of 

the circle. The sonication time per point (50 ms) and the sonication order of the points 

(maximum distance between successive points) were chosen in order to produce a 

homogeneous spatial temperature distribution along each subtrajectory. The diameter of the 

treatment cell was adjusted by adding or removing subtrajectories (with different number of 

sonicated points along them), which had diameters of 4 mm (8 points), 8 mm (16 points), 12 

mm (24 points) or 16 mm (32 points) [5]. Any given trajectory included all subtrajectories 

with a diameter equal to or smaller than the trajectory diameter. The sonication time at each 

subtrajectory was determined by the temperature limits.

Power and temperature limits.

The lower temperature limit was set to 40°C and the upper temperature limit was set to 41°C 

to be combined with LTSLs that exhibit release in this temperature range. Maximum 

temperature limit for the subtrajectories was 45°C in an effort to avoid reducing blood flow. 
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Duration of each hyperthermia treatment was 10 min. Before commencing the therapy 

sonications, an initial low-power test-sonication (acoustic power 10–15 W, t ≤ 20 s) was 

performed in the target volume using a 4 mm treatment cell in order to determine the power 

setting for the therapy sonications, and to calibrate and confirm the correct location of 

heating. All heat-maintaining subtrajectories were sonicated at half the power used for the 

initial heat-up subtrajectories. Total acoustic power was constant within each subtrajectory 

but varied between subtrajectories to account for a decrease in energy deposition at the focus 

with larger electronic deflections [5]. In both animal and phantom experiments, an MR-

compatible, passive cavitation detector integrated into the HIFU transducer was used to 

detect possible cavitation in real time during sonications.

Treatment cell placement and sonication process in vivo.

Treatment cell sizes were determined based on the size of the VX2 tumour by selecting the 

largest size that would fully fit inside the tumour in the coronal plane and inside the thigh 

muscle in the sagittal plane (4–12 mm diameter, ~2 × diameter in length). In two animals, 

the tumour was not accessible due to its close proximity to bone. In these cases, regions in 

muscle were targeted in order to obtain heating data from muscle and compare it with 

heating data from VX2 tumours. Between sonications, a fixed cool down period (5 min) was 

applied to ensure return to baseline temperature. This heat and cool cycle was then repeated 

to obtain additional data (2–7 treatment cycles/animal). In the phantom experiments, the 

temperature limits remained the same, but sonication duration was 30 min and cool-down 

time between sonications was 60 min (4–16 mm in diameter). Table I summarises the mild 

hyperthermia sonications performed in phantom and in each animal.

Example of mild hyperthermia feedback algorithm (Figure 3B):

1. Sonication starts at the innermost heat-up sub-trajectory, and is moved from one 

heat-up subtrajectory to the next once the mean upper temperature limit of 41°C 

is reached in the current subtrajectory. After the outermost heat-up subtrajectory 

has been completed, sonication is moved to the wait subtrajectory, which has 0 

W acoustic power, and there is no sonication.

2. From the wait subtrajectory, the sonication is moved to a heat-maintaining 

subtrajectory if the mean temperature at that subtrajectory drops below 40°C. If 

this happens for several subtrajectories at the same time, the outermost of these 

subtrajectories is chosen for heating.

3. From the heat-maintaining subtrajectory, sonication is switched back to the wait 

subtrajectory when the mean temperature in that subtrajectory reaches 41°C, or 

when the maximum temperature in that subtrajectory exceeds 45°C.

4. Sonication is stopped when the maximum temperature limit in the entire 

trajectory is reached (50°C) or the treatment duration expired.

Simulations

The binary feedback algorithm (Figure 3) was modelled using the finite element method, 

which required measurement of the specific absorption rate (SAR). To gather these data, 
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each of the subtrajectories (4, 8 and 12 mm) of a 12 mm treatment cell were sonicated 

individually for 30 s at 100 W acoustic power and at a sonication depth of 6 cm in a tissue-

mimicking phantom. SAR was calculated for each of the three subtrajectories from initial 

rate of temperature increase (bilinear approximation of the first 10 s). This calculation was 

performed for each voxel in the coronal MR image slice. The resulting SAR map was then 

interpolated to a smaller resolution (0.05 mm) used in the model. The finite element 

modelling was performed using Comsol 3.5A (Burlington, MA, USA) and used a triangular 

mesh of uniform size (0.05 mm) throughout the 10 × 10-cm axisymmetric model domain. 

Simulation time step varied between 0.1–1.0 s, depending on convergence of solution. The 

spatiotemporal temperature profile was then calculated using the Pennes’ bioheat equation 

[68] where SAR (W/kg) was converted to the heat source term QHIFU (W/m3):

ρc∂T
∂t = ∇ ⋅ k∇T + QHIFU − ρblcblwbl T − Tbl

where T is the temperature; ρ, c, and k are tissue density, specific heat, and thermal 

conductivity, respectively; ρbl, cbl, and wbl, are blood density, specific heat, and perfusion 

respectively; Tbl is the arterial blood temperature; QHIFU is the external heat source term.

The values for tissue parameters in the equation above were adopted from earlier work [69]. 

Using this model, MR-HIFU mild hyperthermia was simulated for 10 min at three different 

perfusion levels (wbl): (1) no perfusion, (2) 1 mL/mL/min (average perfusion for liver 

tumours) [70], and 2 mL/mL/min (high perfusion). Body temperature was set at 37°C for all 

simulations.

Hyperthermia treatment analysis

A total of 20 sonications were performed in phantoms and 39 sonications were performed in 

10 rabbits. All sonications in rabbits that lasted the full duration of 10 min (n = 33) were 

analysed. Some sonications (n = 6) were aborted prematurely due to technical problems or 

animal movement (note: PRFS methods are sensitive to motion) and excluded from analysis. 

Parameters for analysed (completed) sonications are summarised in Table I. Data analysis 

was performed in Matlab 7.0 (MathWorks, Natick, MA, USA) and using in-house developed 

software package for IDL 6.1 (ITT Visual Information Solutions, Boulder, CO, USA).

The mean temperature, highest 10th percentile (T10), lowest 10th percentile (T90), and 

standard deviation (SD) in the target region were analysed from the coronal slice to assess 

temperature accuracy and uniformity. Targeting accuracy was assessed as a 3D spatial offset 

(3D distance) between the centroid of the mean temperature distribution and the center of 

the intended target region. Sonication efficiency was expressed as the ratio of volume heated 

over 40°C to the required energy (acoustic output power multiplied by actual sonication 

duration). Duration of sonication in each subtrajectory was analysed in order to assess the 

necessity of multiple subtrajectories. In addition, thermal dose accumulation in the target 

region was calculated according to the Sapareto-Dewey equation and reported using a unit of 

equivalent minutes at 43°C (CEM43) [71].
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Heated volumes were assumed to be ellipsoids [5] for which the diameter, length, and 

volume ≥40°C were calculated. Heated region diameter and length were calculated as the 

mean distance with temperature ≥40°C (calculated from time-averaged data once T>39°C). 

A separate analysis was performed to assess B0 magnetic field drift during therapy and its 

potential effect on apparent calculated temperature.

Statistical analysis

All regression and statistical analyses were performed using GraphPad Prism (version 5.0 

for Windows, San Diego, CA, USA). Values are reported as mean standard deviation, unless 

stated otherwise. Spatial precision was determined by comparing 3D spatial offset values to 

the hypothetical offset of 0 using a one-sample t-test. Correlation analyses were performed 

using the Pearson correlation statistic. The relationship between sonication energy and 

treatment cell size was approximated with a linear regression. Sonication energy efficiency 

values were compared using one-way ANOVA across all treatment cell sizes. Pairwise 

comparisons with Tukey multiple comparison test were only reported when the ANOVA 

showed significant differences to protect against type I error. Sonications in muscle were not 

compared statistically due to insufficient sample size. Two-tailed p-values were obtained in 

all cases, with p < 0.05 being considered significant.

Results

Treatment planning and temperature imaging

High quality imaging will define the accuracy for any image-guided procedure – for MR-

HIFU, MRI was used for treatment planning as well as temperature imaging, as shown in 

Figure 2. Quality and contrast of planning images were sufficient to identify the tumour 

(hyper-intense) from the surrounding normal tissue and then plan the treatment cell locations 

(Figures 2A and 2C). Hyperthermia treatment corresponded tightly with treatment cell 

location. Spatial accuracy in vitro was 0.1–3.2 mm and in vivo it was 0.6–4.8 mm with most 

of the error occurring in the beam axis direction. Temperature maps in vivo had a mean 

noise level of 0.6°C ± 0.2°C. Also, the partial magnetisation saturation introduced at the 

cross section of the two perpendicular slices did not adversely affect temperature imaging, 

consistent with previous reports [5]. This is important because the image plane intersection 

occurs at the HIFU focus.

Mean temperature over a 10-min sonication in vivo is shown in Figure 4A. The effect of 

magnetic drift on temperature measurements is clearly demonstrated in Figure 4B, with 

~3°C change over 15 min of monitoring (9 body temperature in same time period was 

0.2°C). Figure 4B shows an abrupt change in temperature due to animal motion at 500 s, 

highlighting the limitations of PRFS methods that use an image difference (current image 

phase – reference image phase) in organs or patients that may move.

Simulations

Figure 5A shows time-averaged spatial temperature distribution for a 12 mm treatment cell 

in silico during 10 min hyperthermia at normal perfusion (1 mL/mL/min). The simulated 

mean temperature >40°C spatially corresponds with the target cell boundary. Figures 5B and 
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5C show simulated mean temperature along the 4, 8 and 12 mm subtrajectories at two 

different perfusion levels: normal perfusion (1 mL/mL/min), and high perfusion (2 mL/mL/

min). The centre of the treatment cell demonstrated slightly higher temperature overshoot 

during initial heat-up, likely due to heat diffusion from the outer trajectories. At high 

perfusion values (Figure 5C), the algorithm heated the innermost subtrajectory (4 mm) at 80, 

120 and 170 s since its temperature dropped below the target range at these time points.

In vitro MR-HIFU mild hyperthermia

Sonications in tissue-mimicking phantoms are useful for characterising the performance of a 

hyperthermia algorithm as shown in Table II. Mean temperatures in the treatment cell 

correspond well with the target temperatures (target = T 40–41°C). Importantly, diameter of 

the heated volume (≥40°C) approximates the intended treatment cell diameter (difference < 

length of one voxel in the coronal plane), ensuring control over the heated area. Cavitation 

was not observed during any of the sonications in vitro.

In vivo MR-HIFU mild hyperthermia experiments

Volumetric sonications in vivo resulted in ellipsoid-shaped temperature elevations with the 

major axis in the direction of the HIFU beam propagation and a circular-symmetric cross 

section in the coronal plane (Figure 2), in good concordance with phantom experiments, and 

previously reported results [5, 48]. Mean temperature in the treatment cell rapidly reached 

the target temperature range (~0.14–0.75°C/s, faster for smaller treatment cells) as shown in 

Figure 6A. Upon completion of the sonication, temperature in the treatment cell returned to 

baseline levels over approximately 5 min. Agreement of temperature before and after 

sonication suggests that the magnetic drift correction was adequately applied. Cavitation was 

not observed during any of the sonications in vivo.

Larger treatment cells resulted in larger areas of hyperthermia as shown in Figure 6B and 

Figure 7. Diameter of the heated region over 40°C (lower temperature limit), closely 

corresponded to the treatment cell diameter, with a difference less than the length of a voxel 

(1.39 mm) in the coronal plane (see Table III). The heated region (T ≥ 40°C) length in the 

beam axis direction was found to be approximately 1.8 ± 0.6 times its diameter. There is a 

trend for larger treatment cells to increase temperature in the surrounding tissue more so 

than smaller cells. The difference between T10 and T90 was low (range = 2.5–4.1°C) 

indicating tight temperature control within the treatment volume.

Heating efficiency was significantly different across treatment cell sizes overall (p < 0.0001, 

one-way ANOVA, n = 3–15) as well as in all pair-wise comparisons (p < 0.05, Tukey). 

Furthermore, heating efficiency was positively correlated with treatment cell size both in the 

tumour (p < 0.0001, r = 0.9812, Pearson; Table IV) and in muscle (p < 0.05, r = 0.9547, 

Pearson; Table IV). The slope of a linear fit of efficiency versus cell size was 186 ± 8 c 

m2/MJ (p < 0.0001, r2 = 0.9627, linear regression) in the tumour and 280 ± 40 cm2/MJ (p = 

0.0008, r2 = 0.9114, linear regression) in the muscle.

The algorithm selected the outermost subtrajectory for each treatment cell size to be heated 

most frequently (Table IV). For example, while heating the 12 mm treatment cell in a 

tumour, the algorithm selected the 12 mm subtrajectory 63%, 8 mm sub-trajectory 4% and 4 
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mm subtrajectory 12% of the treatment duration. The remaining 21% of treatment duration 

was spent in the wait subtrajectory. The algorithm’s choice to heat inner subtrajectories of a 

12 mm treatment cell is consistent with simulation results for high perfusion shown in 

Figure 5C, suggesting that homogeneity of heating may be improved through the use of 

multiple subtrajectories. Although tissue damage was not rigorously evaluated, no thermal 

damage was evident in the dissected tissue, consistent with the low thermal dose delivered 

(mean CEM43 ≤ 6.1, see Table III).

Drug delivery to a solid tumour

The ability of mild hyperthermia to improve drug delivery to a solid tumour with LTSLs was 

evaluated in one rabbit as shown in Figure 8. The treatment cell (4 mm) was placed within 

the tumour boundary (Figure 8A) and heated for a total of 30 min (four sonications, two of 

which completed a 10-min duration and were analysed; animal 2 in Table I). HPLC analysis 

of tumour segments upon dissection indicated varying levels of doxorubicin delivery to the 

tumour, as expected, since only a small volume of the tumour was heated (~2% tumour 

volume heated over 40°C, ~11% tumour volume heated over 39°C, Figure 8B). The ratio of 

the average drug concentration in the two segments with the highest drug concentration to 

that in the remaining segments was 3.7 ± 0.3 (Figure 8C).

Discussion

A binary feedback control algorithm for image-guided mild hyperthermia with MR-HIFU 

was developed for use with temperature-responsive drug delivery systems such as TSLs. 

Performance of this algorithm was evaluated in vitro and in vivo (in muscle and VX2 

tumour), where this system demonstrated uniform heating of a region with accurate 

temperature control. This algorithm was implemented on a clinical MR-HIFU platform with 

future intention of translating the combination therapy of MR-HIFU and TSLs to the clinic.

Mild hyperthermia with MR-HIFU using binary feedback control has been demonstrated 

using approaches that are similar to what is reported herein [56, 57, 66, 72]. A binary 

feedback algorithm provides a simple and robust temperature control that does not require a 

priori knowledge of the tissue parameters. Alternative feedback control approaches for mild 

hyperthermia with MR-HIFU are limited in number but concentrate on the use of 

proportional-integral (PI) or proportional-integral-derivative (PID) feedback control [47, 60, 

65, 73]. These methods rely in part on estimated tissue parameters, such as local perfusion 

and ultrasound absorption, to prescribe an applied power. These properties are known to be 

spatially heterogeneous and difficult to measure in tissue, potentially hampering the 

introduction of PID feedback style into clinical mild hyperthermia applications. However, 

alternative PID approaches (e.g., adaptive PID) may provide more robust temperature 

control that is less dependent on tissue parameters [73]. Comparative simplicity of the binary 

algorithm presented herein makes it an attractive candidate for clinical translation, as a 

similar feedback method has already been applied in clinical MR-HIFU ablations [74, 75].

The goal of triggering release from TSLs places specific demands on the implementation of 

mild hyperthermia in vivo. For example, an unanticipated high temperature may diminish 

local tissue perfusion [22, 23], which in turn may decrease drug delivery. Furthermore, 
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insufficient temperature elevations may not induce complete and/or rapid release from TSLs, 

again decreasing delivery. Therefore, a narrow temperature window exists for optimal drug 

delivery with TSLs, requiring a set of optimal performance criteria for the hyperthermia 

treatment including:(1) temperature accuracy, (2) spatial accuracy, (3) temporal control of 

heating, (4) tight temperature distribution within the treatment region, i.e. homogeneity, (5) 

conformal heating of the desired region, and (6) sufficient volume of heating. In the 

following sections, performance of the binary feedback algorithm for MR-HIFU will be 

addressed in context of these criteria.

Temperature and spatial accuracy

The binary control algorithm achieved mean temperatures (40.4–41.3°C, in vivo) that were 

prescribed by the target temperature range (40–41°C). The larger treatment cells tend to 

have a higher mean temperature most likely due to heat diffusion into the smaller 

subtrajectories during the heating of larger subtrajectories, especially during heat-up. Slight 

elevations above the upper temperature limit may be explained by a delay between the actual 

heating and acquisition of the temperature map. In other words, the temperature map 

represents the average temperature within the dynamic scan length (2.5 s) but the sonication 

may only be stopped at the end of each dynamic. This is an inherent problem tied to using an 

upper temperature limit for temperature control.

TSLs have an optimum temperature for release that depends on the lipid formulation [20, 76, 

77]. For maximal drug delivery to occur, the target tissue should be heated to the optimal 

temperature for a duration long enough to achieve the desired level of drug delivery. 

Therefore, in the context of drug delivery with TSLs, the user should be able to prescribe the 

temperature range and treatment duration, as demonstrated herein.

In contrast to drug delivery with TSLs, thermal therapy is most often characterised with 

thermal dose (CEM43), which is based on an isoeffect, in most cases cell death. Although 

thermal dose required for cell death is tissue dependent [78], a thermal dose of 240 CEM43 

is often used with MR-HIFU to indicate ablated tissue. In this study we achieved average 

thermal doses ≤ 6.1 CEM43 (range = 1.0–6.1 CEM43), suggesting no (or limited) thermal 

damage, given that thermal dose thresholds for tissue damage are typically much higher 

[78]. The binary control algorithm allowed for control over temperature and duration that in 

turn provided control over thermal dose. The benefits of adjuvant hyperthermia with 

radiation and/or chemotherapy are clearly demonstrated; however, sufficient thermal dose is 

positively correlated with outcome [79–84]. In addition to therapy with TSLs, temperature 

accuracy of the approach described herein suggests it may be used to deliver a specific deep 

interstitial thermal dose for applications in more traditional radiotherapy and chemotherapy 

clinical scenarios.

The spatial accuracy (3D spatial offset was 0.1–3.2 mm in vitro and 0.6–4.8 mm in vivo) 

appeared sufficient for targeting tumours that are often many cm in diameter. Spatial 

accuracy was lower in the beam axis direction, and may be improved upon by more 

sophisticated treatment planning that includes tissue specific modelling.
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Temporal control of heating

The binary mild hyperthermia algorithm achieved rapid heat-up times (15–79 s, shorter for 

smaller treatment cells), in part because more power (2×) was used during heat-up 

subtrajectories than during the maintenance subtrajectories. Also, the outward moving 

concentric circle pattern takes advantage of the heat diffusion from inner subtrajectories to 

produce faster heat-up rates [5]. Total acoustic power was empirically selected based on the 

initial test sonication in order to obtain fast heat-up (<1 min) and stable maintenance while 

limiting the likelihood of mechanical effects (e.g. cavitation, acoustic radiation force). If too 

high a power was selected, greater temperature overshoot above the upper temperature limit 

might occur, while too low a power might never yield the desired temperature. These 

ultrasound exposures are similar to other reports that use MR-HIFU to achieve mild 

hyperthermia [56, 57, 66, 72]. Oscillations in temperature, that are apparent in Figure 6A, 

largely stay within our prescribed temperature limit of 40–41°C. Furthermore, computer 

simulations suggest that the frequency of these oscillations will depend on perfusion level 

(Figures 5B and 5C), and that the necessity of activation of inner trajectories increased with 

higher perfusion.

Homogeneity of heating

One of the major limitations in current hyperthermia applicators, such as radiofrequency 

applicators [24–27] and microwave applicators [28, 29], is the development of hot and cool 

spots both within and outside the prescribed treatment region. For example, simulations of 

radiofrequency heating indicate that maximum temperatures outside the treatment region 

may be greater than temperature maxima inside the prescribed treatment region by more 

than 1°C [25]. Within the treatment cell in vivo, MR-HIFU binary feedback algorithm 

performs quite well with an SD of 1.0–1.5°C and T10–T90 difference of 2.5–4.1°C. One 

drawback of the current algorithm is that for some sonications, the larger treatment cells 

have slightly (~0.5°C) higher temperature in the middle of the treatment cell (see Figures 

5A, 6B, and 7). Possible explanations for this behaviour include higher acoustic intensities 

in smaller subtrajectories and heat diffusion from the outer subtrajectories (see simulation 

results, Figure 5). These higher temperatures in the centre may be ameliorated by decreasing 

the temperature limits and/or the maintenance power for the inner subtrajectories.

An additional challenge that could impact drug delivery with MR-HIFU and TSLs is near- 

and far-field heating outside of the prescribed treatment region, potentially resulting in poor 

spatial targeting of drug delivery. Near- and far-field heating results from HIFU energy 

deposition outside the focal plane and may be reduced by applying the optimal power, 

modifying the geometry of the focus, modifying the transducer design, or cooling the near-

field.

Use of inner subtrajectories may make heating more homogeneous. This is suggested by the 

amount of time the algorithm spends heating inner subtrajectories, relative to overall 

treatment duration (Figure 5B and 5C and Table IV). A larger percentage of time spent 

heating inner subtrajectories implies that such heating was needed to maintain the 40–41°C 

target temperature. With a treatment cell size of 8 mm, the inner 4 mm subtrajectory was 

sonicated approximately 5% of the overall treatment duration, most of which was during 
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heat-up. In contrast, with a larger 12 mm treatment cell, 15–16% of the total treatment time 

was spent on the inner subtrajectories in muscle and tumour. For even larger treatment cells, 

such as 16 mm, the necessity to heat inner subtrajectories may be greater, especially in 

highly perfused organs/tissues. A direct comparison between heating performance using a 

single outer trajectory and multiple subtrajectories was not performed in vivo. However, the 

possible advantages of using multiple subtrajectories are suggested by simulations, where 

inner subtrajectories require heating with large treatment cells (12 mm cells, Figure 5C, high 

perfusion scenario), and by the required heating of inner subtrajectories 15–16% of the time 

in vivo (12 mm cells, Table IV). Finally, in cases with high perfusion or where heat diffusion 

is not sufficient to yield a uniform temperature distribution with larger trajectories, the need 

for multiple subtrajectories has been stressed by previously published work [85, 86]. These 

data suggest that the volumetric sonication approach employing concentric circular 

subtrajectories is beneficial for mild hyperthermia. Moreover, use of multiple concentric 

subtrajectories may aid in obtaining a uniform temperature distribution in the treatment cell, 

especially in highly perfused tumours (see simulation results, Figure 5).

Sonication efficiency

Larger treatment cells require more energy than smaller treatment cells to reach the target 

temperature range, but they offer the advantage of increasing the heated volume per unit of 

applied energy (Table III), as also seen in previous studies on thermal ablation [5, 48]. This 

increase in heating efficiency may allow total output power to be minimized, potentially 

increasing patient safety and equipment longevity. Compared to 4 mm, the efficiency was 

improved with greater treatment cell size, with 4- and 9-fold greater efficiency for 8 and 12 

mm treatment cells, respectively. This could be explained by the decrease in surface area to 

volume ratio as the diameter of the target region increased. Since the heated volume largely 

dissipates energy through its surface, the amount of deposited energy increased relative to 

dissipated energy as the treatment cell size increased. The improvement in energy efficiency 

with increasing treatment cell size comes at a cost in terms of spatial accuracy of the 

temperature margins, as seen in Figure 6B. In clinical practice, drug delivery or thermal 

effects immediately adjacent to planned treatment volumes may be undesirable near critical 

anatomy. In such cases, smaller treatment cells might be required to provide sharp 

temperature gradients and ensure safety and predictability of heating. Alternatively, larger 

treatment cells may be used to heat a target lesion with a margin.

Image-guided hyperthermia

The implementation of binary feedback control for MR-HIFU employed imaging-based 

temperature feedback with a temporal resolution of 2.5 s. This provided limited over- and 

undershoot from the target temperature range, as shown by the data in Table III and Figure 

6A. Temperature mapping may be further optimised by increasing spatial resolution, 

increasing the number of imaged slices, and using more than one slice for temperature 

feedback. However, these optimisations would most likely have a negative impact on the 

temporal resolution and/or SNR with the current MR coils. Image and temperature mapping 

quality may be improved with dedicated coil design for MR-HIFU applications. 

Furthermore, recent advances in temperature mapping including multi-baseline [87], 
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referenceless [88], and quantum coherence [89] may improve quality and control of mild 

hyperthermia treatment, potentially improving outcomes.

B0 magnetic drift correction is often not required in MR-HIFU ablations where high 

temperatures are reached (>55°C) for short durations (~1 min), but drift correction is 

essential for mild hyperthermia with small ΔT and longer treatment times. The influence of 

magnetic drift affecting the phase, and therefore measured temperature, was clearly 

demonstrated in Figure 4. Over 15 min, magnetic drift typically resulted in apparent 

temperature changes between 0.5°C and 3.4°C. Similarly, motion also influences the phase 

and resulting temperature calculation with PRFS-based techniques. Additional techniques 

may be required, depending on the treatment location and desired spatial accuracy, to correct 

for motion or magnetic drift [90].

Future directions

In addition to improvements in the current implementation discussed above, future 

development of conformal large volume heating may aid clinical implementation of MR-

HIFU hyperthermia. Ability to heat larger volumes may be useful for TSL drug delivery as 

well as radiosensitisation. Limitations of the current approach are clearly demonstrated in 

Figure 8, where the entire tumour volume was not heated, most likely leading to the 

expected nonuniform drug delivery to the tumour. The higher drug concentrations observed 

in two of the tumour segments likely correspond to the location of the heated volume (Figure 

8). Heating the entire tumour by simultaneous sonication of multiple and/or larger treatment 

cells may improve homogeneity of drug delivery in this setting. It is probable that sufficient 

drug coverage of an entire tumour will lead to better therapy. A more in-depth analysis of an 

LTSL combined with this MR-HIFU mild hyperthermia algorithm has been reported 

elsewhere [66].

Despite the simplicity of concentric subtrajectories and binary control, the current approach 

cannot conform to any shape or volume, as many clinical applications may require. Similar 

to ablation approaches, multiple treatment cells may be arranged to cover a tumour [74] or a 

conformal treatment cell could be used to cover the entire target volume. The current 

implementation may not be adequate for heating highly heterogeneous regions, since this 

algorithm based feedback control on symmetric subtrajectories that spanned the entire target 

region. Voxel-wise temperature feedback may further improve conformability of heating. 

Although more complicated to implement, alternative feedback methods such as 

proportional, PI, or PID feedback may work well with voxel-wise conformal heating 

approaches.

Large volume heating with electronic steering of the HIFU focus alone is challenged by loss 

of acoustic intensity and formation of unwanted hot-spots with large electronic focal spot 

deflections. Alternative transducer designs may provide greater electronic deflection while 

retaining control over the focal spot shape. Mechanical steering alone is also ill-suited for 

large volume hyperthermia because motion of the transducer is slow compared to electronic 

steering and results in MR thermometry artefacts [47]. One potential solution to heat large 

volumes is to use a combination of electronic and mechanical steering of the HIFU focus. 

This approach is currently being explored.
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Conclusion

This work demonstrated development and implementation of a binary mild hyperthermia 

feedback algorithm on a clinical MR-HIFU platform, resulting in accurate and homogeneous 

heating within the targeted region both in tissue-mimicking phantom and in a rabbit muscle 

and VX2 tumour. The temperature elevations corresponded spatially to the targeted locations 

with good spatiotemporal temperature stability and uniformity during long hyperthermia 

treatments (~10 min). This mild hyperthermia algorithm provides precise and non-invasive 

hyperthermia treatment, potentially benefiting clinical applications that require 

spatiotemporal control over heating of deep seated tumours, such as chemotherapeutic 

delivery with TSLs and radiosensitisation.
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Figure 1. 
Schematic of the experimental MR-HIFU hyperthermia set-up, modified from Ranjan et al. 

[66]. The sagittal imaging plane is shown, with the rabbit in right lateral decubitus position 

on top of the HIFU platform and the tumour-bearing right hind limb submerged in degassed 

water. Baseline reference temperature was obtained using a fibre-optic temperature probe 

inserted in the thigh muscle near the tumour. The imaging slice positions for the 

thermometry sequence are outlined with a blue dashed line, and the target region within the 

tumour is shown as a green circle. Depiction of transducer and HIFU beam propagation are 

meant to be illustrative.
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Figure 2. 
Planning and temperature mapping for mild hyperthermia: (A) VX2 tumour (hyper-intense) 

was clearly identified (white dashed line) on the proton density-weighted planning images 

and a target region within the tumour was chosen (green circle). (B) Temperature maps 

(colour scale) overlaid on planning images (greyscale) during a mild hyperthermia treatment 

with an 8 mm treatment cell, showing typical temperature distribution after 5 min of heating. 

Temperature monitoring and control was achieved in the selected target region with an FFE-

EPI imaging sequence, utilising the PRFS method for temperature mapping, and by using 

the mild hyperthermia feedback control algorithm. The ROI used for magnetic drift 

correction is outlined with a white dashed line. C and D are the sagittal image planes 

corresponding to A and B, respectively.
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Figure 3. 
Mild hyperthermia feedback schematic. (A) During heat-up, sonication cycles through all 

heat-up trajectories. Once the criteria for every heat-up trajectory are met, heating is paused. 

When temperature in one of the monitored subtrajectories drops below the lower limit, 

sonication resumes on that subtrajectory until the upper limit is reached. The cycle of ‘wait’ 

and ‘maintain’ subtrajectories is repeated until the end of treatment. (B) The schematic 

demonstrates the flexibility of the binary feedback control algorithm. The algorithm 

sequentially heats from the innermost to the outermost subtrajectory during heat-up. After 

the outermost subtrajectory has been heated sufficiently, the algorithm pauses sonication in a 

‘wait subtrajectory’. When temperature in one of the subtrajectories decreases below a 

predefined range, the algorithm is able to heat that subtrajectory specifically.
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Figure 4. 
(A) The mean temperature within an 8mm treatment cell over a 10 min sonication + 

additional 5 min monitoring in vivo. Uncorrected (grey line) and corrected (black line) 

temperatures clearly demonstrate the effect of B0 magnetic field drift. (B) The total baseline 

temperature drift over 15 min from the same sonication as in A resulted in a change of 3°C.
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Figure 5. 
(A) Time-averaged spatial temperature distribution for a 12mm treatment cell in silico 

(coronal plane) for 10 min mild hyperthermia with normal perfusion (1 mL/mL/min). 

Treatment cell is outlined in black dashed line.(B, C) Simulated mean temperature along 4, 8 

and 12 mm subtrajectories at two different perfusion levels (B, normal perfusion (1 mL/mL/

min) and C, high perfusion (2 mL/mL/min). Only at high perfusion level was it necessary to 

heat subtrajectories other than 12mm after initial heat-up – notice the heating of the 4mm 

subtrajectory at 80, 120 and 170 s (marked with asterisks in C).
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Figure 6. 
(A) Representative examples of mean (solid), T10, and T90 (dashed) temperatures within an 

8mm treatment cell over a 10 min sonication in vivo. Target temperature range is indicated 

as a grey box. (B) Representative examples of time-averaged mean temperature radial line 

profiles centred on the treatment cell for 4 mm, 8mm, and 12 mm treatment cells.
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Figure 7. 
Representative examples of time-averaged spatial temperature distributions for 4 mm, 8 mm, 

and 12 mm treatment cells in vivo (coronal plane). The treatment cell is outlined in black 

dashed line.
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Figure 8. 
Demonstration of heterogeneous drug delivery. (A) VX2 tumour was clearly identified 

(white dashed line) on the proton density-weighted planning images and a target region 

within the tumour was chosen (green circle). (B) Temperature maps (colour scale) overlaid 

on planning images (greyscale) during a mild hyperthermia treatment with a 4mm treatment 

cell, showing typical temperature distribution after 1 min of heating. (C) Doxorubicin 

concentration in tumour segments was determined by HPLC. Note the higher drug 

concentration in segments 3 and 4.
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