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Background 

• Breast is an excellent target for MRgFUS 

– Easily accessible 

– Outside body 

– No complicating structures 

• Minimally invasive treatments 

– Improved targeting 

– No general anesthesia, reduced recovery 

time, no scarring, economic benefits 

Background 

• Breast 

fibroadenoma 

study 

– First clinical 

study with 

MRgFUS 

– Demonstration 

of utility of MR 

monitoring 

– Good clinical 

outcomes 

 

 

Hynynen et al., Radiology 219(1), 2001.  
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Background 

• Invasive ductal 

carcinoma (N = 1) 

• Lateral transducer 

• MR compatible 

J. W. Jenne et al. German Cancer Research Center 

Huber et al. Cancer Research 2001;61. 

Background 

Author Lesions 

Treated 

Complete 

Necrosis 

Hynynen 

(2001) 

11 55% 

Huber 

(2001) 

1 100% 

Gianfelice 

(2003) 

17 24% 

Zippel 

(2005) 

10 20% 

Furusawa 

(2006) 

28 54% 

Khiat (2006) 25 31% 

Histopathological Response 

Gianfelice et al., Breast Cancer Res Treat 2003; 82. 

Zippel et al., Breast Cancer 2005; 12. Furusawa et al. J 

Am Coll Surg 2006; 203. Khiat et al., Br J Radiol 2006; 

192. 

Challenges identified 

• Targeting accuracy 

• Patient motion 

• Vertically propagating 

beam 

• Treatment time 

From Gianfelice et al., JVIR 2003; 14(10).  

Breast-dedicated MRgFUS 

Merckel et al., Cardiovasc Interv Radiol 2013; 36. 

• Large aperture 

transducer 

– 1.45 MHz, phased 

array, 13 cm focal 

length 

• Laterally propagating 

• Distribution of near-

field energy 

• Volumetric ablation 

Philips Sonalleve Breast 

MR-HIFU Platform 
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Breast-specific MRgFUS device 

• Laterally 

shooting small 

aperture 

transducer 

• Integrated 

phased array 

RF coil 

• Potentially 

compatible with 

different 

vendors 

University of Utah, Utah Center for  

Advanced Imaging Research 

Breast-specific MRgFUS device 

256-element transducer,  

1 MHz 

Integrated 11-

channel RF coil 

RF coil 

pre-amps 

Tensioning 

device 

270° 

Payne, A. et al., Med Phys 2012; 39(3). 

Minalga, E. et al., MRM, 2013; 69(1). 

SNR improvements 
chest loop 

Designed by 

E. Minalga 

R. Hadley 

rSNR 
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SNR improvements 

°C 

• Overall image quality 

– Improve spatial and/or temporal resolution 

– Finer structure 

• Increases accuracy of MR thermometry 

measurements T
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SNR improvements 

• Multiple channels allows for accelerated 

imaging protocols 

Tensioning device 

• Molded disk attached over the nipple with 

double sided tape 

• Partially immobilizes and elongates the 

breast 
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Treatment volume 

Treatment cylinder:  

17 cm diameter, 3.25 L 

 

Treatment Volume (TV): 1.1 L 

5.7 cm 

±22° 

17 cm 

transducer 

treatment 

cylinder 

TV 

17° 

TV 

±7.5° 

Pre-clinical evaluation 

Validate ablation capabilities in vivo 

– Treat anatomies of varying sizes 

– Evaluate SNR for 3D MR thermometry 

techniques in vivo 

– Assess both focal region and near-field heating 

 

Pre-clinical evaluation 

All experiments were approved by the 

Institutional Animal Care and Use 

Committee. 

• Female goats  
– Both lactating and non-

lactating  

– Weight: 22-52 kg 

– N=8 

• Eligibility based on 
udder size, abdomen 
size 

Udder 

Size 

Range 

Mean 

(cm) 

Range 

(cm) 

Width 10.61 7.6-13.25 

Length 6.77 3.05-12.4 

Payne et al. 2013. Med Phys, 40(7).  
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Ablation strategy 

3 1 4 2 

y 

x 

Δx = Δy = 2 mm 

FUS trajectory 

Grid pattern 1-2 planes (8-10 

mm spacing) 

9-25 points/plane Δx=Δy=2 mm 

24-70 acoustic W theat= 30-60 

seconds/point 

Temperature response 

(mm) 

(m
m

) 

Maximum temperature projection in time 

°C 

Row 1 
Row 2 

Row 3 Row 4 

12 kJ 8.4 kJ 

12 kJ 24 kJ 

Treatment outcome 

TD (> 240 CEM) DCE-MRI (20 min.) DCE-MRI (14 days) 

1.23 cm3 

2.04 cm3 

3.60 cm3 

1.10 cm3 

6.27 cm3 

0.91 cm3 

4.63 cm3 8.20 cm3 

4.31 cm3 

CEM 



7/14/2015 

7 

Pre-clinical outcome 

• Successfully treated a wide range of udder 

sizes 

• Excellent SNR, 3D MR thermometry 

performed well 

– Thermal dose measurements agree with 14-

day DCE-MRI data 

• No skin burns/irritations 

System limitations 

• Treatment volume at chest wall limited 

• Not clinically robust 

– Difficult to clean  

– Transducer positioning suboptimal 

• Designed for one field strength 

• Small bore size (60 cm) 

• Uncomfortable for long periods 

Updated breast MRgFUS 

• Larger bore size (70 cm) 

• 1.5 and 3T 

• Contoured, modular table design 

– Left/right breast specific tables 
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Treatment cylinder 

Disposable liner 

8-channel 

RF coil 

RF pre-amps 

in base 

Tracking coils 

Tensioning 

wheel 

Robb Merrill, designer 

Tensioning device 

• Improvement to nipple cover 

Tensioning device 
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Treatment volume 

Version	1 	 	 	 	 	 	Version	2	Version	1 	 	 	 	 	 	Version	2	

• 1.1 L volume 

• Lack of chest wall 

coverage 

• 0.9 L volume 

• Conforms to the breast 

shape 

SNR performance 
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System comparison 

Sagittal Coronal Axial 

Designed by E. Minalga and R. Hadley 

Temperature accuracy 
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σtemp = 0.31 °C σtemp = 0.09 °C 
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Transducer movement 

Tracking coils 

Motivation

Rapidly finding the physical location of the

ultrasound focus is critical to successful

interventional treatments with MR-guided high

intensity focused ultrasound (MRgHIFU). Typical

methods of locating the focus include using scout

images to identify the transducer location then

using low power short duration heating or acoustic

radiation force impulse (ARFI) imaging to verify the

ultrasound focus location. These methods require

extra scan time and multiple sonications, and can

be time consuming when transducer orientation has

multiple degrees of freedom, making the

determination of the focal point more difficult than a

vertically propagating system.

Bryant T. Svedin1,2, Michael J. Beck1,3, J. Rock Hadley1,4, 

Robb Merrill1,4, Bradley D. Bolster5, Allison Payne1,4, Dennis L. Parker1,4

1. Utah Center for Advanced Imaging Research 2. Physics, University of Utah, Salt Lake City, Utah
3. Electrical Engineering, University of Utah, Salt Lake City, Utah 4. Radiology, University of Utah Health Sciences Center

5. Siemens Healthcare, Salt Lake City, Utah

Methods

Methods (cont.) Results

Discussion

Conclusion

Our proposed method uses 3 tracking coils rigidly

mounted to the ultrasound transducer of a breast

MRgHIFU system1 to measure the transducer

position and estimate the focus location in real

time. This method provides reductions in both

setup and total treatment time, minimizing the need

for localizer heating or ARFI test shots.

Tracking Coils: The three tracker coils were made

by tightly wrapping insulated 27 AWG wire four

times around a benzonatate 100mg 6.75 mm

diameter spherical capsule. The wires were

bonded to the capsule with super glue. The wire

wrapped capsules, the primary inductance of the

tracker coil circuit, were soldered to a circuit board

made of FR4 material (Figure 1). The match and

tune capacitors were placed close together, and

were mounted to the circuit board over a solid

ground plane to reduce inductance from that part of

the circuit. The circuit was tuned and matched to

the 1H resonant frequency of the scanner.

References

The ultrasound focus can be quickly determined

to within ~1 mm with the use of three tracker

coils rigidly attached to the transducer.

Predicted focus location is the geometric focus

and does not account for ultrasound beam

propagation path effects. Gradient warp

correction is necessary to accurately locate the

tracking coils.
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2. Dumoulin CL, Souza SP, Darrow RD. Real-time position

monitoring of invasive devices using magnetic resonance.

Magnetic resonance in medicine 1993;29(3):411-415.

3. Janke A, Zhao H, Cowin GJ, Galloway GJ, Doddrell DM. Use of

spherical harmonic deconvolution methods to compensate for

nonlinear gradient effects on MRI images. Magnetic resonance in

medicine 2004;52(1):115-122.

Contact Info: bsvedin@gmail.com

1) The method shown here can accurately

estimate the current focus position to within

approximately 1 mm when ultrasound

propagation path is similar to the calibration

path.

2) The predicted focus location does not take

into account any ultrasound propagation

effects.

3) These tracker coils remove the need to

sonicate to locate the focus. This technique

significantly shortens the scan time required

to locate the focus and potentially reduces

the total treatment time.

4) Focus position is reported in both absolute

and patient coordinate system.

5) Nonlinear gradient warp (gradwarp)

correction proved to be necessary.

Significant improvements to the calculated

focus position were observed after gradwarp

correction was applied. Without gradwarp

correction, the average distance between

measured and calibrated was 7.7 mm.

6) Gradwarp correction used a limited number

of correction coefficients. Imperfect

correction could possibly explain the

discrepancy between actual and predicted

locations.

FOCAL POINT DETERMINATION IN BREAST 

MRgHIFU USING 3 TRACKING COILS

FIG. 5. Tracker signal from a single coil for all 6 readout directions.

MR Sequence: A simple one dimensional readout

sequence was used to obtain each tracker coil’s

approximate position within the bore2 (Figure 3) (1

mm zero-filled to 0.1 mm, TR/TE = 9.4/4.6 ms, Flip

Angle = 20°, FOV = 500 mm, BW = 250 Hz/Px). A

gradient warp correction was then applied to

calculate the true location3. The sequence repeats

6 times to readout in all 3 directions using both

positive and negative readout gradients to be

insensitive to resonance offset conditions2.

The tracker coils were attached to Siemens 3T

preamps with approximately 40cm of RG316 coax

cable. The active and preamp decoupling were

34dB and 8dB respectively. The tracker coil circuit

boards were rigidly attached to the posterior

transducer support structure of the breast

MRgHIFU system forming a triangle (Figure 2b).

FIG. 1. Circuit Design. Coil is

rotated ~15° to give maximum

signal possible for every

transducer position.

FIG. 2. a) MRgHIFU Breast system cross section showing various

degrees of freedom. b) Tracker coil arrangement. Transducer is

cut in half to clearly show tracker coils.

Accuracy Verification: An MRgHIFU heating

experiment (25 acoustic W, 30 seconds) was

performed using a gelatin phantom to calibrate the

location of the focus relative to the locations of the

3 tracker coils in a Siemens Trio 3T scanner. PRF

temperature data was collected during heating

using a 3D segmented EPI sequence (1x1x2 mm,

Flip Angle = 20°, TR/TE = 20/8.9 ms, EPI Factor =

9, BW = 970 Hz/Px, 12 Slices with 16.7%

oversampling). The temperature data was zero-fill

interpolated to 0.5 mm isotropic resolution. To

assess the accuracy of the predicted focus

location, the locator sequence and ultrasound

sonications were applied with the transducer in 12

total locations: Positions are outlined in Table 1

(Figures 2a & 4). The six degrees-of-freedom

transform was calculated that realigns the

calibrated tracker coil positions to the current

positions. This transform was then applied to the

calibration focus location to estimate the current

focus position. The focal position estimates

obtained from the tracker coil positions were

compared to the center location of the focal spot

obtained from the PRF temperature data.

FIG. 3. Locator

Sequence for one

readout direction

GR. This is applied

along Gx, Gy and Gz

to locate the tracker

coil.

FIG. 6. Tracker coil positions: Red – Calibrated positions with

calibrated focus. Blue – New positions and calculated focus position.

Figure 5 shows the signal from a tracker coil

for all 6 readouts. The actual coil location is

halfway between the peaks from positive and

negative readouts2. Typical SNR of these coils

was ~3,000. Figure 6 shows the triangle

formed by the 3 tracker coils for both the

calibration (red) and current (blue) locations.

The calibrated focus position and estimated

positions are also shown. Table 1 shows the

focus positions measured from the

temperature data, the estimates from the

tracker coils and the distance between the two.

The average distance between the two was

2.55 mm for all locations. The average

distance when excluding positions 4, 8 and 12

was 1 mm. Further investigation is required to

determine the cause of inaccurate prediction

when the transducer is rotated down.

System 

Rotation

Trans-

ducer

position

Trans-

ducer

elevation

Trans-

ducer

Rotation

Heating Location vs Predicted Location (mm) Distance

(mm)

X X Y Y Z Z

0° 1 cm 0° 0° 1 1.3 -77 -77.5 19.5 21.5 2.1

0° 3 cm 0° 0° 1.5 1.5 -78.5 -78.5 2 2 Calibration

0° 3 cm 0° 15° -16.3 -15.5 -78.5 -78.7 2.4 3.1 1.2

0° 3 cm 30° 0° 0.5 0.1 -21.6 -27.1 16.4 15 5.6

45° 1 cm 0° 0° 6.7 5.3 -76. -76.4 18.9 18.6 1.5

45° 3 cm 0° 0° 18.2 17 -78 -78.2 3.9 3.6 1.2

45° 3 cm 0° 15° 3.1 3 -78 -78.3 -5 -4.9 0.3

45° 3 cm 30° 0° 9.6 9.4 -21.6 -29.1 18.1 13.8 8.6

90° 1 cm 0° 0° 20.5 20.6 -75.5 -75.6 0 -0.8 0.8

90° 3 cm 0° 0° 39 40.2 -77 -76.5 0 -1 1.6

90° 3 cm 0° 15° 37.4 38.7 -77 -76.8 -17.3 -17.5 1.3

90° 3 cm 30° 0° 24.7 25.4 -22 -27.2 0 -2.6 5.9

Transducer Face Ultrasound Beam
FIG. 4. Transducer position for each sonication. Positions 5-8

and 9-12 repeat these four with the entire system rotated.

Top Left) Position One Top Right) Position Two

Bot Left) Position Three Bot Right) Position Four

TABLE. 1. Transducer positions for

each sonication. Measured heating

location from sonication (red), and

predicted focus location from

tracker coils (blue), and the

absolute distance between them.

Coronal Sagittal

Motivation
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Our proposed method uses 3 tracking coils rigidly

mounted to the ultrasound transducer of a breast

MRgHIFU system1 to measure the transducer

position and estimate the focus location in real

time. This method provides reductions in both

setup and total treatment time, minimizing the need

for localizer heating or ARFI test shots.

Tracking Coils: The three tracker coils were made

by tightly wrapping insulated 27 AWG wire four

times around a benzonatate 100mg 6.75 mm

diameter spherical capsule. The wires were

bonded to the capsule with super glue. The wire

wrapped capsules, the primary inductance of the

tracker coil circuit, were soldered to a circuit board

made of FR4 material (Figure 1). The match and

tune capacitors were placed close together, and

were mounted to the circuit board over a solid

ground plane to reduce inductance from that part of

the circuit. The circuit was tuned and matched to

the 1H resonant frequency of the scanner.
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estimate the current focus position to within
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propagation path is similar to the calibration

path.

2) The predicted focus location does not take

into account any ultrasound propagation

effects.

3) These tracker coils remove the need to

sonicate to locate the focus. This technique

significantly shortens the scan time required

to locate the focus and potentially reduces

the total treatment time.

4) Focus position is reported in both absolute

and patient coordinate system.

5) Nonlinear gradient warp (gradwarp)

correction proved to be necessary.

Significant improvements to the calculated

focus position were observed after gradwarp

correction was applied. Without gradwarp

correction, the average distance between

measured and calibrated was 7.7 mm.

6) Gradwarp correction used a limited number

of correction coefficients. Imperfect

correction could possibly explain the

discrepancy between actual and predicted

locations.

FOCAL POINT DETERMINATION IN BREAST 

MRgHIFU USING 3 TRACKING COILS

FIG. 5. Tracker signal from a single coil for all 6 readout directions.

MR Sequence: A simple one dimensional readout

sequence was used to obtain each tracker coil’s

approximate position within the bore2 (Figure 3) (1

mm zero-filled to 0.1 mm, TR/TE = 9.4/4.6 ms, Flip

Angle = 20°, FOV = 500 mm, BW = 250 Hz/Px). A

gradient warp correction was then applied to

calculate the true location3. The sequence repeats

6 times to readout in all 3 directions using both

positive and negative readout gradients to be

insensitive to resonance offset conditions2.

The tracker coils were attached to Siemens 3T

preamps with approximately 40cm of RG316 coax

cable. The active and preamp decoupling were

34dB and 8dB respectively. The tracker coil circuit

boards were rigidly attached to the posterior

transducer support structure of the breast

MRgHIFU system forming a triangle (Figure 2b).

FIG. 1. Circuit Design. Coil is

rotated ~15° to give maximum

signal possible for every

transducer position.

FIG. 2. a) MRgHIFU Breast system cross section showing various

degrees of freedom. b) Tracker coil arrangement. Transducer is

cut in half to clearly show tracker coils.

Accuracy Verification: An MRgHIFU heating

experiment (25 acoustic W, 30 seconds) was

performed using a gelatin phantom to calibrate the

location of the focus relative to the locations of the

3 tracker coils in a Siemens Trio 3T scanner. PRF

temperature data was collected during heating

using a 3D segmented EPI sequence (1x1x2 mm,

Flip Angle = 20°, TR/TE = 20/8.9 ms, EPI Factor =

9, BW = 970 Hz/Px, 12 Slices with 16.7%

oversampling). The temperature data was zero-fill

interpolated to 0.5 mm isotropic resolution. To

assess the accuracy of the predicted focus

location, the locator sequence and ultrasound

sonications were applied with the transducer in 12

total locations: Positions are outlined in Table 1

(Figures 2a & 4). The six degrees-of-freedom

transform was calculated that realigns the

calibrated tracker coil positions to the current

positions. This transform was then applied to the

calibration focus location to estimate the current

focus position. The focal position estimates

obtained from the tracker coil positions were

compared to the center location of the focal spot

obtained from the PRF temperature data.

FIG. 3. Locator

Sequence for one

readout direction

GR. This is applied

along Gx, Gy and Gz

to locate the tracker

coil.

FIG. 6. Tracker coil positions: Red – Calibrated positions with

calibrated focus. Blue – New positions and calculated focus position.

Figure 5 shows the signal from a tracker coil

for all 6 readouts. The actual coil location is

halfway between the peaks from positive and

negative readouts2. Typical SNR of these coils

was ~3,000. Figure 6 shows the triangle

formed by the 3 tracker coils for both the

calibration (red) and current (blue) locations.

The calibrated focus position and estimated

positions are also shown. Table 1 shows the

focus positions measured from the

temperature data, the estimates from the

tracker coils and the distance between the two.

The average distance between the two was

2.55 mm for all locations. The average

distance when excluding positions 4, 8 and 12

was 1 mm. Further investigation is required to

determine the cause of inaccurate prediction

when the transducer is rotated down.
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90° 3 cm 0° 15° 37.4 38.7 -77 -76.8 -17.3 -17.5 1.3
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Transducer Face Ultrasound Beam
FIG. 4. Transducer position for each sonication. Positions 5-8

and 9-12 repeat these four with the entire system rotated.

Top Left) Position One Top Right) Position Two

Bot Left) Position Three Bot Right) Position Four

TABLE. 1. Transducer positions for

each sonication. Measured heating

location from sonication (red), and

predicted focus location from

tracker coils (blue), and the

absolute distance between them.

Coronal Sagittal

• Three coils mounted on 

transducer assembly 

– Wire wrapped around ~7 

mm benzonatate capsule. 

• Coil position determined using 

simple MRI 1D readout 

sequence 

 

 

Designed by R. Hadley, M. Beck, B. Svedin 

Tracking coils 

mm 

m
m

 

°C 

= tracking coil prediction 

Gelatin phantom with inclusions 



7/14/2015 

11 

Targeting accuracy 

• Prediction of focal point location  

– MR slice assignment 

 

 

Designed and constructed by R. Merrill 

Targeting accuracy 

Summary 

• Engineering solutions for breast-specific 

MRgFUS 

– Integrated RF coil for improved SNR, 

treatment time reductions 

– Tracking coils for focus location, MR scan 

setup 

• Pre-clinical evaluation is ongoing 
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Pre-clinical evaluation 
°C 

Summary 

• Engineering solutions for breast-specific 

MRgFUS 

– Integrated RF coil for improved SNR, 

treatment time reductions 

– Tracking coils for focus location, MR scan 

setup 

• Pre-clinical evaluation is ongoing 

• Clinical trial in final approval stages 
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