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MR GUIDED HIGH-INTENSITY FOCUSED ULTRASOUND
ABLATION OF BONE: EVALUATION OF ACUTE FINDINGS WITH
MR AND CT IMAGING IN A SWINE MODEL

Matthew D. Bucknor, MD1, Viola Rieke, PhD1, Loi Do, BS1, Sharmila Majumdar, PhD1,
Thomas M. Link, MD, PhD1, and Maythem Saeed, PhD1

1Department of Radiology and Biomedical Imaging, University of California San Francisco, 185
Berry Street, Suite 350, San Francisco, CA 94107-5705, United States

Abstract

Purpose—To evaluate hyperacute (<1 hour) changes on MR and CT imaging following MR

guided high-intensity focused ultrasound (MRgHIFU) in a swine bone model as a function of

sonication number and energy.

Materials and Methods—Experimental procedures received approval from the local

institutional animal care and use committee. MRgHIFU was used to create distal and proximal

ablations in the right femur of eight pigs. Each target was dosed with 4 or 6 sonications within

similar volumes. The energy dosed to the distal target was higher (419±19 J) than the proximal

target (324±17 J). The targeted femur and contralateral control were imaged before and after

ablation using MR at 3T. Qualitative changes in signal on T1-weighted, T2-weighted,, and T1-

weighted postcontrast images were assessed. Ablation dimensions were calculated from

postcontrast MR imaging. 64-slice CT images were also obtained before and after ablation and

qualitative changes were assessed.

Results—MRgHIFU bone ablation size measured on average 8.5 × 21.1 × 16.2 mm (transverse ×

craniocaudal × anteroposterior). Interestingly, within similar prescribed volumes, increasing the

number of sonications from 4 to 6 increased the depth of the intramedullary hypoenhanced zone

from 2.9mm to 6.5mm (p<0.001). There was no difference in the appearance of low versus high

energy ablations. CT imaging did not show structural abnormalities.

Conclusion—The number of MRgHIFU focal sonications can be used to increase the depth of

treatment within the targeted bone. Unlike CT, T2-weighted and contrast enhanced MR

demonstrated the hyperacute structural changes in the femur and surrounding soft tissue.
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INTRODUCTION

Magnetic resonance-guided high intensity focused ultrasound (MRgHIFU) is a powerful

technique for thermally ablating focal lesions. MRgHIFU offers multiple advantages

compared to other forms of focal ablation including the high precision of energy delivery,

the lack of adjacent tissue toxicity, and the completely non-invasive approach (1). The

technique is most frequently used to treat uterine fibroids or for palliation of painful bone

metastases refractory to radiation therapy (2–6). However, the number of potential

applications has rapidly increased over the last decade, with multiple studies examining its

use for liver, breast, renal, prostate, and brain tumors, in addition to stroke, peripheral

neurolysis, and essential tremor (7–17). HIFU has also been successfully used for treatment

of osteoid osteomas (18) and more controversially, for primary bone malignancies (19–23).

The use of MRgHIFU as a therapy for pathologies in and around bone requires negotiating

several unique challenges. Sound energy travels through most soft tissues with modest

attenuation until it reaches areas of dense mineralization or high collagen content, including

fascia, ligaments, tendons, capsule, periosteum, and bone (24). When sound waves reach a

bone-soft tissue interface, there is rapid attenuation secondary to reflection, scattering, and

mode conversion, in addition to absorption (25). As a result, it is estimated that bone

attenuates approximately 60–80% of acoustic energy (26). Additionally, differences in the

percentage of cortical versus cancellous bone and woven versus lamellar organization of

collagen fibers make bone architecture and its interaction with sound waves, difficult to

reliably predict.

While the main focus of MRgHIFU treatment of painful bone metastases has been the

ablation of periosteal innervation along the margin of the bone, several studies have

suggested the possibility of a meaningful treatment effect at increased depths from the

superficial bone-soft tissue interface. Notably, some patients undergoing HIFU for bone

metastases have demonstrated focal sclerosis several centimeters deep to the cortical surface

on follow-up CT scans (5). Furthermore, HIFU of large primary bone tumors has shown the

ability to devascularize large lesions across the full width of bone, with no appreciable

contrast enhancement on follow-up studies several years removed from HIFU (21). Finally,

early work for intracranial applications of HIFU has found robust means of compensation

for calvarial distortion, with precise focusing of ultrasound waves several centimeters deep

to the cortical margin of the skull (27,28).

A prior experimental HIFU study at the bone-soft tissue interface suggested that placing the

focal spot of the sonication at the superficial (relative to the transducer) or deep bone-soft

tissue interface had no significant effect on an ablation along the superficial interface (29).

The purpose of this study was to evaluate the hyperacute (<1 hour) appearance of bone on

3.0-T MR and 64-slice multidetector CT imaging following MRgHIFU and to quantify

differences in the size of the ablation zone as a function of focal spot number and energy.
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MATERIALS AND METHODS

Animal Preparation

All experimental procedures received approval from the Institutional Animal Care and Use

Committee (IACUC). This investigation conformed to National Institutes of Health

guidelines for the care and use of laboratory animals. Eight healthy female farm pigs (mean

weight, 31.0 ± 1.7 kg) (Pork Power Farms, Turlock, CA, USA) were premedicated with 0.5

mg/kg acepromazine [PromAce; Fort Dodge Animal Health, Fort Dodge, Iowa] and 30

minutes later 25 mg/kg ketamine [Ketaset; Fort Dodge Animal Health]). They were then

anesthetized with a mixture of isoflurane 2%–5% and oxygen. Saline (10 mL/kg/hr) was

intravenously infused throughout the experiment for hydration Vital signs (heart rate, ECG,

respiratory rate, O2-saturation) were monitored throughout the procedure.

System Set-up And Planning

An MRgHIFU system (ExAblate2000, Insightec, Haifa, Israel) with a phased array

transducer of 208 elements embedded in an MR scanner table was used to create the

ablations. The table was connected to an MRI scanner (Discovery MR750w 3T, GE,

Milwaukee, WI, USA). In each animal, the skin above the targeted treatment areas in the

right femur was shaved, cleaned, and closely examined for any skin defects or scars, which

might impede the propagation of acoustic energy from the transducer. Each pig was then

placed onto the scanner table in the right lateral decubitus position, inside a shallow bath

filled with degassed water, so that the right femur was centered directly above the transducer

embedded within the table. A three-plane localizer was then performed to verify adequate

position, followed by treatment planning sequences. The skin surface and cortical surface of

the bone were manually segmented by the operator with eight years of focused ultrasound

experience (VR). Two ovoid ablations measuring 2 cm in craniocaudal dimension were then

prescribed on the MR planning images (nonenhanced T2-weighted sequences with fat

saturation) along the lateral margin of the right femur at the proximal diaphysis and the

distal metadiaphysis. A low-energy test sonication was performed in the adjacent soft tissues

to confirm accuracy of the system set-up and the path of the sound waves.

In four animals, each prescribed ablation was manually assigned four sonication focal spots:

two adjacent spots overlapping approximately 3 mm in the craniocaudal dimension and a

similar set of two spots on the adjacent coronal slice through the right femur (7 mm medial

to the original slice) (Figure 1). In the remaining four animals, two additional sonications

were assigned within each of the two ovoid ablations (for a total of six sonications per

ablation) one additional sonication centered at the midpoint between the two initial

sonications, on each of the two treatment slices (Figure 1). In all animals, and for all

sonications, the focal spots were similar in size and geometry, measuring up to

approximately 1 cm each, with a bean-shaped morphology.

MRgHIFU Treatments

Each focal spot sonication lasted 20 seconds in duration and was performed at a frequency

of 1.05 MHz, with a subsequent cooling duration of 25 seconds. In all animals, the average

energy assigned to the focal spots to compose the proximal ablation was less than that used
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to create the distal ablation in order to demonstrate any associations between energy dose

and ablation size. The energy for the proximal focal spots ranged from 300 to 360 J and

from 360 to 440 J for the distal ablations. The acoustic power was used to vary the total

energy dose with a goal of creating a 7–10° C discrepancy between the proximal (desired

temperature increase to 60° C) and distal (desired temperature increase to 67–70° C)

ablations. Increases in temperature were monitored using real-time MR thermometry of

phase-difference fast spoiled gradient-echo sequences (proton resonant frequency shift

method) in the soft tissues immediately adjacent to the targeted bone (30). Operator

variations in acoustic power were guided by the real-time MR thermometry readings during

test and initial treatment sonications.

MR Imaging

Treatment started by acquiring 2D fast gradient echo localizer (FOV/slice thickness/TR/TE/

flip angle=44×744cm/7mm/3500ms/1.5ms/9000b0). The following sequences were acquired

at baseline: 3D T2-weighted fast spin echo (FSE) (FOV/slice thickness/TR/TE/flip

angle=44×44cm/7mm/3500ms/100ms/90), T1-weighted fast spin echo (FOV/slice

thickness/TR/TE/flip angle= 44×44cm/7mm/450ms/min full/not applicable), and 3D spoiled

gradient echo images were acquired for treatment planning (FOV/slice thickness/TR/TE/flip

angle= 44×44cm/3.8mm/4.3ms/2ms/15). After baseline images the MRgHIFU treatment

was performed. MR thermometry was performed during each sonication with multiphase

multislice echo planar imaging (FOV/slice thickness/TR/TE/flip angle/echo train length= 28

× 28 cm/4mm/210ms/18.3ms/35/12). The baseline MR sequences were then repeated before

and after contrast media administration (0.15mmol/kg Gd-DTPA). In addition, saturation-

recovery first-pass perfusion gradient echo images (FOV/slice thickness/TR/TE/flip angle=

48×48cm/7mm/3500ms/83ms/30) were acquired. T1-weighted fast spin echo and spoiled

gradient echo sequences were acquired serially over the course of 15min. Quantitative data

were obtained from the optimum time of 10 minutes post contrast administration.

CT Imaging

Imaging was performed with a 64-slice MDCT scanner (LightSpeed Ultra, GE Healthcare,

WI, USA) with the animals in the right lateral decubitus position. First, noncontrast CT

images were obtained. Imaging parameters were: tube voltage=120kV, tube

current=650mAs/slice, reconstructed slice thickness=4mm, spatial

resolution=0.625×0.625×0.625mm. Additional images were obtained 3–5 minutes following

the administration of iodinated CT contrast Omnipaque (350mg/ml, Omnipaque®, GE

Healthcare, Princeton, NJ), which was injected as a bolus at a volume of 2ml/kg and at a rate

of 5ml/s followed by a 40ml saline chase (using power injector).

Image Analysis

The qualitative appearance of the treated limbs was compared to each untreated contralateral

limb on T1, T2, and postcontrast imaging. Specifically, the images were assessed for the

presence of edema (as suggested by hyperintensity on T2-weighted images), bone marrow or

cortical damage (as suggested by morphological irregularity, hypointensity, or

hyperintensity on T1-weighted images at the bone-soft tissue interface), first-pass perfusion

abnormalities (as suggested by abnormal enhancement/signal on the MR perfusion
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sequences), and focal necrosis and/or abnormalities in local vascularity (as suggested by

focal hypo- or hyperenhancement on postcontrast imaging). The maximum three plane

dimensions of the hypoenhanced ablations (as seen on 10 minute postcontrast 3D LAVA

images) were measured on a PACS workstation using available software (Impax, AGFA).

The maximum intramedullary depth (MID) was measured on the coronal images by

measuring the maximum transverse width of intramedullary hypoenhancement from the

inner margin of the lateral cortex to the medial margin of hypoenhancement within the

intramedullary space. Signal intensities were also measured in the region of each ablation on

the first-pass perfusion images.

The CT images were assessed for cortical irregularity, abnormalities in marrow attenuation,

abnormal enhancement, and abnormal soft tissue attenuation in the regions of the prescribed

ablations. The ablations were not seen well enough by CT to calculate a specific ablation

size on those images.

Statistical Analysis

The measurements were expressed as means ± standard deviation. The Mann-Whiteny test

was used to compare the medians of the values. P < 0.05 was considered to indicate a

statistically significant difference. Data analysis was performed with commercially available

software (InStat 3.1a by GraphPad).

RESULTS

MRgHIFU was successfully used to produce sixteen focal bone ablations, two each, in the

proximal and distal femoral diaphysis, respectively, in eight animals. Table 1 summarizes

the sonication data per animal categorized by number of focal spots per ablation (six versus

four) with associated minimum, maximum, and average energy per sonication, in addition to

minimum, maximum, and average temperature rise per sonication.

Each focal bone ablation was characterized by an ovoid intramedullary and soft tissue rim of

hyperintensity on T2-weighted images, suggesting edema, which corresponded to the target

volume (Figure 2). T2-weighted MRI demonstrated muscle edema, while T1-weighted

imaging demonstrated a thin rim of heterogenous mixed soft tissue signal abnormality

adjacent to the distal ablations, suggesting cortical damage, but no abnormality adjacent to

the proximal ablations. Post-contrast imaging demonstrated focal ovoid hypoenhancement

of bone and soft tissue at the target volume with a thin rim of hyperenhancement. First-pass

perfusion imaging failed to demonstrate the ablations later seen on the delayed postcontrast

images. The similar regions of bone on the contralateral femurs appeared normal without

any focal signal abnormalities or differential enhancement. Other than differences in the size

of hypoenhancement, there were no significant qualitative differences in the appearance of

the bone ablations and adjacent soft tissues following treatment among the sixteen ablations.

The average ablation sizes are summarized in Table 2. Maximum ablation length was

measured on the postcontrast imaging in three dimensions (craniocaudal, transverse, and

anteroposterior). Additionally, the maximum intramedullary depth (MID) was measured in

the transverse dimension. The transverse ablation dimension was significantly larger in the
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target volumes that received six compared to four sonications per slice (10.3 mm ± 1.2

compared to 7.0 mm ± 1.4 mm, p=0.002) (Figure 3). The increased length of the transverse

dimension could be attributed essentially entirely to an increase in the MID in the animals

that received 6 compared to 4 sonications (6.5 mm ± 0.9 compared to 2.9 mm ± 0.6,

p<0.001). There was no significant difference in the size of the ablations between these two

groups in the craniocaudal or anteroposterior dimension (p>0.05). Similar analysis of

ablation size between high energy (distal) and low energy (proximal) ablations demonstrated

no significant difference in the size of the ablation zone between the two groups (p>0.05).

Finally, measurements of signal intensity in the region of the ablations during the acquisition

of the first-pass perfusion images demonstrated no significant change in signal intensity

from baseline over the course of imaging.

CT images performed with and without contrast media demonstrated no evidence of any

structural abnormalities in either the bone or the adjacent skeletal muscle and no bony or

soft tissue correlate to the ablations seen on MRI (Figure 4).

DISCUSSION

The major finding of this study is that the number of sonications used to ablate bone with

MRgHIFU has a significant impact on the intramedullary depth of the ablation zone beyond

the cortical surface. Differences in energy dose (and associated differences in temperature

rise) did not have a significant affect on the hyperacute appearance of bone.

Additionally, our study suggested that MRI is superior to CT in visualizing ablations

immediately after focused ultrasound treatment. In our study, the MRgHIFU ablations were

best evaluated by T2-weighted fast spin echo sequences with fat saturation and postcontrast

T1-weighted fast spoiled gradient echo imaging, in addition to MR thermometry sequences

during the procedure. T1-weighted fast spin echo demonstrated subtle signal abnormalities

in the region of the ablation. MRI first pass perfusion failed to demonstrate perfusion

abnormalities at the ablations. The ablations were completely indiscernible on the acquired

CT images, although advanced image reconstruction was not performed for CT.

The principal challenge in treating focal bone lesions is compensating for the marked

attenuation of sound waves that happens at the interface with bone. While circumferential

MRgHIFU targeting systems, such as those that have been developed for intracranial

applications, have proven very effective, extensive variation in bone morphology makes it

difficult to translate this approach broadly, particularly to the bones of the appendicular

skeleton. We demonstrated that redundant and partially overlapping sonications within a

prescribed treatment volume produced a significant increase in the maximum depth of the

intramedullary ablation zone, without a qualitative difference in the appearance of the

adjacent soft tissues. This result suggests the possibility of using repeat sonications in order

to extend the depth of MRgHIFU treatment margins for focal bone lesions. This approach

could allow for more complete ablation of subcortical lesions with wider treatment margins,

in addition to increased access to central lesions within larger bones, which might otherwise

be inaccessible to focused ultrasound sonications.
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Focused ultrasound has gained popularity over the last decade in part because of its ability to

generate thermal ablation foci with millimetric precision while sparing the integrity of

adjacent structures (31). In most tissues, repeat focal sonications would be expected to create

more well-defined foci of ablation at the target site, with minimal effect in the near or far-

field of sonication where there is a rapid drop-off in energy. However, our study

demonstrates that the unique far-field of MRgHIFU in bone is very sensitive to repeat

sonications. Because bone absorbs a large fraction of sonication energy and requires a

longer time for complete cooling (compared to soft tissue), the treated bone likely failed to

return to baseline temperature between sonications. Repeated sonications likely resulted in a

significantly increased energy dose to the far-field bone, with preferential extension of the

ablation zone into the intramedullary space. In contrast, the near-field soft tissues attenuate

relatively little of the sonication energy and there was no qualitative difference in the

postablation appearance of the near-field soft tissues on multiple MRI sequences.

There was no significant difference in the postcontrast signal intensity or morphological

appearance between high energy and low energy ablations. While our study was not

sufficiently powered to detect very subtle differences in the post-HIFU appearance, this

result suggests that lower energy might be sufficient for bone ablation, allowing for

improved patient tolerance of MRgHIFU of bone.

This study was limited by the small sample size and the lack of histopathological

correlation. However, the small sample size was partially mitigated by the use of the

contralateral limb within the same field of view as a control for qualitative comparison. The

study was also limited because we treated normal bone and our specific qualitative

assessments and ablation size calculations might not apply to focal pathological lesions.

Additionally, this study was limited to the femur as a representative of large bones and

specific characterization of small bones or flat bones will require future studies. Finally, for

purposes of specific statistical analyses, we grouped proximal and distal meta/diaphyseal

ablations, making the assumption that these regions would respond similarly to focused

sonications. However, subtle anatomical differences, particularly in vascularity, might have

differentially impacted the post-ablation appearance.

In conclusion, sonication number during MR-guided HIFU of bone can be used to increase

ablated volumes while energy dose had limited impact on size of created ablations. Overall

MR-guided HIFU of bone can precisely control ablated volumes and minimize damage of

adjacent soft tissue. MRI and MR thermometry are useful in evaluating the immediate

effects of HIFU.
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Figure 1.
(a) In four animals, two overlapping ovoid focal sonications were assigned to the proximal

and distal ablations on two adjacent coronal slices. (b) In the remaining four animals, a third

focal sonication was assigned between each pair of sonications (proximal and distal) on each

of the two adjacent coronal slices.
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Figure 2.
Coronal (a) T2-weighted, (b) T1-weighted, (c) contrast enhanced T1 spoiled gradient echo

and (d) perfusion MR images. The proximal and distal diaphysis of the right femur

(downside limb) was sonicated. MR images were acquired immediately following HIFU

ablation. The ablations are best seen on contrast enhanced T1 spoiled gradient echo imaging

with two focal ovoid regions of hypoenhancement (arrows). Subtle T2 hyperintensity is

noted along the diaphysis (arrows). Perfusion imaging failed to demonstrate the ablations.
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Figure 3.
Representative coronal contrast enhanced T1 spoiled gradient echo images obtained from

two animals treated with either (a) two focal sonications per ablation (arrows) or (b) three

focal sonications per ablations at this slice and the adjacent slice (arrowheads). There is

substantial increase in the depth of the intramedullary hypoenhanced ablation zone after

three focal sonications compared with two.
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Figure 4.
Coronal (top row) reconstructions and axial (bottom row) contrast enhanced CT images

acquired from treated femur (a) and contralateral control bone (b). Unlike MR imaging, this

imaging modality failed to demonstrate the ablations at the sites of sonications immediately

after treatment (arrows). Noncontrast CT showed no evidence of ablations.
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