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Magnetic Resonance–Guided High-Intensity-
Focused Ultrasound for Palliation of Painful
Skeletal Metastases: A Pilot Study
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Abstract
Background: Bone is one of the most common sites of metastases, with bone metastases-related pain representing a significant
source of morbidity among patients with cancer. Magnetic resonance–guided focused ultrasound is a noninvasive, outpatient modality
with the potential for treating painful bone metastases. The aim of this study is to report our initial experience with magnetic reso-
nance–guided focused ultrasound in the treatment of bone metastases and our preliminary analysis of urinary cytokine levels after
therapy. Methods: This was a single-center pilot study of 10 patients with metastatic cancer to investigate the feasibility of
magnetic resonance–guided focused ultrasound for primary pain control in device-accessible skeletal metastases. Treatments
were performed on a clinical magnetic resonance–guided focused ultrasound system using a volumetric ablation technique.
Primary efficacy was assessed using Brief Pain Inventory scores and morphine equivalent daily dose intake at 3 time points: before,
day 14, and day 30 after the magnetic resonance–guided focused ultrasound treatment. Urine cytokines were measured 3 days
before treatment and 2 days after the treatment. Results: Of the 10 patients, 8 were followed up 14 days and 6 were followed up
30 days after the treatment. At day 14, 3 patients (37.5%) exhibited partial pain response and 4 patients (50%) exhibited an
indeterminate response, and at day 30 after the treatment, 5 patients (83%) exhibited partial pain response. No treatment-related
adverse events were recorded. Of the urine cytokines measured, only Transforming growth factor alpha (TGFa) demonstrated an
overall decrease, with a trend toward statistical significance (P ¼ .078). Conclusion: Our study corroborates magnetic reso-
nance–guided focused ultrasound as a feasible and safe modality as a primary, palliative treatment for painful bone metastases and
contributes to the limited body of literature using magnetic resonance–guided focused ultrasound for this clinical indication.
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Introduction

Bone is one of the most common sites of metastases for all

cancers, with the incidence of bone metastases as high as 75%
in patients with breast and prostate cancer with advanced meta-

static disease and as high as 40% in patients with lung cancer

with advanced disease.1,2 Not only do bone metastases indicate

a poorer prognosis, but these patients often present with signif-

icant pain, which severely impacts their quality of life.3,4 Other

complications include pathologic fractures, spinal cord com-

pression, and hypercalcemia. As increasingly effective sys-

temic therapies continue to lengthen the survival of patients

with metastases , the burden of disease has considerably

increased, which necessitated novel therapies for bone metas-

tases–related pain to improve the quality of life.5 Previous

studies suggest that the pain related to bone metastases is cur-

rently undertreated.5-8

Currently, the standard of care for patients with painful

localized bone metastases is external beam radiotherapy

(EBRT) in conjunction with other systemic therapies and

analgesics. However, up to 30% of patients treated with radio-

therapy do not respond to therapy, and in 30% of responders the

pain recurs at some point after treatment.9-13 In such cases,

further treatment options are limited but include reirradiation,

surgical intervention, and percutaneous cryoablation.14-16

Retreatment with radiotherapy is also limited by cumulative

doses delivered to critical structures, while ablative techniques

such as cryotherapy and percutaneous radiofrequency ablation

are invasive procedures with associated risks and

complications.

Magnetic resonance–guided focused ultrasound (MRgFUS)

is a noninvasive, outpatient modality with the potential for

treating painful bone metastases. In high-intensity-focused

ultrasound (HIFU) therapy, a high-energy ultrasound transdu-

cer is used to deliver acoustic energy into a target site, with the

goal of heating lesions. Ablation is achieved when target the

tissue temperatures reach more than 57�C. Thermal periosteal

denervation of the bone is thought to be the mechanism of

action for pain relief. A secondary mechanism may be due to

the thermal ablation of the tumor mass that decreases pressure

on the surrounding tissue.17-19 Tumor response and its ongoing

effects may be due to a decrease in circulating immunosuppres-

sive cytokines.20 One advantage of MR-HIFU is the ability for

repeated treatments in the setting of recurrence as there is no

dose limit for focused ultrasound energy. Another major advan-

tage is that MR image (MRI) guidance allows for precise con-

trol of the tumor tissue thermal ablation with real-time thermal

mapping.

Preliminary clinical studies on the use of HIFU for palliation

of painful bone metastases demonstrated excellent response

rates and safety in heterogeneous groups of patients with pain-

ful bone metastases.17-19,21-31 The aim of this study is to report

our initial experience with MRgFUS for the treatment of bone

metastases with respect to its efficacy in improving pain and

functional scores as measured on the Brief Pain Inventory

(BPI) and our preliminary analysis of urinary cytokines levels

after therapy.

Materials and Methods

Study Design and Population

This trial was approved by the local institutional ethics review

board. Informed consent was obtained from all patients prior to

ablation.

This study was a single-center pilot study to investigate the

feasibility of MRgFUS for primary pain control in device-

accessible skeletal metastases. Patients were aged at least 18

years with a pain score related to the target lesion of 4 or greater

on a 0- to 10-point scale, irrespective of medications. Bone

metastases had to be uncomplicated and visible by noncontract

MR imaging and be at least 1 cm from the skin, nerve bundles,

bladder, and bowel. Table 1 outlines the demographic and

tumor characteristics of patients.

Patients were excluded from the study if they had any prior

local therapy to the target lesion (including radiotherapy, sur-

gery, ablative therapy, etc), the lesion was complicated (frac-

ture, spinal cord compression, soft tissue component, etc), the

target lesion was located in the skull, spine (excluding the

sacrum), or sternum, there was a scar or orthopedic implants

along the proposed MRgFUS path, the patient had an active

infection or other serious systemic disease, the patient was

Table 1. Demographic and Tumour Characteristics of Patients.

ID Age Gender Primary Cancer Site Target Site Cortex

1 61 F Breast Left scapula Partially intact

2 77 M Prostate Left iliac crest Partially intact

3 45 F Breast Right iliac crest Intact

4 72 M Neuroendocrine NOS Right femur Intact

5 68 F Liver Left hip Intact

6 78 M Esophagus Left hip Intact

7 69 F Pancreas Right iliac crest Intact

8 42 M Lung Left ribs Intact

9a 62 M Orbit Right iliac crest Baseline CT scan not available

10 71 M Prostate Right scapula Intact

Abbreviations: CT, computed tomography; F, female; M, male; NOS, not otherwise specified.
aPatient dropped out of the study after the treatment and was lost to follow up.
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unable to tolerate the required stationary position during treat-

ment, or the patient had contraindications to MRI or gadoli-

nium (Gd)-based contrast agents.

Treatment Procedure

On the treatment day, the hair on the skin close to the lesion

was shaved. A gel pad (Aquaflex; Parker Laboratories, Fair-

field, New Jersey) was used between the transducer membrane

and the skin to provide a good acoustic coupling. Patients were

given conscious sedation according to the institutional guide-

lines. Patients received midazolam intravenously for sedation

and fentanyl intravenously for pain control. Each patient was

administered with enough fentanyl to proceed pain free with

HIFU treatments and sufficient midazolam to remain alert dur-

ing treatments to indicate if they were having any pain. Patients

were instructed to terminate the sonication with a button con-

troller when the pain was intolerable.

Previously acquired bone scans and computed tomography

(CT) scans were used to identify the location of the lesion that

caused the pain and confirmed by pretreatment MR scans. The

lesions in the bone were located as low-intensity signals (dark

areas) in T1-weighted MRIs (gradient echo sequence, TR¼ 3.5

ms, TE ¼ 2.3 ms, and slice thickness 2.5 mm).

For MR thermometry, fat-saturated echo-planar imaging

sequence (TE ¼ 16 ms and temporal resolution 4.1 s) was

applied at 4 planes: 3 orthogonal planes across the focus along

the acoustic axes and 1 freely oriented plane, normally posi-

tioned at the muscle layer behind the subcutaneous fat to mon-

itor the skin heating. After the treatment, Gd-enhanced

(Magnevist, 0.2 mL/kg; Bayer, Toronto, Canada) T1-

weighted images (gradient echo sequence, TR ¼ 7 ms and

TE ¼ 3.5 ms) were acquired to verify the treatment effect.

Features that indicated a positive treatment effect included

assessment of the nonperfused volume at the bone–muscle

interface and contrast extravasation, a marker of a heat-

induced increase in vascular permeability.

Treatments were performed on a clinical MRgFUS system

(Philips Sonalleve; Philips Healthcare, Vantaa, Finland) by a

team that included a radiation oncologist (G.C.), nursing sup-

port as well as an HIFU technical team (Y.H. and C.M.). The

system consists of a 256-channel FUS phased array of 12 cm in

diameter and 12 cm radius of curvature, operating at 1.2 or 1.44

MHz under the 3-Tesla MR scanner (Achieva; Philips Health-

care). At 1.2 or 1.44 MHz, the size of the natural focus was less

than 2 mm in diameter in the lateral dimension. To enlarge the

treatment volume, the system electronically steered the ultra-

sound beam in the lateral plane in a concentric order, which is

known as volumetric ablation. Based on the diameter of the

steering, the system defined the size of the treatment cells as 4,

8, 12, and 16 mm. Using the ablation approaches described by

Huisman et al, a direct approach was used in 6 patients,

whereas a combination of a near-field and direct approach was

used in 4 patients.21 At the time patients 1 to 4 were treated, the

system was configured with only 4-mm cells available and

using the near-field approach was assumed with this design.

However, in practice, it was difficult to estimate the necessary

compensation of power levels using the near-field approach

within a reasonable safety margin (up to 100 W). Since the

direct approach had poor ability to measure heating on MR

thermometry with 4-mm cells due to the small heating volume

at the bone–muscle interface, larger cells (8 mm and 12 mm)

were enabled for patients 5 to 10 to allow the direct approach,

which was considered the best way to induce a large heating

volume at a relatively low-power level (10-30 W). The change

from a near approach to a direct approach was part of the

evolving technical development in collaboration with Philips

Healthcare.

Efficacy and Safety End points

Primary efficacy was assessed at 2 time points: day 14 and day

30 after the MRgFUS treatment. Primary end points included

BPI scores and morphine equivalent daily dose intake, which

were collected at baseline and each of these time points and

compared according to the previously established standards

and end points as published by the updated international con-

sensus on palliative radiotherapy end points for future clinical

trials in bone metastases (Table 2).32,33 The BPI includes pain

scores as well as assessment of functional interference related

to pain.34 In addition, urine cytokines—including interleukin

1b (IL-1b), IL-6, tumor necrosis factor a (TNF-a), IL-4, IL-10,

and TGFa—were measured 3 days before treatment and 2 days

after treatment. A paired t test was used to compare the urine

cytokine levels measured 3 days prior to treatment with levels

measured 2 days after treatment. Computed tomography scans

were obtained at day 30 to assess imaging response to treat-

ment. Treatment-related adverse events (AEs) were monitored

during the treatment and at predefined end points according to

the study protocol—days 0, 2, and 7, and 14, 30, and 90.

Table 2. Updated International Consensus on Palliative Radiotherapy

End Points for Future Clinical Trials in Bone Metastases.

Response Categories

Complete

response

A pain score of 0 at the treated site with no

concomitant increase in analgesic intake (stable

or reducing analgesics in daily oral morphine

equivalent).

Partial response Pain reduction of 2 or more at the treated site on a

scale of 0 to 10 without analgesic increase, or

analgesic reduction of 25% or more from

baseline without an increase in pain.

Pain progression Increase in pain score of 2 or more above baseline

at the treated site with stable daily oral morphine

equivalent, or an increase of 25% or more in

daily oral morphine equivalent compared with

baseline with the pain score stable or 1 point

above baseline.

Indeterminate

response

Any response that is not captured by the complete

response, partial response, or pain progression

definitions.
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Results

From February 2011 to March 2012, a total of 10 patients (4

women and 6 men; median age [range], 68.5 [42-78] years)

with painful bone metastases from primary tumors of the breast

(n¼ 2), prostate (n¼ 2), lung (n¼ 1), liver (n¼ 1), pancreas (n

¼ 1), esophagus (n ¼ 1), neuroendocrine not otherwise spec-

ified (n ¼ 1), and orbit (n ¼ 1) were enrolled and treated with

MRgFUS at our department (Table 1).

Treatment Procedure

Of the 10 patients who underwent the MRgFUS treatment, 8

patients (80%) were followed up 14 days after treatment, 6

patients (60%) were followed up 30 days after treatment, and

1 patient (10%) was dropped out of the study and was lost to

follow up after the treatment. All but 1 patient presented with

multiple bone metastases.

The diameter of the target bone metastases ranged from 13

to 74 mm (mean, 32 mm); they were predominantly mixed

lesions (9/10; 90%) and only 1 (10%) of 10 were osteolytic.

Table 1 outlines the location of lesions.

The mean (standard deviation [SD]) number of sonication

was 24 (12; range, 8-46) and the total room time varied

between 115 and 230 minutes. The mean (SD) of the maximum

sonication energy used per sonication was 976 J (478; range,

400-1920 J). Table 3 provides further details of the treatment

parameters.

In 8 of the 10 treatments, patients pressed the stop button due

to pain, including 1 time in 1 treatment, 2 times in 1 treatment,

3 times in 2 treatments, 4 times in 1 treatment, 5 times in 1

treatment, 6 times in 1 treatment, and 15 times in 1 treatment.

Treatment Efficacy

While 8 of 10 patients did experience enough pain during the

procedure to require the stop button, no treatment-related AEs

(including skin ulceration or burns) were recorded immediately

after the treatment or during the 30-day follow-up period at

physical examination or at patient interview. At day 14, 3

(37.5%) out of 8 patients exhibited partial pain response, 4

(50%) out of 8 patients exhibited an indeterminate response, and

1 (12.5%) out of 8 patients exhibited pain progression. At day

30, 5 (83%) out of 6 patients exhibited partial pain response,

while 1 (17%) out of 6 patients exhibited a complete response.

Among the partial pain responders and indeterminate

responders, the mean values of worst pain, average pain, and

current pain at day 14 and day 30 were decreased from base-

line. This trend is demonstrated in Figure 1. Similarly, Figure 2

shows the trend of the BPI functional interference items after

MRgFUS at different follow-up intervals. All functional scores

were decreased at day 14 and day 30 from baseline. This indi-

cates better function and less pain related to the target lesion at

follow-up.

None of the urine cytokines were significantly different

between 3 days prior to treatment and 2 days after treatment,

Table 3. Treatment Parameters.

ID

Duration,

min

N, Treatment cells

(n, Sonication)

Treatment Cell

Diameter, mm

Acoustic Power,

W (Mean, Range)

Sonication Energy,

kJ; Mean

Total Delivered

Energy, kJ

Ablation

Approach

1 70 30 (32) 4 49 (30-50) 1.0 30.1 Direct/near

fielda

2 124 51 (51) 2 and 4 65 (25-100) 1.3 66.3 Direct/near

fielda

3 83 19 (25) 4 35 (20-40) 0.7 14.6 Direct/near

fielda

4 115 35 (42) 4 54 (30-80) 1.1 42.2 Direct/near

fielda

5 80 26 (40) 4, 8, and 12 12 (10-20) 0.3 10.5 Direct

6 56 11 (16) 4 and 12 22 (15-30) 0.6 8.2 Direct

7 49 14 (18) 4 and 12 38 (30-50) 1.4 20.3 Direct

8 103 26 (29) 4 18 (5-30) 0.4 9.2 Direct

9 112 27 (33) 12 21 (15-25) 1.0 28.6 Direct

10 32 11 (12) 4 and 8 27 (20-40) 0.7 7.4 Direct

aDirect and near-field ablation approaches were used in the different sonication in these patients.
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Figure 1. Pain response over time among partial and indeterminate

responders.
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although TGFa did demonstrate an overall decrease with a

trend toward statistical significance (P ¼ .078).

Only 3 of 10 patients had CT scans available at follow-up

day 30. Lesion sizes were similar at day 30 compared to base-

line. All 3 lesions demonstrated increased CT density at day 30

compared to baseline (Figure 3).

Discussion

Recently, the first study using volumetric MRgFUS for abla-

tion of painful bone metastases was reported.21 In contrast to

point-by-point ablation involving multiple single-focal point

sonication, volumetric ablation involves electronic steering of

the focal spot along multiple concentric circles of increasing

diameter in order to increase the volume of tissue ablated per

sonication. In the treatment of uterine fibroids, the volumetric

sonication method improves the energy efficiency and treat-

ment speed of MRgFUS.35-37 Huisman et al showed a treat-

ment response in 6 of their 9 patients remaining at 1-month

follow-up.21

Throughout this pilot study, we also employed a volumetric

ablation technique using the Philips Sonalleve system. Treat-

ment parameters were modified prospectively in an effort to

optimize therapy as we gained more experience. The first 4

patients were treated with a 4-mm diameter treatment cell that

produced thermometric changes beyond the resolution of the

MR scanner. In contrast, the subsequent 6 patients were treated

with larger 12-mm diameter treatment cells with improved

detection of temperature changes using MR thermometry.

Furthermore, the latter patients were all treated with a direct

approach to focus ablation of the periosteum. This approach is

presumed to improve pain control since the periosteum is the

most highly innervated component of mature bone tissue. In

our study, 3 out of 8 patients demonstrated partial pain response

by day 14; while at day 30, 5 out of 6 patients demonstrated

partial pain response. No serious adverse treatment effects were

observed. While our study is not novel, our results are consis-

tent with previous studies demonstrating the safety and efficacy

of MRgFUS as a treatment for metastatic bone pain.17-19,21-24

Together, our results and the findings of Huisman et al empha-

size the need for further research aimed at optimizing and

standardizing volumetric ablation in the palliation of bony

metastases.

Of the cytokines measured, TGFa was the only cytokine

to demonstrate an overall decrease with a trend toward sta-

tistical significance. The work done by Zhou et al demon-

strated that serum immunosuppressive cytokines—such as

Vascular endothelial growth factor (VEGF) and TGFa—

decreased after HIFU treatment in patients with solid

tumors.20 Nevertheless, our study has a very limited sample

size, and our future analyses will characterize the signifi-

cance of cytokines in this setting.

In the 3 patients with CT examinations available at follow-

up day 30, the treated metastases demonstrated increased CT

density compared with baseline, which likely represents sclero-

sis in the bone related to the treatment effect. While the patient

numbers are low, our findings are in agreement with treatment

responses reported in previous studies, which demonstrated

either increase or no change in bone density in the majority

of patients.18,19,23

Hurwitz et al recently reported the first completed phase III

randomized trial, studying MRgFUS for patients with painful

bone metastases.22 These patients had radiation refractory

metastases or were not candidates for EBRT. They demon-

strated a response rate of 64.3% in the MRgFUS arm compared

with 20.0% in the placebo arm (P < .001) at 3 months. Our

study demonstrated a higher response rate, albeit at a shorter

end point of 1 month. One explanation for this difference may

be that we accepted patients without prior radiation therapy to

the targeted lesion, whereas 43.8% of the patients in the afore-

mentioned study had a history of prior radiation to the site.

Napoli et al also demonstrated a slightly higher response rate

88.9%, which includes complete responders (72.2%) and par-

tial responders (16.7%) at a 3-month time point.23 In the current

literature, an international consensus statement recognizes

MRgFUS as a safe and effective secondary treatment option
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Figure 2. Brief Pain Inventory functional score changes over time

among partial and indeterminate responders.

Figure 3. A 77-year-old man with metastatic prostate cancer to the left

iliac crest. Axial computed tomography (CT) images at baseline (A)

and 30-day posttreatment (B) demonstrating an increased density. The

average CT number at baseline was 296 HU compared with 408 HU

after treatment.
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in radiation-refractory painful bone metastases outside the

spine.38 The MRgFUS may be considered in the setting where

primary therapeutic modalities—namely, radiotherapy—are

contraindicated or refused by the patient. Nonetheless, fur-

ther evidence from large randomized control studies is

needed to establish MRgFUS as an option for the primary

treatment and palliation of bone metastases among other

available treatment options.

Our study has several limitations. The most notable is a

small, heterogeneous patient sample with a relatively short

follow-up period. Furthermore, many of our study patients

were extremely ill with widespread metastatic disease. This

resulted in a high number lost to follow up. While it is not

uncommon to lose patients to follow up with a significant

disease burden who are approaching the end of life, this does

introduces a source of bias. In addition, while MR thermometry

did confirm that therapeutic temperatures were achieved in

approximately half of the sonications, the remaining sonication

suffered from motion artifact and tissue inhomogeneity, which

made temperature confirmation difficult. Therefore, we were

unable to confirm whether therapeutic temperatures were

achieved in a subset of cases. Accurate temperature measure-

ments are crucial for treatment monitoring and interpretation of

treatment outcomes since lethal cell damage occurs when tem-

peratures >55�C are maintained for longer than a second.39,40

Lam et al reported that MR thermometry is susceptible to a

range of artifacts, including magnetic field inhomogeneities

related to respiratory and nonrespiratory factors, as well as

patient motion and arterial ghosting.41

In conclusion, our study corroborates MRgFUS as a feasible

and safe modality as a primary, palliative treatment for painful

bone metastases and contributes to the limited body of litera-

ture using MRgFUS for this clinical indication. Future research

should include large cohort and randomized control studies

with longer follow-up periods to establish the efficacy of

MRgFUS as a primary treatment modality or in comparative

studies with radiation therapy and other targeted agents or used

in combined treatment regimens.
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