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Bone Remodeling Following MR-Guided Focused Ultrasound: 
Evaluation with HR-pQCT and FTIR

Matthew D. Bucknor, MDa, Harsh Goel, BSa, Courtney Pasco, BSa, Andrew E. Horvai, MD, 
PhDa, and Galateia J. Kazakia, PhDa

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

Abstract

Magnetic resonance-guided focused ultrasound (MRgFUS) is a novel non-invasive ablation 

technique that uses focused sound energy to destroy focal tumors, primarily via heat deposition. It 

is widely used for palliation of pain from bone metastases and has also recently gained popularity 

as a technique for ablation of benign bone tumors and facet degenerative joint disease (rhizotomy). 

Clinically, in a subset of patients who have undergone MRgFUS of bone, a variety of treatment 

responses have been noted on follow-up imaging, including focal sclerosis within the target lesion 

or more exuberant proliferative changes associated with the periosteum.

In this study, high resolution peripheral quantitative CT (HR-pQCT) was used to evaluate 

remodeling of bone following ablation in a swine model of MRgFUS and compared to samples 

from a control, non-treated femur. Within each treated femur, two lesions were created: a higher 

energy focused ultrasound dose was used for one lesion compared to a lower energy dose for the 

second lesion. Exuberant, extra-cortical bone formation was detected at the higher energy ablation 

zones, with volumes ranging from 340 mm3 to 1040 mm3. More subtle endosteal and cortical 

changes were detected in the lower energy ablation zones, however cortical thickness was 

significantly increased at these sites compared to control bone. For both high and low energy 

lesions, lower bone mineral density and tissue mineral density was noted in treated regions 

compared to control regions, consistent with the formation of newly mineralized tissue.

Following HR-pQCT analysis, Fourier transform infrared (FTIR) spectroscopy was subsequently 

used to detect biochemical changes associated with remodeling of bone following MRgFUS, and 

compared to samples from the control, non-treated femur. Findings were compared with 

histopathologic examination following hematoxylin-eosin staining. FTIR analysis demonstrated 

lower mineral/phosphate ratio and increased crystallinity compared to the control samples (p = 

0.013). Histopathologic review demonstrated associated areas of endosteal inflammation, scarring, 
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fat necrosis, and new extra-cortical bone formation associated with the ablations. Overall, these 

findings provide novel characterization of new bone formation following MRgFUS ablation.

Keywords

Magnetic resonance-guided focused ultrasound (MRgFUS); high intensity focused ultrasound 
(HIFU); ablation; Fourier transform infrared spectroscopy (FTIR); High resolution peripheral 
quantitative computed tomography

Introduction

Magnetic resonance-guided focused ultrasound (MRgFUS, also known as high intensity 

focused ultrasound or HIFU) is a completely noninvasive ablation technique that can be used 

to focally ablate osseous lesions. It has proven highly effective in palliation of painful bone 

metastases, but has also shown promise for a variety of other indications, including ablation 

of osteoid osteomas, facet rhizotomy for treatment of lower back pain, as well as ablation of 

additional symptomatic benign osseous lesions [1–7]. While its efficacy in these clinical 

scenarios has been demonstrated, the patterns of bone remodeling following MRgFUS are 

less well understood. Anecdotally, there has been evidence of focal sclerosis or new bone 

formation associated with treatment of osseous metastases [7]. Prior basic science studies 

have also revealed evidence of prominent subperiosteal new bone formation following 

MRgFUS of bone, with evidence that the pattern of bone remodeling is influenced by 

technical parameters of the ablation including, for example, acoustic power and duration [8–

10]. These findings resemble changes in bone known to be associated with low intensity 

pulsed ultrasound (LIPUS) [11–13]. However, quantification of structural and compositional 

changes which occur in and adjacent to bone following higher energy MRgFUS are, 

otherwise, not well understood. An improved understanding of structural and compositional 

changes in bone following MRgFUS is critical for optimizing existing treatment indications 

and providing technical guidance moving forward as the number of potential MRgFUS 

applications rapidly increases.

High-resolution peripheral quantitative computed tomography (HR-pQCT) allows for 

quantitative analysis of bone density, geometry, and microstructure within both trabecular 

and cortical compartments [14–17]. Fourier transform infrared (FTIR) spectroscopy is a 

complimentary technique which provides a method for examining tissue quality and 

composition by measuring molecular bond vibration frequencies to provide information on 

the structure and environment of the mineral phase of the organic and inorganic components 

of bone [18–20]. The goal of the current work was to quantify structural and compositional 

changes in bone quality following MRgFUS with HR-pQCT and FTIR. Specifically, we 

applied HR-pQCT and FTIR techniques to analyze samples obtained from the proximal and 

distal femur, at 3 weeks and 6 weeks following ablation, in a swine model of MRgFUS. Our 

results show that the MRgFUS can produce regions of new bone growth which demonstrate 

increased cortical thickness, lower bone density, and increased maturity relative to normal 

bone.
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Materials and Methods

The procedures of MRgFUS ablation have been previously reported [9] and are summarized 

here. Samples from the eight animals described in that previous study were also used for the 

new quantitative analyses performed in the current study.

MRgFUS Ablation Procedure

Experimental procedures received approval from the local Institutional Animal Care and Use 

Committee (IACUC). Eight healthy female farm pigs (body mass = 31.0 ± 1.7 kg) (Pork 

Power Farms, Turlock, CA, USA) were anesthetized with standard techniques, as previously 

described [9]. 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 

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

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

was shaved, cleaned, and examined for skin defects or scars which might impede the 

propagation of acoustic energy. Each pig was placed onto the scanner table in the right 

lateral decubitus position, inside a shallow bath filled with degassed water. A three-plane 

localizer verified adequate position, followed by treatment planning sequences 

(nonenhanced T2-weighted fat saturated images). The skin surface and cortical surface of 

the bone were manually segmented. An ovoid ablation (2 cm in craniocaudal dimension) 

was prescribed on the MR planning images along the lateral margin of the right femur at the 

distal femora, metadiaphysis. The metadiaphysis was chosen to allow adequate spacing for 

two target regions within a single femur. A low-energy test sonication was performed in the 

adjacent soft tissues to confirm system precision.

Each focal spot sonication lasted 20s in duration and was performed at a frequency of 1.05 

MHz, with a subsequent cooling duration of 25s. The average energy for the focal spots to 

compose proximal ablations ranged from 300–360 J and from 360–440 J for distal ablations. 

Acoustic power was used to vary energy dose with a goal of creating a 7–10°C difference 

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 in the soft tissues adjacent to the targeted bone with multiphase, multi-

slice echo planar imaging (FOV/slice thickness/TR/TE/flip angle/echo train length/matrix/

BW=28cm/ 3.6mm/210ms/18.3ms/35/ 12/144×144/35kHz). 3D spoiled gradient echo 

images (FOV/slice thickness/TR/TE/flip angle=44×44cm/3.8mm/4.3ms/2ms/15) were 

subsequently obtained after contrast media administration (0.15mmol/kg Gd-DTPA) to 

demonstrate the regions of the ablations.

HR-pQCT imaging

At 3 and 6 weeks following, MRgFUS, eight treated femurs (2 treated and 2 control at each 

of 3 and 6 weeks) were dissected from cadaver specimens with an approximately 3–5 cm 

surrounding cuff of intact muscle and then scanned within 60 minutes of dissection using a 

clinical HR-pQCT system (XtremeCT, Scanco Medical AG, Brüttisellen, Switzerland). For 

tomography, 1000 projections were acquired over 180 degrees with a 200 ms integration 

time at each angular position, with 60 kVp source potential and 900 mA current. The 12.6 
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cm FOV was reconstructed across a 3072 × 3072 matrix using a modified Feldkamp 

algorithm, yielding isotropic 41 µm voxels. The reconstructed linear attenuation values were 

converted to hydroxyapatite (HA) mineral density values based on a separate scan of a 

density calibration phantom.

HR-pQCT image processing was performed in Image Processing Language (IPL, Scanco 

Medical AG). Reconstructed images were binarized to distinguish bone from background 

using an adaptive iterative threshold selection algorithm. The regions of treatment and 

contralateral control regions were identified using reference MR procedural imaging. The 

eight treated specimens were then analyzed. Structural parameters were calculated from the 

binarized volumes using direct three-dimensional methods [21]. For the high energy ablation 

sites, new bone formation was manually delineated from native bone (Fig. 1). Within each 

new bone formation volume, bone volume and bone volume as a proportion of total volume 

or bone volume fraction (BV/TV) was measured by direct voxel counting of bone and 

background phases. Volumetric bone mineral density (BMD) was calculated by taking the 

mean HA density for all voxels within each volume of interest. Similarly, tissue mineral 

density (TMD) was calculated by taking the mean density for all voxels within each volume 

of interest, excluding non-osseous regions. Values for the newly formed bone at the high 

energy lesions were compared to those for the native cortex opposite the ablated region at 

the same cross-section. Evaluation of cortical thickness was deferred for the high energy 

lesions, as it was difficult to precisely define this specific dimension in the areas of florid 

new bone growth. For the low energy ablation sites, no such large foci of extra-cortical new 

bone were detected; rather, more subtle endosteal changes and changes in cortical thickness 

were visible on HR-pQCT. To capture these changes, the portion of the cortex within the 

sonication zone was identified. Cortical thickness (Ct.Th) within this zone was quantified 

using a 3D sphere filling technique (Laib Hauselmann Ruegsegger Technol Health Care 

1998). Volumetric BMD and TMD were calculated as described above. Values for the 

ablated site were compared to those for native bone from the contralateral control femur at 

the same anatomic position in the cortex, as an estimate of pre-treatment Ct.Th, BMD, and 

TMD.

FTIR Spectroscopy

FTIR spectroscopy was performed on the new bone formed adjacent to the high energy 

ablation regions, and compared to data for native bone within the same femoral cross-

section. Following HR-pQCT imaging, cross-sectional samples were dissected at the site of 

the high energy treated specimens, using procedural MR imaging as a measurement 

reference. Bones were excised, stripped of soft tissue, and fixed in 70% ethanol. Three foci 

within each new bone region region were isolated, as well as 3 foci within the native cortex 

on the same cross-section, opposite to the ablated region. FTIR was performed only on those 

high energy sonication zones where new tissue formation was able to be definitively 

differentiated by eye from the native bone (4 high energy ablation zones x 3 foci in each: 

n=12 treated and 12 control FTIR samples) These samples were desiccated through an 

ethanol series, followed by exposure in a desiccant chamber.
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For each of the isolated samples, a 2-mg (approximately 2 mm long) bone segment was 

isolated and a homogenized powder mixture was created of 1% bone by weight in potassium 

bromide (KBr; Thermo Electron, Waltham, MA). The powder mixture was compressed 

using a manual die to create a pellet for FTIR spectroscopy. Spectroscopy was performed on 

a benchtop interferometer system (Nexus 870, Thermo Electron). Spectra were acquired 

using 256 scans at a spectral resolution of 4 cm−1. A background scan was recorded 

immediately after each sample scan to facilitate background correction. After acquisition, 

the spectra were transferred to chemical imaging software (Isys; Spectral Dimensions, 

Olney, MD) for analysis. Spectra were baseline-adjusted and the integrated areas of the 

amide I (1,595–1,720 cm−1 ), m1m3 phosphate (PO4
3-, 895–1,215 cm−1), and v2 carbonate 

(CO3
2-, 840–890 cm−1) bands were calculated. Mineral- to-matrix (PO4

3-/amide I), 

carbonate-to-matrix (CO3
2-/amide I), and carbonate-to phosphate (CO3 /PO4 ) ratios were 

calculated from integrated areas of the respective peaks. Carbonate-to-phosphate ratio is a 

measure of the amount of substitutions (or imperfections) incorporated into the 

stoichiometric lattice. Additionally, peak heights were measured at specific wave numbers: 

1020, 1030, 1112, 1660, and 1690 cm−1. From these, a series of absorbance ratios were 

calculated to determine additional spectroscopic parameters. The ratio of 1112 to 1030 cm−1 

represents the ratio of fresh precipitate to phosphate, termed mineral immaturity index. 

Higher mineral immaturity index indicates more recently deposited mineral. The ratio of 

1030 to 1020 cm−1 represents the ratio of stoichiometric apatite to nonstoichiometric apatite, 

a measure of crystallinity. Higher crystallinity indicates larger, more perfect mineral crystals. 

Finally, the ratio of 1,660 to 1,690 cm−1 represents the proportion of non-reducible to 

reducible cross-links in the collagen, indicative of collagen maturity.

Histology

Histological methods and analysis have been previously reported [8]: Samples were obtained 

from the midcraniocaudal length of each ablation of the dissected specimens, as defined by 

the area of bone changes on HR-pQCT. A single 1-cm-thick cross-sectional slice was 

obtained through the bone and adjacent soft tissues from each of the two ablations in each 

treated limb. Samples were also taken from the contralateral side at the level of the 

treatments. From each slice, the medial and lateral portions of the specimen were further 

dissected, fixed in 10% buffered formalin, decalcified in Easy-Cut decal (American 

Mastertech, Lodi, Calif), processed in an automated tissue processor (Peloris II; Leica 

Biosystems, Buffalo Grove, Ill), embedded in paraffin, sliced, and stained with hematoxylin-

eosin by using conventional techniques. Slides were reviewed by a bone and soft-tissue 

pathologist with more than 10 years of experience.

Statistical Analysis

Means and SDs were calculated for all indices. Two-tailed paired t-tests were used to 

compare means and standard deviations between treated and controlled specimens as well as 

between 3 and 6 week time points. 95% confidence intervals were calculated for all means. 

P-values less than 0.05 were considered statistically significant. Statistical analyses were 

performed in JMP (Version 7.0, SAS Institute Inc., Cary, NC) and R (v.2.13.0, http://www.r-

project.org/foundation/).
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Results

HR-pQCT analysis

Both high energy and low energy sonications were associated with areas of peripheral new 

bone growth along the cortical margins, which were not seen in the equivalent control 

regions of the opposite side of the femur (Figures 1 and 2). Structural imaging analyses 

demonstrated significant differences between treated and control specimens for both the high 

energy and low energy MRgFUS ablations, with regard to the characterization of the regions 

of new bone growth.

The area of new bone formation in the regions of the high energy ablations was primarily 

extra-cortical, extending beyond the margin of the native bone, and also subperiosteal. The 

volume of new bone formed outside of the original cortical margin ranged from 340 mm3 to 

1040 mm3 (mean ± SD 734 ± 263 mm3). This new bone region showed lower BMD (421 

± 84 mg/cm3 vs. 900 ± 46 mg/cm3, p<0.001) and TMD (540 ± 87 mg/cm3 vs. 962 ± 38 

mg/cm3, p<0.001) compared to the control regions of the same femur (Figure 3). The 

changes in BMD and TMD evolved from 3 to 6 weeks, with progressive increases in BMD, 

TMD, and BV/TV ratio over this time frame (Figure 4). Low energy sonications resulted in 

bone formation at the endosteal boundary of the cortex. These regions similarly 

demonstrated lower TMD at the treated sites compared to controls (877 ± 2.8 mg/cm3 vs. 

912 ± 2.6 mg/cm3) (Figure 5).

FTIR Spectroscopy

FTIR spectroscopy was performed to assess bone quality in bone samples obtained from 

high energy MRgFUS sonication regions. The analysis showed a significantly lower mineral 

immaturity index (mean 0.63 ± 0.09 vs. 0.72 ± 0.03, p = 0.01) and increased crystallinity 

(mean 1.05 ± 0.04 vs. 1.01 ± 0.01, p = 0.01) in the new bone regions compared to the native 

bone. Though this is an area of new bone growth, these results suggest increased bone 

maturity relative to control bone specimens. No other significant differences were observed 

between the treated and controlled specimens in the FTIR analysis (carbonate/phosphate, 

mineral/matrix, or crosslink ratio) (Figure 6).

The differences in mineral immaturity index and crystallinity showed dynamic changes over 

the 3 and 6 week time points. For example, the differences between treated and controlled 

mineral immaturity index at 3 weeks (0.49 ± 0.06 vs. 0.71 ± 0.05, p=0.11) were not 

significant, however, differences between treated and controlled mineral immaturity index at 

6 weeks (0.67 ± 0.04 vs. 0.72 ± 0.02, p=0.019) were statistically significant. Similarly, with 

respect to crystallinity, significant differences were observed between treated (1.04 ± 0.03) 

and control (1.00 ± 0.008) groups at 6 weeks (p=0.034), while differences between treated 

and controlled at 3 weeks did not reach significance (1.09 ± 0.05 vs. 1.01 ± 0.01, p = 0.21).

Histology

Histopathologic findings have been previously reported in detail [8]. Briefly, hematoxylin-

eosin stained samples taken at 3 weeks demonstrated acute-on-chronic endosteal 

inflammation with osteonecrosis and bone resorption at the low energy ablations while high 
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energy ablations at 3 weeks demonstrated a similar pattern of endosteal inflammation, with a 

small area of new extra-cortical bone formation. At 6 weeks, the low energy ablations 

demonstrated atrophy, scarring, and chronic inflammation with subcortical osteonecrosis and 

endosteal fat necrosis, while high energy ablations demonstrated those changes along with 

marked increased extra-cortical new bone formation (Figure 7). These changes were not 

seen in the contralateral control femur, which demonstrated normal bone architecture.

Discussion

This study provides a more detailed characterization of areas of new bone formation 

following MRgFUS than has been previously reported. HR-pQCT images demonstrated 

extra-cortical new bone formation along the margin of bone at 3 weeks following MRgFUS, 

which increased in overall volume at 6 weeks. These changes in bone volume were 

associated with dramatic morphological changes and alterations in microstructure, with 

relatively lower TMD and BMD noted in the treated regions on HR-pQCT analysis. HR-

pQCT analyses were dynamic with significantly increasing TMD and BMD at 6 weeks 

compared to 3 weeks. The largest foci of new bone formation were noted at the sites targeted 

with high energy sonications, suggesting a dose dependent relationship.

Quantitative FTIR analysis indicate this bone remodeling to be a rapidly evolving process 

with changes in the Mineral Immaturity Index and Crystallinity suggesting increased 

maturity within the areas of new bone formation relative to native bone. This result is 

unexpected, particularly given the lower TMD and BMD within these foci of new bone, and 

thus emphasizing the need for additional studies of varied duration and broader range of 

MRgFUS energies to better understand the patterns of remodeling of bone tissue quality 

following MRgFUS.

While LIPUS has been shown across multiple studies to stimulate new bone formation 

following fracture through recruitment of local and circulating osteogenic progenitors and 

acceleration of all stages of the fracture repair process, the precise mechanism of new bone 

formation following MRgFUS remains poorly understood [13,22]. Possible etiologies 

include stimulation of repair mechanisms following injury and/or mechanical effects related 

to ultrasound properties. However, further studies are needed to better understand the 

evolving patterns of bone quality and morphology following MRgFUS ablation. As new 

osseous indications for MRgFUS emerge, precise control of the post-procedural bone 

remodeling will be of considerable importance. For example, for an aggressive osteolytic 

bone metastasis, the stimulation of new bone formation might help to improve structural 

integrity and decrease the risk of pathologic fracture. In contrast, for a small osseous lesion 

in a pediatric patient, such new bone formation may be non-desirable. While prior µCT 

analyses in a rat model of bone focused ultrasound revealed no significant difference in a 

variety of mechanical properties (elastic stiffness, ultimate load, and yield load) in areas of 

bone remodeling, further studies are need to more completely understand the long term 

impact on biomechanical properties [23]. Precise control over new bone formation may also 

allow for novel indications such as adjuvant treatment of fracture non-union. However, 

without a continued improved understanding of bone microstructure and bone quality from 

subsequent studies, such translational efforts may be misguided.
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This exploratory study was limited by its small sample size and the ablation of normal bone. 

Patterns of bone remodeling following MRgFUS of diseased bone may differ significantly. 

Additionally, the femurs of these animals were still actively growing which may have 

affected the observed response. An additional limitation is that the high energy sonications 

were only performed at the distal ablations and low energy sonications reserved for the 

proximal ablations. Although the target distal and proximal regions of bone had similar 

appearances, location in addition to dose may have affected the process of remodeling. 

Another limitation of this study is that FTIR specimens were only available for half of the 

samples. A subsequent lack of statistical power might have limited our abilities to detect 

significant differences between treated and control specimens at each of the 3 and 6 week 

time points. Additionally, only female pigs were studied, and additional studies are needed 

to determine if sex may affect the osseous response to MRgFUS. Finally, FTIR specimens 

represent only a sampling of the targeted regions of MRgFUS ablation or contralateral 

control regions, and sampling may not be representative of the region as a whole.

Conclusions

In conclusion, in this study HR-pQCT imaging and FTIR spectroscopic analysis was used to 

characterize changes in bone quality and microstructure following MRgFUS ablation of 

normal bone in a swine model. High energy ablations demonstrated significantly increased 

volume of extra-cortical new bone formation following the procedure and low energy zones 

demonstrated increased cortical thickness. Both high and low energy ablations demonstrated 

lower BMD and TMD.
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Highlights

• MRgFUS of bone can cause new bone formation associated with higher 

energies.

• HR-pQCT is sensitive to increases in bone mineral density after MRgFUS 

over 6 weeks.

• Changes in bone maturity after MRgFUS can be evaluated with FTIR 

analysis.
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Figure 1. 
HR-pQCT images demonstrating segmentation of areas of new bone formation along the 

cortical margin in regions targeted with MRgFUS ablation at (A) 3 weeks and (B) 6 weeks 

after the procedure. C) 3D rendering of segmented new bone region in the 6-week sample. 

These more florid areas of new bone formation were only seen in the regions targeted with 

relatively higher energies.
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Figure 2. 
HR-pQCT image demonstrating changes in bone remodeling along the cortical margin of 

bone targeted with MRgFUS ablation at 6 weeks following the procedure, including 

increased cortical thickness in the A) treated femur, compared to the B) control untreated 

femur from the same animal.
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Figure 3. 
HR-pQCT analysis of high energy treated and control specimens demonstrate a significantly 

lower bone mineral density (p<0.001), lower tissue mineral density (p<0.001), and lower 

bone volume/total volume (p<0.001) in the area of new bone formation at the treated sites, 

compared to the control regions of bone. Error bars denote 95% confidence intervals.
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Figure 4. 
HR-pQCT analysis of high energy treated samples obtained at 3 and 6 weeks demonstrate 

significantly increased bone mineral density (p=0.002), tissue mineral density (p=0.003), 

and Bone Volume/Total Volume ratio (p=0.01) at 6 weeks compared to 3 weeks.
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Figure 5. 
HR-pQCT analysis of low energy treated and control specimens demonstrate increased 

cortical thickness (p=0.005) and lower tissue mineral density (p=0.04) at the treated sites 

compared to the control regions of bone. Differences in bone mineral density did not reach 

the threshold of statistical significance (p=0.09). Error bars denote 95% confidence intervals.
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Figure 6. 
FTIR analysis of all treated versus control specimens demonstrate a significantly lower 

Mineral Immaturity Index (mean 0.63 vs. 0.72, p = 0.01) and significantly increased 

Crystallinity (1.05 vs. 1.01, p = 0.01) at the treated femoral sites. The remaining FTIR 

spectroscopic parameters did not show significant differences between the two groups. Error 

bars denote 95% confidence intervals.
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Figure 7. 
Hematoxylin-eosin-stained slice obtained from a high energy ablation site at 6 weeks after 

MRgFUS demonstrating exuberant areas of extra-cortical subperiosteal new bone formation. 

(Original magnification, xl00)
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