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Abstract

Purpose To evaluate the feasibility of magnetic reso-
nance imaging (MRI)-guided vertebroplasty at 1.5 Tesla
using augmented reality image overlay navigation.
Materials and Methods Twenty-five unilateral vertebro-
plasties [5 of 25 (20 %) thoracic, 20 of 25 (80 %) lumbar]
were prospectively planned in 5 human cadavers. A clinical
1.5-Teslan MRI system was used. An augmented reality
image overlay navigation system and 3D Slicer visualization
software were used for MRI display, planning, and needle
navigation. Intermittent MRI was used to monitor placement
of the MRI-compatible vertebroplasty needle. Cement
injections (3 ml of polymethylmethacrylate) were per-
formed outside the bore. The cement deposits were assessed
on intermediate-weighted MR images. Outcome variables
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included type of vertebral body access, number of required
intermittent MRI control steps, location of final needle tip
position, cement deposit location, and vertebroplasty time.
Results  All planned procedures (25 of 25, 100 %) were
performed. Sixteen of 25 (64 %) transpedicular and 9 of 25
(36 %) parapedicular access routes were used. Six (range
3-9) MRI control steps were required for needle placement.
No inadvertent punctures were visualized. Final needle tip
position and cement location were adequate in all cases (25
of 25, 100 %) with a target error of the final needle tip
position of 6.1 &+ 1.9 mm (range 0.3-8.7 mm) and a dis-
tance between the planned needle tip position and the center
of the cement deposit of 4.3 mm (range 0.8—6.8 mm). Time
requirement for one level was 16 (range 11-21) min.
Conclusion MRI-guided vertebroplasty using image
overlay navigation is feasible allowing for accurate verte-
bral body access and cement deposition in cadaveric tho-
racic and lumbar vertebral bodies.

Keywords Vertebroplasty - Interventional MR
imaging - MR imaging guidance - MR-guided

Introduction

Percutaneous vertebral cementoplasty (vertebroplasty) is used
for pain palliation and structural stabilization [1-5] as the sole
therapeutic procedure or in combination with vertebral body
ablation techniques [6—10]. Fluoroscopy and computed
tomography (CT) guidance techniques are commonly used [5,
11-13], but they result in variable radiation doses, which may
lead to high exposure levels of ionizing radiation [11, 14, 15].
Furthermore, the low soft-tissue contrast resolution of both
techniques may limit the conspicuity of anatomic structures
and vertebral body lesions with little or no osseous destruction.
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Fig. 1 Interventional setup with image overlay navigation system.
Computer-aided design shows a clinical 1.5-Tesla MRI system and
the stand-alone augmented reality image overlay navigation system
consisting of a free-standing frame and an LCD display (white arrow)
used for passive projection of the MR images on the semitransparent
mirror (gray arrow), which reflects the image back into the operator’s
line of sight. This creates apparent hybrid views of the projected MR
image (black arrow) and the subject that appear fused. The black line
indicates a transpedicular virtual needle path. The white circle
symbols the skin entry site formed by the intersection of the laser line
(red) and the projected virtual needle path (Color figure online)

As potential alternative guidance technique, interven-
tional magnetic resonance imaging (MRI) imaging offers
favorable attributes for vertebroplasty, such as no ionizing
radiation, true multiplanar cross-sectional imaging, and
unparalleled contrast resolution [16-21]. MRI guidance has
also the potential to facilitate temperature mapping of
concomitant thermal vertebral body ablation [22, 23].

Successful MRI-guided vertebroplasty require accurate
targeting and needle placement, which are challenging
because of limited space inside the bore of widely available
1.5-Tesla MRI systems. Augmented reality navigation
employing image overlay technology may solve this prob-
lem by providing navigation outside the bore [24]. There-
fore, the purpose of this study was to prospectively evaluate
the feasibility MRI-guided vertebroplasty using augmented
reality image overlay navigation in human cadavers.

Materials and Methods
System Description

A commercially available 1.5-Tesla MRI system (MAG-
NETOM Espree; Siemens Healthcare, Erlangen, Germany),
a MRI-compatible augmented reality image overlay navi-
gation system (Fig. 1) [25], and 10 cm-long, 11G MRI-
compatible vertebroplasty needle (Somatex, Teltow, Ger-
many) were used. 3D Slicer (The Brigham and Women’s
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Hospital, Inc., Boston, MA, USA) open-source medical
image analysis and visualization software (http://www.
slicer.org) and the loadable module PerkStation (Queen’s
University, Kingston, ON, Canada) were used for display of
MR images, identification of targets, planning of virtual
needle paths, and needle navigation [26, 27] (Fig. 2A).

The navigation system provided MRI guidance through
the projection of combined axial MR images and operator-
defined virtual needle paths, which created an apparent
fusion of the projected axial MR images and the patient
under the system [28]. Needle placement consisted of
alternating steps of image overlay navigated needle
advancement outside the bore and under the navigation
system as well as MRI control with the patient inside the
bore. The automatic table function was used to translate the
subject from the bore of the MRI system under the navi-
gation system in appropriate location to match the pro-
jected MR image with the predefined target location and
vice versa. The needle was placed by maneuvering the
needle along the virtual needle path (Figs. 1, 2B).

Specimen

Five nonembalmed, full spine torso human cadavers (four
men and one woman; age range at death range
65—-82 years; mean age at death 73 years) were used. Two
of five (40 %) cadavers were of small size [16-18.5 kg/m2
living body mass index (BMI),]; 2 of 5 (40 %) were of
medium size (18.5-25 kg/m2 BMI), and 1 of 5 (20 %) was
of large size (25-30 kg/m* BMI) [29]. All subjects were
obtained and handled in accordance with our institutional
rules and in accordance with the Health Insurance Porta-
bility and Accountability Act. The frozen cadaveric sub-
jects were allowed to thaw for 24 h at room temperature
(~20-22 °C) before MRI.

Research Plan

A total of 25 unilateral vertebroplasties were prospectively
planned, including 5 of 25 (20 %) thoracic and 20 of 25
(80 %) lumbar vertebroplasty (Fig. 2). In each subject, 5
vertebroplasties were attempted. The study was performed
on 5 different days (one subject per day) over a time period
of 6 weeks. Procedures were performed by a single oper-
ator with 10 years of experience in percutaneous muscu-
loskeletal procedures and interventional MRI. Initial
experience and training was accomplished before the study
with image overlay navigated puncture of 5 vertebral
bodies of a cadaveric lumbar spine specimen.

Because the presence of vertebral body fractures in the
obtained specimens was unknown, each procedure started
with MRI of the entire thoracic and lumbar spine using an
isotropic, T2-weighted MRI pulse sequence (three-
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dimensional Sampling Perfection with Application opti-
mized Contrasts using different flip angle Evolutions
[SPACE]) with the following parameters: repetition time
(TR) 1,400 ms; echo time (TE) 100 ms; flip angle (FA)
120°; averages (Av) 2; echo train length (ETL) 117; voxel
size 1 x 1 x 1 mm,; field of view (FOV) 192 x 168 mm;
base resolution (BR) 192 pixel; phase resolution (PR)
100 %; and bandwidth (BW) 744 Hz. If present, vertebral
bodies with compression deformities were selected
(Fig. 2). Otherwise, vertebral bodies were selected ran-
domly according to a computer algorithm.

Workflow

All cadavers were placed prone on the table of the MRI
system. Parallel MRI was employed using table coil ele-
ments and a flexible loop-shaped radiofrequency surface
receiver coil (Siemens Healthcare) with a diameter of
19 cm, which was freely movable and centered over the
target site.

The initially acquired high-resolution 3D SPACE MRI
data set was loaded into 3D Slicer software for planning
and navigation. The operator determined the most suitable
access to the previously defined vertebral body, prescribed
the virtual needle path, and defined the final needle tip
position facilitated through simultaneous display of axial,
sagittal, and coronal reformats of the isotropic MRI data set
by the PerkStation module in 3D Slicer (Fig. 2A).
Depending on the individual anatomy, a transpedicular or
parapedicular access was chosen.

For each vertebroplasty target, the projected MR image
contained the virtual needle path with calculated insertion
depth (Fig. 2B). The automatic table of the MRI system
was moved under the navigation system in appropriate
location. The skin entry point was chosen as indicated by
the virtual intersection of the laser of the overlay system
and the displayed virtual needle path (Fig. 2B). If neces-
sary, the surface coil was shifted to include the skin entry
site centrally. The surface loop coil was fixed with tape and
stayed in place for the entire procedure, which facilitated
intermittent MRI acquisition for monitoring of the needle
placement, which was similar to previously described
techniques in patients [16, 20, 30].

An appropriate skin incision was created to allow intro-
duction of the needle. The operator maneuvered the MRI-
compatible vertebroplasty needle along the displayed virtual
needle path into the defined entry site of the vertebral body
(Fig. 2B), and the cortex was penetrated using an MRI-
compatible hammer. Using intermittent MRI control of the
needle position (axial turbo spin echo MR sequence TR/TE
1800/60, FA 100, Av 1, ETL 14, slice thickness 3 mm,
number of slices 7, FOV 349 x 209 mm, BR 320 pixels, PR

58 %, BW 388 Hz, and acquistion time 34 s), the needle
was advanced step-wise to the target point.

Once the final needle position was confirmed, 3 ml of
polymethylmethacrylate cement (Somatex, Teltow, Ger-
many) was injected while the cadaveric specimen was
outside the bore. Finally, 3D SPACE MR images (sequence
parameters as previously described) of the treated level
were acquired.

Assessment of Outcome Variables

The type of vertebral body access was categorized into
transpedicular versus parapedicular.

The number of intermittent MRI control steps required
for needle placement was defined as pairs of needle
advancement, and MRI control was assessed.

The target error of the needle tip, defined as the
Euclidean distance between the planned and final position
of the tip of the needle, was assessed. PerkStation was used
for calculations by comparing the planned location of the
needle tip with the location of the needle tip as manually
determined on the final axial turbo spin echo MR images
used for needle control [27]. Measurements were per-
formed three times. The median was used.

The intravertebral cement location was assessed by
measuring the Euclidean distance between the planned
needle tip position and the geometric axial plane center of
the cement deposit, which was defined as the intersection of
the longest axial and shortest axial diameter. Measurements
were carried in similar fashion as for the target error of the
needle tip using PerkStation [31]. Measurements were per-
formed three times. The median was used. The presence of
extravertebral cement spread was recorded as well.

The length of time for vertebroplasty of a single level—
including planning, operator calibration, needle placement
and intermittent MRI control, cement injection, and
acquisition of the final 3D SPACE MR images of the
treated level—was calculated from the time information of
the DICOM headers.

Statistical and Quantitative Assessments

Statistical analysis was performed using statistical software
(JMP, version 7.01; SAS Institute Cary, NC). Categorical
variables were expressed as frequencies and proportions.
Quantitative variables were expressed as median with
minimum and maximum values. Intrarater variability was
expressed by use of the coefficient of variation (CV) as
CV = o/p, where o is the first SD, and p is the arithmetic
mean. A p value of <0.05 was considered to indicate a
significant difference.
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«Fig. 2 Transpedicular MR-guided lumbar vertebroplasty with aug-
mented reality image overlay navigation. A PerkStation interface
shows endplate compression deformity of the L3 vertebral body
(white arrow) and the planned needle path (/ine) with target point and
skin entry point. B Intraprocedural photograph of the operator view
shows the hybrid view of the subject and projected MR image (white
arrow), transpedicular virtual needle path (gray arrow) with super-
imposed vertebroplasty needle, and the operator’s hand (black arrow)
holding an MRI-compatible hammer. Axial C and sagittal D T2-
weighted turbo spin echo MR image after needle placement shows the
tip of the needle (black arrows) at the target. E Sagittal T2-weighted
3D turbo spin echo (SPACE) MR image after injection of 3 ml of
polymethylmethacrylate cement shows the hypointense cement
deposit centrally (white arrow) (Color figure online)

Results

All planned procedures (25 of 25, 100 %) were performed,
including 5 of 25 thoracic vertebroplasties and 20 of 25
lumbar vertebroplasties (Fig. 2). Of those, 16 of 25 (64 %)
were performed with a transpedicular access (Fig. 2) and 9
of 25 (36 %) with a parapedicular access route. Procedures
were feasible in all three cadaver sizes. For the large
cadaver, the height of the navigation system was individ-
ually adjusted to create a sufficient amount of space for
access and contact-free handling. A median average of 6
(range 3-9) MRI control were required to place a needle
into the targeted vertebral body. The target error of the final
needle tip position was 6.1 = 1.9 mm (range 0.3-8.7;
CV =112+79 %; range 6.7-14.8 %). The distance
between the planned needle tip position and the center of
the cement deposit was 4.3 mm (range 0.8-6.8). The center
of all cement deposits was located inside the targeted
vertebral body (Fig. 2E). There was no extravertebral
cement leakage, including no leakage into the central
spinal canal or neural foramina. The median length of time
for one vertebroplasty level was 16 min (range 11-21).

Discussion

The results of our study show that MRI-guided verteb-
roplasty is feasible to allow for sufficiently accurate tran-
spedicular and parapedicular vertebral body access and
intravertebral cement delivery. Image overlay navigation
was useful for the assessment of anatomy, determination of
vertebral body access, and guidance of needle placement.
An optimized turbo spin echo pulse sequence is capable of
creating a well-defined artifact of an MRI-compatible
vertebroplasty needle for accurate localization of the nee-
dle tip and to avoid obscuring critical anatomic structures,
such as vertebral body cortex, thecal sac, and spinal nerves.
Intermediate-weighted MRI creates a high contrast-to-
noise ratio between the hypointense cement and the
hyperintense vertebral body bone marrow signal, thus

making the cement deposit inside the vertebral body well
visible.

Interventional MRI has evolved into clinically beneficial
and practically useful musculoskeletal procedures and
techniques [16-19, 32—43]. Although placement of spinal
needles inside a bore of a magnet is feasible, the spatial
limitations and distance to the isocenter, even inside wide-
bore MRI systems [44], likely prevents accurate and sterile
advancement of a vertebroplasty needle inside the vertebral
body because two hands are needed at the skin entry site,
one to hold the needle and one for the hammer [45].
Assisted real-time MRI guidance could be helpful for the
determination of the skin entry site and needle advance-
ment in the soft tissues dorsal to the vertebral body inside
the bore [46]. Vertebral body puncture could occur outside
with indirect free-hand navigation by a separate in-room
monitor [47]; however, the visual separation of target and
image information may complicate this task. Image-over-
lay navigation facilitated accurate vertebral body puncture
outside the bore by providing virtual reality MRI guidance
through the simultaneous visualization of the MR images
and the vertebral body target.

We used axial images for navigation, although the
actual needle paths for transpedicular access was often
oblique in craniocaudally direction. This was not found to
limit the operator’s ability of successful puncture because
once the needle penetrated the cortex at the defined target
point in correct alignment with the displayed virtual path,
the needle advancement performed in a stepwise, rotating
fashion was guided by the pedicle cortex and was safely
achieved in all cases as confirmed by axial and sagittal,
intermittent MRI control. The addition of nonaxial image
navigation capabilities would be expected to improve the
versatility of this navigation technology.

Cement visibility is important for the characterization of
cement spread and extravertebral leakage [5, 48]. The use
of intermediate echo time pulse sequences resulted in high
contrast conspicuity between the hypointense injected
cement and the hyperintense vertebral body tissues. How-
ever, because of flow-related void of signal in vessels with
fast spin echo technique, intravascular uptake of hypoin-
tense-appearing cement may not have been detectable in
our study [48]. More recently described cement with T1-
shortening capabilities appears hyperintense on TI-
weighted images [49], which can be beneficial for the
visualization of cement spread into hypointense tissues and
structures, thus potentially rendering intravascular uptake
detectable.

A limitation of MRI-guided vertebroplasty may be the
difficulty of real-time imaging monitoring of cement
injections. For the purpose of this initial investigation,
cement injections were not monitored real-time but were
performed outside the MRI system. Similar to our current

@ Springer



1594

J. Fritz et al.: MR-Guided Vertebroplasty

practice of CT-guided vertebroplasty, however, intermit-
tent MRI monitoring after every 0.5 ml of injected cement
can be employed as an alternative approach for potentially
early detection of extravertebral spread.

Spinal neoplasms may be treated with a combination of
percutaneous ablation of the vertebral body lesion and
subsequent cement augmentation [6-8, 10]. MRI-guided
ablation of vertebral body lesions has been shown to be
feasible [50] and may be advantageous because of high
lesion conspicuity and temperature-monitoring capabilities
of the ablation zone and surrounding susceptible structures
[22, 23]. With the described technique, the combination of
MRI-guided vertebral body ablation and cement augmen-
tation of the ablation zone seems possible.

Our study had limitations. First, because we used
cadaveric specimens, patient motion and respiration were
not present, which may influence the performance of static
image-overlay navigation. However, vertebroplasty is often
performed with the patient under general anesthesia with
controlled respiration and limited motion. Second, because
the presence and location of vertebral body compression
deformities was unknown, the MRI data set, which was
later used for planning, covered the entire thoracolumbar
spine. The given vertebroplasty time therefore did not
include the acquisition time of a dedicated MRI data set of
the respective vertebral body level, which is approximately
3 min. Third, because the presence of vertebral body
lesions and compression fractures of cadavers was not
known, the sample size only included two vertebral body
compression fractures, whereas the remainder of verte-
broplasties were performed in normal-appearing vertebral
bodies. Fourth, although high-resolution, intermediate-
weighted MR images visualized the intravertebral cement
well, subtle cement leakage may have gone undetected.
This could be assessed with CT correlation in a future
study.

Based on the results of this human cadaver study, we
conclude that MRI-guided vertebroplasty with image-
overlay navigation is feasible with sufficient accuracy for
cement augmentation of thoracic and lumbar vertebral
bodies. We believe that MRI-guided vertebroplasty could
be a beneficial technique in a properly selected group of
patients as well as a supplement to CT and fluoroscopy as
the principal imaging-guidance techniques, thus warranting
further investigation.
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