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Abstract The aim of this study was to develop a signal-

inducing bone cement for magnetic resonance imaging

(MRI)–guided cementoplasty of the spine. This MRI cement

would allow precise and controlled injection of cement into

pathologic lesions of the bone. We mixed conventional

polymethylmethacrylate bone cement (PMMA; 5 ml meth-

ylmethacrylate and 12 g polymethylmethacrylate) with

hydroxyapatite (HA) bone substitute (2–4 ml) and a gado-

linium-based contrast agent (CA; 0–60 ll). The contrast-to-

noise ratio (CNR) of different CA doses was measured in an

open 1.0-Tesla scanner for fast T1W Turbo-Spin-Echo

(TSE) and T1W TSE pulse sequences to determine the

highest signal. We simulated MRI-guided cementoplasty in

cadaveric spines. Compressive strength of the cements was

tested. The highest CNR was (1) 87.3 (SD 2.9) in fast T1W

TSE for cements with 4 ll CA/ml HA (4 ml) and (2) 60.8

(SD 2.4) in T1W TSE for cements with 1 ll CA/ml HA

(4 ml). MRI-guided cementoplasty in cadaveric spine was

feasible. Compressive strength decreased with increasing

amounts of HA from 46.7 MPa (2 ml HA) to 28.0 MPa

(4 ml HA). An MRI-compatible cement based on PMMA,

HA, and CA is feasible and clearly visible on MRI images.

MRI-guided spinal cementoplasty using this cement would

permit direct visualization of the cement, the pathologic

process, and the anatomical surroundings.
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Introduction

Magnetic resonance imaging (MRI) is indispensable in the

planning of spinal cancer surgery. Tumors, metastases, and

especially pathologic fractures of the spine, neoplastic or not,

are clearly visible on MRI [1]. Tumor infiltration of the

surrounding tissues can be quantified, and therapeutic deci-

sions can be made. In fractures, fracture plane and edema can

be analyzed, and the age of the fracture can thus be deter-

mined. The same comprehensive information on the

pathology cannot be matched by any diagnostic tool using

x-ray [2]. MRI-guided musculoskeletal interventions have

been proven to be feasible [3]. The detection of soft tissues

and other delicate structures, such as nerves, vessels, and

spinal cord, improves the safety of these interventions [4].

Fast interventional MRI-sequences generate short repetition

rates and allow real-time imaging during the intervention.

To ensure feasible MRI-guided interventions, dedicated

MRI-compatible instruments and materials must be

developed for such procedures [5]. Currently these instru-

ments are identified indirectly, by the lack of signal

because MRI can only visualize protons, i.e., water. Signal-

inducing materials are advantageous for such interventions.

Because cementoplasty is considered the standard

treatment for most pathological spinal fractures, whether

osteoporotic or neoplastic [6–8], simultaneous visualiza-

tion of the cement and the pathologic lesion is beneficial
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during the cement’s injection. In** kyphoplasty, in which a

bone cavity lacks signal results, the cement’s signal would

permit a controlled defect-filling.

Hydroxyapatite (HA)-based bone substitutes contain

water for MRI signal and have an osteoconductive poten-

tial [9]. They provide a biologic bone–cement interface

[10], and mixing them with conventional polymethyl-

methacrylate cements (PMMA) increases bioavailability of

the PMMA [11].

A contrast agent (CA) further enhances the MRI signal

of the PMMA–HA compound.

The aim of this study was to develop and analyze an

MRI signal–inducing bone cement based on PMMA, HA,

and CA mixture. The signal properties and the compressive

strength of this cement were assessed.

Materials and Methods

PMMA (Bon Os; aap Biomaterials, Dieburg, Germany) is

made up of a powdery polymer (12 g polymethylmethac-

rylate) and a liquid monomer (5 ml methylmethacrylate)

and cures after mixing. We added 4 ml HA (Ostim 35; aap

Biomaterials) and a gadolinium-based CA (0.5 mmol/ml

Dotarem [gadoterate meglumine]; Guerbet, Paris, France)

to the cement. First the CA was added to the HA; then the

two components were mixed with the PMMA in a plastic

cup with a spatula.

Signal Evaluation

We evaluated the cement’s signal with increasing CA

concentrations (0–60 ll gadoterate meglumine/mm HA) in

the cement compound. The added increments of CA were

0.5, 1, 1.5, 2, 4, 10, 15, 20, 30, 40, and 60 ll. To determine

the amount of HA necessary for an adequate signal, we

decreased the HA in 1-ml increments from 4 to 2 ml using

CA concentrations of 1 and 4 ll/ml HA. We tested the

cured cements 24 h after mixing, in 10-ml sealed syringes,

which were placed into a rack of a double-walled Plexiglas

box. The space in between the box’s walls was filled with

water and served as a reference signal. We tested five

specimens of each cement composition as follows:

• Two milliliters HA ? 5 ml methylmethacrylate ? 12 ml

polymethylmethacrylate ? CA ll (0.5/1/1.5/2/4/10/15/

20/30/40/60 ll)

• Three milliliters HA ? 5 ml methylmethacrylate ?

12 ml polymethylmethacrylate ? CA ll (0.5/1/1.5/2/4/

10/15/20/30/40/60 ll)

• Four milliliters HA ? 5 ml methylmethacrylate ?

12 ml polymethylmethacrylate ? CA ll (0.5/1/1.5/2/

4/10/15/20/30/40/60 ll)

Applicability in the Spine

We tested the cement‘s applicability in cadaveric human

spines by simulating vertebroplasty. This procedure should

prove general feasibility, which can hardly be quantified. In

addition, it should answer some critical questions such as the

following: Can the MRI cement be injected from a conven-

tional 5-ml syringe through the vertebroplastic needle in the

vertebral body? Is the cement‘s visibility sufficient in the fast

T1W Turbo-Spin-Echo (TSE) pulse sequences, and is the

image-repetition rate fast enough? Are there any artifacts

that hinder the procedure? Finally, it should rule out

unforeseen adverse events. The cement was injected tran-

spedicularly with an MRI-compatible vertebroplastic needle

(Somatex Medical Technologies, Teltow, Germany) in 20

vertebral bodies from 4 lumbar spines (all female) with

surrounding muscle and soft tissue. The spines’ ages were

82, 87, 88, and 88 years. The needle had an outer diameter of

3.0 mm, an inner diameter of 2.45 mm, and a length of

100 mm. A 5-ml syringe was used to inject cement into the

vertebral bodies under MRI guidance in an open high-field

MRI scanner. The injected cement was made up of 3 ml HA,

4 ll CA, and PMMA. Because the CNRs between cement

and bone are reproducibly measurable, they were the only

hard data recorded (see later text).

Measurements in the Open MRI

The cement was scanned in an open high-field MRI (1.0-

Tesla Panorama; Philips Medical System, Eindhoven, The

Netherlands). Because CAs are T1 specific, we used T1-

weighted (T1W) fast (turbo) spin echo pulse sequences for

the scans. The pulse sequences were an interventional fast

T1W TSE (TR 100 ms, TE 5 ms, a 110�, slice thickness

5 mm) and a T1W TSE (TR 400 ms, TE 10 ms, a 90�, slice

thickness 4 mm) sequence. The spinal interventions were

conducted under image control with fast T1W TSE

sequences. The fast sequence had an acquisition time of

2.6 s, and the image orientation was flipped alternately 908
between a sagittal and an axial plane. All images were

evaluated without postprocessing or image filters.

The scans of the cement specimens were performed with a

solenoid head coil and those of the spinal specimens with an

interventional surface coil (multipurpose L). The MRI signal

was evaluated by determining the CNR of the cement to air

(CNRAir) and to bone (CNRBone). CNR is calculated by

measuring the cement’s image signal in the region-of-

interest, the surrounding’s image signal (background), and

the SD of the background noise as described by Hendrick

[12]. We defined equal areas (20 9 20 pixels, 133 mm2) in

the cements and their surroundings and measured the signal

in eight slices per specimen for five specimens of each

cement composition. Due to lower amounts of cement in the
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vertebral bodies, we measured only three slices for five

specimens. The CNRAir was plotted over the CA concen-

tration to determine the maximal MRI signal.

Compressive Strength

Different amounts of HA (2, 3, and 4 ml) were added to the

PMMA to evaluate the compressive strength of the cement.

Standard PMMA served as the control group. Ten microliters

of CA/ml HA were added to the cements for testing because

the amounts for optimal signal are smaller (see Results). We

tested compressive strength in accordance with the Interna-

tional Organization for Standardization with the method

described in ISO 5833:2002 (E) [13]. The cements were

filled in different cylindrical polytetrafluoroethylene forms

and stored under standardized environmental conditions

(23�C [SD 1�C]) for at least 2 h before testing as follows:

• Two milliliters HA ? 5 ml methylmethacrylate ?

12 ml polymethylmethacrylate ? 10 ll CA

• Three milliliters HA ? 5 ml methylmethacrylate ?

12 ml polymethylmethacrylate ? 10 ll CA

• Four milliliters HA ? 5 ml methylmethacrylate ?

12 ml polymethylmethacrylate ? 10 ll CA

The PTFE forms were 12-mm long (SD 0.1 mm) and

6 mm in diameter (SD 0.1 mm). The cured specimens were

visually controlled for trapped air or surface defects, pol-

ished, and then packed into aluminum bags to avoid

dehydration. After being conditioned for 24 h (SD 2 h) at

23�C (SD 1�C), the cements were compressed on an

Instron universal testing-machine (Instron no. 3366;

Norwood, MA). The specimens were placed upright between

the platens and compressed at a rate of 22.70 mm/min until

failure occurred. The compressive strength at maximum load

or at 2% offset load of the upper yield point, whichever

occurred first, were determined. Compressive strength

(MPa) and modulus of elasticity were calculated for 6

specimens. The compressive strength was calculated

according to formulas provided in the ISO specifications.

Results

The MRI cement‘s manufacturing was feasible and similar

to that of conventional PMMA. Because PMMA is

hydrophobic and the added HA is water-based, the com-

pound requires at least 2 min of stirring until the PMMA–

HA–CA mixture is homogenous.

Signal Evaluation

The signal (CNRAir) of the cement depended on the CA

concentration, the amount of HA, and the pulse sequence

used (Figs. 1, 2, 3; Table 1). The CNRAir curve had the

typical sequence-dependent shape of paramagnetic sub-

stances showing a signal increase up to a maximum

Fig. 1 Rack of cement-filled syringes in fast T1W TSE. CA was

dosed from 0 to 60 ll/ml HA in 4 ml HA, 5 ml methylmethacrylate,

and 12 g polymethylmethacrylate. The pulse-sequence was fast T1W

TSE, and a head coil was used. Gadoterate meglumine doses were 0,

0.5, 1, 1.5, 2, 4, 10, 15, 20, 30, 40, and 60 ll

Fig. 2 Rack of cement-filled syringes in T1W TSE. CA was dosed

from 0 to 60 ll/ml HA in 4 ml HA, 5 ml methylmethacrylate, and

12 g polymethylmethacrylate. The pulse-sequence was T1W TSE,

and a head coil was used. Gadoterate meglumine doses were 0, 0.5, 1,

1.5, 2, 4, 10, 15, 20, 30, 40, and 60 ll
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followed by a decrease to signal extinction [14]. Fast T1W

TSE sequences had greater peaks at different CA concen-

trations than standard T1W TSE. The maximal CNRAir in

fast T1W TSE was 87.3 (SD 2.9) for cements with 4 ll

CA/ml HA (16 ll gadoterate meglumine [4 ml HA]). In

T1W TSE, CNRAir was 60.8 (SD 2.4) for cements with

1 ll CA/ml HA (4 ll gadoterate meglumine [4 ml HA]). A

decreasing amount of HA (4–2 ml) resulted in relatively

linear signal loss (Table 1).

Applicability in the Spine

The MRI-guided cement injection into the vertebral body

through a vertebroplastic needle was feasible (Fig. 4).

Injection with a 5-ml syringe through the vertebroplastic

provided sufficient pressure. The cement’s signal and

contrast to air and to bone were clear. The exact detection

of the cement permitted controlled injection and visuali-

zation of the procedure under the fast T1W TSE guidance.

The CNRBone in fast T1W TSE images was 11.8 (SD 0.1).

The cement injection speed had to be adapted to the frame

rate of 2.6 s to control the injection. This acquisition time

provided sufficient resolution of skeletal structures and soft

tissues. The needle’s artifacts were strictly limited to the

needle itself and did not disturb the procedure. After

injection, the CNRBone in T1W TSE images was 30.7

(SD 7.5).

Compressive Strength

Increasing the amount of HA resulted in lower compressive

strength (Table 1). Although the first 2 ml HA reduced the

initial compressive strength of conventional PMMA for

nearly 50 percent, every further ml HA decreased the

strength for only 10 MPa.

Discussion

In this study, we found that it is possible to induce an

adequate MR-signal in PMMA bone cements with HA and

CA. The main principle to induce an MRI signal in PMMA

cement is to mix it with water (protons) and CA.

The signal intensity of the MRI cement can be manip-

ulated by changing the amount of HA, the amount of CA,

or the pulse sequence. These physical variables determine

the signal. Pulse sequences can be modified by the MRI

user to maximize the signal in the region of interest [15].
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Fig. 3 CNRAir of cements in

T1W TSE and fast T1W TSE.

Data are from the cement racks

in Figures. 1 and 2. CNRAir

represents contrast to the

surrounding air. Gadoterate

meglumine was dosed in ll per

ml HA in 4 ml HA, 5 ml

methylmethacrylate, and 12 g

polymethylmethacrylate

Table 1 CNRAir and compressive strength based amount of HA added to PMMAa

HA in cement (ml) CNRAir in T1W TSE for

1 ll gad meg/ml HA

CNRAir in fast T1W TSE for

4 ll gad meg/ml HA

Compressive

strength (MPa)

0 – – 84.6 ± 5.3

2 (13.8%) 27.3 ± 0.7 38.1 ± 5.3 46.7 ± 0.8

3 (19.4%) 49.5 ± 1.1 53.2 ± 4.5 36.9 ± 2.0

4 (24.2%) 60.8 ± 2.4 87.3 ± 2.9 28.0 ± 1.9

Gad meg Gadoterate meglumine
a Two to four milliliters HA were added to the cement (5 ml methylmethacrylate and 12 g polymethylmethacrylate). One microliter gad meg/

milliliter HA was added to the compound in T1W TSE, and 4 ll was added in fast T1W TSE. Compressive strength is measured in MPa for these

cements (2–4 ml HA, 5 ml methylmethacrylate, 12 g polymethylmethacrylate, and 10 ll CA/ml HA). Percentages express the amount of HA in

the total compound
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The MRI signal depends linearly on the amount of HA due

to the amount of protons. Every CA has its own signal peak

before extinction occurs depending on its paramagnetic

properties [16]. Both substances are essential in gaining the

maximum signal.

Among the existing CAs, gadolinium induces the

highest MRI signal [17]. However, there has been some

concern about the use of gadolinium due to cases of

nephrogenic systemic fibrosis [18]. Despite the fact that we

used gadolinium in this study, generally any CA can be

used in the cement to induce a signal; this MRI cement

merely demonstrates the principle. Furthermore, toxico-

logical thresholds of gadoterate meglumine were not

reached with the miniscule doses used in this study [19].

We used gadolinium because it is readily available in our

institution.

In this study, all MRI cements produced a clear signal.

The CNRBone was smaller than the CNRAir because the

signal of bone is greater than the signal of air but was far

greater than 4. According to the Rose model [20], CNR

should be [4 to guarantee a sufficient contrast to the sur-

rounding structures for visual differentiation. The high

CNRBone permitted direct control of the injection procedure

in cadaveric spines with fast T1W TSE, and visualization

on T1W TSE images after the procedure. We focused on

T1W sequences due to their CA sensitivity. In T2W

sequences the MRI cements could be used as well, but the

signals would have lower CNR peaks at different CA

concentration [14].

Certainly, MRI-guided cementoplasty must be tested in

a clinical setting to rule out unpredictable factors, such as

patient breathing or other patient-dependent artifacts.

Long-term testing is needed to investigate the cement’s

signal behavior over time and to determine whether the

cement would be detectable in postoperative diagnostics in

vivo.

Because PMMA is biologically inert, the cured cement

is later surrounded by a biomembrane within the bone, as is

typical for foreign bodies [21]. Hydroxyapatite has better

biocompatibility [22, 23], which leads to its increased

application for cementoplasty [24]. In our study, HA are

hydroxyapatite crystals as a suspension in water, which can

easily be mixed with PMMA. HA contains enough water to

generate an MRI signal and has a better biocompatibility

than conventional polymethylmethacrylate cement. Thus,

HA seems to be the ideal additive for PMMA.

The increasing amount of HA decreases the compressive

strength. The mechanical properties of cements have been

discussed in the literature extensively [25], but their out-

comes remain inconclusive. The results among the different

studies on the fracture risk after vertebroplasty and kyp-

hoplasty remain controversial. Although some studies show

a greater risk of adjacent spinal fractures after vertebroplasty

and kyphoplasty [26], but others do not [27]. It is unclear how

strong a cement must be [28] be safe for clinical application.

The compressive strength is the main factor for the design of

kyphoplastic and vertebroplastic cements and is quite often

the only tested parameter [29]. Calcium phosphate cements,

which are currently being used for cementoplasty, have

compressive strengths of 70 MPa [30] in vitro; however, in

an aqueous environment they only withstand 5–25 MPa

[31]. The MRI cement matches these values for all amounts

of HA (2–4 ml) added to the PMMA. Although the proper-

ties of bone cements used in spinal surgery should be

determined, dynamic long-term tests are needed to show the

MRI cement’s clinical applicability.

The increasing amount of HA impairs the cement’s

compressive strength but increases the cement’s MRI sig-

nal. A high MRI signal requires high amounts of HA; a

mechanical resistant one requires low amounts. This means

that the signal’s advantage of an increasing HA amount is

limited by the mechanical disadvantage. Because the

cement’s compressive strength is the crucial parameter

for cementoplasty, we suggest a PMMA cement (5 ml

methylmethacrylate ? 12 ml polymethylmethacrylate)

containing 2–3 ml HA with 8–12 ll gadolinium for

cementoplasty.

Our results support what has been shown ear-

lier for the enhancement of CA in MRI [32]: A CA

Fig. 4 Transversal vertebral body after cement filling in T1W TSE.

The cement consisted of 4 ll gadoterate meglumine, 4 ml HA, 5 ml

methylmethacrylate, and 12 g polymethylmethacrylate. The pulse-

sequence was T1W TSE, and a body coil was used. C = cement
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concentration-dependant signal curve in the MRI-cements.

Concerning the biomechanical properties, the results of the

mechanical tests of HA–PMMA compounds support the

published data [33] and advocate their use due to their

better biocompatibility [34].

Along with the increasing availability of MRI, preop-

erative MRI diagnostics of the spine increase [35, 36] and

the number of MRI-guided interventions is growing [37].

MRI-guided surgery is limited by the dictates of MRI

sequences, the induced instrument artifacts and MRI

safety. The present MRI-cement overcomes these limita-

tions, as it is MR safe, induces its own signal, and is not

visualized as an artifact. In the treatment of neoplasms or

fractures with MRI-guided cementoplasty, direct visuali-

zation of the pathology and the anatomical structures is

possible throughout the procedure. This enables control of

the cement, visualization of the neoplasm or fracture and

spinal structures, such as nerves, vessels, and soft tissues

during the cement application. Furthermore, the cement’s

high signal increases safety because it prevents cement

leakage. Indirect visualization of the cement would only

detect the compression of soft tissues and structures at risk

approximately the vertebral body.

MRI-guided interventions allow the treatment of patho-

logic lesions, which are not detectable with conventional

imaging under direct visualization. MRI cement is necessary

because MRI-guided cementoplasty requires clearly visible

cement [38], which can be differentiated from the surrounding

structures. This cement would allow precise and controlled

injection of cement into pathologic lesions of the bone,

thereby increasing the precision of MRI-guided cementopl-

asty. In bone-defect filling, such as kyphoplasty, the cement’s

signal becomes crucial because it permits complete filling.

Although the resolution of real-time imaging is improving

rapidly, and frame rates are becoming shorter, image quality

must be improved further to warrant the precision of

MRI-guided interventions. A fast-moving grid sequence

should be developed to generate a three-dimensional picture

of the region of interest. Sequence modulation, such as

spectral fat saturation inversion recovery sequences, could

further improve the cement’s visibility by suppressing the

bone marrow’s signal and thereby increasing the contrast.

In the future, this MRI-compatible cement could

broaden the field of MRI-guided cementoplasty to the

treatment of other osseous neoplasms to provide both ideal

intervention control and postinterventional follow-up.

Conclusion

We developed a PMMA-based signal-inducing bone

cement with HA and CA the use in MRI interventional

procedure. The cement produces a clearly detectable MRI

signal and equals the compressive strength of existing

cements for spinal cementoplasty.
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