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Calcium phosphate cements (CPCs) are widely used bone substitutes. However, CPCs have similar radiopacity
as natural bone, rendering them difficult to be differentiated in classical X-ray and computed tomography
imaging. As conventional magnetic resonance imaging (MRI) of bone is cumbersome, due to low water content
and very short T, relaxation time, ultra-short echo time (UTE) and zero echo time (ZTE) MRI have been explored
for bone visualization. This study examined the possibility to differentiate bone and CPC by MRI. T; and T»*
values determined with UTE MRI showed little difference between bone and CPC; hence, these materials were
difficult to separate based on T; or T, alone. Incorporation of ultra-small particles of iron oxide and gado-
pentetatedimeglumine (Gd-DTPA; 1 weight percentage [wt%] and 5wt% respectively) into CPC resulted in
visualization of CPC with decreased intensity on ZTE images in in vitro and ex vivo experiments. However, these
additions had unfavorable effects on the solidification time and/or mechanical properties of the CPC, with the
exception of 1% Gd-DTPA alone. Therefore, we tested this material in an in vivo experiment. The contrast of CPC
was enhanced at an early stage postimplantation, and was significantly reduced in the 8 weeks thereafter. This
indicates that ZTE imaging with Gd-DTPA as a contrast agent could be a valid radiation-free method to

visualize CPC degradation and bone regeneration in preclinical experiments.

Introduction

To HEAL BONE TISSUE loss and damage, autologous
grafting remains the preferred clinical option. However,
autograft material is scarce and thus the implantation of
synthetic bone grafts at the site of injury is sometimes nec-
essary.’ Among a large number of available bone substitutes,
calcium phosphate cement (CPC) best resembles the matrix
of natural bone. The high similarity of CPC to natural bone
not only promotes bone regeneration, but also results in low
contrast between CPC and native bone tissue in X-ray and
computed tomography (CT) imaging. Therefore, it remains
difficult to monitor the degradation of the cements and
regeneration of bone tissue, hampering the evaluation of
repair procedures. A strategy to overcome this problem is the
addition of contrast agents to CPC. For example, contrast
agents with iodine, barium, and tantalum have been utilized
in X-ray to increase radiopacity of CPCs, which allowed
discriminating them from bone tissue.>” X-ray imaging
provides adequate resolution with high throughput at low
cost, but with relatively poor contrast and potential radiation
damage.®

Magnetic resonance imaging (MRI) is a noninvasive, ra-
diation-free, high-resolution technique, which however is
mostly optimized to visualize soft tissues. The MR signals
are generated from the proton spins in water molecules, if
placed in a strong magnetic field, by a radiofrequency (RF)
pulse. In an explorative animal study, it was shown that MRI
could be a valuable tool in bone tissue engineering.” How-
ever, due to a relatively low content of water protons and
their ultra-short T, relaxation (e.g., cortical bone has a mean
T, value of 500 ps or less®), MRI of rigid tissue and solid
material is still challenging. Some approaches that have been
proposed to image hard tissues are solid-state and single-
point MR techniques,”'” but these are unfavorable for in vivo
applications due to long acquisition times. Following im-
provements in hardware and MR methods, an echo time of
less than hundreds of ps could be reached by ultra-short echo
time (UTE) imaging either employing a short nonselective RF
excitation pulse with 3D radial sampling or using a two half-
pulse free induction decay (FID) acquisi’cion.n’12 Suppression
of long-T, spins from soft tissue have further improved and
extended this technique and its derivatives.">'* More re-
cently, a no-echo-time method called sweep imaging with
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Fourier transformation (SWIFT) was introduced, which ac-
quires data quasi-simultaneously with the excitation pulse,
using adiabatic pulses. It already has been applied in imag-
ing of bone samples and thermoplastic objects.'™ '® Another
approach without echo time spin evolution is zero echo time
(ZTE) MR."™ Tt is closely related to UTE and has been
implemented on small animal MR systems.”’ A hard RF
pulse is applied to accomplish spatially nonselective excita-
tion that covers the full frequency bandwidth spanned by the
readout gradient. Excitation and acquisition is both in the
presence of a constant gradient purely used for frequency
encoding by 3D radial center-out k-space trajectories. Thus,
these recently developed MR methods offer new options to
image bone and might also be applicable to examine bone
filler material.

The aim of this study was to explore bone and CPC im-
aging by the ZTE method, and to evaluate the incorporation
of two clinical MRI contrast agents, ultra-small particles
of iron oxide (USPIO) and gadopentetatedimeglumine (Gd-
DTPA). This included the determination of useful contrast
levels for in vivo experiments, the characterization of changes
in the properties of CPC after addition of contrast agents, the
measurement of T; and T,* relaxation times of materials and
surrounding bone, and finally monitoring the substitutes’
degradation in an in vivo experiment.

Materials and Methods

Injectable CPC preparation and contrast agents
incorporation

CPC consisted of 85% o-tricalcium phosphate, 10% di-
calcium phosphate dihydrate, and 5% hydroxyapatite. The
liquid applied to make cement was a sterilized 2 weight
percentage (wt%) aqueous solution of sodium phosphate
(Na,HPO,). Poly(lactic-co-glycolic acid) particles (PLGA,
Purasorbs; Purac, Gorinchem, the Netherlands) with a lactic-
to-glycolic-acid ratio of 50:50 was used for microparticle
preparation.” PLGA was mixed with the cement powder at
20wt% to create microporosity. The mixture was sterilized
using gamma radiation with 25KGy (Isotron B.V., Ede, the
Netherlands). After adding a filtered sterilized (0.2 um filter)
2% aqueous solution of Na,HPO, to the PLGA /CPC powder,
the mixture was put into a 2-mL syringe (BD Plastipak;
Becton Dickinson S.A., Madrid, Spain) with a closed tip.
These components were shaken for 20s with a mixing ap-
paratus (Silamat, Vivadent, Schaan, Liechtenstein) to generate
injectable CPC. For the incorporation of USPIO (Sinerem®), it
was directly added to the liquid Na,HPO, solution with ce-
ment before mixing. From a USPIO solution of 21 mg/mL,
120 and 600 UL were applied for 1wt% and 5wt% USPIO-
CPC respectively. Gd-DTPA particles (MagneVist®) were
incorporated within the cement powder after freeze drying; 6
and 30 uL were taken from a solution of 469 mg/mL to make
1wt% and 5wt% Gd-DTPA-CPC respectively.

CPC characterization

The solidification times measurement and compression
tests to examine clinical handling proprieties of the CPC
were performed as follows:

Setting time is the time required to reach a certain com-
pressive strength.” Initial and final setting time of different
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formulations were assessed by using custom available Gill-
more needles (ASTM C266). Preset scaffolds at a size of 3 mm
(diameter) x 6 mm (height) were made from a plastic mould.
Samples from each formulation were mixed and injected into
the mould, and then both initial and final setting times were
determined. Tests were performed at room temperature.

For compression tests, samples were placed in a testing
bench (858 MiniBionixIT®; MTS, Eden Prairie, MN) and
compressive strength and E-modulus in the longitudinal
direction (parallel to the long axis) of the specimens were
measured at 0.5 mm/min crosshead speed.

For both tests, data are presented as mean*standard de-
viation. Significant differences were determined by analysis
of variance. Calculations were performed using GraphPad-
Instat® (GraphPad Software, San Diego, CA). All differences
were considered significant at p-values <0.05.

In vitro and ex vivo test of CPC repaired bone

For in vitro tests bone blocks of 1.5cm?® were harvested
from pig bone. A cylindrical defect of 3mm in depth and
diameter was drilled using a dental bur and dental drills.
Defects were then filled with injectable CPC. The filler ma-
terial was tested with contrast agent (USPIO or Gd-DTPA) in
different concentrations (1% and 5%) for each formulation.
CPC without contrast agents were applied as control. Photos
of bone blocks were taken, and then the MR images were
acquired.

The feasibility to use USPIO as contrast agent for locali-
zation of bone filler was also tested on a rat cadaver. A cy-
lindrical defect of 3mm depth and diameter was drilled in
the femoral condyle, and subsequently this defect was re-
paired with CPC containing 1wt% USPIO.

In vivo animal model

National guidelines for care and use of laboratory animals
were obeyed with approval of the Experimental Animal
Ethical Committee of the University Medical Center Nijme-
gen (RU-DEC 2010-225). In two healthy adult male Wistar
rats, weighing 250-300 g, femoral condyle defects were cre-
ated. The first rat had a defect in one leg repaired by CPC
and one healthy leg, while the second rat had a defect in one
leg repaired with Gd-DTPA-CPC and a defect on the other
leg left unrepaired. The Gd-DTPA concentration was 1wt%
of the cement powder. Surgery was performed under general
inhalation anesthesia (Isoflurane) and sterile conditions.
Animals were immobilized and legs were shaved, washed,
and disinfected before surgery. The knee joint became totally
exposed after a longitudinal parapatellar incision. At the
femoral intercondylar notch a cylindrical defect of 3.0mm
depth and diameter was prepared using a dental bur and
continuous external cooling with saline. Defects were then
filled with proper material or left unrepaired before closing.

T, and T,* measurement using UTE

The UTE sequence (see Fig. 1 for basic pulse sequence)
was applied to measure T, (spin-lattice relaxations time) and
T,* (relaxation due to spin—spin interactions and field inho-
mogeneities), of two bone samples (harvested from the rat
leg) with defects that had been repaired with CPC and Gd-
DTPA-CPC respectively.
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FIG. 1. Left: 3D ultra-short echo time (UTE) sequence, 3D ra-
dial sampling applied after nonselective radiofrequency (RF)
excitation pulse, TE min=t pulse/2 + delay. Delay is the time to
switch from transmit to receive mode. Right: zero echo time
(ZTE) pulse sequence, excitation, and acquisition are both in the
presence of constant gradient, with an effective echo time of zero.

The standard parameters were: TR=8ms, FOV =30x30x
30 mm, matrix size: 128 x 128 x128, and 8 averages.

To measure T,* values, several images were obtained with
different echo times. As femoral head and CPCs bone fillers
have extremely short T,* relaxation time, echo times were
mostly chosen in the initial signal decay part after the 5°
excitation pulse, that is, at 40, 60, 80, 100, 200, 400, 600, 800,
and 1000 ps.

Assuming a mono-exponential decay the signal inten-
sity (Stg) is related to the echo time (TE) according to the
equation24’25:

STE:SOXeiTE/TT +C

Sp is the initial value of signal intensity and C is the
background noise. By fitting this equation to the experi-
mental data, the T,* relaxation time was calculated.

For T, measurements, the variable flip angle method®®
was applied. The steady state signal achieved when TR > >
T,*, result in the following equation for signal intensity:

Sy NMye TE/12 4 sin o(1— e TR/T1)
N 1— cos a(e~TR/T1)

N represents a constant, My is the net magnetization at
thermal equilibrium, and « is the flip angle. This equation
can be rearranged:

Sa/sinoc:e_TR/TlSa/tancx+NMoe_Te/T2*(1 —e_TR/Tl)

Linear regression is independent of N, T,*, and TE al-
lowing the calculation of Ty. By using variable flip angles
(x=2.5°, 5°, 7.5°, 10°, and 12.5°), TE=0.04 ms, and other
standard parameters in UTE, images with signal intensity as
a function of T; were obtained.

Regions of interests were manually outlined on the bone
filler and about the same number of pixels on femoral head
using Paravision 5.1(Bruker, Biospin, Germany). Average
signal intensities of a selected region on UTE images were
calculated using the same program, and then processed in
GraphPad Prism® (GraphPad Software).

MR imaging

MRI of bone samples was performed on an 11.7T MR
system (Biospec, Bruker, Germany) with a home-built
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Helmholtz coil, with a size of 3x3cm. The standard ZTE
imaging (pulse sequence diagram is shown in Fig. 1) was
done with 200kHz bandwidth, pulse length=0.002ms,
TR=4ms, FOV =50 x50 x 50 mm, matrix size: 128 x 128 x 128,
1 average, and a total acquisition time of 3min 27s. Con-
ventional MRI of bone was acquired with 3D RARE, with
FOV=50x50x50mm, TE/TR =35.7ms/1000 ms, RARE fac-
tor=16, and acquisition time of 8 min 32s. ZTE imaging of
cadaver rats were performed on the same MR system and
using the same acquisition parameters.

For in vivo experiments, ZTE imaging was done right after
surgery and 8 weeks postoperation on 2 animals with similar
parameters as in the standard acquisition protocol, but with
TR=8ms, 4 averages, and a total acquisition time around
30min. Because of the use of a ZTE sequence, other rigid
materials such as the animal bed and holders, water heating
system, and RF coil housing may give background signal.
Therefore, proton-free materials were applied wherever
possible.

In vivo CT imaging

For comparison with MRI, the nondefect leg was imaged
on a small animal scanner (Inveon®; Siemens Preclinical
Solutions, Knoxville, TN). Scans were performed under
general inhalation anesthesia (Isoflurane). The animal was
placed in a supine position in the scanner and images were
acquired over ~6min (spatial resolution 30.04 pm, 80kV,
and 500 pA; exposure time 1000 ms; and frame average by 1).
CT values of air (-1000 HU) and water (0 HU) were applied
to calibrate the image values in Hounsfield units, while the
bone mineral density values provided a linear calibration for
bone mineral density values. CT images were reconstructed
using a modified cone-beam algorithm.*”

Results
CPC characterization

For CPC doped with USPIO at concentrations of 1wt%
and 5wt%, the initial and final setting times were substan-
tially prolonged compared with normal CPC (Table 1). For
the formulations with 1wt% and 5wt% Gd-DTPA no sig-
nificant change in final setting times compared with normal
CPC was observed. Compression tests of CPC with 5% Gd-
DPTA and 5% USPIO showed a significant decrease of the
peak load (Table 1). In contrast, adding 1% Gd-DPTA and
1% USPIO did not result in a significant change. In

TaBLE 1. SETTING TIME AND COMPRESSION TEST

Gillmore test Initial setting  Final setting Peak

& compression test  time (min) time (min) load (N)
CpPC 8.9+0.53 22.0+042 31.9+5.05
Gd-DTPA 1% 12.4+0.55 21.4+042 32.0£13.61
Gd-DTPA 5% 15.4+0.34 27.3+0.22 5.74%0.39
USPIO 1% 50.8+3.09 114.5+3.14 35.3+21.77
USPIO 5% 140.4+9.34 21.3£0.83 17.1£8.02

To determine the setting time a standard Gillmore test was used,
initial needle diameter 1/12 inch, Weight % Ib; Final needle diameter
1/24 inch, Weight % Ib.

CPC, calcium phosphate cement; USPIO, ultra-small particles of
iron oxide; Gd-DTPA gadopentetatedimeglumine.
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conclusion, the setting time and the mechanical properties of
CPC were not affected by adding 1% Gd-DTPA.

In vitro and ex vivo imaging of repaired bone

Visual inspection of pig bone blocks repaired with pure
CPC revealed a white lesion with a sharp edge, making the
cement easily discernible from bone (Fig. 2A). In MR images
there was little contrast between bone and CPC, even in
images obtained by ZTE (Fig. 2E). For the Gd-DTPA incor-
porated CPCs filler, visual inspection showed the same
contrast as for pure CPC (Fig. 2B), but with enhanced con-
trast in ZTE imaging (Fig. 2F). Finally, with USPIO incor-
poration the lesion became black (Fig. 2C, D) and showed
large effects on ZTE images, due to the so-called “blooming
effect” of the iron oxide particles (Fig. 2G, H).

To test the feasibility of applying USPIO as a contrast
agent in animal experiments, an ex vivo experiment was
performed on bone defect repaired by 1wt% USPIO tagged
CPCs, since the lower concentration had less effect on the
properties of CPC. On conventional MRI, bone and normal
CPC both appear dark (Fig. 3A), with little bone detail. In
contrast, bone structure is clearly seen on the ZTE images
(Fig. 3B). However, the strong blooming effect rendered the
precise localization of USPIO-CPC filler cumbersome, also in
ZTE imaging (Fig. 3B).

Ty and T,* measurement of bone and bone fillers

Using 3D UTE at different echo times T,* relaxation times
were assessed. The signal decay in these measurements were
fitted with a mono-exponential function (see Fig. 4), resulting
in T,* relaxation times of 597 +19 us for bone, 442 +22 us for
CPC, and 226+ 18 us for Gd-DTPA-CPCs.

For the T; measurements the variable flip angle method
was used. This resulted in T; relaxation time of 474.19+
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28 ms for bone, 527 +29ms for CPC, and 336.44+25ms for
Gd-DTPA loaded CPCs. Thus T; and T,* values were both
shortened due to Gd-DTPA incorporation.

In vivo imaging of CPC repaired femoral
condyle defects

On ZTE images of the rat leg without defect, bone and
surrounding tissues were clearly distinguishable (Fig. 5A).
Despite that, the resolution of the image of rat condyle
measured by ZTE MRI was lower than those obtained by CT
(Fig. 5B). It has sufficient image quality to provide comple-
mentary structural diagnostic information on bone and sur-
rounding soft tissue like muscles and meniscus.

For in vivo assessment of contrast enhancement in ZTE
imaging of repaired bone lesions we selected CPC doped
with 1% Gd-DTPA, as this formulation had similar me-
chanical properties as normal CPC (without Gd-DTPA). Le-
sions filled with the contrast agent loaded CPC showed a
decreased signal intensity compared with the surrounding
bone tissue (Fig. 6A, B), reflecting the shortened relaxation
times. The shape and location of the filler material were
clearly visible. This contrast decreased after 8 weeks, but it
was still possible to differentiate the lesion location from
bone (Fig. 6C).

Lesions filled with normal CPC showed little contrast with
bone on ZTE images immediately postoperation. This con-
trast was further degraded 8 weeks later, so that the lesion
was virtually invisible (Fig. 6D, E).

Discussion

In this study we demonstrated that bone defects repaired
by CPC could be distinguished from surrounding bone on
MR images by using a ZTE sequence and mixing the CPC
with a contrast agent. Among the contrast formulations

FIG. 2. Macroscopic views and magnetic resonance (MR) images of bone samples with defect in bone blocks repaired by
calcium phosphate cement (CPCs). The lesions with bone filler material are indicated by red arrows in the pictures (A-D) and
by blue arrows in the magnetic resonance imaging (MRI), which were obtained by ZTE imaging (E-H). (A, E) No contrast
agent; (B, F) with gadopentetatedimeglumine (Gd-DTPA) 1wt%; (C, G) with ultra-small particles of iron oxide (USPIO)
1wt%; (D, H) with USPIO 5wt%; note the stronger blooming effect with 5wt% USPIO (H). Color images available online at

www.liebertpub.com/tec
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FIG. 3. Ex vivo MR images of 2 rat legs with repaired
defects. (A) Bone and CPC appear dark and no detail is
apparent in conventional MRI (3D RARE). (B) ZTE image of
the bone defect repaired by USPIO CPC, bone details, and
lesion site can be discerned. Note the strong blooming effect
(arrow).

tested the clinical approved Gd-DTPA at 1wt% appeared to
be most practical. This would enable the evaluation of bone
regeneration in studies to optimize procedures for lesion
repair.

CT has been used in the past in the imaging of repaired
bone lesions. To distinguish bone defects filled with CPC
from surrounding tissue this also requires a contrast
enhancer (radiopacifier), such as tantalumpentoxide.”
Especially in longitudinal CT studies the accumulation of
radiation becomes a matter of concern.® Therefore, MRI has
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FIG. 4. Signal intensity plotted versus TE in UTE acquisi-
tion of bone and CPC materials. All curves are normalized to
100% signal intensity at the first measurement point of bone.
Dashed and dotted line (black): fit of T2* decay of CPC.
Dotted line (green): fit of bone T2* decay. Red line: fit of T2*
decay of 1wt% Gd-DTPA loaded CPC. Color images avail-
able online at www liebertpub.com/tec
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FIG. 5. (A) ZTE image of healthy rat condyle, soft tissues
like muscles are surrounding the bone structure. (B) In vivo
computed tomography of the same body part.

attracted attention as an alternative in the imaging of bone
and hard tissue. For example, T;-weighted MRI on bone
implants with gadolinium-based contrast clearly demon-
strated the potential of MRI to study bone formation* and
gadoteratemeglumine was developed to enhance MRI of
bone cement.” However, none of these experiments yet
demonstrated in-vivo MRI of the material. Further, as only
conventional MRI was used signal intensity was not optimal.

Since both bone and CPC have very short T, values
(<1ms), it is problematic to visualize these materials with
conventional MRI, as signal rapidly disappears in the echo
times of several ms or more. A UTE sequence provides the
possibility to obtain MR images at echo time below 1ms,"
but this sequence has some intrinsic problems, like errors
from eddy-currents generated by the gradient ramps, which
need to be corrected by k-space trajectory measurements;
additionally, the ramp reduces the signal to noise ratio.”'
Therefore, the use of ZTE imaging, which samples signal
without an echo time delay, was explored to visualize bone
and CPC at optimal signal strength. In this study, it was
shown that with ZTE indeed good images of bone and CPC
could be obtained. And a comparison with CT shows that
interesting complementary information of bone may be ob-
tained. In practice, both UTE and ZTE suffer from domi-
nating signals of long T, spin systems, in particular of soft
tissue,” and optimally need a long T, suppression element in
the pulse sequence to reduce this problem. An advantage of
the UTE sequence is its flexibility, which allows to filter out
signals of species with extremely short T,* values if needed
(e.g., background signal from coil housing).

The similar T; and T,* values of bone and CPC preclude
their discrimination by ZTE MRI based on relaxation prop-
erties alone. Therefore, the additions of Gd-DTPA and US-
PIO as MR contrast agents to CPC were explored. By far, the
strongest effects was seen with USPIO, but the region occu-
pied by the filler was heavily overestimated due to blooming
effects, which made precise localization of the defect difficult.
This is also expected to interfere with the proper quantitative
assessment of CPC degeneration and bone regeneration by
ZTE imaging. Another problem with USPIO addition was
the detrimental effect on the solidification time and me-
chanical properties of the CPC. By lowering the iron
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FIG. 6. In vivo ZTE MR
images of femoral condyle
defects in rat leg. (A) Femor
with bone defect filled with
Gd-DTPA-CPC. (B) Zoomed
part of image in (A), only
showing the femoral condyle.
(D) Same condyle, 8 weeks
after the first scan (B). (C)
Condyle from another rat,
with defect filled with CPC
without contrast added. (E)
Same condyle 8 weeks after
first scan (C). Arrows indicate
position of lesion with
CPC+1% Gd-DTPA (red)
and CPC without contrast
agent (blue). Color images
available online at www
Jiebertpub.com/tec

concentration and using alternate types of iron oxide-based
contrast agent with less susceptibility effects, it might be
possible to minimize both the blooming problem and the
detrimental effects on CPC properties and meet the re-
quirements for in vivo use. For the other contrast agent tested
in this study, Gd-DTPA, a decrease in mechanical strength
and setting times at a concentration of 5% was also observed,
but not at 1%. Therefore, the addition of 1 wt% Gd-DTPA to
CPC was selected for testing in vivo and it was demonstrated
that this enhanced the MR visibility of lesions repaired with
CPC in the time immediately postoperation. The lower signal
intensity reflects a shorter T,* of CPC. Contrast became less
after 8 weeks; likely because of CPC degradation, resulting in
loss and dilution of the contrast agent. This was proven by
histology as will be demonstrated in a separate article.

The use of gadolinium in contrast agents is associated with
the risk of nephrogenic systemic fibrosis.*> The commonly
applied dose of Gd-DTPA in the clinic is 0.1 mmol/kg
(0.2mL/kg).* In this study, the amount we injected was 6 uL
(in Gd-DTPA-CPC), which results in less than 0.03 mL/kg in
the rat body. Locally, Gd-DTPA in CPC will be at relatively
high concentration and slowly released in the body.

In the future, with fine-tuning of contrast agent formula-
tions, more optimal MR acquisition parameter values and
suppression of long T, signals are expected to further im-
prove the contrast between bone and CPC. Also, the usage of
iron oxide contrast at low dose is an option, especially if the
signal intensity change can be correlated with its concen-
tration.** In principle also other MR approaches have po-
tential to visualize repaired bone lesions like the use of '°F
nuclei in contrast material® or the application of *'P MR to
differentiate between natural and synthetic hydroxyapatite.*®

In conclusion, this study reported on the first in vivo MRI
of a CPC repaired lesion in bone, using a ZTE acquisition
sequence and clinically approved Gd-DTPA for enhanced
contrast. This offers a novel radiation-free method to visu-
alize CPC degradation and bone regeneration in preclinical
experiments.
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