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 Background: The aim of the current study was to measure and compare the effect of various biomaterials for the healing 
of osteoporotic bone defects in the rat femur using 18F-sodium fluoride dPET-CT.

 Material/Methods: Osteoporosis was induced by ovariectomy and a calcium-restricted diet. After 3 months, rats were operated 
on to create a 4-mm wedge-shaped defect in the distal metaphyseal femur. Bone substitution materials of cal-
cium phosphate cement (CPC), composites of collagen and silica, and iron foams with interconnecting pores 
were inserted. Strontium or bisphosphonate, which are well known for having positive effects in osteoporosis 
treatment, were added into the materials. Eighteen weeks after osteoporosis induction and 6 weeks follow-
ing femoral surgery, dPET-CT studies scan were performed with 18F-Sodium Fluoride. Standardized uptake val-
ues (SUVs) and a 2-tissue compartmental learning-machine model (K1-k4, vessel density [VB], influx [ki]) were 
used for quantitative analysis.

 Results: k3, reflecting the formation of fluoroapatite, revealed a statistically significant increase at the biomaterial-
bone interface due to the Sr release from strontium-modified calcium phosphate cement (SrCPC) compared 
to CPC, which demonstrated enhanced new bone formation. In addition, k3 as measured in the porous scaf-
fold silica/collagen xerogel (Sc-B30), showed a significant increase based on Wilcoxon rank-sum test (p<0.05) 
as compared with monolithic silica/collagen xerogel (B30) in the defect region. Furthermore, ki, reflecting the 
net plasma clearance of tracer to bone mineral measured in the iron foam with coating of the bisphosphonate 
zoledronic acid (Fe-BP), was enhanced as compared with plain iron foam (Fe) in the defect region.

 Conclusions: k3 was the most significant parameter for the characterization of healing processes and revealed the best dif-
ferentiation between the 2 different biomaterials. PET scanning using 18F-sodium fluoride seems to be a sen-
sitive and useful method for evaluation of bone healing after replacement with these biomaterials.
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Background

Therapy for osteoporotic fractures remains a critical challenge. 
Research interest is increasing in biomaterials with the po-
tential to stimulate bone healing have gained interest to im-
prove treatment outcome for patients with osteoporotic frac-
tures [1]. Calcium phosphate cements (CPC) has been used in 
bone surgery for many years [2,3]. The bio-inspired combina-
tion of the inorganic component silica and the organic com-
ponent collagen has lead to a novel class of innovative bio-
materials because silica and collagen turned out to be ideal 
partners for composite formation, resulting in advantageous 
synergistic effects in material properties suitable for soft-tis-
sue or hard-tissue substitution applications. The chemical and 
technological flexibility of the silica/collagen system has gen-
erated a remarkably wide range of biomaterials individually 
adapted for a large number of biomedical applications [4], in-
cluding soft hydrogels [5], macroposous scaffolds [6], and solid 
compact xerogels [7]. In addition, metal foams open new op-
portunities for design of bone implants due to their mechani-
cally stability [8]. In cardiovascular applications, iron has been 
used successfully in animal implantation studies and in clini-
cal cases [9]. Iron has relatively long degradation timeframes, 
which are particularly needed in bone surgery [10].

The use of PET scanning as a diagnostic tool for fracture heal-
ing is attractive because it can provide a direct quantitative 
assessment of metabolic activity in a region of interest. We 
recently showed that the fixation of fluoride in the bone ma-
trix may be enhanced using CPC, especially CPC with stron-
tium carbonate as biomaterial for bone replacement and de-
fect healing in osteoporotic bone [11]. The present study was 
designed to examine the efficacy of multifunctional bioabsorb-
able implants, including CPC-based, silica/collagen-based, and 
iron-based composites for the treatment of experimental os-
teoporotic fractures. The treatment response was assessed by 
F-18-sodium fluoride (NaF) dynamic PET-CT (dPET-CT).

Material and Methods

Ethics statement

All animal procedures were carried out in accordance with the 
Guide for Care and Use of Laboratory Animals of the National 
Institutes of Health. The animal studies were approved by 
the corresponding authority (Regierungspräsidium Gießen, 
GI 20/28 Nr. 92/2009).

Animal characteristics, operative protocol

The study included 65 3-month-old female Sprague-Dawley rats 
(Charles Rivers Wiga, Sulzbach, Germany) with a body weight 

between 250 and 400 g. After an acclimatization of 4 weeks, 
an osteoporotic bone status was induced by bilateral ovari-
ectomy and a calcium-, phosphorous-, vitamin D3-, soy-, and 
phytoestrogen-free diet, as previously described by Heiss et al. 
[12]. After 3 months, the animals underwent femur surgery un-
der general anaesthesia with xylazine (4 mg/kg body weight–1, 
Rompun®, Bayer) and ketamine (100 mg/kg body weight–1, 
Hostaket®, Hoechst) by intraperitoneal injection. Details of 
the femur surgery have been described by Alt et al. [13]. The 
left femur was desinfected with povidone iodine (Braunol®, 
Braun, Melsungen, Germany) and draped in a sterile manner. 
After making a 4-cm skin incision at the lateral aspect of the 
distal thigh, the lateral vastus muscle and the lateral head of 
the femoral biceps muscle were dissected in their septum in-
termusculare and the femur from shaft to the condyle mas-
sif was exposed. Subsequently, a 7-hole T-shaped miniplate 
(Leibinger® XS-miniplate, Stryker®, Schönkirchen, Germany) 
was slightly bent and fixed to the lateral femur with 1.2-mm 
screws. Afterwards, a wedge-shaped defect with a lateral height 
of 4 mm was then created at the metaphyseal area of the fe-
mur. The cutting lines were marked with a custom-made tri-
angular sawing guide with a lateral length of 4 mm. The distal 
transverse osteotomy was made just above the border of the 
femoropatellar joint, without bruising the articular cartilage. 
Cutting was performed with a water-cooled oscillating saw.

Bone substitution materials

Calcium phosphate cement (CPC) and CPC enriched with stron-
tium (SrCPC) were prepared as described previously [11,14]. In 
brief, CPC powder was composed of a-tricalcium phosphate 
(a-Ca3(PO4)2), calcium hydrogen phosphate (CaHPO4), calcium 
carbonate (CaCO3), and hydroxyapatite (Ca10(PO4)6(OH)2), and 
was supplied by InnoTERE GmbH (Radebeul, Germany). SrCPC 
powder was obtained by substitution of CaCO3 by SrCO3 (Alfa 
Aesar) in the CPC cement precursor powder. Sr-modification 
resulted in a total Sr content of 2.21%. A mouldable paste was 
obtained by mixing the cement powder with Na2HPO4 solution 
using a liquid-to-powder ratio of 500 and 350 µl/g for CPC and 
SrCPC, respectively, immediately prior to implantation. SrCPC 
was previously shown to release significant amounts of Sr2+ 
upon immersion in aqueous media (e.g., cell culture medium) 
and to positively influence both in vitro osteoblast proliferation 
and differentiation and in vivo bone formation (15). Composites 
of silica and fibrillar bovine collagen were used for implanta-
tion as monolithic xerogels (B30, 70 wt% silica, 30 wt% colla-
gen) or as porous scaffold (Sc-B30, Xerogel particles B30, size 
<250 µm, embedded in a collagen matrix with xerogel/matrix 
weight ratio of 1.0) [16]. For preparation of compact silica/col-
lagen xerogels, bovine tropocollagen type I (GfN, Germany) was 
dialysed (Nominal Molecular Weight Cut-Off 12-14 kDa, Roth, 
Germany) against deionized water followed by fibrillation in 30-
mM neutral sodium phosphate buffer solution, lyophilisation 
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(Christ Alpha 1-4 laboratory freeze-dryer, Osterode, Germany), 
and resuspension in 0.1 M TrisHCl pH 7.4 (Roth) to obtain ho-
mogeneous 30 mg/ml suspensions [8]. The silica component 
was prepared by hydrolysing tetraethoxysilane (TEOS, 99%, 
Sigma, Germany; molar ratio TEOS/water=1/4) under acidic 
conditions (0.01 M HCl) to obtain silicic acid. Vigorous stirring 
of calculated volumes of silicic acid and collagen suspension 
to obtain a final composition of 70% silica and 30% collagen 
(B30) resulted in the formation of 800-µl hydrogels. A modi-
fication of the scaffolds was prepared by using xerogel parti-
cles consisting of 50 wt% silica, 30 wt% fibrillar bovine colla-
gen, and 20 wt% strontium carbonate (Sc-B30Sr20). Strontium 
carbonate was introduced as a third phase by being previ-
ously added to the collagen suspension. B30 or B30Sr20 gels 
were transferred to molds, stabilized, and dryed for 7 days in 
an Espec SH-221 climate chamber (Japan) at 37°C and 95% 
relative humidity. The resulting xerogel samples were ground 
and classified according to the particle size. On the one hand, 
B30 xerogel particles <0.250 mm were compacted using a 
custom-made pressing tool to obtain monolithic B30 xerogel 
samples exhibiting exactly the above-described bone defect 
shape. On the other hand, B30 or B30Sr20 xerogel particles 
<0.120 mm were added to a 30-mg/ml collagen suspension 
adjusting a xerogel/collagen weight ratio of 1/1. These xe-
rogel particle/collagen suspensions were transferred to cus-
tom-made silicon molds to again obtain the above-described 
bone defect shape, cooled at 0.5 K/min to –20°C (Espec SH-
221 climate chamber, Osaka, Japan) followed by lyophilisation 
(Christ Alpha 1-4 laboratory freeze-dryer, Osterode, Germany). 
The scaffolds were chemically cross-linked by immersing in 1 
wt% N-(3-dimethylaminopropyl)-N0-ethylcarbodiimide (EDC)/N-
hydroxysuccinimide (NHS) (Sigma) in 40% ethanol for 24 h. 
Finally, the scaffolds were rinsed in deionized water and freeze-
dried again. According to the xerogel particle composition used, 

scaffold sample labels were ScB30 or ScB30Sr20, respective-
ly. All xerogel or scaffold samples were gamma-sterilized at 
25 kGy before used for implantation.

Moreover, iron foam with interconnected pores (Fe) was applied. 
For preparation of strontium coating of iron foams, 153 mL of 
ultrapure water and 17 mL of phosphoric acid (85% H3PO4) 
were added in a 250-mL glass bottle. Strontium carbonate was 
then added carefully into the solution due to gas evolution. 
The solution was stirred on a magnetic stirrer for 1 h and set-
tled overnight. The supernatant was diluted 20-fold using ul-
trapure water, which yielded the solution of Sr(H2PO4)2. Ten Fe 
foams eroded and cleaned by IFAM (Fraunhofer Institute for 
Manufacturing Technology and Advanced Materials, Dresden) 
with an average weight of 170 mg were coated by suspen-
sion in 100 mL of Sr(H2PO4)2 solution for 4 h under vacuum. 
Sr-coated foams were settled in fresh coating solution for an-
other 3 days at room temperature and rinsed 3 times using 
absolute ethanol with subsequent drying at 40°C in a dry-
ing cabinet. Sr-coating resulted in an average weight gain of 
37 mg or approximately 22%. In addition, the alloy element 
phosphor is added with Fe3P-powder (Atmix, Japan) with a 
particle size of 3.8 µm. To achieve a phosphate ratio of 0.6%, 
we added 3.8% of Fe3P powder. The iron foam was coated 
with zolendronic acid (Fe-BP) that is a member of the bisphos-
phonate family. Fe-BP was created by precipitation of zolen-
dronic acid, stearate, and iron. Then the complex was careful-
ly washed, dried, ground, and finally led to a coating of 35-µg 
zolendronic acid, the basic iron foam. Open-cell metal foams 
are produced by a powder-metallurgical replication technique 
[17]. These 8 different formulations of bone substitution ma-
terials were implanted in the current animal model (n=7–8) 
(Table 1). A control group of 7 rats without any biomaterial 
was used as reference.

Group Biomaterials Number of animals

Control / 7

CPC Calcium phosphate cement (aTCP-based) 7

SrCPC CPC with 8.36 wt% strontium (Sr/Ca=0.123) 7

B30 Monolithic xerogels (70 wt% silica, 30 wt% collagen) 7

Sc-B30 Scaffolds xerogel particles B30 7

Sc-B30Sr20
Scaffolds xerogel particles (50 wt% silica, 30 wt% fibrillar bovine collagen, and 20 
wt% strontium carbonate)

8

Fe Iron foam 7

Fe-S Iron foam with strontium 7

Fe-BP Iron foam with zolendronic acid 8

Table 1. The information of biomaterials and number of animals used in this study.
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PET, kinetic model

Eighteen weeks after induction of osteoporosis and 6 weeks 
after femoral surgery, dPET-CT with 18F-sodium fluoride (NaF) 
scans were performed. During scanning, rats were anesthetized 
using a mixture of nitrous oxide (1 l/min), oxygen (0.5 l/min) 
and isoflurane (1.5 vol.%).

dPET-CT studies were performed for 60 min after the intrave-
nous application of 20 to 40 MBq 18F-Sodium Fluoride, using a 
28-frame protocol (10 frames of 30 s, 5 frames of 60 s, 5 frames 
of 120 s, and 8 frames of 300 s). A dedicated PET-CT system 
(Biograph™ mCT, 128 S Siemens Co, Erlangen, Germany) with 
an axial field of view of 21.6 cm with TrueV and TruePoint, op-
erated in a 3-dimensional mode, was used for all animal stud-
ies. The system provides the simultaneous acquisition of 369 
transverse PET slices with a slice thickness of 0.6 mm. Two 
rats were examined in parallel and were positioned in the ax-
ial plane of the system to maintain the optimum resolution in 
the center of the system. A high-resolution CT scan was per-
formed prior the PET scanning with 160 mA, 80 kV, pitch of 
0.85 cm in addition to the low-dose attenuation CT (80 mA, 80 
kV) for attenuation correction of the acquired dynamic emis-
sion PET data. All PET images were attenuation-corrected and 
an image matrix of 400×400 pixels was used for iterative im-
age reconstruction (voxel size 1.565×1.565×0.6 mm) based 
on the syngo MI PET/CT 2009C software version. The recon-
structed images were converted to standardized uptake val-
ue (SUV) images based on the formula (18): SUV=tissue con-
centration (Bq/g)/[injected dose (Bq)/body weight (g)]. The 
SUV images 55–60 min post-injection were used for the as-
sessment. The SUV images were generally used for all further 
quantitative evaluations.

dPET-CT data were evaluated using a dedicated software pack-
age [19,20]. Volumes of Interest were placed over the created 
defect area in the femur, and rotated PET images according 
to the CT images. A volume of interest consists of several re-
gions of interest over the target area. Irregular regions of in-
terest were drawn manually according to the fused PET-CT im-
ages, as mentioned before [11]. To precisely select the region 
to draw the VOI of the created defect, the fusion of PET im-
ages and CT scans by co-registration preprocessing was per-
formed after rotation of each rat individually. First, we rotated 
the CT series to determine the optimum angle for the visual-
isation of the complete defect and the adjacent metal plates 
in the longitudinal direction. Then we used the same param-
eter settings for the rotation of the PET images. The next step 
was to fuse CT and PET and to use these fused images for the 
quantitative PET evaluation. The spatial resolution was 2 mm 
for PET image and 0.33 mm for CT image. The VOI for the de-
fect was placed between the 2 screws located at the left and 
the right side of the 4-mm created defect. For input, we used 

10 contiguous PET slices in the middle and lower third of the 
aorta. We avoided using the upper part of the thoracic aor-
ta due to spillover from the heart. Compartmental modeling 
was used to gain a detailed quantitative evaluation of tracer 
kinetics. Herein, a 2-tissue compartment model was used to 
evaluate the dynamic studies and to gain quantitative data 
about the kinetics.

In the current study, the learning-machine 2-tissue compartment 
model was used for the fitting, and provided 5 parameters: the 
plasma clearance to the bone extracellular fluid (ECF) compart-
ment and the rate constant for return of tracer to plasma; K1 
and k2; the rate constants describing movement of tracer into 
and out of the bound bone compartment; k3 and k4; and the 
fractional blood volume, also called vessel density (VB), which 
reflects the amount of blood in the VOI. Following compartment 
analysis, we calculated the plasma clearance of tracer to bone 
mineral from the compartment data using the formula: influx 
(ki)=(K1*k3)/(k2+k3). Compared to the standard iterative meth-
od, the machine learning method has the advantage of a fast 
convergence and avoidance of over-fitting [21]. The model pa-
rameters were accepted when K1–k4 was less than 1 and VB 
exceeded 0. The unit for the rate constants K1–k4 was 1/min.

Besides the compartmental analysis, a noncompartmental 
model based on the fractal dimension was used. The fractal 
dimension is a parameter of heterogeneity and was calculated 
for the time-activity data of each individual volume of inter-
est. The values for fractal dimension vary from 0 to 2, show-
ing the deterministic or chaotic distribution of tracer activity. 
We used a subdivision of 7×7 and a maximal SUV of 20 for 
the calculation of fractal dimension [22]. More details on the 
methodology used were published elsewhere [23].

Statistical analysis

Statistical evaluation was performed with Stata/SE 11.1 
(StataCorp, College Station, TX, USA) using the descriptive sta-
tistics and box plots. Linear discriminant analysis was performed 
for calculating the sensitivity, specificity, positive predictive value 
(PPV), negative predictive value (NPV) and highest accuracy. The 
2-sided Wilcoxon rank sum test was applied for all PET param-
eters, which also included SUV, using a single parameter anal-
ysis to assess groups. The significance level was set to p<0.05.

Results

CPC based implants

We have reported that k3 was the most sensitive PET pa-
rameter for the characterization of healing process and re-
vealed the best differentiation for the empty defect and the 
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CPC group, as well as the SrCPC, for the defect region [11]. 
However, no PET parameter demonstrated a significant differ-
ence between the CPC and SrCPC group in the defect region. 
In this study, the volume of interest (VOI) of the biomaterial-
bone interface was selected for evaluation (Figure 1). The ac-
cumulation of 18F-sodium fluoride is primarily confined to the 
knee joints. K3 showed a statistically significant increase in 
the bone formation for the SrCPC group compared to the CPC 
group (p=0.018) in the biomaterial-bone interface (Figure 2).

Composites of silica and collagen

Three types of the composites were used: monolithic xero-
gels (B30) and porous scaffolds (Sc-B30 and Sc-B30Sr20). 

Comparing the PET parameters, we could not detect signifi-
cant changes between the 3 composites and the empty defect 
for both ROIs. Only k3 in the Sc-B30 group exhibited a signif-
icant increase in comparison to the B30 group in the defect 
region (Figure 3, p=0.022).

Iron foam implants

Three different formulations of the iron foam were used as 
implants in the different rat groups: a) plain iron foam (Fe), 
b) strontium functionalized iron foam (Fe-S), c) iron foam 
with coating of the bisphosphonate zoledronic acid (Fe-BP). 
No significant differences were found in the PET parameters 
between the 3 implants and the empty defect for both ROIs. 

Figure 1.  A representative 2D fused PET-CT image from the CPC 
group demonstrates how VOIs of the biomaterial-bone 
interface were drawn (left). The right VOI is CPC in the 
defect, and the accumulation of 18F-sodium fluoride is 
primarily confined to the knee joints.

Figure 2.  Box plots showing the PET parameter k3 in the CPC 
and SrCPC group in the biomaterial-bone interface 
(p=0.018). * p value <0.05 was considered statistically 
significant.
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Figure 3.  Box plots showing the PET parameter k3 in the B30, 
Sc-B30 and Sc-B30Sr20 group in the defect (p=0.022). 
The dot on Sc-B30Sr20 is an outside value. * p value 
<0.05 was considered statistically significant.
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Figure 4.  Box plots showing the PET parameter ki in the Fe, Fe-S 
and Fe-BP group in the defect (p=0.037). * p value 
<0.05 was considered statistically significant.

.4

.3

.2

.1

0
Fe-BP Fe-S Fe

*

ki

1946
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS] [Index Copernicus]

Cheng C. et al.: 
Application of F-18-sodium fluoride (NaF) dynamic PET-CT (dPET-CT)…

© Med Sci Monit, 2014; 20: 1942-1949

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivs 3.0 Unported License

ANIMAL STUDY



However, there was a significant increase of ki in the Fe-BP 
group as compared with the Fe group for the defect region 
(Figure 4, p=0.037).

Multiparameter analysis

A multiparameter analysis was performed to find differences 
between the 2 different groups based on the dPET-CT data. 
A linear discriminant analysis was used for classification. The 
aim was to identify a combination of variables that best dis-
criminate each group of rats with different biomaterials in 
the defect region. An overall accuracy of >75% was achieved 
for the combination of some kinetic parameters between the 
2 different groups. Furthermore, all sensitivity and specifici-
ty values from the multiparameter analysis were high (>71%) 
(Table 2). The highest overall accuracy of 78.6% was achieved 
for k3 between the CPC and SrCPC group based on the bioma-
terial-bone interface. The positive predictive value (NPV) and 
the negative predictive value (PPV) were 85.7% and 71.4%, 
respectively. Therefore, 6/7 rats with CPC in the defect and as 
5/7 rats with SrCPC in the defect could be correctly classified 
based on the k3 as measured.

Between the Sc-B30 and Sc-B30Sr group, the highest overall 
accuracy of 86.7% was achieved for a combination of K1, k3, 
ki, and SUV. We could correctly classify 7/8 rats with Sc-B30 
in the defect (NPV of 86.3%) and 6/7 rats with Sc-B30Sr (PPV 
of 85.7%). Between the Sc-B30 and B30 group, the highest 
overall accuracy of 92.3% was achieved for a combination of 
k3 and ki. We could correctly classify 5/6 rats with B30 in the 
defect (NPV of 83.3%) and 7/7 rats with Sc-B30 (PPV of 100%). 
Between the Sc-B30Sr20 and B30 group, the highest overall 
accuracy of 78.6% was achieved for a combination of k3 and 
VB. We could correctly classify 3/6 rats with B30 in the defect 
(NPV of 50.0%) and 8/8 rats with Sc-B30Sr20 (PPV of 100%).

Between the Fe and Fe-S group, the 73.3% highest overall 
accuracy was achieved for a combination of k3 and VB. We 
could correctly classify 6/8 rats with Fe-S in the defect (NPV 

of 75.0%) and 5/7 rats with Fe (PPV of 71.4%). Between the Fe 
and Fe-BP groups, the highest overall accuracy of 80.0% was 
achieved for a combination of ki and VB. We could correctly 
classify 7/8 rats with Fe-BP in the defect (NPV of 86.3%) and 
5/7 rats with Fe (PPV of 71.4%). Between the Fe-S and Fe-BP, 
the highest overall accuracy of 75.0% was achieved for a com-
bination of VB, K1, k3, ki, and SUV. We could correctly classi-
fy 6/8 rats with Fe-BP in the defect (NPV of 75.0%) as well as 
6/8 rats with Fe (PPV of 75.0%).

Discussion

In this study, 3 different classes of biomaterials, including CPC-
based implants, composites of silica, and collagen and iron 
foam implants, were investigated using dPET-CT after they 
were implanted in 4-mm created rat femoral defects. CPC is a 
well-defined, hydroxyapatite-forming cement with a formula-
tion based on a-tricalcium phosphate as initially described by 
Driessens et al. [24]. SrCOC is a strontium-enriched modifica-
tion thereof, in which CaCO3 was substituted with SrCO3 dur-
ing cement precursor fabrication [14]. This SrCPC was recently 
shown to enhance osteoblast precursor proliferation and os-
teogenic differentiation in vitro as well as to support new bone 
formation in vivo [15]. The 4-mm defect represented a criti-
cal-size defect with a fracture gap, which has been proven to 
be a good model to investigate potential bone enhancement 
effects of biomaterials [25]. Our data demonstrate differenc-
es in the tracer kinetics within the region of the 4-mm creat-
ed defect, which includes new bone formation in the defects 
filled with biomaterials. For 18F-Sodium fluoride, PET param-
eter k3 describes the formation of fluoroapatite, which is in-
dicative of new bone formation. Both CPC and SrCPC revealed 
statistically significant enhanced new bone formation as com-
pared to the empty defect in the defect region [11]. However, 
no significant difference between the 2 different biomaterials 
in the defect region was detected. Recently, Ventura et al. re-
ported PET-SUV only indicated the speed of new bone forma-
tion but not the absolute amount by correlation of PET-CT and 

Group Parameters Accuracy Sensitivity Specificity PPV NPV

CPC vs. CPCSr k3  11/14 (78.6%)  6/8 (75.0%)  5/6 (83.3%)  6/7 (85.7%)  5/7 (71.4%)

B30 vs. Sc-B30 k3, ki  12/13 (92.3%)  7/8 (86.3%)  5/5 (100.0%)  7/7 (100.0%)  5/6 (83.3%)

B30 vs. Sc-B30sr20 VB, k3  11/14 (78.6%)  8/11 (72.7%)  3/3 (100.0%)  8/8 (100.0%)  3/6 (50.0%)

Sc-B30 vs. Sc-B30Sr20 K1, k3, ki, SUV  13/15 (86.7%)  6/7 (85.7%)  7/8 (86.3%)  6/7 (85.7%)  7/8 (86.3%)

Fe vs. Fe-S k3, VB  11/15 (73.3%)  5/7 (71.4%)  6/8 (75.0%)  5/7 (71.4%)  6/8 (75.0%)

Fe vs. Fe-BP VB, ki  12/15 (80.0%)  5/6 (83.3%)  7/9 (77.8%)  5/7 (71.4%)  7/8 (86.3%)

Fe-S vs. Fe-BP VB, K1, k3, ki, SUV 12/16 (75.0%)  6/8 (75.0%)  6/8 (75.0%)  6/8 (75.0%)  6/8 (75.0%)

Table 2. The classification results between two different groups in the defect region based on SVM_RFE with highest accuracy.
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histology [26]. Therefore, it might be possible that PET in our 
study also describes the speed of new bone formation. Bone 
healing is a dynamic process over time, and the use of a sin-
gle time point is a limitation of this study. We are considering 
a series of measurements in further related studies, as part 
of an ongoing project. In addition, in this study, SrCPC-treated 
animals exhibited a statistically significant higher rate of new 
bone formation at the biomaterial-bone interface, suggesting 
that a considerable amount of strontium is released from the 
SrCPC into the interface region and into the surrounding tis-
sue, which are most likely related to enhanced bone forma-
tion. Recently, Andersen et al. revealed that local delivery of 
strontium from surface-functionalized titanium implants could 
increase bone-to-implant interaction for implants in the fem-
oral shaft of healthy female Wister rats [27]. Thormann et al. 
demonstrated a high Sr concentration in the interface region 
of the SrCPC implant by TOF-SIMS [28], which is in line with 
our findings. It may be concluded that strontium is released 
into the local milieu of osseointegrating implants, enhancing 
bone ingrowth into the implant surface.

Bone tissue has a highly nano-hierarchical structure, consisting 
mainly of collagen type I fibres and nano hydroxyapatite crys-
tals as the matrix [29]. Scaffolds based on polymeric materials 
act as temporary templates for bone regeneration and active-
ly stimulate vascularized bone growth by improving material-
tissue interaction due to the porous form of the biomaterial 
structure [30,31]. Our results demonstrate significantly high-
er k3 values of 18F-sodium fluoride in the defect of rats filled 
with porous silicate/collagen (Sc-B30) than with silicate/col-
lagen (B30) (Figure 3), which allows us to conclude that the 
formation of fluoroapatite, and therefore the new bone for-
mation, is enhanced in the porous form of the biomaterial 
structure rather than in the solid form. However, a non-signif-
icant increase of k3 in the Sc-B30Sr20 group was detected as 
compared with the B30 group. It is uncertain if this is caused 
by a lack of statistical power or by a greater degree of tissue 
heterogeneity than can be explained by a 2-tissue compart-
mental model.

Recently, bisphosphonates have been a major therapeutic op-
tion in the treatment of osteoporosis. The efficacy of bisphos-
phonates in reducing bone resorption has been clinically esti-
mated using biochemical indices of bone turnover [32]. Messa 
et al. reported a highly significant correlation (r=0.84) between 
ki and bone formation rate assessed by levels of serum alka-
line phosphatase, as well as histomorphometry in patients 
with renal osteodystrophy [33]. Our results demonstrate that 
ki, which reflects bone remodeling, was significantly higher in 
the defect with Fe-BP than in the defect with Fe only (Figure 
4). The increase of ki is related to the enhanced bone forma-
tion, confirming the reduced rate of bone resorption. However, 
a non-significant increase of ki in the Fe-S group was detect-
ed as compared with the Fe group.

Although we did not find further significant differences for 
any PET parameters between the other 2 different material 
group in the defect or in the biomaterial-tissue interface re-
gion, each group could be still well classified by the combina-
tion of some parameters as measured in the defect (Table 2). It 
is unclear whether this is because PET is not sensitive enough 
for discriminating differences of bone metabolism due to the 
small changes of bone remodeling using different biomateri-
als and their enrichments, or is due to lack of statistical power.

Conclusions

With 18F-sodium fluoride, k3 was the most significant param-
eter for the characterization of healing processes and showed 
the best differentiation between the 2 different biomaterials. 
PET scanning using 18F-sodium fluoride seems to be a sensi-
tive and useful method for evaluation of bone healing after 
replacement with these biomaterials. Further studies as part 
of this project are ongoing.
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