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Abstract

Quantification of the bone healing processes by X-ray-based methods becomes inaccurate in the pres-

ence of radiopaque synthetic materials. In this study, single photon emission computed tomography

(SPECT) and positron emission tomography (PET) were compared as alternatives to follow in vivo

bone healing in a rat calvarial defect model. SPECT/computed tomography (CT) following adminis-

tration of 99mtechnetium-labelled hydroxymethylene diphosphonate (99mTc-HDP) and PET/CT data

with 18F-fluoride were acquired up to 10 weeks after surgery. New bone formation was then con-

firmed by histology. Computed tomography scans allowed visualization of untreated bone defect

healing; however, no information was gathered in presence of the ceramic. Positron emission tomog-

raphy provided superior data compared with SPECT. The 18F-fluoride uptake increased significantly

up to 4 weeks after surgery, declining thereafter until the last time-point. In vivo performances of

porous versus dense ceramic scaffolds were also evaluated by PET, with a significantly higher uptake

registered within the porous scaffolds. In conclusion, PET is a valuable tool for qualitative/quantita-

tive follow-up of bone healing around radiopaque bone substitutes in vivo. Copyright © 2013 John

Wiley & Sons, Ltd.
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1. Introduction

Bone diseases account for half of all chronic conditions in

people over 65 years old and osteoporotic fractures have

doubled in the last decade (Tanner, 2000). Many of these

cases require bone graft substitutes. Thus, together with

the increasing request for bone trauma treatments, there

is an increasing need for sensitive and non-invasive

follow-up techniques (Hoekstra et al., 2011). For clinical

use, X-rays and computed tomography (CT) are consid-

ered the gold standard for visualization and follow-up of

bone regenerative therapies, providing excellent struc-

tural and anatomical information. However, these

techniques lack sensitivity to detect early bone healing

processes, and functional studies cannot be performed.

The problem becomes even more evident when a bone

substitute is used to enhance/accelerate bone healing. In

this case, anatomical information is also missing as many

frequently used bone substitutes are made of, or contain,

calcium phosphates with similar radiopacity to the bone.

Therefore, such substitutes are difficult to distinguish

from the surrounding natural tissue by means of conven-

tional techniques (Pekkan et al., 2012), even though re-

cent attempts have been made using high-resolution

micro-CTor X-ray microdiffraction analysis (i.e. synchrotron

radiation) (Gauthier et al., 2005; Mastrogiacomo et al.,

2005; Papadimitropoulos et al., 2007; Komlev et al.,

2010). Histology can also be employed to evaluate the

outcomes of preclinical studies, although the invasiveness

of the procedure and the time-consuming protocols are still

important limitations. The use of non-invasive imaging

modalities could lead to a reduction of the number of

experimental animals, to an increased statistical power
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and significance of preclinical studies and facilitate the

translation from preclinical to clinical applications.

Single photon emission computed tomography (SPECT)

and positron emission tomography (PET) could be valuable

imaging modalities to monitor the bone regeneration pro-

cess. For bone-related studies, specific tracers are currently

available. For SPECT, 99mtechnetium [99mTc-labelled

diphosphonates such as hydroxymethylene diphosphonate

(HDP)] selectively accumulate in bone tissue via chemical

adsorption onto the crystalline structure of hydroxyapatite

(Horiuchi-Suzuki et al., 2004). For PET, the 18F-fluoride

ion deposits preferentially into newly formed matrix (Blau

et al., 1962) through ion exchange with hydroxyl groups

of the hydroxyapatite to form fluoroapatite (Hsu et al.,

2007). Both tracers show enhanced accumulation in areas

of high bone turnover, such as newly formed bone matrix

(Iagaru et al., 2011). Both modalities are used clinically

for bone scanning, mainly focusing on the detection and

metabolic activity of bone metastases, while offering the

advantages of total body examination, low cost and high

sensitivity. In particular, in the pathogenesis of bone metas-

tases, tumour cells proliferating in bone interact with the

local environment stimulating or inhibiting osteoclast and

osteoblast activity. Because 18F-fluorodeoxyglucose is taken

up by tumour cells and 99mTc is taken up in areas of osteo-

blastic activity or osteoblastic healing reaction, both modal-

ities appear to be complementary (Brenner et al., 2012).

The present study tested whether these can be used to

monitor bone regeneration, especially in the presence of a

radiopaque biomaterial.

As preclinical instruments, PET is well-known for its

higher sensitivity and more accurate quantification, while

SPECT has a higher spatial resolution. The latter should

not be underestimated when studying small lesions.

Moreover, 99mTc has a longer half-life, is less expensive

and more widely available than 18F (Rahmim and Zaidi,

2008Q1 ). Thus, this study aimed to compare and determine

the utility of SPECT scans with 99mTc-HDP vs. PET scans

with 18F-fluoride to quantify bone healing in a rat

calvarial defect model. The best-performing method was

then validated in the presence of different calcium phos-

phate cement (CPC) bone substitutes. Two scaffold mate-

rials of different density and porosity were used in order

to assess the sensitivity of the method to quantitatively

discriminate different bone ingrowth outcomes. Such a

model could then, at a later stage, be used to compare

in vivo performance of other radiodense bone fillers and

tissue-engineered constructs in a non-invasive and quanti-

tative way.

1. Materials and methods

2.1. Animal model

All in vivo procedures were performed in accordance with

the standards and protocols of the Radboud University

Nijmegen Medical Centre, Nijmegen, the Netherlands.

National guidelines for care and use of laboratory animals

were obeyed and approval of the Experimental Animal

Ethical Committee was obtained (RU-DEC 2010–066).

A bilateral calvarial defect was made in adult male

250–300 g Wistar rats (10–12 weeks old). First, to com-

pare the two techniques, the defects were left untreated

and animals were divided into two subgroups based on

imaging modality: (1) SPECT/CT and (2) PET/CT. Owing

to a different location of the two instruments, SPECT and

PET scans could not be performed on the same animals.

Thereafter, to validate the selected technique, two more

experimental groups were created and the two defects

were filled with pre-set CPC scaffolds, either (3) dense

or (4) with 40% porosity (Table T11). Sample size calcula-

tion was performed in line with the existing literature

and previous experience of our research group. Power

calculations were based on the following formula:

n ¼ 1þ 2C s=dð Þ2

(Dell et al., 2002) where s is the standard deviation, d is

the difference to be detected, and C is a constant depen-

dent on the selected value of α (power of the study – the

probability that the effect will be detected) and ß (1 –

power – the chance of obtaining a false-negative result).

A power of 0.9 and the level of significance of 0.05 were

chosen for the study, and the calculation resulted in

n=4 repetitions per modality and/or material group.

During the surgical procedure animals were anesthe-

tized by intubation with isoflurane inhalation anesthesia

in order to prevent any eventual respiratory depressions

that may occur during the procedures. The skin of the

head was shaved and disinfected and a midline longitudi-

nal incision was made from the nasofrontal area to the ex-

ternal occipital protuberance along the mid-sagittal

suture (Figure F11a–e). Skin and underlying tissues were

Table 1. In vivo study setup. The table describes the treatment applied to each bone defect, and the imaging schedule

Rat Defect treatment

1 Untreated Untreated PET/CT Day 0, day 1, once per week, week 1 to 10
2 Untreated Untreated
3 Untreated Untreated SPECT/CT Day 0, day 1, once per week, week 1 to 10
4 Untreated Untreated
5 Dense scaffold Porous scaffold PET/CT Day 0, day 1, once every 2 weeks, week 2 to 10
6 Porous scaffold Dense scaffold
7 Dense scaffold Porous scaffold
8 Porous scaffold Dense scaffold

PET, positron emission tomography; CT, computed tomography; SPECT, single photon emission computed tomography.
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reflected bilaterally to expose the calvaria and two sym-

metrical 4-mm wide full-thickness bone defects were cre-

ated in both parietal bones lateral to the midsagittal

suture using a dental drill (ELCOMED 100; W&H Dental

Work Bürmoos GmbH, Bürmoos, Austria) and a trephine

bur (ACE Dental Implant System, Brockton, MA, USA)

under constant saline coolant irrigation. Special care

was taken to prevent damage of the dura mater. Defects

were left untreated or filled with the preset scaffolds

(Figure 1f), depending on the group. Finally, the perios-

teum and the scalp were closed with 3.0 and 4.0 Vicryl®

resorbable sutures (Johnson & Johnson, St Stevens-

Woluwe, Belgium).

2.2. Scaffold preparation

2.2.1. Poly(DL-lactic-co-glycolic acid) (PLGA)
microspheres

Poly(DL-lactic-co-glycolic acid), (PURASORB; Purac,

Gorinchem, the Netherlands) with a lactic-to-glycolic acid

ratio of 50:50 and an average molecular mass of

4.55±0.03 kDa, was used for microparticle preparation.

Acid-terminated dense PLGA microparticles were prepared

using a double-emulsion solvent-extraction technique

(Habraken et al., 2008). The morphology and size distribu-

tion of the PLGA microspheres was determined by light

microscopy. Spheres were suspended in water and optical

micrographs were made (Leica/Leitz DM RBE Microscope

system; Leica Microsystems AG, Wetzlar, Germany). The

size distribution of the microspheres was determined by

digital image software (Leica Qwin®; Leica Microsystems

AG) using a sample size of 200 microspheres and resulted

in an average size of 192±58 μm. The PLGAmicroparticles

were mixed with the calcium phosphate cement powder in

a proportion of 40% w/w.

2.2.2. Calcium phosphate cement

The calcium phosphate cement consisted of 85%

α-tricalciumphosphate,10%dicalciumphosphate dihydrate

and 5%hydroxy apatite. The cement was created by adding

a filtered sterilized (0.2 μm filter) 2% aqueous solution of

sodium phosphate (Na2HPO4) to the calcium phosphate

cement powder mixture (with or without PLGA particles)

using a 2-ml syringe (BD Plastipak; Becton Dickinson S.A.,

Madrid, Spain) with a closed tip. The components were

shaken for 20 s using amixing apparatus (Silamat Vivadent,

Schaan, Liechtenstein) and the composite was injected into

a 4mmdiameter,1mmhigh cylindrical plastic mould. After

setting, a constant temperature of 650°C for 2 h was used to

burn off the polymer template from the scaffold. The rate of

temperature increase and decrease during the process was

1.5°C/min.

2.3. Micro-CT

The preset scaffolds were placed vertically onto the

sample holder of a micro-CT imaging system (Skyscan

1072; Skyscan, Kontich, Belgium). Subsequently, samples

were recorded at a 11.09 μm resolution (X-ray source

100 kV/98 μA; exposure time 3.9 s; 1 mm filter applied).

Then, using NRecon V1.4 (SkyScan), a cone beam

reconstruction was performed on the projected files.

Reconstructed files were analysed using CTANALYSER soft-

ware (Version 1.10.1.0; SkyScan). Finally, three-dimensional

Figure 1. (a–e) Surgical procedure of a bilateral calvarial defect in rats. Skin and underlying tissues were reflected bilaterally to ex-

pose the calvaria and two symmetrical 4-mm wide full-thickness bone defects were created in both parietal bones lateral to the mid-

sagittal suture using a dental drill and a trephine bur under constant saline coolant irrigation. (f). Dense (left) and porous (right)

preset calcium phosphate cement scaffolds were implanted into the defect areas before closing in layers periosteum and skin
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(3D)-reconstructions of the samples (n=5 per group)

were also obtained (3D-DOCTOR 4.0; Able Software Corp,

Lexington, MA, USA).

2.4. In vivo imaging

The SPECT/CT and PET/CT data acquisition for groups

1 and 2, respectively, of empty defects was performed at

12 time-points: before the surgery, 1 d after surgery and

then once a week for a total period of 10 weeks. The

PET/CT scans of groups 3 and 4 were performed before

surgery, 1 d after and then every 2 weeks, starting from

week 2 up to week 10 after surgery.

The SPECT/CT images were acquired 2 h after injection

of ~150 MBq/rat of Technescan 99mTc-HDP (Covidien,

Petten, the Netherlands) with an in vivo small-animal

U-SPECT/CT scanner (MILabs, Utrecht, the Netherlands)

with a spatial resolution of 0.8 mm (van der Have et al.,

2009). Animals were scanned for 45 minutes in total

(three frames of 15 min each) using the 1.0 mm diameter

pinhole rat collimator tube. The SPECTscans were followed

by CT image acquisition for anatomical reference (55 kV,

615 μA, Normal Scan Mode, Full Scan Angle). The PET/CT

data were acquired 1 h after injecting ~15 MBq/rat of 18F

(BV Cyclotron VU, Amsterdam, the Netherlands), with an

Inveon small-animal PET/CT scanner (Siemens Preclinical

Solutions, Knoxville, TN, USA) with a spatial resolution

of 1.5 mm. The PET emission scans were acquired for

15 min, followed by CT acquisitions for anatomic correla-

tion (spatial resolution 113 μm, 80 kV, 500 μA, exposure

time 300 ms).

2.5. Quantitative analysis of the images

The SPECT/CT data were reconstructed with MILabs

reconstruction software, using an ordered-expectation

maximization algorithm, with a voxel size of 0.375 mm.

The PET/CT data were reconstructed using Inveon

Acquisition Workplace software version 1.2 (Siemens

Preclinical Solutions), using an ordered subset expectation

maximization 3-D/maximum a posteriori (OSEM3D/fMAP)

algorithm with the following parameters: matrix

256×256×159, pixel size 0.43×0.43×0.8. In PET scan-

ning, the relation between distance and spatial interactions

of the positron emitted will change according to the beta

exponent, with a high beta indicating significant influence

of the distance and a low beta indicating no effect of

distance. For the current experiment a relatively low beta

value of 0.1 was set.

Both SPECT/CT and PET/CT data were analysed by

drawing a 3D region of interest (ROI) over the defect

areas. The nearby brain tissue was used as reference re-

gion (FigureF2 2). The partial volume effect must be taken

into account when measuring the uptake of small lesions

and, as soon as the volume becomes smaller than three

times the resolution, partial volume effects play a signifi-

cant role. Therefore, the ROI was designed considering

PET resolution (1–2 mm) as the limiting factor, and mea-

sured 5 mm in diameter and 3 mm in depth. Defect-to-

brain uptake ratios were determined using mean pixel

values by AMIDE version 1.0.1 (A Medical Image Data

Examiner; Stanford University, Stanford, CA, USA)

(Loening and Gambhir, 2003 Q2). In addition, visual 3D

models from CT scans were obtained by using a 3D creator

software (3D-DOCTOR 4.0; Able Software Corp.).

2.6. Histology

At week 10, animals were euthanized by CO2/O2. The

upper part of the skulls was retrieved, surrounding soft

tissue was removed and bone samples were fixed in 10%

formalin for 48 h and dehydrated in gradual series of

ethanol (70–100%).

Samples that did not contain preset scaffolds (groups 1

and 2) were decalcified for 72 h in 10%

ethylenediaminetetraacetic acid (EDTA) and embedded

in paraffin. Sections 6 μm thick were cut following the

coronal plane of the skull, using a Leica RM2165 Micro-

tome (Leica Microsystems, Rijswijk, the Netherlands).

Sections were stained with haematoxylin and eosin and

at least three sections of each specimen were analysed.

The samples containing preset scaffolds (groups 3

and 4) could not be decalcified as such procedure would

also cause scaffold degradation. Instead, the specimens

were embedded in methylmethacrylate (MMA) after the

dehydration step. Following the coronal plane of the

skull, sections 10 μm thick were cut using a microtome

with a diamond blade (SP 1600; Leica Microsystems,

Nussloch, Germany). The sections were stained with

methylene blue and basic fuchsin and a minimum of three

sections from each specimen were analysed by light

microscopy (Leica Microsystems).

2.7. Statistical analysis

For each experiment, data is reported as a mean±standard

deviation. Statistical significance was assessed using a

repeated measurements two-way ANOVA (with Bonferroni

correction for multiple comparisons) to detect differences

in time and between the two types of scaffold. Results were

considered significant when p< 0.05.

3. Results

3.1. Animal model

All animals completely recovered from the surgical proce-

dure and remained in good health. No signs of unex-

pected tissue response, inflammation or wound-healing

complications were detected during the experimental pe-

riod. No changes in the normal behaviour of the animals

were noted.
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3.2. Preset scaffolds

Micro-CT analysis was used to determine topology and 3D

characteristics of the scaffolds (porosity, interconnectivity,

degree of anisotropy and structure model index, among

others) as shown in FigureF3 3a. The resulting values

encouraged, from a theoretical point of view, the use of

40% porosity scaffold. Such porosity should give a higher

amount of bone ingrowth if compared with the dense

scaffold, thus being most suitable as positive control for

PET measurements. Moreover, the morphological aspect

of dense and porous preset CPC scaffolds was visualized

using micro-CT (Figure 3b,c).

3.3. In vivo CT imaging

Both PET and SPECT acquisitions were accompanied by

CT scans at every time-point in order to provide anatomi-

cal references and identify the defects, while analysing

the PET and SPECT images quantitatively.

The 3D reconstruction of CT images allowed clear visu-

alization of the bone healing process over time (FigureF4 4),

revealing bone growth starting immediately after surgery.

New bone formation was visually detectable at each

time-point, starting from the edges of the defects and

moving towards the centre, as shown by a close-up image

from the third week after surgery (Figure 4g). Complete

closure of the defects was observed 10 weeks after sur-

gery, confirming that the 4 mm calvarial defect is a non-

critical sized model. In contrast, when CPC scaffolds were

implanted, the value of the information provided by CT

images was highly reduced. The localization of the defect

area appeared less obvious, especially in middle- and late-

stage scans, and visual detection of new bone ingrowth

within the defects area was not possible. Moreover, based

on visual inspection only, it was not possible to discrimi-

nate between porous and dense scaffolds (Figure 4h,i,j).

3.4. SPECT and PET imaging of untreated defects

The 99mTc-HDP activity was detected in sites of physiolog-

ical uptake along the skeletal system (i.e. in the growth

plates). Even after surgery, the activity in the defect area

was noticeably lower compared with that in the growth

plates but still, in all cases, a specific activity was found

in the bone defect area (Figure F55b). The 99mTc-HDP

SPECT activity appeared to be specifically located at the

edges of the defects, apparently in the area where new

Figure 2. Uptake ratio quantification. Transverse, coronal and sagittal view of: (a) single photon emission computed tomography

(SPECT, red) and computed tomography (CT, white) images overlap; (b) three-dimensional region of interest (3D-ROI) placed on

both defect areas; (c) an identical 3D-ROI was placed in the brain area and used as normalization reference. The same procedure

was applied to analyse positron emission tomography (PET) data
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bone deposition was occurring. Quantitative measure-

ments showed significantly enhanced tracer uptake 4

weeks after surgery (Figure 5a), followed by an activity

reduction that was already detectable 1 week later. For

SPECT, however, no statistically significant differences

were detected between all the other time-points.

The physiological uptake of 18F assessed with PET also

showed high tracer uptake within the skeletal system,

especially in the growth plates areas. However, in sharp

contrast to the SPECT, for the PET a significantly en-

hanced 18F uptake was registered as quickly as 1 day after

surgery. The activity reached maximal intensity at the

fourth week after surgery and then slowly decreased until

the last time-point, yet still maintaining a significant

difference from the basal activity (Figure 5c).

3.5. PET imaging of CPC-filled defects

Based on the results of the untreated defects, PET was

considered to reveal more accurate information than

SPECT. Therefore, this method was validated in the pres-

ence of synthetic bone substitutes. Calcium phosphate

cement dense and porous scaffolds were usedQ3 as negative

and positive controls by, respectively, preventing or pro-

moting new bone matrix deposition, to validate the tech-

nique and to confirm its feasibility in the presence of

synthetic bone substitutes.

Again, 18F-fluoride was preferentially taken up at the

edges of the defects (Figure 5d). Quantitatively, the previ-

ously described metabolic trend was observed in both

scaffolds. In this study a significantly enhanced activity

was detected starting at week 2 until week 6 post-implan-

tation. At visual inspection, the PET activity appeared

higher within the porous scaffold, compared to the con-

tralateral side of the skull, where the dense scaffold was

placed. The uptake of the tracer in the porous scaffolds

was significantly higher compared with the dense mate-

rial (Figure 5e). This temporal variation in signal, can be

assessed easily by calculating the discrepancy between

the dense and porous material (Figure 5f), and suggests

a possible correlation with the healing capacity (i.e. rate

of bone ingrowth), which would need further investiga-

tion. Apparently, ingrowth started after week 1, and was

maximal until week 5/6.

3.6. Histology

Figure F66a presents an overview of histological sections of

the empty defects 10 weeks after surgery. At low magni-

fication (5×) the full closure of both defects with new

bone matrix bridging the defect areas was clearly visible,

again confirming that the defect is non-critically sized.

Higher magnification, as shown in Figure 6b,c, showed

ongoing bone tissue formation with clear demarcation

Figure 3. (a) Topology and three-dimensional (3D) analysis of preset scaffolds. (b) Micro-computed tomography (CT) representative

3D images showing the volumetric and morphological aspect of dense and (c) porous pre-set calcium phosphate cement scaffolds

before implantation
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lines between old and new bone, which stained darker

and contained large osteocytes, indicative of woven bone

and active remodelling. Figure 6d–f shows representa-

tive histological slides of groups 3 and 4 after 10 weeks

of implantation. As expected from the short experimen-

tal time, both scaffolds did not present visual signs of

degradation. The dense construct showed a compact

and uniform matrix, while evenly distributed pores could

be easily identified throughout the structure of the

porous material. A direct bone contact existed between

these implants and the pre-existing edges of the defects

without any intervening fibrous tissue; neither was

any inflammatory cell infiltration detected. Newly

formed bone was observed as both scaffolds resulted

in osteoconduction and bone growing underneath.

While the dense scaffold did not allow any new bone

deposition within the material, in the porous scaffold

ingrowth of newly formed bone was also detected.

Newly deposited matrix was only present in areas

exhibiting interconnected pores.

Figure 4. (a–f) Three-dimensional reconstruction of in vivo computed tomography (CT) scans showing the empty bone defects at: (a)

day 0 before surgery, (b) day 1 after surgery, (c) week 1 after surgery, (d) week 2 after surgery, (e) week 4 after surgery and (f) week

10 after surgery. (g) Close-up of healing defects 3 weeks after surgery. (h–j) Three-dimensional scans following preset scaffolds

implantation at: (h) 1 day post-implantation, (i) 4 weeks after implantation and (j) 10 weeks after implantation
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Figure 5. (a) Q22Single photon emission computed tomography (SPECT)/
99m
technetium-labelled hydroxymethylene diphosphonate

(
99m
Tc-HDP) uptake ratio; note that activity was significantly increased only at the 4-weeks time-point, followed by a significant

reduction 5 weeks after surgery. No statistically significant differences were present at any other time-point. (b) Positron emission

tomography (PET)/
18
F uptake ratio; note that activity significantly increases from 1 day after surgery, reaching the maximal peak

at week 4. Fromweek 5 onwards the activity decreases while remaining significantly higher than the basal value at the last time-point.

(c) A SPECT and computed tomography (CT) image overlay. Specific tracer uptake is seen around the borders of the empty defects

(arrow). (d) A PET/CToverlay showing a preferential uptake within the porous scaffold. As indicated by the arrow, the activity is spe-

cifically localized along the edges of the implanted scaffold. (e) Quantification of
18
F uptake ratio within porous and dense scaffolds

showing a significantly higher tracer uptake from porous implants with respect to the dense material. (f) Cumulative graph for the

discrepancy between
18
F uptake of porous and dense scaffolds, thus reflecting the overall cumulative bone ingrowth activity into

the scaffold porosity. The scatter of the longitudinal data in both SPECT and PET data, can be associated with the variation in uptake

ratios between different animals
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4. Discussion

Currently available techniques for the evaluation of bone

tissue regenerative studies are X-ray, CT imaging and,

when referring to preclinical studies, histology. Despite

wide knowledge and long experience supporting these

methods, important limitations remain when studying

new bone substitute materials. Often, the similar

radiopacity of the surrounding natural tissue results in

unreliable X-ray and CT data, and the methods do not pro-

vide metabolic information. This study investigated

whether SPECT and PET could be used to study tissue

healing, and whether PET could still be helpful in the

presence of such a commonly used bone substitute. With

Figure 6. (a). Representative paraffin section (haematoxylin and eosin staining), 10weeks after surgery showing complete healing of the

empty bone defects at 2.5×magnification. (b) and (c) show the left and right defect area, respectively, at 20× magnification. (d) Repre-

sentative MMA section (methylene blue and basic fuchsin staining), 10 weeks after implantation of the preset scaffolds at 2.5× magnifi-

cation. A further magnification (20×) from the lower part of dense and porous scaffolds is shown in parts (e) and (f), respectively
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SPECT and PET the maximal matrix deposition rate was

observed quantitatively 4 weeks after surgery, the time

when bone callus starts to mineralize and the bone

remodelling process begins (Greenbaum and Kanat,

1993Q4 ; Einhorn, 1999Q5 ), decreasing to a slow activity reduc-

tion until the last time-point. Tracer uptake increased up

to 4 weeks after surgery and declined thereafter, until

the last time-point. However, PET scans provided statisti-

cally significant measurements for all time-points,

whereas SPECT only provided significant data at the max-

imum bone metabolic activity interval at week 4. In other

words, PET proved to be more sensitive than SPECT.

The power of these functional imaging methods is

emphasized by the results; namely during the 10-week

healing period, the earliest visual signs of new bone tissue

deposition by in vivo CTscans were detectable from the sec-

ond week post-surgery, while PET scans revealed increased

metabolic activity as early as 1 day after surgery. Thus PET

visualized the activation of a healing response-to-trauma

long before being anatomically visible. Nonetheless, CT

scans provided essential information for the validation of

the model, allowing a clear visualization of the healing pro-

cess over time and, most importantly, confirming, through

co-registration with PET (and SPECT), the site-specific

tracer uptake along the edges of the defect. However, when

calcium phosphate cement scaffolds were implanted, the

use of CT was limited. It was impossible to visually distin-

guish the solid scaffold from the porous scaffold because

of the resolution of the in vivo CT scans.

Regarding the validation of the model, the aim was not

to focus on the characteristics of the implanted scaffold,

but to obtain a scaffold that would work as a negative

control for the PET signal, not allowing any bone healing,

vs. a scaffold that would work as a positive control by

facilitating maximal bone ingrowth. Adequate pore

volume and size alone are not sufficient to achieve

osteoconduction. Pore connectivity may determine the ef-

fectiveness of porosity and, in general, biomaterials with

interconnected pores are considered to be superior to bio-

materials containing closed pores. Indications of the pres-

ence of interconnectivity thus were obtained through the

Euler Number. Furthermore, the structure model index

(SMI) indicated the relative prevalence of rods and plates

in the 3D structure of the material and involved a

measurement of surface convexity. Concave surfaces of

enclosed cavities represent negative convexity to the SMI

parameter, which is, overall, related to total porosity,

open porosity and closed porosity.

Some practical considerations have to be taken into

account for PET imaging: for example, the presence of

calcium phosphate-based materials caused a twofold

increase in 18F uptake at each time-point. This result could

arise from non-specific binding of the tracer to the

scaffolds and could lead to an overestimation of the re-

generation process. However, the metabolic profile was

maintained (excluding any effect on the final results)

and significantly higher 18F activity was detected within

the porous scaffolds compared with the dense scaffold.

Furthermore, by assessing the discrepancy between solid

and porous materials, it was possible to correlate the

observed temporal variations in signal to the extent or rate

of bone formation (i.e. such approach will provide for a

similar key outcome for bone regeneration) compared with

well-accepted histological measuring parameters.

The choice of the animal model was crucial to determine

the potential value of SPECT and PET for bone healing

follow-up. As has been well-established in the literature,

both tracers employed (99mTc-HDP and 18F fluoride) exhibit

high affinity for bone tissue and preferentially accumulate

in areas of high bone turnover and matrix deposition, such

as the growth plates. To avoid interference of the back-

ground activity during measurements, the bone defect

had to be as far as possible from these areas of high tracer

uptake. For the purpose of the study, a model to induce

spontaneous bone healing was needed and, taking into ac-

count future applications, also a reliable model to test bone

substitutes’ performances in vivo Q6. The rat was the smallest

suitable model. Among the non-critical size defects

described in literature (Yasko et al., 1992; Kondo et al.,

2005; Jones et al., 2007; Schouten et al., 2009; Nasseri

et al., 2011), bilateral calvarial defects appeared to be the

most suitable because of the negligible physiological tracer

uptake of the area. A limitation of the study, however, is

that the measured activity remained very weak even after

the creation of the defects. This could be because of the

low vascularization of flat bones, as several studies dealing

with long bones fracture repair showed higher activity

uptakes (Blake et al., 2001; Blokhuis et al., 2003).

As regards quantification, literature offers no consensus

on how to present the data. While in some studies results

are presented as %ID/g (percentage of injected dose per

gram of tissue; Groot-Wassink et al., 2004; Carlson et al.,

2006), others are shown as a ratio of radiotracer accumu-

lation in the target site versus that of reference tissues,

taken as background (Siddiqui et al., 2007). The latter

has the advantage of accounting for background values

and is therefore less likely to be susceptible to individual

experimental artefacts.

While quantifying the activity, the choice of reference

tissues for background corrections was also relevant be-

cause there is currently no consensus in the literature:

while some studies suggest non-damaged bone as control

(i.e. contralateral site of the defect area; Blake et al., 2009;

Ogawa et al., 2011), the majority of the studies recommend

soft tissue uptake as reference signal (i.e. muscular tissue

surrounding bone defects; Groot-Wassink et al., 2004; Hsu

et al., 2007). However, it could be debated that in the

presence of a bone defect the whole skeletal system could

experience enhanced basal metabolism. This effect could

be evaluated by measuring skeletal uptake of both tracers

in a bony area distant to the calvarial defect and it would

be worthy of further investigation in future studies.

For the present study, however, bone tissue seemed an

unreliable reference, masking the regenerative rate of the

bone within the ROI. Therefore, the reference area was

drawn directly underneath the defect site, in the area of

the brain. The use of brain tissue as reference tissue could

be regarded unusual. However, it allowed correction for
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aspecific activity of the circulating tracer. From literature, a

more commonly used reference tissue for bone scans

appears to be muscle tissue. The use of muscular tissue as

referencewas also considered in the present study, butmus-

cle areas of adequate size were not present in the consid-

ered field of view. The reference selected specifically for

the goal of this study did not introduce any bias in the final

results. The brain as a reference thus allowed effective as-

sessment of bone healing potential over time, and assess-

ment of a significant upregulation when in presence of an

osteoconductive biomaterial scaffold.

As the main outcome of our experiment, PET proved to

produce significant data over the entire range of time and

thus is more suitable than SPECT, which did not reveal

any significant increase in metabolic activity until 4 weeks

after surgery. This may be caused by the properties of the

tracers: previous studies have shown that 18F-fluoride

exhibits superior pharmacokinetic properties compared

with 99mTc-labelled diphosphonates (Hawkins et al.,

1992; Schwartz et al., 1993; Mitterhauser et al., 2005;

Toegel et al., 2006). Although the difference is negligible

in regions of normal uptake, it could become crucial in

areas of low vascularization and poor tracer distribution,

such as the bone defects in the present study.

Different groups have evaluated bone formation

around allogenic bone grafts in a clinical setting with help

of 18F PET measurements (Piert et al., 1999; Sörensen

et al., 2003; Temmerman et al., 2008). The regional bone

metabolism after hip replacement operations was mainly

evaluated and expressed as bone blood flow rate through

kinetic 18F-fluoride PET and related to the peri-implant

bone formation, underlining the essential role of blood

flowQ7 in determining the metabolic fate of allogenic bone

grafts. Preclinical models for the screening of allogenic

graft performance over time could represent a fast and re-

liable tool for the selection of high-performing materials

even before clinical implantation.

Finally, it might be of concern whether the repeated ex-

posure to irradiation may have affected the spontaneous

bone healing process. Indeed, the effects of repeated irra-

diation on bone are much debated, either when dealing

with depositions of radioactive isotopes that localize in

the bone (γ-rays) or in repeated X-ray exposures

(Casarett, 1968Q8 ; Takahashi et al., 1994; Costantino et al.,

1995; O’Donovan et al., 2001; Gevorgyan et al., 2007).

Although reference specimens with no exposure were

not included, the histological evaluation of the samples,

retrieved after the completed experimental period, did

not reveal signs of delayed or incorrect bone healing.

Nonetheless, the X-rays dose applied during image acqui-

sition is of special concern in small-animal CT, especially if

follow-up examinations of the same animal are necessary.

The effect of ionizing radiation in small animals has been

well studied after micro-CT and the lethal dose in rodents

is in the range 5–7.6 Gy. The typical whole-body radiation

dose for a 3D scan is far below the lethal dose and ranges

from 0.017 to 0.78 Gy.

In the present study, the quantification of new bone

formation by an independent gold standard technique,

together with correlation analysis between PET, SPECT

and gold standard results is lacking. Whereas CT would

have been the most valuable comparison, the resolution of

preclinical scanners is not comparable to the resolution of

‘ex-vivo’ micro-CT devices and would not allow such an

accurate quantification of bone growth, in particular, a clear

distinction between non-radiopaque scaffolds and newly

formed bone Q9. Formusculoskeletal applications, higher reso-

lutions are often required, resulting in increased exposures

(Boyd et al., 2006). Depending on the diagnostic demand,

however, X-ray dose can be decreased while maintaining

high spatial resolution by reducing other image quality

parameters such as image noise and soft-tissue contrast,

which is commonly accepted in the case of bone imaging.

Conclusions

Positron emission tomography provided significantly

superior metabolic data on new bone matrix deposition

compared with SPECT. Tracer uptake increased up to

4 weeks post-surgery and declined thereafter, until the last

time-point. Significantly higher values were registered

within the porous scaffolds compared with the dense scaf-

fold. In conclusion, PET is a valuable tool for qualitative

and quantitative follow-up of bone healing in vivo in the

presence of radiopaque synthetic bone substitutes.
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