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Abstract

Purpose

This methodical study presents a novel approadvatuate the validity of two-dimensional
histomorphometric measurements of a bone biopsgirmea after sinus floor elevation by
means of high contrast, high resolution, three-disienal and non-destructive synchrotron
micro-tomography (SCT). The aim of this methodicscription is to demonstrate the
potential of this new approach for the evaluatibbane biopsy samples.

Materials and Methods

Unilateral sinus grafting was carried out exemplan two patients using a combination of
B—tricalcium phosphate3(TCP) and autogenous bone chips. For the firsepa@3-TCP
with 35% porosity and in the second with 60% pdyosias used. At implant placement, 6
months after sinus grafting, a cylindrical specinveas biopsied from the augmented area.
Subsequent to the histological embedding in restnspecimens were imaged using a SCT
facility resulting in three-dimensional (3-D) imagewith approximately fum spatial
resolution (1.5um pixel size) for each patient’'s specimen. Subseiieethe SCT acquisition,
tissue sections were prepared for histomorphomeitratysis.

Results

Bone area fractions determined by two-dimensio2dD) quantitative histomorphometry and
by analysis of the corresponding 2-D slice from 8&T volume data were similar. For the
first biopsy specimenB(TCP with 35% porosity), the bone area fractionsen®3.3% and
54.9% as derived by histomorphometry and by anadya SCT slice, respectively. For the
second biopsy specimefi-TCP with 60% porosity) the bone area fractionsen@8.8% and
39% respectively. Although the agreement betweer2thh methods was excellent, the area
fractions were somewhat higher than the volumetibas computed by 3-D image analysis
on the entire SCT volume data set. The volumeitrastwere 48.8% (first biopsy specimen)

and 36.3% (second biopsy specimen).



Conclusion

Although the agreement between the 2-D methodsasllent in terms of computing the area
fractions, the structural 3-D insight which can terived from classical 2-D methods,
including histomorphometric analysis is consideydlhited. This fact is emphasized by the

discrepancy between the measured areas and votaati®s.
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1 Introduction

The evaluation of biomaterials with differing bigptadability and the characterization of the
biological response to regenerative procedurestwére subject to multifactorial influences
require non-destructive diagnostic tools to eludddne dynamics of these processes in a
three-dimensional (3-D) manner. Conventional hasue histologic and histomorphometric
methods with their complex sectioning proceduregehthe disadvantage of either damaging
the 3-D structure of the tissue sample under inyatson, i.e. the bone biopsies, or revealing
only limited information regarding the dynamicsrefenerative processes in highly complex
anatomic structures [1]. In hard tissue histologis inot possible to produce serial sections
which are suitable for 3-D reconstruction due te lbiss of a tissue layer of approximately
50 um in thickness during the sectioning process whsangua diamond sawing microtome.
The maxillary sinus is a complex anatomical strietto be investigated, since it
contains the alveolar crest, the oral mucosa akasehe respiratory epithelium of the nasal
system. Since this region is of particular impoctam oral implantology the human maxillary
sinus is one of the most intensely studied regueitis regard to placing dental implants [2]
The resorptive processes following tooth loss ofead to bone deficiencies in the posterior
maxilla. As a result sinus floor augmentation hasdme a frequently performed and well-
established surgical procedure for increasing theebvolume of the posterior maxilla [3].
Using biodegradable bone substitutes simplifiesssiitoor elevation procedures by avoiding
second site surgery for bone harvesting [4-14tetrent years the use of tricalcium phosphate
particles B-TCP) as alloplastic bone graft material for siguafting procedures has received
increasing attention in implant dentistry [15-1Blore recently, the use @TCP particles
with increased porosity has been promoted in otdeincrease the biodegradability [19].
These particles exhibit a material structure witltror, meso- and macropores, which is

designed to enhance the degradation process.



In a previous study we examined the effect of twiteent 3-TCP particulate bone
grafting materials with varying porosity on the oformation and on the osteoblastic
phenotype expression six months after sinus fldevagion [20]. Bone area fractions and
particle area fractions were determined histomaompgtacally at two sites in each biopsy
specimen: apically close to the Schneiderian meng¥ginus membrane) and also in the
center of each cylindrical specimen. Histomorpheoimetnalysis was carried out on a pair of
sections which were 150 pm apart. A square ared2¥ mnf was defined and measured
semiautomatically using a light microscope and A8 software (Olympus Inc, Japan).
However, the disadvantage of this measuring praeeduthat the evaluation of regenerated
bone volume is based on 2-D measurements of osBlexted area within the sample [20].
Furthermore, evaluation of particle degradationb@&sed on the assumption that tissue
regeneration proceeds uniformly throughout the mauwf the biopsy specimen. Therefore
usually multiple sections are analyzed histomorpétoically and the results are averaged, in
order to improve the accuracy of these histomorgtdoal measurements.

Significantly more detailed information regardinget3-D structure of the entire
regenerated bone volume can be obtained by nonidage X-ray based volume imaging
methods. Conventional computed tomography (CT) s&dun medical imaging or micro-
tomography [(-CT) employing laboratory X-ray sources do not re#ite spatial resolution
and contrast which is common to histologic imagess to facilitate an accurate distinction
between regenerated bone and residual bone substitaterial [21, 55, 56]. Specially the
high signal-to-noise ratio provided by volume imsgacquired via synchrotron micro-
tomography is required for a quantitative 3-D imaagealysis subsequent to the data
reconstruction.

In this study 3-D synchrotron micro-tomography (§GW¥as applied in order to
acquire additional information regarding the nevidymed bone and the residugiTCP

particles in human biopsy specimens sampled sixtimsoafter sinus floor elevation. 34D



CT employing synchrotron radiation is the most ssiptated development of X-ray
computed tomography / micro-tomography, yieldingher resolution and higher contrast
[22, 37, 39]. Synchrotron light sources featurehatpn flux several orders of magnitude
higher compared to laboratory X-ray sources usedhi® established micro-imaging methods
in 2-D and 3-D [23-26]. Furthermore, synchrotroghti sources produce a beam which
propagates nearly parallel [27]. Hence, one camcowee limitations due to the finite X-ray
source size by extending the distance sample-sayrd¢e more than 100 m. Given the high
photon flux, the beam can be monochromatized, tieguin an increase of the density of
contrast (down to a few per cent) and the suppessi so-called beam-hardening artifacts.
Utilizing volume images obtained with monochromagynchrotron radiation, the different
material phases, e.g. bone and ceramic particlakinwia biopsy specimen, may be
distinguished by differences in density [28-37].
Algorithms derived from stochastic geometry arenthpplied to classify each voxel (voxel is
an acronym for “volume pixel”) inside the volumeage according to the material phase it
contains. The accuracy of the results is mainlyadriby the spatial resolution of the images:
material phases can only be distinguished locglytaua precision given by the voxel size.
Segmented images, where the material phase ofvexet is already identified, can be used
for high quality 3-D visualization. They also prdeithe basis for the quantitative analysis of
the bone tissue and residual grafting materiateerbiopsy specimens. This analysis can then
be used to compare in a quantitative manner theracg of the SCT 3-D image to
conventional histomorphometric 2-D measurementeg@énerated bone and degra@etCP
particles in these biopsies as the standard megsprocedure (gold standard) [30-32].

In summary, the first aim of our study was to ea#duthe diagnostic potential of SCT
for quantitatively evaluating bone biopsies withparticular focus on the differentiation
between regenerated bone and residual bone swbstitaterial. The second aim was to

demonstrate the accuracy of the histovolumetriessaent of the bone regeneration process



on the basis of 3-D visualization and analysis 6fTSmages. Achieving the second aim

would demonstrate limitations of conventional histwphological techniques.

Materials and methods

Patient selection

The present study included two exemplarily seleqtatients who underwent sinus floor
augmentation usin@-TCP with different porosities. The selected pdsewere partially
edentulous in the post canine region. In both pti@ugmentation of the sinus floor was
required in order to facilitate dental implant @awent in the posterior maxilla. After routine
oral and physical examinations, the patients welected and sinus floor augmentation
procedures were planned. Both patients had goddeadth, without active periodontitis and
were non-smokers. Patients were fully informed abmocedures, including the surgery,
bone substitute materials and implants. They weked for their cooperation during the
treatment and research and gave their informedecdnk addition, the study was performed

in accordance with ethic protocols approved aGharite University Medical Center.

Sinus floor augmentation surgery

In both patients sinus floor elevation was caroetl under local anaesthesia. Preoperative X-
ray examination was performed to evaluate sinusgbagies and anatomical variations, e.g.
antral septae. A staged surgical approach (finstssfloor elevation followed by implantation
after 6 months) was used as the height of the wabidlveolar process was 1 mm in the
posterior maxillary region. The space created betwbe maxillary alveolar process and the
elevated Schneiderian membrane was filled usirg@bmation (4:1 ratio) of-TCP particles
and autogenous bone chips. Postoperative X-ray® waien in order to determine the

augmented hard tissue volume immediately afterssifhoor elevation and to check for



volume alterations after completion of the six-ntoihealing period, i.e. prior to implant
placement.

For the first patient (TCP), thB-TCP particles used were globular particles of
1000-2000 um grain size with 35% porosity (Cerasoflurasan AG, Kleinostheim,
Germany). In contrast, the second patient (TCPdegived3-TCP with a grain size of
1000-2000 um and 60% porosity (Ceros, Mathys AQtl&s, Switzerland). Autogenous
bone chips were harvested in both patients fromttiber maxillae. The-TCP grafting
material was mixed with venous blood prior to detivinto the open sinus cavity. In order to
avoid infections, both patients received clindamyt200 mg (Clindamycin ratiopharm 600
mg, Ratiopharm GmbH & Co., Ulm, Germany) daily #fbdays. This was in addition to an
intravenous injection of 250 mg prednisolone (SBkcortin H 250, Merck KGaA,
Darmstadt, Germany) in combination with daily oedministration of 800-1200 mg of
ibuprofen (IBU ratiopharm 400 akut, Ratiopharm Gm&HCo., Ulm, Germany) to reduce

pain and swelling.

Dental implant surgery and biopsy

After 6 months of healing the patients received lan{s. Dental implant placement and
biopsy sampling were carried out under local aresséh In both patients biopsy specimen
were performed at the dental implant sites witheptid of approximately 12 mm using a
trephine burr (3.5 mm outer diameter and 2.75 mnerirdiameter) with saline irrigation. In

each patient one biopsy was harvested at one dithe where a dental implant was to be
placed. The site in which the height of the origin@sidual alveolar process (prior to
augmentation) was approximately 1 mm was chosebitgsy. The biopsy specimens from
both patients were 2.5 mm in diameter and appraeiy® mm in length. These specimens
were used for histological, histomorphometric an@TSinvestigations. The specimens

contained both the grafted area and the previaeighting area of the sinus floor, which was
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approximately 1 mm in height. The residual nativest was not included in the histological,

histomorphometric and SCT analysis.

Preparation of biopsy specimens for synchrotron mio-tomography and
histomorphometry

The bone specimens were processed using a noveligee which facilitated performing
immunohistochemical analysis on undecalcified hesslue sections as described previously
[38]. The tissue samples were immediately fixedrinethanol-based fixative NedfigMerck
KGaA, Darmstadt, Germany) at room temperature @2 for 5 days. This was followed
by dehydratation and infiltration. Next the speammevere embedded in a resin, which was
composed of pure metylmetacrylate and n-butyl-ncegtate to which benzoyl peroxide
(BPO catalyst, Merck KGaA, Darmstadt, Germany) aadyethylene glycol 400 (Merck
KGaA, Darmstadt, Germany) and 1.5ml N,N-dimethybluidine (Merck KGaA,
Darmstadt, Germany) were added. Samples were pdaden polyethylene vials at 4°C for
4-7 days. This resin was selected because it niagatahe antigenicity of the tissue and at the
same time also provided adequate material progeidiecutting 5Qum thick sections with a
sawing microtome. After polymerization the blockeres removed from the vials and excess
resin was trimmed away. Both resin blocks, inclgdimhole biopsy cylinders, underwent
SCT scans prior to histological sectioning anddmsirphometrical evaluation. In summary,
Fig. 1 sketches the process of comparing convealtibistomorphometric investigations
measuring the regenerated bone and degrdglddCP particles with the SCT-based

evaluation.

Synchrotron micro-tomography
Experiments were carried out at the BAM, a beamline at the Berlin Electron Storage Ring

Company for Synchrotron Radiation (BESSY) in Berldermany. The BAMne is the first
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hard X-ray beamline at the third generation syntchrolight source BESSY [40, 41]. Its SCT
facility is operated by the Bundesanstalt fir Mialésrschung- und prifung (Federal Institute
for Materials Research and Testing, Berlin, Germamyooperation with the Hahn-Meitner-
Institut / Helmholtz Centre Berlin (Department Madés Research — SF3, Berlin, Germany)
[40-43].

The experimental equipment used includes: a sammaeipulator for the alignment, the
required rotation stage for the tomography scad,ahigh resolution imaging X-ray detector.
Detector concepts dedicated to SCT are commonlgdbas projecting the luminescence
image of a scintillator magnified via microscopghli optics onto a CCD chip. These
detectors are used to obtain radiographic projedticages from third generation synchrotron
light sources with a very good signal-to-noiseaasipatial resolution up to the submicrometer
range, and exposure times of only a few secontisser[39]. SCT can be viewed as a modern
3-D microscope offering a choice of different casstr mechanisms in a non-destructive
manner [22].

The optimal X-ray energy for the tomographic scams determined experimentally to be
approximately 2&eV (monochromatic): assuming that the best cohisgiven when the
condition uD =2 (u: linear X-ray attenuation coefficient, Bample diameter) is fulfilled
which equals to an overall X-ray transmission T thg sample of T =13.5% [57]. As
scintillating screen a 50 um thick cadmium tungste€dWQ) single crystal glued on a
0.5 mm thick yttrium-aluminum garnet substrate;AMO15) was chosen. Its luminescence
image is projected onto the CCD chip of a Princdtwtruments camera VersArray:2048B
with 9x magnification optics (leading to an effeetipixel size of 1.5 um and a real spatial
resolution of around 4 pm). The choice of the psieé was determined by the dimensions of
the sample (2.5 mm diameter) and the finite sizehef CCD chip. In contrast to medical
computed tomography, the sample in SCT is rotatetewhe light source is fixed in position

(Fig. 2). The sample movements were performed Withh precision linear and rotation
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stages manufactured by Micos GmbH (Eschbach, Gemj48]. In our case 1500 projection
images were recorded for each CT scan of one dbdhe specimens. For the reconstruction
the common filtered back projection algoritfia2] was applied utilizing a software package
which was developed by the SciSoft group of theopean SynchrotroRadiation Facility

(ESRF) [44].

Synchrotron micro-tomography - image processing

The absorption contrast in standard micro-tomogyaplyiven by the local X-ray attenuation
coefficient which mainly depends on the local dgnef the material and the atomic number
of its elements. The dependence on the X-ray ené&ggmitted in our case since a
monochromatic beam is used [22, 23, 35-37]. Thailtieg values from the volume
reconstruction are translated into grey-scalesthadvhole volume data set is then rendered
in three dimensions (Fig. 3 and 6). For the remdemrocess of the volume images, a
commercial software package by Volume Graphics Gr(iHeldelberg, Germany) was used
[45].

In order to derive quantitative results from themtmraphic images, first the spatial
information of the different material phases (bame ceramic particles, Fig. 4, 5 and Fig. 7,
8) was separated into Boolean images which comaiy the morphological information of
one phase. The algorithm used is based on a thdekisteresis in combination with region
growing: an initial range of grey values is usedl&dine for example what certainly is bone
information within the image. A second, broadergeof grey values defines what might be
the bone information. The algorithm extends theauocessive stages already identified bone
information with image pixels which are a) direatighbors of already identified bone
information and b) contain grey values within tleeand range. The algorithm terminates
when no remaining pixels are present which fulfiie two conditions [46]. A manual

optimization of the threshold parameters is reqli@one by visual inspection of selected
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slides in gray-scales and Boolean. The resultsvakéme images in which the very pixels
associated with the bone information are marketl’aand the remaining background is set
to “0”. Simple counting of ones and zeroes delivdie spatial bone density. Further
algorithms can be applied on the Boolean image®dace noise and obtain more detailed
information regarding for example the orientatiamfiobjects or spatial correlations [46, 47,

59].

Histomorphometry
After completion of the SCT analysis the resin kkaevhich contained the biopsies were
glued to acrylic slides (Plexiglas GS 209, R6hm Gn& Co. KG, Darmstadt, Germany)
using an epoxy resin based two-component adhediU(GmbH & Co. KG, Bihl,
Germany). 5Q4m-sections were cut using a Leitz 1600 sawing nene (Leitz, Wetzlar,
Germany). These sections were then grounded amshpdlwith 1200 and 4000 grit silicone
carbide paper (EXAKT 400CS grinding system, EXAKpparatebau GmbH & Co. KG,
Norderstedt, Germany). Prior to immunohistochemstaining, deacrylation of sections was
performed by immersion in toluene, xylene and awet@Gubsequently they were rinsed in
distilled water and placed in Tris-buffer (pH 7.4mmunohistochemical staining was the
performed as described previoug®] and Mayer's haematoxylin was used as a costaiar
Histomorphometric analysis was performed on a pagections which were 15m
apart. The sections were measured semiautomatigalhyg a light microscope (Olympus,
Hamburg, Germany) in combination with a digital @en (Colourview Ill) and SIS
Analysis™ software (Olympus, Hamburg, Germany). Furthermarsguare area of 6.25 fim
was defined in the longitudinal plane for each spea. In both of these biopsy areas the
surface area that consisted of bone and the aaéadhsisted of graft material were measured
in mn?. Additionally the area fraction of bone as wellths area fraction of grafted material

was analyzed as percentage of the total area.
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Results

Clinical Results

For both patients a perforation of the Schneidema@mbrane, a frequent intraoperative
complication that often results in an incompletendaegeneration, did not occur. No
postoperative complications occurred after sinugnantation as well. Normal wound
healing was observed after both the first (sinworflgrafting) and the second surgical

procedure (implant placement surgery).

Patient 1 (TCP particles with 35% porosity)

Synchrotron micro-tomography - visualization

The analysis performed begins with the raw volumage as delivered by the reconstruction
algorithm. First all voxels in the grey-scale imaijehe biopsy specimen which belong to the
material phase “bone“ were separated into a Boolemge. This separated image was the
basis for a high quality 3-D visualization and gefeguantitative analysis of the bone biopsy
specimen (Fig. 3). The 3-D visualization of the tgraphic volume image clearly shows the
regenerated bone volume which formed in conjunctvdh degradation of the TCP particles.
Minimal remains of degraded ceramic particles weaetially embedded in newly formed
bone which was predominantly lamellar bone withfeddént degrees of mineralization —
higher degrees in the central areas (light redredloand lower degrees in the marginal areas

of the regenerated bone areas (dark red colored).

Comparative measurements of regenerated bone areéhistomorphometry vs. 2-D
analysis of a SCT slice
In the biopsy specimen t& TCP grafting material was present as achromatimaed or

scalloped granules depending on the phase of tmorpGranules were embedded or
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surrounded in newly formed bone, which was predamtiy lamellar bone as shown in Fig. 4
(left side). First, the plane in SCT volume imageresponding to the plane of the histological
section was identified by manual scanning (Figright side). Here, we used the fact that
tomographic data acquisition started at O degréle thie later histologic section of specimen
orientated perpendicular to the incoming synchrotteeam. Thus, only meridional and
sagittal manual scanning of the volume data sessreguired to find the corresponding slices.

Then the histomorphometric 2-D image analysis ef histological section with the
corresponding slice of tomographic data set waspeoad. The 2-D histomorphometric
image analysis was then performed on both setaaf dhe area fractions of newly formed
bone as well as of grafted material were analyzedeacentage of the total of a predefined
sample area. Histomorphometric semiautomaticalsassent using a light microscope, digital
camera and SIS Analy$l$ software shows a bone area fraction of 53.3%. fher
guantitative analysis of the corresponding tomolgiapnage we used the Boolean image of
the "bone” phase (Fig. 5 - left, white areas).

Comparing 2-D-image analysis of a correspondiige 9f this tomographic data set
according to Boolean image showed a bone areadnaot 54.9% in this predefined sample
area. The absolute difference of only 1.6% showsgomd correspondence of the
histomorphometric assessment using a digital caraarh SIS-Analysis software and the

analysis of corresponding tomographic slice of ST data set.

Comparative measurements: 2-D methods vs. true 3-lume image analysis by SCT

The 3-D image analysis after processing the tonpigcavolume data set revealed that 48.8%
of the whole biopsy specimen volume consisted @flpdormed bone 6 months after sinus
floor augmentation. The value of the bone volumtmeined by processing the 3-D SCT
data differed from the values for the bone areatifsa, which were determined by

conventional histomorphometry, by 8.45%.
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Patient 2 (TCP-P particles with 60% porosity)

Synchrotron micro-tomography - visualization

The 3-D visualization of the entire biopsy cylindgrecimen acquired using SCT is shown in
Fig. 6. Six months after sinus floor augmentatioa different degrees of mineralization of the
newly formed bone are clearly visible in terms dfedent shades of red colour. The blue
particles represent residUyddTCP particles. When comparing the image depiateBig. 3
(TCP) to the image shown in Fig. 6 (TCP-P) as wslFig. 4 with Fig. 7 it becomes evident
that the TCP-P bone biopsy specimen displays dlytigheshed bone pattern with increased
density. This is accompanied by a decrease in dhene of bone marrow spaces and the yet
unmineralized fibrous matrix. Furthermore residyrticles of the degrading ceramic
grafting material were partially embedded in nefdymed bone. Degradation of TCP-P had
reached a more advanced stage compared to TCP.

Comparative measurements of regenerated bone areéhistomorphometry vs. 2-D
analysis of a SCT slice

Identically to patient 1, we first compare the samdmatical measurement of regenerated
bone area in per cent of the deacrylated sectilativie to the whole biopsy specimen area
(measured using a light microscope, digital canaech SIS Analysi®! software) with the 2D
image analysis of the SCT data set's slice whickesponds to this histologic section. In this
patient’s biopsy specimen, in which the more poruBCP grafting material was used, a
considerably greater fragmentation @fTCP was noted as shown by SCT (see Fig. 7).
However, still only a few remaining ceramic pael which were well embedded in
regenerated lamellar bone were detectable. Histoinoonetric assessment using a light
microscope and SIS AnalySi software showed a bone area fraction of 38.8%ddtive
2-D quantitative results from the corresponding dagmaphic image, the density of

regenerated bone tissue was measured accordirg tslite of the Boolean volume image
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which corresponded to the histological section .(FBg white areas). Here an area bone
fraction of 39.0% was found.

Comparing 2-D image analysis of a correspondinge bf this tomographic data set
(relative to a predefined sample area) to the aotnweal histomorphometric evaluation
revealed an absolute difference of only 0.2%. Ommee a good correspondence of the
histomorphometric assessment using a digital caplesaSIS-Analysis software and the 2-D

image analysis of the corresponding SCT slice vemsahstrated.

Comparative measurements: 2-D methods vs. true 3-lume image analysis by SCT

Like for patient 1, 3-D bone volume measurementhef biopsy specimen were done with a
true 3-D volume imaging procedure by SCT in pertcefative to biopsy specimen volume
and compared with the histomorphometric imaged poreasured relative to corresponding
slice area. 3-D image analysis showed that 36.3%hefentire biopsy specimen volume
consisted of regenerated bone six months afterssfluor augmentation. The difference
between the bone volume determined by SCT anddiresponding bone area fraction using
conventional histomorphometry of 6.45% was theeefess compared to the case in which
the less porouf-TCP was used and in which a more cancellous begeneration pattern

was observed.

Discussion

In this paper a novel approach to evaluate humame Hmopsy specimens by means of
synchrotron micro-tomography (SCT) is presentedn@ SCT, bone regeneration subsequent
to grafting the sinus floor with different types pbrous TCP materials was analyzed.
Evaluation of the amount of bone formed usuallybessed on histomorphological data
obtained from one or several histological sectifits18, 48-50]. However, conventional

histological evaluation and corresponding historhorpetric measurements provide only 2-D
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information. This diagnostic procedure is assodiatéh the risk that the very sections, which
are selected for performing histomorphometric mesments, do not appropriately represent
the bone volume of the entire bone biopsy specinkenthermore, if the regenerative
potential of neighboring tissues with different ploology (alveolar process, Schneiderian
membrane and periosteum) on a defect or spacegeneeate is not clearly verified or
unknown, 3-D analyzing methods like high resolut®®CT are indicated to explore the
dynamic and spatial distribution of regenerativeerqpdmena in such complex anatomic
structures like the augmented human maxillary sinus

In a previous study, we applied immunohistochemarad histomorphometric analysis for
examining biopsy specimens which were sampled sxths after grafting the sinus floor
using two types of TCP granules with varying panosin this study we demonstrated that
with both tricalcium phosphate grafting materiatmé formation and matrix mineralization
was still actively progressing six months after raegtation of the sinus floor [20]. Thus,
when using this kind of methodology the histomorpletric data are thought to represent the
total volume of newly formed bone, bone marrow amatrix mineralization only on slices
50um apart along the axis of the biopsy cylind&rpendicular to the axis of the biopsy
specimen assessment of spatial trabecular orientatid subsequent quantitative estimation
of bone forming process seems difficult.

In our current SCT study different patterns of boegeneration were observed in both
patient biopsy specimens. When the less porous Wa® used, a more closely meshed
lamellar bone was noted compared to the patiemhich the more porous TCP (TCP-P) was
used. According to Peters and H&B] this phenomenon seems to be due to the difterén
resorption time or rather biodegradation, whichcasised by the difference in meso- and
macroporosity, interconnectivity, crystal size aghin size of the TCP particles. During
chemical degradation and biological resorption etelbgeneous calcium phosphates a

decomposition into small particles takes place. ddelng on the phase purity a weaker



19

microstructure caused by more soluble phases ré&3hitiously both TCP used in this study
showed different mechanical properties, phase yusilubility and porosity which caused
the different pattern of bone regeneration.

Furthermore, our current study, which compared eatignal histomorphometry and
synchrotron micro-tomography, showed that SCT imag@n deliver additional important
information regarding the degree of mineralizatorthe newly formed bone. This is due to
the higher density contrast using monochromaticlssotron radiation and the suppression of
beam hardening artifacts. In general, SCT allowsafdiigh resolution, 3-D imaging with
different contrast modes depending on the choseerarental parameters. Here, our setup
was optimized for absorption contrast in order iggidguish between the newly formed bone
and the degrading bioceramic particles. With respethe histomorphometric evaluation of
both biopsy specimens, the values which were obtlainistomorphometrically for the amount
of newly regenerated bone demonstrated a very gooegspondence with values derived
from Boolean images of the SCT scans, in which dméymorphological information of one
phase — "bone tissue — was compared in two dino@ssiwith the conventional
histomorphometric evaluation using SIS Anal}8issoftware. In the case of the tightly
meshed regenerated bone pattern, which was obsaftexdsinus floor augmentation with
more poroug3-TCP a true amount of 36.3% of the entire biopslume was recorded as
regenerated bone by 3-D processing of the SCT d@amdifference between measured true
bone volume and the corresponding biopsy area ugingentional histomorphometry was
therefore 2% less compared to the case in whickeiseporou$-TCP was used and in which
a more cancellous bone regeneration pattern wasnadtks In both cases, a discrepancy of
6.45% and 8.45%, respectively, was observed betweehistomorphometric evaluation and
the true volume measurement of regenerated bong €T imaging. These findings suggest
that in both biopsy specimens quantification oferegrated bone by 2-D histomorphometry

reveal more regenerated bone than in 3-D SCT. @rother hand 2-D histomorphometry
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would also sometimes underestimate the regenebateel An explanation for this difference
could have methodical based reasons. First onéoh@snark that the reduction of a complex
3-D problem like the amount of regenerated bore imopsy specimen to a 2-D setting results
in a loss of information and therefore increases rtteasurement error. This is emphasized
when one takes a look at Fig. 3 where the diffezdretween a selected 2-D slice and the real
volume image is depictured. Investigations previpdsne by comparing histologic sections
with laboratory micro-tomography (u-CT) alreadyicated our findings [56]. Namely in that
study and even by using a u-CT system with an ooflenagnitude less resolving power a
discrepancy between quantitative results derivethfhistomorphometry and p-CT of £10%
was already noted. Furthermore, SCT is a non-dgsteutechnique whereas for histologic
sample preparations it is know that already théirgitand preparation process damages and
therefore changes significantly the specimen [F&%]ditionally, in SCT a more precise
determination of the specimen’s volume is poss#éddat can be simply derived by the area
(results can be compared with the known value ef tlephine burr used to biopsy the
specimen) of the specimen in an axial slice muégpby the number of slices and the pixel
size. In case of 2-D histomorphometry this valuenag accessible and therefore typically
determined locally by the border of the specimenisible in the histologic image. In case of
a cut not perpendicular to the central axis ofdbkimnar shaped specimen this can lead to
significant distortions and increase the measur¢mear as well.

The main advantage of SCT (in absorption contnaside) with respect to
conventionalu-CT is the much higher photon flux used, which éesimne to work with a
monochromatic beam. If the specimen is inhomogenema consists of different materials
with different densities then the higher photorxflarovides better statistics and therefore a
higher contrast between the different phases witténsample [58]. Additionally, the choice
of an energy at which the sample fulfills the adtgamentioned condition of optimal

transmission (T = 13.5%) allows one to avoid sikee hrtifacts, caused e.g. by highly dense
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components or the so-called beam-hardening adiffg3]. In view of the excellent bone
microstucture visualization on a histologic scal¢his study SCT seems to be a more reliable
non-destructive X-ray imaging method than laboratonicro-tomography and micro-
radiography as demonstrated in other methodologitadies [1, 21, 51, 52, 55]. SCT can
even offer a new dimension of nanostructural insigto hard tissues when X-ray optics are
used [53]. However, in contrast to SCT, micro-tonapdpy using laboratory sources cannot
render volumetric information of a biopsy specintern only structural characteristics of the
cancellous bone such as trabecular thickness, nuoflteabeculae and separation [1, 26]. A
comprehensive study on the visualization and gfieation of bone formation around
titanium implants usingi-CT demonstrated the huge differences of tomograntgiired
using microfocus- and synchrotron X-ray sources].[SBhis research group clearly
demonstrated that only the visualization of the photogy of mineralized bone tissue by SCT
shows an acceptable degree of agreement with thgphmlogy which is visualized by
classical histological micrographs. As shown in osgtudy and in contrast to
histomorphometry, SCT is an excellent tool to iriigede the 3-D microarchitecture of biopsy
specimens based on visualization of the bone regtoe pattern and spatial organization of
hard tissue structures.

Due to the limited availability of synchrotron ration beamtime, SCT is actually not the
method of choice to examine a large number of sesnjolr a statistical verification. But with
regard to the presented SCT data it is importanbtopare histomorphometric data and SCT
data evaluating a greater number of bone biopsgiseas for gathering the required volume
information in order to verify whether our findingse consistent. Consequently, a subsequent

larger study has been initiated by our researchpro
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Captions to Figures

Fig1
Conventional histomorphometric investigation prece®r measuring the amounts of

regenerated bone and degradga@CP particles, and SCT image processing procedure.

Fig 2

Sketch of a typical set-up for synchrotron micrortmraphy: the radiation coming from the
synchrotron light source passes a monochromator thed the sample. The beam as
transmitted by the sample is converted into a iadlight image by a scintillating screen and
recorded by a CCD chip optically coupled to theasitator [39, 43]. A sample manipulator is

used to align and rotate the specimen for the toapigc scans.

Fig 3
Patient 1: high quality 3-D visualization of bonefsy (containing the of less porous TCP)
image acquired by synchrotron micro-tomographyemtark red colored areas with lower and

light red colored areas with higher degree of naheation.

Fig 4
Patient 1: Identification process of the histologgetion of the biopsy with the less porfds
TCP and of the corresponding plane of the SCT velumage by a manual scanning

procedure.

Fig5
Patient 1, left: 2-D Boolean image from SCT datiafse quantitative analysis of the "bone”

phase represented by white areas. Right: origi@dl Slice in gray-scales.



33

Fig 6
Patient 2: high quality 3-D visualization of thengobiopsy (containing the more porous TCP)
image acquired by synchrotron micro-tomography.endifferent areas of red brightness

representing different degrees of bone minerabrati

Fig7
Patient 2: Identification process of the histologextion of the biopsy with more porofis
TCP (top) and of the corresponding plane of SCTuw@ image by a manual scanning

procedure (bottom).

Fig 8
Patient 2, left: 2-D Boolean image from SCT datiafee quantitative analysis of the "bone”

phase represented by white areas. Right: origi@dl Slice in gray-scales.



Fig. 1

Resin embedded bone biopsy sampled after a stagesifoor
elevation procedure

-

Synchrotron micro-tomography (SCT)
3D-reconstruction of volume images and visualizatio

-

Sectioning of the resin embedded bone biopsy
for histomorphometric evaluation

-

Semiautomatically measuremaitthe area fraction of newly formed bone
relative to the whole biopsy area using a lightnoscope,
digital camera and SIS AnalyS¥s Software

-

Identifying the corresponding plane of a histologgction in the SCT-volume image
by a manual scanning procedure

-

Comparing histomorphometric 2D image analysiseftistologic slice
and the corresponding slice/area of the (Booleampgraphic data set

-

3-D bone volume measurement of bone biopsy in pertdeelative to whole biopsy volume

-

Comparison of the histomorphometrically determined amount of newly formed bone after sinus
floor augmentation
using a true 3-D volume imaging procedure by synclatron micro-tomography
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Fig.2
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0.5 mm

Fig. 3
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Fig. 4
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Fig. 8




