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Combined use of micro computed tomography
and histology to evaluate the regenerative
capacity of bone grafting materials

Pre-clinical animal models are commonly used to evaluate
the osteogenic potential of bone grafting materials in-vivo.
Based on the histology analysis, the currently commercially
available bone grafting materials show comparable results
with respect to biocompatibility, incorporation and remo-
deling. In the present pilot study we introduce a methodol-
ogy to compare calcium phosphate-based bone grafting ma-
terials from world-leading companies in clinical trials and
analyze them by means of established histology and syn-
chrotron radiation-based micro computed tomography
(SRuCT). The results indicate that the morphology of the
bony structures depends on the selected bone grafting mate-
rial and that an arbitrarily selected histological slice can
lead to misleading conclusions. Complementary pCT data
can become the basis for the identification of a representa-
tive slice. The registration of the selected histological slice
with its counterpart in the three-dimensional pCT dataset
was performed both visually and automatically with well
comparable results. This registration allows for the compi-
lation of a joint histogram to identify anatomical features,
which can neither be extracted from histology nor from
PCT data on their own. Accordingly, pCT will become an
integral part of studies on the efficacy of bone augmenta-
tion materials and beyond.

Keywords: Registration; Synchrotron radiation-based mi-
cro computed tomography; Joint histogram; Tri-calcium
phosphates; Hydroxyapatite

1. Introduction

Primary stability and successful osseointegration of dental
implants to replace the root of missing teeth depend on lo-
cal quality and quantity of bone tissue [1]. A sufficient re-
sidual bone volume is essential. Alveolar ridge resorption
as the result of tooth extraction and pathological defects in-
cluding periodontal disease, cysts, tumors, and trauma often
gives rise to critical bone volume reduction [2—6]. To pre-
vent such bone loss, socket preservation (SP), also termed
alveolar ridge preservation (ARP), is performed either by
means of autologous bone grafts or bone substitutes. It
leads to a statistically significant increase of trabecular
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bone with respect to the unassisted socket healing [5, 7]. Be-
sides autologous bone, which has been regarded as the gold
standard for decades [8], bone substitute materials play a
more and more important role for several reasons. First, re-
cent studies show little effect in fresh extraction sockets,
when grafted with autologous bone chips [9]. Second, a lar-
ger number of dentists and patients prefer avoiding bone
transplants due to the invasiveness of the procedures and
the associated morbidity. In these cases bone substitutes of-
fer a vital opportunity to augment the bone defect and subse-
quently enable the insertion of a dental implant, in general.
Nowadays, a wide variety of bone substitutes are avail-
able on the market. Allografts, xenografts, and synthetic
materials are applied routinely [10]. Survival rates for den-
tal implants placed into the regenerated sites are reported
to be similar to those inserted into sites that do not require
bone augmentation [11]. Many in-vivo studies have proven
the success rates of the individual, commercially available
bone grafting materials. However, there are very few exam-
ples in the literature of comparative analyses, i.e. compre-
hensive and comparative evaluation of the bone substitutes
that take advantage of two- and three-dimensional imaging.
We hypothesize that the incorporation of micro computed
tomography (UCT) into the well-established, histology-
dominated experimental studies on bone augmentation
leads to more reliable data and much higher significance
of the derived conclusions. To prove our hypothesis, we
performed a pilot study considering the bone grafting mate-
rials Bio-Oss® (Geistlich Pharma AG, Wolhusen, Switzer-
land), BoneCeramic (Institute Straumann AG, Basel, Swit-
zerland) with an absorbable collagen membrane (Bio-
Gide® Geistlich Biomaterials, Wolhusen, Switzerland)
and easy-graft™ (SUNSTAR Degradable Solutions AG,
Schlieren, Switzerland) for socket preservation. The aim
of the present communication is not to select the bone graft-
ing material optimized for a certain patient treatment but to
present a methodology to compare the materials in clinical
trials. The combination of the non-destructive synchrotron
radiation-based micro computed tomography (SRUCT) and
corresponding histological sections provides a detailed
view of bone morphology and function. First results of the
SRuCT images and histology have been presented [12],
but an in depth analysis of the anatomical features is miss-
ing due to the lack of a multimodal registration procedure
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and joint histograms. As a result a limited number of struc-
tures were identified.

The biopsies were extracted for medical reasons and non-
destructively gauged by means of synchrotron radiation-
based pCT (SRuCT) before subsequently being prepared
for toluidine blue staining. To exploit the full potential of
the combined analysis, the two-dimensional (2D) histology
data have to be registered with the three-dimensional
(3D) uCT dataset [13]. The histological images provide a
sub-micrometer lateral spatial resolution. The third dimen-
sion is typically resolved in the range of 10~ m. The less
detailed volumetric tomography data have an isotropic spa-
tial resolution in three directions. Their 2D-3D intermodal
registration is performed manually or semi-automatically.
Experts visually inspect virtual cuts of the tomography data
to identify a satisfactory match with the histology. Inter-
active registration has been applied for radiofrequency ab-
lation treatment [14], and semi-automatic rigid-body regis-
tration methods are available for hard tissues and implants
[13, 15]. Fully automatic non-rigid registration [16, 17] re-
mains a challenge because of the many degrees of freedom
in the mapping from 2D to 3D and the considerable size of
the data sets.

The image registration techniques can be split into two
approaches, i.e. landmark-based algorithms [18] and inten-
sity-based methods [19]. While the landmark-based ap-
proaches seem attractive for registering large data sets due
to their inherent dimensionality reduction ability, matching
the landmarks between images of different modalities can
be challenging. In intensity-based registration, in contrast,
mutual information is used as a well-established similarity
measure for multi-modal registration [20].

Despite the existence of 2D-2D and 3D-3D registration
algorithms, which are not only available for rigid but also
for non-rigid approaches, developments in 2D-3D registra-
tion are rarely published [21]. To avoid the alignment from
2D to 3D, various authors [22-25] applied 3D-3D registra-
tion techniques to series of 2D stained histological slices
and 3D image data sets.

As the 2D histological sections and the 3D CT scans are
of different dimensions, an automatic registration process
needs to be both scale and translation invariant. Further-
more, rotation and mirroring can occur. Interest points that
operate locally and are invariant to the image variations
can be considered a basis for 2D-3D registration. Point de-
tectors and descriptors can be provided by the algorithms
including Speeded Up Robust Features (SURF) [26] and
Scale-Invariant Feature Transform (SIFT) [27].

The inter-modal non-rigid registration enables segmenta-
tion of anatomical features of the human tissues, which are
undetectable using a single imaging technique [16]. There-
fore, we studied which anatomical features of forming bone
can be identified by the joint histograms analysis on the ba-
sis of the histological and related tomography slices, which
can neither be extracted from histology nor from SRuCT
data on its own.

2. Experimental procedures
2.1. Augmentation materials and surgical procedure

Bone specimens for histology and radiological analyses
were taken from patients before insertion of dental im-
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plants. The written consent of the patients is available. The
responsible Swiss authorities ethically approved the proce-
dure.

For Specimen A, the extraction defect was filled with
easy-graft™ (SUNSTAR Degradable Solutions AG,
Schlieren, Switzerland). Easy-graft™ is a biphasic allo-
plastic synthetic bone substitute of hydroxyapatite and tri
calcium phosphate (TCP). These ceramic granules with a
diameter of 600 um are fused by a poly lactic acid present
as a layer on each granule. The oral surgeon performed the
interventions under local anesthesia (Lidocain epinephrine
Streuli, Switzerland). The surgery was planned as a two-
stage procedure. The first appointment served for socket
preservation, while the second intervention was needed for
the implantation after healing. The nonsmoking 70-year-
old patient was a healthy male with no contraindication for
augmentation and implantation. The goal of this kind of in-
tervention was the preservation of the bundle bone area and
the avoidance of labial dehiscence defects. After extraction
of the right central incisor, the substitute was placed under
flapless therapy. Four months later the specimen was ex-
tracted with a trephine bur (hollow drill) from the augmen-
ted region and the dental implant was inserted with light pa-
latine position. The inner diameter of the trephine bur was
3 mm. The dental implant was inserted under stable regen-
erated bone conditions (Institute Straumann AG, Basel,
Switzerland, bone level implant BL, diameter 4.1 mm,
SLActive, length 12 mm). The postoperative treatment and
medication included analgesic, irrigation and perioperative
antibiotics.

For Specimen B, the bone defect was substituted with
Bio-Oss® Block (Geistlich Biomaterials, Wolhusen, Swit-
zerland). Bio-Oss® is a xenograft that consists of hydroxya-
patite. The oral surgeon performed the intervention under
local anesthesia (Lidocain epinephrine Streuli, Switzer-
land). Again, the dentist performed a two-stage surgery.
The augmentation patient was a 45-year-old male nonsmo-
ker without contraindication. The therapeutic operative in-
dication for the augmentation was an osteotomy of an ancy-
lotic-ingrown left canine. The access was performed with a
horizontal mid-crestal incision and two vertical incisions
and the preparation of a lateral muco-periosteal flap. After
visualization of the operation area the tooth was removed
and the bone substitute was adapted and covered by a col-
lagen membrane (Bio-Gide® Geistlich Biomaterials, Wol-
husen, Switzerland) according to the guided bone regenera-
tion technique (GBR). The intervention was completed
with an extended periosteal incision and wound closure
with non-absorbable sutures. Eleven months later, we used
a trephine bur with an inner diameter of 2 mm to harvest
Specimen B, before the implant was inserted. The implant
(Institute Straumann AG, Basel, Switzerland, bone level
implant BL, diameter 4.1 mm, SLActive, length 12 mm)
was inserted in the planned position within the bone aug-
mentation area and post-operatively treated as described
for Specimen A.

For Specimen C, a vertical bone defect in the region of a
right first molar was augmented with BoneCeramic® (Insti-
tute Straumann AG, Basel, Switzerland). The synthetic ma-
terial is a biphasic alloplastic bone graft. It consists of a
mixture of hydroxyapatite and tri calcium phosphate with
grain diameters of 400 to 700 pm and a porosity of 90 %.
The oral surgeon performed the two-stage intervention un-
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der local anesthesia (Lidocain epinephrine Streuli, Switzer-
land). The intervention was necessary due to an extended
vertical bone defect after the extraction of a right first mo-
lar. The 46-year-old patient was a healthy nonsmoker. The
indication for a vertical augmentation was a limited bone
height to the maxillary sinus. After a horizontal midcrestal
and two vertical incisions a muco-periosteal flap was pre-
pared and granulation tissue removed. A new alveolar crest
was built up by the BoneCeramic substitute. The augmen-
ted alveolar crest was covered by a collagen membrane
(Bio-Gide® Geistlich Biomaterials, Wolhusen, Switzer-
land). After five months of bone healing of the vertical de-
fect Specimen C was harvested with a 3 mm diameter tre-
phine bur at the planned implant position. The implant
(Institute Straumann AG, Basel, Switzerland, standard im-
plant WN, diameter 4.8 mm, SLActive, length 8§ mm) was
inserted under stable conditions. The post-operative treat-
ment and medication were as described above.

Figure 1 shows an example of the bone grafting proce-
dure performed with easy-graft™. The non-restorable tooth

indicated signs of inflammation in its periodontal soft tis-

sue. If these cases are not treated, one observes bone resorp-
tion. Therefore, the tooth was graded as hopeless with indi-
cation for extraction. For aesthetic and functional reasons
the tooth needed a replacement that included a dental im-
plant. In this case, the implantation was planned as de-
scribed for Specimen A. After extraction and augmentation
with easy-graft™ the alveolar ridge presented in a stabi-
lized condition after a period of six months bone healing.
The harvesting of the biopsy with trephine bur was done in
the session for implantation. The dental implant was in-
serted at the position, from where the biopsy was taken.
The biopsy was further processed for SRUCT measure-
ments and histology. Figure 1h shows the reconstructed site
with the artificial crown.

2.2. SRuCT data acquisition

To reveal the 3D morphology of the three specimens, syn-
chrotron radiation-based micro computed tomography
(SRuUCT) measurements were carried out at the beamline
W2 at HASYLAB/DESY, Hamburg, Germany in conven-

Fig. 1. The common surgical procedure of bone augmentation and of tooth reconstruction includes several visits to the dental office. (a) Marginal
signs of gum infection at the no longer prosthetically restorable tooth, (b) alveolus augmentation with easy-graft™, (c) stabilized alveolar ridge
after four month bone healing, (d) intraoperative view to the preserved alveolar ridge before implantation, (e) harvesting the biopsy with trephine
bur, (f) trephine bur with the biopsy, (g) inserted dental implant exactly at the site of harvested bone biopsy, (h) successful reconstruction.
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tional absorption contrast mode [28]. The HZG Research
Center, Geesthacht, Germany operated the beamline and
the SRUCT system. The detector consisted of 3056 x
3056 pixels, which were binned by a factor of two before
reconstruction. For the tomography data acquisition of Spe-
cimen A the photon energy was set to 25 keV and the non-
binned pixel size to (2.17 um)?, which resulted in a spatial
resolution of 4.37 pm that we derived from the 10 % value
of the modulation transfer function of a highly X-ray-ab-
sorbing metal edge [29]. For Specimen B and Specimen C
the photon energy also corresponded to 25 keV but the
pixel size was slightly smaller at (2.16 um)? given a spatial
resolution of 4.14 um. The tomography data were obtained
from a set of 721 equiangular radiographs along 180° by
means of the standard filtered back-projection reconstruc-
tion algorithm [30]. To obtain the 3D representation of the
entire specimens, tomograms at different vertical positions
were combined with voxel precision [17]. The commer-
cially available software VGStudio MAX 2.0 (Volume Gra-
phics, Heidelberg, Germany) served to visualize the tomo-
graphy data.

2.3. Histology

After the SRUCT analysis the three biopsies were further
processed for histology. The embedded specimens were
placed in customized polytetrafluoroethylene molds and
re-embedded with a methyl methacrylate solution consist-
ing of methacrylate-methyl ester (Sigma-Aldrich Chemie
GmbH, Buchs, Switzerland); dibutyl phthalate (Merck-
Schuchardt OHG, Hohenbrunn, Germany) and Perkadox
(Dr. Grogg Chemie AG, Stetten, Switzerland) in a ratio of
89.5:10:0.5. To ensure an almost vertical position of the
cylindrically shaped specimens during the polymerization
process, the cylinders were held in place using cured metha-
crylate blocks prepared earlier from the same solution.
After embedding the specimens were stored and dried at
room temperature. A diamond saw (Leica 1 SP 1600, Leica
Instruments GmbH, Nussloch, Germany) served for cutting
thick circularly shaped sections of the biopsies.

The sections were glued (Cementit CA 12, Merz+Benteli
AG, Niederwangen, Switzerland) on opal acrylic slides
(Perspex GS Acrylglas Opal 1013, Wachendorf AG, Basel,
Switzerland), wrapped in aluminum foil and pressed over-
night under a metal block of 1 kg weight.

Further thinning to 300 pm was achieved through grind-
ing (EXCAT CS400, EXACT Apparatebau, Norderstedt,
Germany) and treatment with sandpaper (grit size 1200,
Struers GmbH, Birmensdorf, Switzerland).

Subsequently, the surfaces were polished on a Struers
Planopol-V (Struers GmbH, Birmensdorf, Switzerland)
with sandpaper (grit size 4000, Struers GmbH, Birmens-
dorf, Switzerland). The polished sections were etched with
formic acid (formic acid, 0.7 %, Sigma Aldrich, Buchs,
Switzerland) for two minutes, cleared and etched for an-
other two minutes, rinsed with water and later surface
stained with toluidine blue (1% stock solution in 0.1 M
phosphate buffer pH 8.0, Sigma Aldrich, Buchs, Swit-
zerland) for ten minutes. The sections were digitally re-
corded with a microscope (Leica M420, Camera DFC 320,
Leica Microsystems, Heerbrugg, Switzerland, magnifica-
tion 1.0 X 18.6—22.3) using the software Image Manager
1000 (Leica Microsystems, Heerbrugg, Switzerland) [12].
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2.4. 2D-3D registration

The combination of histological images and pCT data for
the bone assessment requires the multi-modal mapping of
2D slices on 3D data sets. Due to the complexity of 2D-3D
registration the present study followed two approaches,
namely a visual inspection by an expert and an automatic
search in a restricted part of the tomography data.

The cutting directions of the histology were identified
manually by means of the visualization software VG Studio
Max 2.0 (Volume Graphics, Heidelberg, Germany). The
positions of the histological slices in the volume data set
and the rotation angle were determined by manual and auto-
matic searches. The automatic 2D-3D registration was de-
veloped on the basis of the scale-invariant feature transform
(SIFT) approach [27]. The SIFT algorithm extracts distinc-
tive image features that are invariant to scale and rotation
and matches them with a high degree of reliability. The al-
gorithm was applied to the histological images converted
to grayscale and to slices of the CT data sets in the histolo-
gical cutting directions. The resulting matching landmarks
showed a high degree of similarity. The five uCT slices
with the largest number of matching points per histological
cut were examined visually to identify the best match.

A joint histogram is a two-dimensional matrix, where the
entries represent the number of pixels within the physical
quantities represented by means of gray value intervals of
two images preferably showing the same object. The
number of intervals for the histological image of size
1896 x 1896 is 306 according to the Rice rule, which sug-
gests twice the cube root of the number of observations
[31]. For computational reasons we chose the closest power
of two, namely 256, and distributed the intervals uniformly.

The preparation of joint histograms included the non-ri-
gid registration of the selected 2D images. It was performed
by a demon algorithm that is based on the maximization of
mutual information and implemented by Kroon et al. [32].
The data processing was performed in Matlab 8§ R2012b
(Simulink, The MathWorks, Inc., USA) including the SIFT
toolbox provided by Lowe [27].

2.5. Further analysis of bone formation

The cylindrically shaped biopsies were cut perpendicular to
their long axis resulting in a reasonable number of circular
sections. A rectangular biopsy cut parallel to the long axis
could yield more extensive information regarding bone for-
mation and resorption of the grafting material throughout
the entire biopsy, but cannot be obtained simultaneously.
Using the non-destructively obtained tomography data the
scientists can decide which histological cuts belong to the
most promising ones.

Histology allows the identification of augmentation ma-
terial as well as bone in its varying developmental stages.
Newly formed bone, non-resorbed augmentation material,
soft tissue and not yet mineralized portion of the bone (os-
teoid) can be distinguished. Comparison of histology with
the tomography data enables the correlation of the X-ray
absorption values with the tissue types present. After the
identification of the X-ray absorption ranges for bone, aug-
mentation material and soft tissue/embedding the volume
of the material phases can be evaluated quantitatively using
the histogram of the data [33]. The material phases are re-
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presented by Gaussian functions fitted to the histogram (see
Fig. 2). The Gaussian fits were calculated by applying the
Levenberg—Marquardt algorithm in proFit software 6.2.11
(Quantum Soft, Uetikon am See, Switzerland).

3. Results

3.1. Clinical results

Bone augmentation procedures were successfully per-
formed for the three patients. There were no reported com-
plications. After the healing period, sufficient bone was
offered to place the implant as indicated in Fig. 1. Both in-
sertion of the dental screw implant and the placement of
the artificial crowns were successfully performed. No com-
plications after these interventions were reported.

3.2. Histogram analysis

After cropping the biopsy from the pCT data set, one can
analyze the components on the basis of the histogram. Fig-
ure 2 displays the histogram of the 3D puCT data for Speci-
men A on a logarithmic scale. The three main peaks can be
easily identified as embedding material and soft tissues
(light gray), mineralized bone (dark gray) and augmenta-
tion material (black). There is another peak between em-
bedding and bone, which is difficult to fit by means of a
Gaussian and which is associated with newly formed bone
with a variety of mineralization stages. The peak between
bone and augmentation material can be related to the de-
grading augmentation material. The integral frequencies as
represented in color indicate the volume fractions of the
harvested biopsy. In Specimen A we found 1.3 % easy-
graft™, 34.1% bone, and 64.6% embedding material,
which also includes the soft tissue components. Using
thresholding in the visualization tool VG studio, the follow-
ing volume fractions were identified: Specimen B included
57 % soft tissue and embedding, 14.2 % bone, 25.7 % Bio-
Oss® (including bone in Bio-Oss®), Specimen C contained
45.5% soft tissue and embedding, 4.7 % BoneCeramic®
and 48.9 % bone.

104k \

embedding
. bone
N graft

Relative frequency

10°F

,
10 4 6

X-ray absorption (cm™)
Fig. 2. The Gaussian fits to the 3D histogram of Specimen A reveal the

volume fractions of embedding/soft tissues (65 %), bone (34 %) and
augmentation material (1 %).
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3.3. 2D-3D registration

Figures 3 to 5 compare the histological slices with the regis-
tration results of the manual and automatic search for Spe-
cimens A to C. Both approaches identify pCT slices that
show close similarities with the corresponding histological
slices. There are only a few exceptions for the algorithmic
approach. More than 75 % of the nCT slices determined by
manual and automatic registration are less than 0.1 mm
apart. The manual search leads to generally better results
than the current approach of automatic searching. The algo-
rithmic approach fails for the Specimen B at position 1.5
and 2.2 mm. The visual inspection is, however, a time-con-
suming procedure, which needs validation. The manual re-
gistration required approximately 8 h per slice while the
mean computational time for the automatic search on a per-
sonal computer was approximately 10 times faster (Intel®
Core™ i7-2600 3.4 GHz, 16 GB RAM). The characteristic
anatomical structures of the specimens including mature
bone and augmentation material are displayed well in both
histology and tomography. The three specimens feature
conspicuous differences in the morphology. In the histolo-
gical slices, the following tissue types can be identified
and distinguished: fully mineralized bone, newly formed
bone, non-resorbed augmentation material, soft tissue/em-
bedding material and not yet mineralized bone (osteoids).

3.4. Correlation between the pCT slices
and the entire biopsy

To determine how far the selected histological slices are re-
presentative for the entire biopsy, one can analyze the
cross-correlation between the individual histograms of pnCT
slices and their corresponding slice from the 3D data. For
Specimen A and Specimen B the correlations are larger
than 94 %, whereas they vary between 70 % and 98 % for
Specimen C (see Fig. 6). The CT data set of Specimen A
features reconstruction artifacts at the slice positions 2 and
4 mm leading to drops in the correlation profile. The ne-
glect of affected slices in the histogram evaluation leads to
a change in the cross-correlation of only 0.1 %. Regarding
the histograms, the histological slices close to the positions
0.1, 2.8 and 3.6 mm are the most representative ones for
Specimen A, the slices at 1.3 and 3 mm for Specimen B
and the slices at 1.2 and 1.6 mm for Specimen C.

Figure 7 shows the histogram of the Specimen C com-
pared to CT slices at the positions 1.6 and 1.8 mm. While
the slice at position 1.6 mm has a high cross-correlation of
96 %, the slice at 1.8 mm has a relatively low one of 80 %.
The difference in correlation can be recognized well in the
histogram matching.

3.5. Combination of micro computed tomography
and histology

Figure 8 shows the X-ray absorption histogram of Speci-
men B and the histograms of the converted histological sec-
tions. The inverted red and blue color channels of the histol-
ogy data are plotted and manually adapted such that the
main peaks coincide with the ones of the pCT histogram.
The peak located close to an absorption value of 1 cm™ re-
presents the soft tissue/embedding material, the one close
to 3.8 cm™! corresponds to the newly formed bone, and the
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Fig. 3. The comparison of selected histological slices (left) with manually (middle) and automatically (right) registered puCT slices for Specimen A
(easy-graft™),
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Fig. 4. The comparison of selected histological slices (left) with manually (middle) and automatically (right) registered PCT slices for Specimen B
(Bio-Oss®).
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Fig. 5. The comparison of selected histological slices (left) with manually (middle) and automatically (right) registered pCT slices for Specimen C
(BoneCeramic®).
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one at 7.5 cm™' to the augmentation material. The pCT his-
togram exhibits the three peaks in a clear manner such that
the materials can be separated by thresholding based on
the local X-ray absorption values. Since the bone augmen-
tation material is colored in dark purple the red channel of
the histological image features a peak in the histogram that
coincides with the one of the uCT at an absorption value
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Fig. 6. The cross-correlations of the CT slices with respect to the en-
tire 3D data set of the cylindrically shaped Specimen A (top), Speci-
men B (middle) and Specimen C (bottom) together with the manually
and automatically found slice positions.
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of 7.5 cm™'. The blue channel reveals the newly formed
bone in a similar manner. The histogram of the histological
slice shows only two peaks after the conversion from color
into grayscale preventing the distinction of three materials.

The joint histogram, which is represented for Specimen
C at the position 1.2 mm in Fig. 9, combines the informa-
tion from the histological slice (histogram on the left) with
the corresponding pCT slice (histogram on the top). The
combination allows for the identification of newly forming
bone (blue) and bone augmentation material (red) that can-
not be extracted based on the histogram of the histology or
the tomography slice alone. The gradient from dark to
bright red denotes the degradation of the augmentation ma-
terial. The green region indicates the joint histogram range
of soft tissue (granulation tissue) and mineralizing bone
matrix. The corresponding grayscale slices in panels A and
B are colored as represented in the joint histogram.
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Fig. 7. The histograms of the uCT slices determined for the histologi-
cal cuts at position 1.6 mm (high cross-correlation) and 1.8 mm (low
cross-correlation) are compared to the 3D histogram of Specimen C.
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Fig. 8. The histograms of the histological slice (red and blue channel)
are compared to the 3D histogram from the SRuCT data of Speci-
men B.
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Fig. 9. The joint histogram of histology and SRuCT slice (Specimen C) allows the segmentation of the partially degraded augmentation material
(red), the early formed bone (blue) and the soft tissue (granulation matrix)/mineralizing bone matrix (green). The gradient from dark to bright red

represents the degradation of the augmentation material.

The comparison with the 3D histogram shows that the se-
lected pCT slice includes a larger amount of newly formed
bone/augmentation material and a smaller one of soft tis-
sue/embedding material than the average. Nevertheless the
histograms have a correlation of 96 %.

4. Discussion

Frequently, bone tissue must be supported or reinforced by
augmentation materials before dental implants can be in-
serted because of bone loss after extraction therapy, patho-
logic bone defects or trauma. Bone substitution with cal-
cium phosphate phases and xenografts has become more
and more common as the alternative procedure to recon-
struction with autologous human bone [34-37].

So far, bone resorption cannot be totally prevented by al-
veolar ridge preservation. Particularly, the outcome of
socket preservation is insufficiently discussed in the litera-
ture [5, 38]. There is agreement that the use of a hollow drill
is a feasible mean to obtain a biopsy from the site of im-
plantation [12, 36, 37, 39—41]. The biopsy can contain
many components: hard and soft tissues as well as augmen-
tation material. Therefore, the preparation of histology
slices is challenging and the augmentation material usually
quarries out during sectioning, see for example Refs. [12,
42]. Hence, the well-established histological evaluation of
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bony tissues should be complemented by non-destructive
techniques such as pCT, which have been used for decades
to evaluate bone specimens without augmentation material
[12,43]. In a more recent study, SRUCT is applied to biopsy
specimens, which suitably shows the micro-architecture of
the bone regeneration pattern and the spatial organization
of hard tissue structures [40].

Numerous clinical studies [37, 41] rely on only a few or
even one histological slice per specimen. As, for example,
demonstrated for titanium implants [44, 45] the choice of
slice can massively influence the result of the study. Here,
we have introduced an approach to select a representative
slice analyzing the cross-correlation of the circularly sha-
ped nCT slices with the entire cylindrically shaped biopsy
volume. This knowledge can guide scientists and techni-
cians to prepare a histological slice that is representative
for the biopsy. In the present pilot study, the biopsies were
cut perpendicularly to their long axis resulting in a rela-
tively large number of cross-sections. The sections show
the characteristic structures at selected heights. Whereas
longitudinal sections yield more extensive information re-
garding bone formation and resorption of the grafting mate-
rial throughout the entire biopsy, the cutting direction cho-
sen in present study is suitable for the identification of the
most representative structures. The cross-correlation can
be as low as 70 %, cp. Figures 6 and 7. Selecting the region
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for histological sectioning on the basis of the information
given in Fig. 6, increases the cross-correlation to more than
99 % for Specimens A and B and to above 97 % for Speci-
men C. One can even optimize the choice by considering
the environment of the dedicated slice, as the precision for
the histological sectioning is limited. Thus, the peaks in
the cross-correlation curves should be as broad as possible.

It should be noted that, contrary to current opinion, HCT
is performed relatively fast and easily [46]. The application
of the nondestructive technique allows for a direct measure-
ment of the bone volume and an easy quantification of
bone-related parameters, but has only recently revealed in-
dividual cells in special cases [47, 48]. The technique is
complementary to histology, which allows the visualization
of various tissue types and cellular structures, but is de-
structive, labor intensive, and time consuming [46]. Parti-
cularly, SRuCT is a valuable tool for the evaluation of bone
quality after augmentation with bone substitutes [49]. Com-
pared to conventional laboratory systems, SRUCT with
monochromatic radiation provides not only improved den-
sity resolution but also directly gives local X-ray absorption
values without calibration procedures to quantify the bone
density and the degree of mineralization. Bone tissues with
various degrees of mineralization, which depend on healing
time, can be characterized using their local X-ray absorp-
tion values, as demonstrated in Fig. 8. Because the bone
volume could not be measured before the treatment and
since the amount and the location of grafting material can
only be determined with restricted precision using the in-
vivo imaging techniques, a quantification of biodegrada-
tion/resorption becomes questionable. Nevertheless, bone
remodeling, which includes significant osteoclast activity,
is present. A study of the degradation kinetics, however, is
expensive, as the biopsy can only be harvested at a pre-de-
fined time point and therefore it only provides a snapshot
of the entire remodeling process. Unfortunately, the dose
in SRUCT is so high that in-vivo measurements are not fea-
sible. Another limitation of SRuCT is its availability re-
stricting the number of extended studies on bone, cp. [40,
50]. The limited number of specimens in the present study
does not allow a clinically relevant statement, but rather
the development of an evaluation methodology for bone
augmentation materials based on SRUCT and histology.
The embedding of bone biopsies into polymers is very con-
venient and permits suitable storage until beamtime is
available. The discrimination of the soft tissue components
from the embedding material, however, is usually impossi-
ble. Bernhardt et al. [45] showed that the absorption histo-
grams entail one common peak for PMMA, soft tissues
and low mineralized bone.

Previous studies showed that two of the bone grafting
materials (Bio-Oss®, BoneCeramic®) led to similar clinical
and radiological results for bone augmentation [51, 52] and
similar histological appearance [36, 37]. The present study
reveals morphological differences in the structure of the
biopsies. Reasons may be the variations in the healing peri-
ods among the different specimens and in the choice of the
grafting regions.

The histology facilitates obtaining information regarding
cell and tissue function by, for example, using immuno-
histochemical analysis or enzyme histochemistry. In pCT,
there are only a very few examples, where functional infor-
mation can be gained, see for example [53].
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The complementarity of histology and uCT is obvious,
but their combination might yield even deeper insights by
the use of joint histograms as recently demonstrated in the
multimodal imaging of the human cerebellum [16]. A joint
histogram of the histology and the related SRuCT slice,
however, is a more challenging task, as the pCT slice has
to be found within the dataset of GB size. The registration
of 2D with 3D data is usually performed on the basis of vi-
sual inspection by comparing the histological slice with
more or less arbitrarily chosen virtual cuts of the 3D data.
The result of the manual search may depend on the expert.
In many cases several experts have to examine the data be-
fore a reasonable conclusion can be drawn. Automatic or
semiautomatic searches will, therefore, reduce the efforts
to identify the correspondence. So far, these approaches
rely on rigid or affine registration and the soft tissue defor-
mation in the range of 10 % [54, 55] cannot be corrected in
an appropriate manner. To this end, we consider the regis-
tration presented in Fig. 9 as a notable achievement. This
achievement has to be valued even higher, since the biopsy
specimens in our pilot study were re-embedded for histolo-
gical sectioning. As a consequence, the axes of the CT data
were not parallel to the axes of the histological sections.
Thus, we re-sampled the SRUCT data to align them to the
histological slices by tilting the data according to manually
selected rotation angles. We had to take into consideration
that the slices were not perfectly aligned between the set
of histological slices but exhibited deviations because of
the preparation procedure, which included sawing and
grinding. The histological sections may even be curved.
As a consequence the results have to be viewed with cau-
tion. For example, the red-colored margin of the blue-co-
lored feature in Fig. 9 could be an artifact.

The selected joint histogram of the present communica-
tion clearly demonstrates that the combination of histology
with the registered UCT slice enables us to identify anato-
mical features covered in HCT and histology. In particular,
the early stages of bone formation colored in blue belong
to the prominent examples. In the nCT-data, the partially
degraded bone augmentation material (easy-graft™) shown
in red overlaps the preliminary phase of bone. In the histol-
ogy, the preliminary phase of bone is part of the shoulder
from the dominating bone peak. Therefore, the combination
of the two techniques provides anatomical features not ex-
tractable by one of the techniques alone. The 2D informa-
tion, as represented in the tomography slice of Fig. 9, can
then be extrapolated to the 3D tissue structure by analyzing
various sections of the same sample [49] or applying re-
gion-growing software [56].

5. Conclusions

The combination of SRUCT and selected histological sec-
tions provides a detailed quantitative view of bone mor-
phology and maturation. The combination of the techniques
generates insights not delivered by one method alone. On
one hand, the information from the 2D histological sections
supports the interpretation of detected features within the
3D puCT-data. On the other hand, the pCT data can be used
to determine the representative slices for histological sec-
tioning. To this end, SRUCT and histology are complemen-
tary methods to assess bone quality, including bony tissues
formed as a result of applying augmentation materials.
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More detailed research may include the morphological
measurements and the histomorphometric analysis of both
the three-dimensional tomography data and the series of
two-dimensional slices.
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