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Featured Application: Combining microtomography before and after decalcification with histol-

ogy data by means of registration enables tri-variate histograms for labeling mature and newly

formed bone as well as soft tissue components in rat jaw.

Abstract: Distraction osteogenesis is a clinically established technique for lengthening, molding

and shaping bone by new bone formation. The experimental evaluation of this expensive and

time-consuming treatment is of high impact for better understanding of tissue engineering but

mainly relies on a limited number of histological slices. These tissue slices contain two-dimensional

information comprising only about one percent of the volume of interest. In order to analyze the soft

and hard tissues of the entire jaw of a single rat in a multimodal assessment, we combined micro

computed tomography (µCT) with histology. The µCT data acquired before and after decalcification

were registered to determine the impact of decalcification on local tissue shrinkage. Identification of

the location of the H&E-stained specimen within the synchrotron radiation-based µCT data collected

after decalcification was achieved via non-rigid slice-to-volume registration. The resulting bi- and

tri-variate histograms were divided into clusters related to anatomical features from bone and soft

tissues, which allowed for a comparison of the approaches and resulted in the hypothesis that the

combination of laboratory-based µCT before decalcification, synchrotron radiation-based µCT after

decalcification and histology with hematoxylin-and-eosin staining could be used to discriminate

between different types of collagen, key components of new bone formation.

Keywords: distraction osteogenesis in oral and maxillofacial surgery; rat model; hard X-ray

tomography; synchrotron radiation; non-rigid 2D-3D registration; joint histogram; tissue clustering;

anatomical landmarks; human mesenchymal stromal cells

1. Introduction

Distraction osteogenesis is an established treatment employed to correct craniofacial
deformities [1–3]. The scheme in Figure 1 illustrates the sequence of the bone formation
between surgically cut bone segments, which are gradually distracted at a speed of about
a millimeter per day [4]. Therefore, the distraction phase requires about a week, before
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must be employed. The wealth of anatomical structures simplifies manual and automatic
approaches. Registering the mandible before and after decalcification, as captured on µCT,
provides further information of the bony structures. Once the data are suitably registered,
bi- and tri-variate histograms can be built. Such histograms can help to segment anatomical
features that cannot be identified by a single technique alone [16].

This multidisciplinary study is aimed at tackling the challenge of multimodal post
mortem imaging of rat jaws after distraction osteogenesis, which consist of soft and hard
tissues, i.e., mature bone, newly formed bone, muscles, vessels, skin, etc. The appropriate
registration of functional data from two-dimensional histology with structural information
from high-resolution hard X-ray tomography leads to a comprehensive anatomical map of
the surgically treated rat mandible and subsequent regeneration.

2. Materials and Methods

2.1. Stem Cell Preparation

A bone marrow aspirate was obtained from the iliac crest of one healthy human donor
during a routine orthopedic procedure, after informed consent and according to a protocol
approved by the local Ethical Committee (Ethikkommission beider Basel, Ref. 78/07).
Nucleated cells were isolated from the aspirate by Ficoll density-gradient centrifugation.
Nucleated cells were counted after staining with crystal violet 0.01% (Sigma-Aldrich, St.
Louis, MO, USA, http://www.sigmaaldrich.com, accessed on 4 June 2022) in phosphate-
buffered saline (PBS), pH 7.2. The cells were then plated onto Petri dishes at a density of
105 nucleated cells per square centimeter in an MEM medium containing 10% fetal bovine
serum supplemented with 5 ng/mL fibroblast growth factor-2 (FGF-2). At 80% confluence,
the cells were detached and replated into another Petri dish at 3 × 103 cells per square
centimeter and used for the experiments when confluence was reached.

2.2. Surgical Procedure, Osteotomy and Distractor Application

Four nude rats (RNU rat, Charles River Laboratories, Sulzfeld, Germany) with an
average weight of 178 g were operated on according to the protocol approved by the
Veterinary Office Basel, Switzerland (ethical approval code 2295). The animals were anes-
thetized by inhalation of a mixture of isoflurane (1.5% to 3.0%) and oxygen with a flow
rate of 0.01 L/s. This was followed by the intra-peritoneal injection of fentanyl/fluanisone
(Hypnorm, Janssen Pharmaceutical, Beerse, Belgium), using a volume of 0.3 to 0.6 mL/kg,
and diazepam with a mass of 2.5 mg/kg. After shaving and disinfection, the mandible was
exposed. Bilateral osteotomy of the mandibular angle was performed in the retromolar
area, using a piezoelectric instrument. After osteotomy, the locked extraoral distractors
made of polyetheretherketone (PEEK), Ti6Al7Nb (TAN) and 316L stainless steel with a
pitch of 0.5 mm per full turn (RatDis Mandible, RISystem AG, Davos, Switzerland) were
applied and fixed to the mandible with two pins made of TAN and one standard length
(RatExFix Mounting pin 0.85 mm, RISystem AG, Davos, Switzerland) on each side of the
osteotomy, as illustrated in Figure 2.

In Rat 1 and Rat 2, one million MSCs were injected at each distraction gap after
resuspending the cells in a volume of 50 µL fibrinogen mixed with thrombin. The control
animals Rat 3 and Rat 4 were only treated with fibrin glue, containing the same composition
of fibrinogen and thrombin as for Rat 1 and Rat 2 (Tissucol, Baxter, Vienna, Austria). The
skin was closed with 5-0 polypropylene sutures (Surgipro, Syneture, Norfolk, VA, USA).
Postoperatively, 0.01 to 0.05 mg/kg buprenorphine was administered every twelve hours
for a period of maximal 72 h.

After a latency period of five days, the mandibles were distracted according to a
regular or rapid distraction protocol until a distraction gap of 6 mm was reached. The
regular distraction protocol applied to Rat 1 and Rat 3 included an initial lengthening of
1.0 mm at Day 1, followed by a distraction speed of 0.5 mm per day. In the rapid distraction
protocol, applied to Rat 2 and Rat 4, the distraction speed was set to 1.5 mm, started on
Day 1.
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Inspection Technologies GmbH, Wunstorf, Germany). The reconstruction software used a
modified Feldkamp algorithm and provided ring-artefact and beam-hardening corrections.

2.4. Decalcification and Paraffin-Embedding of the Mandibles

Decalcification was necessary for preparing the histology slides and was beneficial
for tomographic imaging. The mandibles were put in 20% ethylenediaminetetracetic acid
(EDTA), used as a chelating agent. For this purpose, 200 g sodium-EDTA was added to
800 mL water and heated with constant stirring, before a 40% solution of about 50 mL
NaOH was included until a pH-value of 7.4 was reached, following filling it up by 1 L of
water. The EDTA-containing jar had a volume more than ten times greater than the volume
of the mandible. The jar and the contained specimen were heated to a temperature of 30 ◦C
under magnetic stirring for a period of ten days. The solution was replaced twice a day.

Once decalcification was finalized, the specimens were rinsed and dehydrated in an
ascending isopropanol series (20%, 40%, 60%, 80%, 90%, 100%), followed by xylene, before
embedding into paraffin according to standard protocol.

2.5. Synchrotron Radiation-Based Tomography

After decalcification, the rat mandibles were scanned at the tomography setup of the
beamline BW 2 (HASYLAB at DESY, Hamburg, Germany) [18]. The data were acquired in
absorption contrast mode with a photon energy of 14 keV. The data were recorded using
an asymmetric rotation axis [19] to image the entire sample with a magnification of 1.76.
This setup led to a pixel size of 5.2 µm and a spatial resolution of 9.4 µm, derived from
the 10% value of the modulation transfer function obtained from a metal edge [20]. The
1440 equidistant angular radiographs recorded between −180◦ and 180◦ were binned by a
factor of two before reconstruction, using a filtered back-projection algorithm, to increase
density resolution [17]. The reconstructed images were binned by a factor of two to reduce
image size, resulting in an effective pixel size of 20.6 µm.

2.6. Three-Dimensional Visualization of the Tomography Data

Volume renderings were generated by means of the VG Studio Max 2.1 software
(Volume Graphics, Heidelberg, Germany).

2.7. Histology and Immune-Histochemical Preparation

For histological assessment, the rat mandible specimens were cut in the horizontal
plane to attain sections that included both osteotomy sites and the complete distraction
gap zone. The paraffin-embedded sections selected for histological processing were sliced
to 2 µm thickness with a microtome Leica SM2010R (Leica Instruments GmbH, Nussloch,
Germany). Hematoxylin and eosin (H&E) was used as a surface stain for the decalcified
bone sections.

Selected sections were used to identify human mesenchymal stromal cells (hMSCs)
by means of human-specific repetitive Arthrobacter luteus (Alu) sequences as well as im-
munostaining for a human leukocyte antigen Class 1 (HLA-1). To detect repetitive human-
specific Alu sequences, chromogenic in situ hybridization was performed on paraffin
sections, as described by Osinga [21]. To improve probe binding, one base of the sequence
was changed from 59-cgaggcgggtggatcatgaggt-39, reverse 59-ttttttgagacggagtctcgc-39 to
59-cgaggcgggtgcatcatgaggt-39, reverse 59-ttttttgagacggagtctcgc-39. For immunostaining
the human cells HLA-1 antibody W6/32 ab22432 (Abcam, Cambridge, UK) was used. The
sections were digitized at 20× magnification, using a plan-apochromatic objective with a
slide scanner Panoramic MIDI (3DHistech Ltd., Budapest, Hungary).

2.8. Registration of Tomography Data Acquired before and after Decalcification

Automatic registration of the conventional µCT data obtained before decalcifica-
tion with the synchrotron radiation-based tomography (SRµCT) data, based on mutual
information or cross-correlation, produced insufficient alignment for joint histogram anal-
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ysis. The laboratory-based tomography data only show the bony structures, whereas
the synchrotron radiation-based measurement after decalcification includes soft-tissue
components with similar X-ray absorption to the decalcified bone. Furthermore, an affine
transformation was insufficient, as the bony structures shrunk and were non-uniformly
deformed during decalcification. As a consequence, the three-dimensional data were
semi-automatically registered. Specifically, the data were pre-aligned based on an affine
transformation determined from eight manually selected landmarks in both datasets. Sub-
sequently, 50 corresponding landmark pairs were identified in the pre-aligned datasets
by an image-processing specialist. These landmark pairs were employed for registration
guidance and have been denoted as LM1. An oral and maxillofacial surgeon independently
selected 50 corresponding landmark pairs (denoted as LM2), which were employed to
determine registration accuracy. Landmarks were manually selected by navigating to cor-
responding 3D image locations in two independent itk-SNAP viewers (version 3.6.0) [22]
showing orthogonal slices. Furthermore, masks were automatically created by thresholding
and extracting the largest connected components to focus registration on the foreground
regions. Note: these masks included bony tissue for the non-decalcified data and all tissue
components of the decalcified data.

The elastix image registration software version 4.9 was employed [23,24], as this well-
established approach supports the use of masks for defining image regions to be matched
and allows the combination of image dissimilarity measures and landmark distances in
the cost function. Registration was optimized by maximizing normalized cross-correlation
within the overlapping region of the masks with weight one and minimizing the Euclidean
distance of the 50 LM1 landmark pairs with weight ten. Spatial transformations were
restricted to either (i) affine or (ii) affine followed by a three-level cubic B-Spline transfor-
mation with a final grid spacing of 32 voxels, termed non-rigid. Full sampling was used for
more stable convergence behavior.

2.9. Semi-Automatic Registration of Histology Slides to SRµCT Data

Identifying the precise location of two-dimensional (2D) histological data within
the µCT volume remains a challenge, especially considering multi-modality and non-
uniform deformations introduced during slide preparation [15]. Automatic approaches
have been suggested based on automatic feature detection and matching [25]; however,
reliable matching could not be found for the data presented in this study. Therefore, a
semi-automatic approach with reasonable accuracy was identified [26]. Compared to a
fully manual approach, the workload was substantially reduced.

Two dimensional to three dimensional registration relied on expert input, albeit only
for coarse pre-alignment and the identification of anatomical features. First, two rotations
of 45◦ and 20◦ were applied to the µCT volume to roughly align the major and minor axes
of the rat mandible with the selected histological slide. Next, an oral and maxillofacial
surgeon labelled 50 corresponding anatomical features in the histology slide and the µCT
volume. This process took around 30 min per slide. To determine the slide location, a
surface was fitted to manually determined features within the µCT volume. A thin-plate
spline as well as polynomial surfaces up to the third order were examined. Based on visual
inspection, the thin-plate spline fit was selected. Corresponding two-dimensional data
were extracted from the µCT volume, and feature-based, rigid, 2D-2D pre-registration was
performed. Final registration was achieved with hierarchical non-rigid 2D-2D registration
based on mutual information [23,24].

Coarse rotation, feature labelling, surface fitting and feature-based rigid registration
were performed in MATLAB (release 2020a, The MathWorks, Inc., Natick, MA, USA).
Non-rigid 2D-2D registration was performed with the open-source software toolbox elastix
(version 4.9) [23,24].
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2.10. Joint Histograms, k-Means Clustering, and Segmentation

Having established spatial correspondence between structures in the images via regis-
tration, the relationship of the tissue appearance between the modalities was investigated
via bi- and tri-variate histograms for common areas and volumes, respectively. K-means
clustering was employed in order to automatically over-segment these joint distributions
into eight clusters. The k-means approach was chosen as it is an efficient method that
minimizes within-cluster variances and finds clusters of comparable spatial extent in a
feature space [27,28]. A meaningful reduction in the automatically determined clusters into
five classes was achieved via manual merging. This analysis was performed in MATLAB
(release 2020a, The MathWorks, Inc., Natick, MA, USA).

This segmentation captured the direct relationship between tissue appearances in
various images, without taking account of the tissue’s spatial arrangement, i.e., indepen-
dent of anatomical features and their positions. This procedure has the advantage that
general relationships for the whole image can be identified, that tissue properties at the
pixel resolution are investigated and that the least complex segmentation approach is
first investigated.

3. Results and Discussion

3.1. New Bone Formation and the Risk of Non-Union

Rats treated according to the rapid distraction protocol showed atrophic non-union. A
hypertrophic callus—as a sign of the inadequate mechanical stabilization of the distractor—
was not found. Most frequently, non-union is caused by biological and mechanical fac-
tors [29]. When the distraction speed is slow, a premature consolidation of the interzone
could occur. If the speed is too fast, vascular ingrowth with the risk of atrophic non-union
arises [30]. Another cause of atrophic non-union could be damage to the surrounding soft
tissue following periosteum and endosteum destruction during the surgical procedure [31],
although we can exclude this scenario for the present study. We speculate that atrophic
non-union, due to high distraction speed, has led to poor vascularization.

Rats treated according to the regular distraction protocol showed a distraction zone
that was completely bridged by the newly formed bone.

The current study is restricted to the right half of the jaw from Rat 1, which was
injected with MSCs at the beginning of the distraction phase.

3.2. Three-Dimensional Imaging of the Distracted Jaws Post Mortem

Figure 3 shows three-dimensional representations of the jaw based on laboratory-
based µCT. Hard tissues, i.e., crowns, mature bone and newly formed bone were detected
because of their calcium content. Drilled holes with a diameter of about 1 mm for fixing
the distraction device are clearly visible.

3.3. Impact of Decalcification on the Hard Tissue Microstructure

The preparation of histological sections from distracted jaws generally requires the
decalcification of the jawbone. SRµCT obtained after the decalcification process, but before
physical sectioning, could be helpful in identifying the slices of interest, because both
hard and soft tissues are three-dimensionally visible. The impact of decalcification can be
evaluated by means of a bi-variate histogram. For this purpose, tomographic datasets must
be well registered and the common volume extracted.

Composition and shape changes as a result of decalcification, led to a challenging
registration problem, so we applied a semi-automatic approach, whereby registration was
optimized with respect to selected corresponding landmark pairs, denoted as LM1, and
image similarity. Figure 4 shows the spatial distribution of the selected landmarks and two
examples of µCT volumes in regions surrounding the corresponding landmarks.
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The orange-colored histogram in Figure 7 is derived from SRµCT data and exhibits
three peaks. The sharpest peak at an X-ray absorption slightly above 1 cm−1 corresponds
to paraffin employed for embedding after decalcification. The peak slightly below an X-ray
absorption of 2 cm−1 originates from the soft tissues, as illustrated in the subsequent images.
The third peak at an X-ray absorption of about 2.5 cm−1 can be associated with newly
formed and old bone. The grayscale bar shows X-ray absorption values as represented in
the related slices in Figures 5 and 6 and the figures below.

The bi-variate histogram supported a direct comparison between the two tomography
datasets regarding the decalcification process, but it is limited for further conclusions.
Both data contain the three-dimensional distribution of the bone given by the prominent
two-dimensional peak with a maximal frequency of 104 related to the orange color with the
yellow halo. Note: the highest frequency, given in white, was found at an X-ray absorption
value just above 1 cm−1 and at an X-ray attenuation close to zero. It originates from the
embedding material (paraffin).

3.4. Identifying the Location of the Histology Slide within the Tomography Dataset:
2D-3D Registration

The physical cutting of paraffin-embedded tissues often induces local deformations,
and thus rigid registration approaches usually fail. The required non-rigid 2D-3D regis-
tration, however, is not only multi-modal, but it also offers plenty of degrees of freedom
and is therefore complex or even impossible. Automatic algorithms have been developed,
but these only lead to reasonable results in specific cases [25,32,33]. Therefore, the semi-
automatic approach described in Section 2.9 was employed. The result is represented in
Figure 8. One can virtually cut the registered tomography data in any desired direction to
find a reasonable approximation for the plane of the histological slice, as illustrated in the
three-dimensional representation on the top row of Figure 8. Based on manually selected
landmark pairs, a non-planar surface can be extracted. This procedure is straightforward, as
many anatomical features of micrometer size are present in both SRµCT and histology data.
The same landmark pairs of the microanatomical features can be subsequently utilized for
automatic 2D-2D registration. The selected landmarks are marked in the slices, see bottom
row of Figure 8.

3.5. Univariate Histogram Analysis of the Three Modalities

The first column of Figure 9 displays the virtual tomography slices registered to the
selected histology slice. In the second column, related univariate histograms using a linear
scale are depicted. K-means clustering was applied to each dataset, and the related clusters
are visualized on the univariate histograms (middle) and the slices themselves (right).
As expected, the pixel-intensity distributions of the selected modalities are diverse. The
origin of the histogram peaks from hard X-ray tomography are discussed above. Whereas
tomography data represented by grayscale have only one channel, histology data can be
analyzed with respect to three color channels. Thus, k-means clustering based on the three
RGB values can yield overlapping clusters when displayed on a univariate histogram of
greyscale intensity, as shown with the colored bars of the middle column bottom histogram.
For the conventional µCT of non-decalcified tissue, we reasonably found only two clusters
representing bone and environment, which are blue-colored and transparent on the slice in
the third column of Figure 9. For the SRµCT and histology data, five clusters were selected.
Using black, green, red and blue, similar regions were colored accordingly. The pixels
indicated in gray within the histograms were made transparent in the third column’s slices.
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