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ABSTRACT

Micro computed tomography (uCT) is well established in virtually all fields of biomedical research, allowing for
the non-destructive volumetric visualization of tissue morphology. A variety of specimens can be investigated,
ranging from soft to hard tissue to engineered structures like scaffolds. Similarly, the size of the objects of interest
ranges from a fraction of a millimeter to several tens of centimeters. While synchrotron radiation-based uCT still
offers unrivaled data quality, the ever-improving technology of cathodic tube-based machines offers a valuable
and more accessible alternative. The Biomaterials Science Center of the University of Basel operates a nanotom®
m (phoenix|x-ray, GE Sensing & Inspection Technologies GmbH, Wunstorf, Germany), with a 180kV source and
a minimal spot size of about 0.9 pm. Through the adjustable focus-specimen and focus-detector distances, the
effective pixel size can be adjusted from below 500nm to about 80 pm. On the high-resolution side, it is for
example possible to visualize the tubular network in sub-millimeter thin dentin specimens. It is then possible to
locally extract parameters such as tubule diameter, density, or alignment, giving information on cell movements
during tooth formation. On the other side, with a horizontal shift of the 3,072 pixels x 2,400 pixels detector,
specimens up to 35cm in diameter can be scanned. It is possible, for example, to scan an entire human knee,
albeit with inferior resolution. Lab source uCT machines are thus a powerful and flexible tool for the advancement
of biomedical research, and a valuable and more accessible alternative to synchrotron radiation facilities.

Keywords: micro computed tomography, lab source, dentin tubules, coronary artery, osteogenic distraction,
human cerebellum, bone graft, human knee

1. INTRODUCTION

Micro computed tomography (uCT) is well established in virtually all fields of biomedical research.!™ Tt allows
for the non-destructive volumetric visualization of tissue morphology. Synchrotron radiation-based uCT offers
unrivaled data quality both with respect to spatial resolution and contrast.®” The high photon flux available
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Figure 1. The nanotom® m is equipped with a 180kV nanofocus transmission source. The source-detector distance can
be adjusted from 225 to 600 mm, and the source-specimen distance from 1.8 to 400 mm, allowing for effective pixel sizes
from 300 nm to 67 pm.

at these sources allows operating uCT measurements at selected photon energies. This, in return, allows for the
quantitative determination of the local attenuation coefficients y when measuring in absorption contrast. In ad-
dition, several approaches for phase retrieval exist,® '° and the ever-increasing coherence of the third-generation
sources is driving the development of diffraction-limited imaging methods.!1 "4

Beamtime at synchrotron sources is, however, limited, thus making the acquisition of a statistically relevant
number of specimens challenging if not impossible. Therefore, laboratory-based systems are of high interest for
the biomedical community. Although the information obtained by cathode source scanners is not fully quanti-
tative due to the polychromatic nature of the generated radiation, morphological information can nonetheless
be obtained.'® The Biomaterials Science Center of the University of Basel operates a nanotom® m (phoenix|x-
ray, GE Sensing & Inspection Technologies GmbH, Wunstorf, Germany). The machine is highly flexible. It
is equipped with a 180kV source and reaches a minimal spot size of about 0.9 pm. Through the adjustable
focus-specimen and focus-detector distances, the effective pixel size can be adjusted from below 600 nm to about
80 pm. It is thus suitable for the investigation of a variety of specimens of both low and high Z materials, while
specimen size can range from several hundred micrometers to several centimeters. On the high-resolution side,
it is for example possible to visualize the tubular network in sub-millimeter thin dentin specimens. It is then
possible to locally extract parameters such as tubule diameter, density, or alignment, giving information on cell
movements during tooth formation. On the other side, with a horizontal shift of the 3,072 pixels x 2,400 pixels
detector, specimens up to 35 cm in diameter can be scanned. It is possible, for example, to scan an entire human
knee, albeit with inferior resolution. This proceeding aims to give a partial overview over some of the research
topics addressed within the framework of national and international partners.

2. METHODS

The data shown were all measured on the nanotom® m (phoenix|x-ray, GE Sensing & Inspection Technologies
GmbH, Wunstorf, Germany) operated at the Biomaterials Science Center of the University of Basel (Allschwil,
Switzerland), unless mentioned otherwise. The scanner is equipped with a 180kVp/15 W transmission source.
Two targets are available at the moment. The W target on diamond window is more suitable for acceleration
voltages from 50kV upwards, delivering a higher photon flux compared to the W target on a Be window, which
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finds applications for very small or low absorbing specimens. The detection unit is a temperature stabilized GE
DXR detector with 3072 pixels x 2400 pixels (14 bit depth, 100 pm pixel length). The source-detector distance
can be adjusted from 225 to 600 mm, and the source-specimen distance from 1.8 to 400 mm, allowing for effective
pixel sizes from 300 nm to 67 pm.

3. SPECIMENS
3.1 Human cerebellum

Histological sectioning is the gold standard for the inspection of soft tissue biopsies. The method offers high
lateral spatial resolution sufficient for sub-cellular resolution as well as the possibility for functional staining. The
drawback is that only information in two dimensions (2D) is obtained. It was shown that 2D information might
result in imprecise measurements, for example resulting in the underestimation of inter-object distances within
the specimen.'® In addition, the obtained section might not be representative for the whole three-dimensional
(3D) specimen.'” To overcome these challenges, it is advantageous to extend histology to the third dimension
by means of pCT.»!® Figures 2 (a) through (c) show pCT scans of a paraffin-embedded human cerebellum
biopsy of a 73-year-old man at increasing magnifications. Written consent for scientific use was obtained. All
procedures were conducted in accordance with the Declaration of Helsinki and approved by the Ethikkommission
Nordwestschweiz. The data were acquired on the nanotom® m at an acceleration voltage of 60kV and a beam
current of 350 pA. 1900 projections with 3s exposure time each were acquired over 360°. The effective voxel
length corresponded to 3.5 um. For comparison, Figures 2 (d) through (f) show the same slices, this time acquired
with a grating interferometry (XGI) setup at the beamline ID19 at the European Synchrotron Radiation Facility
(ESRF, Grenoble, France).!” The mean energy of the pink beam was 19.45keV. An Si phase grating G with a
period of p; = 4.8 pm and structure height h; = 23 pm and Au analyser grating G, with a period of po = 2.4 pm
and structure height hs = 50 pm were used. The distance between the two gratings was set to the eleventh
fractional Talbot distance (465 mm). 1200 projections were acquired over 360°. For each projection, four images
over one grating period were taken, with 2s exposure time each. It is apparent that while the contrast of the
XGI data is superior with respect to the attenuation data from the nanotom® m, the spatial resolution is at
least comparable, if not superior in the attenuation data. For example, individual Purkinje cells are more readily
distinguished in Fig. 2c compared to Fig. 2f. Figs 2g and h compare the uCT data and histology directly. While
histology provides higher spatial resolution, the main features can be distinguished in both images. The line plot
in Fig. 2i reinforces this notion.!

3.2 Stenosed human coronary arteries

Heart diseases are among the top causes of death worldwide:2° Up to 50 % of people suffering a heart attack
die before arriving at the hospital. Shear-stress sensitive liposomes?! 22 loaded with a vasodilator are a valid
tool to overcome the high risk of mortality and to improve subsequent quality of life after the attack. The
liposomes release their payload under increased shear stress as found in constricted coronary arteries. To assess
the shear stresses present in constricted arteries, their morphology has to be known. pCT is ideally suited to
determine lumen size in the healthy and diseased case.?® Figures 3 a through c show three virtual orthogonal
slices through the dataset of a paraffin-embedded stenosed human coronary artery. The data were acquired
at 60kV acceleration voltage and 310 pA beam current. 1000 projections over 360° were acquired. For each
projection, three frames with 1.25s exposure time each were averaged. The focus-specimen and focus-detector
distances were adjusted to 40 mm and 225 mm, respectively, resulting in an effective voxel length of 17.8 pm.
The calcified plaque is shown in yellow to blue, the vessel wall in light gray and paraffin in dark gray. Although
the attenuation of the vessel wall is much lower compared to that of the plaque, it can be clearly distinguished
from the embedding material.

3.3 Graft for bone augmentation

For the insertion of a dental implant, sufficient bone offer is required to ensure implant stability.>!” As bone
retraction is often observed after the removal of a tooth, bone augmentation can be successfully applied to
ensure the required bone offer for the successful insertion of dental implants. While transplantation of autologous
bone remains the gold standard, in many patients suffering from critical bone volume reduction (pathological
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Figure 2. (a) Virtual cut through the dataset of a paraffin embedded human cerebellum, measured with the nanotom®
m. Stratum moleculare surrounded by stratum granulosum can be identified. (b) Zoom-in of (a). (c¢) Zoom-in of (b).
Individual Purkinje cells can be seen as dark spots between stratum moleculare (left) and stratum granulosum (right).
(d) Same slice as (a) from a dataset acquired at the beamline ID19 (ESRF, Grenoble, France). Contrast is improved with
respect to (a). (e) Zoom-in of (b), showing the same structures. (f) Zoom in of (e), showing the same region as in (c).
It is apparent that while contrast is improved with respect to (c), spatial resolution is insufficient to resolve individual
Purkinje cells. (g,h) Comparison of uCT data and histology. The lineplots in (i) show that the main features can be
identified in both modalities. Histology however retains a higher level of detail.
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Figure 3. (a,b,c) Three orthogonal virtual cuts through the tomogram of a paraffin embedded stenosed coronary artery.
Although the attenuation of the vessel wall (light gray) is much lower compared to that of the plaque, it can be clearly
distinguished from the embedding material (dark gray). The plaque is shown in yellow to blue. (d) X-ray attenuation
histogram with corresponding color coding. (e) 3D rendering of the artery. Plaque is shown in yellow, the paraffin was
partially removed by thresholding.

inflammation processes or physiological bone resorption), bone grafting materials are used. This procedure has
the advantage that no extensive surgery is needed, relieving patient and surgeon. The efficacy of bone grafting
materials is generally assessed using histology. While well established, histology has the disadvantage of being a
destructive procedure and delivering only 2D information. uCT overcomes this disadvantage by delivering full 3D
morphological information non-destructively. Figures 4 a through ¢ show three virtual orthogonal slices through
the dataset of human bone biopsy extracted after insertion of bone graft (Bio-Oss®, Geistlich, Switzerland)
and four months healing time, directly before implant insertion. The data were acquired at 50kV acceleration
voltage and 350 pA beam current. 1440 projections over 360° were acquired with 4s exposure time each. The
focus-specimen and focus detector distances were adjusted to 10.1 mm and 225 mm, respectively, resulting in an
effective voxel length of 4.5 pm.

3.4 Distraction in rat mandible

Especially in younger patients, when cranio-facial deformities arise, correction can be performed by osteogenic
distraction of the bone.??* For this purpose, the bone is broken on purpose and subsequently pulled apart
with a pre-defined velocity. Newly formed bone grows to fill the gap, thus augmenting total bone volume and
allowing for corrections of bone shape. As bone growth velocity is limited, distraction speeds have to be adapted
accordingly, meaning that intervention times are as long as weeks. To reduce discomfort to the patient, it is
desirable to reduce that duration. This can be achieved by stimulating bone growth. Here, the effect of injecting
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Figure 4. (a,b,c) Three orthogonal virtual cuts through the tomogram of a human jaw bone biopsy extracted after bone
augmentation. The augmentation material appears in white to one end of the specimen, whereas the autologous bone
can be seen towards the other end. Newly formed bone can be seen between the graft grains, indicating that partial
osteointegration has taken place. (d) X-ray attenuation histogram with corresponding color coding. (e) 3D rendering of
the biopsy. Towards the top of the specimen, the mix between graft material and newly formed bone can be seen.

human mesenchymal stem cells (hMSC) in the gap was evaluated. For this purpose, rat mandibles were distracted
by 1.5 mm per day. Animals were sacrificed 66 days after distraction to allow for bone consolidation. Figure 5 a
and b show, on top, the 3D rendering of two mandibles after distraction. The mandible in Fig 5a was treated
with hMSC, whereas the one shown in Fig. 5b was a control. Below, virtual sections through the datasets are
shown. Increased formation of new bone can be seen in Fig. b5a, while little to none can be identified in 5b.
However, bone regeneration is insufficient even in the hMSC-treated jaw, indicating that distraction speed was
too high. The measurements were performed on a nanotom® s operated by the Helmholz Zentrum Geesthacht
outpost at the Deutsches Elektronen-Synchrotron (DESY, Hamburg Germany). 2000 projections were acquired
over 360° at an acceleration voltage of 100kV and beam current of 100 nA, at an effective pixel size of 6.9 pm.
Exposure time per projection was 0.5s.

3.5 Tooth macro-morphology

Human enamel consists of ordered hydroxyapatite crystallites organized in a fibrous continuum. Human enamel
is about three times tougher than the geological counterpart and much less brittle than sintered hydroxyapatite.
In the oral cavity, enamel remains functional and stable for decades under adverse mechanical and chemical
conditions. Omne can even find millennia-old teeth. It is, therefore, the ambition of scientists to reveal the
formation process and the regeneration of the anisotropic human tissues. The characteristic anatomy of the fully
developed tooth reflects its formation.?> 27 For example, ameloblasts, the cells responsible for enamel formation,

Proc. of SPIE Vol. 9967 99670Q-6

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/04/2016 Terms of Use: http://spiedigitallibrary.or g/ss'ter msofuse.aspx



Figure 5. (a) Top: 3D rendering of a distracted rat mandible, seeded with human mesenchymal stem cells. Newly
formed bone can be seen between the red lines. Bottom: 2D section through the dataset. Newly formed bone appears
slightly darker compared to autologous bone. (b) Top: 2D rendering of a distracted mandible without implanted stem
cells. No newly formed bone can be identified. The numerous splinters surrounding the mandible result from a specimen
preparation artifact. Bottom: 2D section through the mandible, again no newly formed bone can be identified.

start at the dentin-enamel junction (DEJ) and grow outwards towards the tooth surface, depositing enamel along
their paths. The DEJ itself, as stable interface between two biomaterials with distinct mechanical properties, is
of high interest and matter of ongoing research,?®2° e.g. in its role as crack propagation inhibitor.?°

After the tooth is fully formed, ameloblasts perish, and the enamel is not actively remodeled throughout the
life of the tooth. Thus, comparison of DEJ and tooth surface morphology might reveal information about how
ameloblasts migrate, and allow their path during amelogenesis to be deduced. As shown in Figure 6, both tooth
surface and DEJ can be extracted from uCT scans. The data shown here were acquired with a SkyScan1174TM
(Bruker, Belgium) tabletop scanner. Acceleration voltage was set to 50kV and beam current to 800 pA. 900
projections were acquired over 360° with 4s exposure time each. A 0.5 mm-thin Al filter was used to increase
mean X-ray energy and reduce beam-hardening artifacts. The effective voxel length corresponded to 20.8 pm.

3.6 Tooth micro-morphology

While a minimal amount of remodeling takes place in dentin, its main macro- and micro-morphology are deter-
mined during dentinogenesis, i.e. tooth formation. In a manner analogous to enamel, the odontoblasts migrate
from the DEJ to the pulp, depositing dentin. The characterizing features are the dentinal tubules, micrometer-
thin channels that mark the paths of the odontodblasts.” As a non-destructive three-dimensional method, CT
is ideally suited for their visualization. Because of the small pixel size and concurrent reduced field of view,
generally only a restricted part of dentin can be visualized.>' 3> More recently, an indirect method to determine
the local orientation of the dentinal tubules based on the dark-field signal from a grating interferometer was pro-
posed.36 However, information on individual tubules is lost. Thus, a “mosaic” approach of high-resolution scans
might be desirable, and feasible given enough scan time. Figure 7a shows a virtual cut through a uCT dataset of
a dentin stick some 600 pm thin, acquired with the nanotom® m at an acceleration voltage of 50kV and a beam
current of 500 pA with the W target. 1440 projections were acquired over 360°. For each projection, three frames
with an exposure time of 3s were averaged. The effective voxel length of the reconstructed data corresponds to
500nm. Dentin tubules can be identified as dark spots. The data, however, appears noisy, and several streak
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Figure 6. (a) 3D rendering of a human third molar crown. (b) Same crown, with the enamel being made transparent,
the DEJ is visible. Similarities between the morphology of the enamel surface and the DEJ can be identified.

artifacts are present. Through simple data pre-processing, the quality of the tomogram can be significantly
improved. Here, a 2D median filter with a kernel size of 3 pixels x 3 pixels was applied to each projection. The
resulting reconstruction shows reduced noise, and streak artifacts are removed (¢f Fig. 7b). Noise reduction, or
increased contrast, is also apparent from the attenuation histogram in Fig. 7d. Peaks corresponding to air and
dentin show reduced width, and the dentinal tubules give rise to a shoulder to the right of the peak related to
dentin. Through this improvement, tubule segmentation becomes possible by simple thresholding, shown in Fig.
7c.

3.7 Human knee

Knee joints are load-bearing structures, subject to continuous cyclic loading. The load is transmitted to the
trabecular bone, which in general has been shown to remodel to adapt to the local load.?” Thus, a dependency
of mechanical load and trabecular bone morphology exists. It is therefore of interest to monitor the morphology
of trabecular bone, allowing insight to be gained into the load in healthy and diseased patients. It is advantageous
to be able to image the trabecular structure within a whole knee, to compare trabecular organization over the
whole joint. CT scans of specimens of these dimensions, in the order of 10 to 20 c¢m, are not trivial. Clinical
scanners generally offer sufficient field of view (FOV), but insufficient spatial resolution, whereas uCT systems
achieve sufficient resolution, but the FOV is too restricted for this kind of specimens. Figure 8 shows a 3D
rendering of the uCT scan of an entire human knee acquired with the nanotom® m. Specimen diameter is just
below 150 mm. The tomogram was acquired with the knee fixated and immersed in 4 % formalin solution at
an acceleration voltage of 180kV and beam current of 30 pA. Focus-specimen and focus-detector distances were
adjusted to 279.5 mm and 430 mm, respectively, resulting in an effective voxel length of 65 pm. 2000 projections
were acquired over 360° with 1s exposure time each. Despite specimen size, the trabecular structure can be
imaged in detail, as can be seen in Fig. 8 on the right side.

4. CONCLUSIONS

The three-dimensional visualization of specimen morphology is of interest in numerous branches of biomedical re-
search. Micro-computed tomography provides an invaluable tool to achieve this purpose in a non-destructive way.
Combined with dedicated computational tools, a wealth of information can be qualitatively and quantitatively
be obtained.
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Figure 7. (a) Virtual section through the 3D dataset of the dentin stick, reconstructed from unfiltered projections. The
data appear noisy, with several streak artifacts present. (b) Same virtual cut from the data reconstructed after median-
filtering the projections. Filtering entirely removed streak artifacts, significantly improving data contrast. Individual
tubules with a diameter of about 3.5 pm can be identified as black speckles. (c¢) 3D rendering of the dentin stick on the
left, and of the segmented tubular network on the right. (d) Histograms of both filtered and unfiltered datasets. Peak
width is significantly reduced after filtering. Also, a shoulder corresponding to the dentin tubules appears.
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Figure 8. 3D rendering of a tomogram of an entire human knee with a specimen diameter of 145 mm. Despite the
specimen size, the trabecular structure of the bone can be resolved.
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