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1. Introduction

Advanced biomechanical models of biological tissues should be based on statistical
morphometry of tissue architecture. A quantitative description of the microscopic properties
of real tissue samples is an advantage when devising computer models that are statistically
similar to biological tissues in physiological or pathological conditions. The recent
development of X-ray microtomography (micro-CT) has introduced resolution similar to
that of routine histology. The aim of this chapter is to review and discuss both automatic
image processing and interactive, unbiased stereological tools available for micro-CT scans
and histological micrographs. We will demonstrate the practical usability of micro-CT in
two different types of three-dimensional (3-D) ex vivo samples: (i) bone scaffolds used in
tissue engineering and (ii) microvascular corrosion casts.

2. Principles of micro-CT

This chapter covers the basic principles of micro-CT. Ex vivo specimens are typically placed
on a rotating stage between the X-ray source and the microscope objective, which is
followed by a detector (Fig. 1). For high resolution imaging, the sample size must be
reduced to a minimum. The dimensions should not exceed 500-1000 times the resolution
limit required. In large samples, the X-rays must penetrate more material, which results in a
lower photon count and increased exposure time.

Certain devices operate with geometrical magnification only, in which the resolution
increases with the distance between the sample and the detector. Unfortunately, increased
geometrical magnification can result in blurriness, depending on the X-ray source spot size.
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Figure 1. Configuration of a micro-CT scanner with an ex vivo sample rotating within a stationary X-ray
system (redrawn and modified according to Jorgensen et al., 1998).

More sophisticated devices use microscope objectives for increased magnification and
resolution. For optimal settings of the micro-CT scan, the spot size (SS) and the awaited
pixel size (PS) are the parameters that set the source distance (SD) and detector distance
(DD). When the SD and DD are smaller, higher photon counts can be achieved, thus
reducing the time costs. The settings should fulfill equation 1; see also Fig. 2:

ps>ss.PD (1)
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Figure 2. For optimal settings of the micro-CT scan, the spot size (SS) and the awaited pixel size (PS) are
the parameters that set the source distance (SD) and detector distance (DD) (redrawn and modified
according to Roth et al., 2010).

The source SS is strongly dependent on the power of the X-ray tube used. In today’s machines,
the source SS ranges between 1-10 um. For high resolution scanning of biological samples, it is
advisable to operate with a low accelerating voltage (the typical range for the Xradia XCT 400
(Xradia, Pleasanton, CA, USA) is 20-60 kV used with a power of 4 W, at which the tube yields
the lowest SS). The scanning time depends on the magnification and resolution required. For
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details smaller than 1 um, 24 hours or more might be necessary, whereas an overview scan
with a pixel size of approximately 10 um can be achieved within an hour. Sample drifting
might be an issue during a long scanning time. From the reconstructed images, the objects of
interest are visualized, thresholded, traced and analyzed.

3. Current applications of micro-CT in biomechanics and medicine

Compared with standard human CT devices, which offer a resolution limit of
approximately 0.4 mm, the micro-CT introduced a promising modality. However, the
clinical use of this method is limited by its higher radiation exposure and longer scanning
times. It is used either to visualize individual fine functional and anatomical structures of ex
vivo human or animal organs (e.g., liver lobules or bone trabeculae) or for whole-body
imaging of small animals (Schambach et al., 2010). In vivo micro-CT systems are based on a
rotating system of X-ray tube and detectors. The construction of these devices is the same as
in human CT, except that their dimensions are adapted to small animals (Bag, 2010). The
minimal space resolution of in vivo micro-CT is from 100 to 30 um. The imaging of living
animals must be faster than in ex vivo micro-CT. It is enabled by, among other factors, the
use of flat panel detectors that allow us to acquire an abundance of thin sections during one
rotation. The examination is also limited by the necessity of using a radiation dose that does
not harm the tested animal. In ex vivo micro-CT, the X-ray source and the detectors are
stationary, and it is possible to adjust the distance between the X-ray tube and the detectors
(based on the size of the examined object) to improve the spatial resolution and minimize
artifacts. Moreover, in ex-vivo micro-CT, time resolution is not important; thus, the
examination may take a very long time (hours), and any amount of radiation may be used.
This technique enables us to acquire much higher spatial resolution than in vivo micro-CT
(30 to 1 um) (Zagorchev et al., 2010).

Most organs have already been analyzed with micro-CT, including bones (Peyrin, 2011),
heart and blood vessels (Schambach et al., 2010), lungs, kidney, liver, and cerebral structures
(Schambach et al., 2010). Micro-CT devices can be used for the characterization of bone or
vascular microarchitecture (Peyrin, 2011; Burghardt et al., 2011; Missbach-Guentner et al.,
2011). This method also allows the precise detection of the margins of tumors and their
vascularity (Ma et al., 2011; Missbach-Guentner et al., 2011). Tissue composition (e.g., bone
mineralization) can be directly linked to 3-D tissue morphometry (Burghardt et al., 2011).
Thus, 3-D micro-CT analysis becomes a method of choice for describing the spatial
complexity of organ segmentation and the relationships between morphological and
functional units (e.g., hepatic lobules and portal acini) (Schladitz, 2011). Micro-CT can also
link the imaging of anatomical structures with functional and molecular imaging, e.g., tissue
and organ perfusion, the flow rate of exocrine secretions within parenchymatous organs and
glands (Marsen et al., 2006), or heart movements (Badea et al., 2005).

For the examination of soft tissues and vessels, contrast solutions are necessary. In in vivo
imaging, such as in human medicine, standard iodinated contrast media or intravascular
blood-pool contrast agents are used (e.g., contrast material covered by a polyethylene glycol
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capsule and stabilized by lipoproteins or iodinated triacylglycerides). These blood-pool
contrast media are able to remain in the blood circulation for a longer time and thus enable
longer scanning times. They do not leave the blood circulation as do standard iodinated
contrast agents, which pass into the extravascular interstitial space. Contrast substances
labeled with antigens or other ligands (Ritman, 2011) may also be used for targeting and
tracking specific structures, such as stem cells (Villa et al., 2010). For in vivo studies,
nanoparticles can be used to enhance the soft tissue contrast (Boll et al., 2011). It is also possible
to use nanoparticles that incorporate into, e.g., tumors and could remain there for longer
periods (Boll et al, 2011). However, ex vivo micro-CT can utilize any contrast solution,
including those that are toxic to living organisms. The only limitation is that they must not
damage the examined tissue. In ex vivo micro-CT imaging, it is recommended that contrast
solutions be used that offer high contrast to the studied tissue, that have a low viscosity to fill
the smallest vessels and that do not diffuse out of the blood vessels. In practice, the substances
used include silicon rubber (Savai et al., 2009), polymethylmethacrylate with added lead
pigment, and gelatin with bismuth or barium sulfate (Zagorchev et al., 2010).

Other modifications of CT applicable in medical experiments are the mini-CT devices (voxel
size 10 mm?, used for scans of whole organs or small animals) and the nano-CT devices
(voxel size of 107 mm?) (Ritman, 2011; Miiller, 2009).

The greatest progress in micro-CT exploration was acquired in the exploration of tumor
microvascularization and the study of neoangiogenesis. The latter phenomenon is also
important for the understanding of tumor growth and could be used in oncological treatment
strategies, especially in patients treated by biological therapy with antibodies against vascular
endothelial factor A (bevacizumab), which inhibits neoangiogenesis (Ma, 2011). Micro-CT
imaging of pathological vascularity can provide new information, e.g., about changes in vessel
walls in atherosclerosis or other pulmonary vascular diseases (Razavi, 2012).

A promising trend in experimental work is using hybrid methods that combine detailed
anatomical information from micro-CT with information about cellular metabolism and
structure from methods of nuclear medicine (micro-SPECT/CT and micro-PET/CT) (Ritman,
2011). Therefore, it is appropriate to combine or compare the results of micro-SPECT or
micro-PET with, e.g., microscopic analysis of a specimen to estimate the correct anatomical
orientation and acquire a satisfactory interpretation of the results. The new suggested tools
would be able to use higher energy examination from more X ray sources and thus obtain
results on the cellular or subcellular level. The development of new tissue-specific contrast
solutions could also be promising for future research activities using micro-CT or its hybrid
methods.

4. Micro-CT imaging of biological samples ex vivo

4.1. Biomechanics of bone scaffolds

The aim of this chapter is to illustrate the application of micro-CT in tissue engineering and
in assessing the biomechanics of biocompatible collagen/hydroxyapatite bone scaffold
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samples (Prosecka et al., 2011). Tissue engineering is a promising interdisciplinary research
field that aims to develop biological substitutes for the repair of damaged tissue. The typical
strategy involves either the delivery of isolated and expanded cell populations within a
tissue engineering construct or the recruitment of host cells local to the site of damage
through the use of conductive scaffolds and inductive biological signals. The question of
how to optimize the design of scaffolds for different tissues remains unsolved. To assess the
suitability of polymer tissue scaffolds for use in regenerative medicine, methods to
characterize scaffolds are needed (Renghini et al., 2009). The bone scaffolds should be stiff
enough to withstand high forces in the bone after implantation but, conversely, should also
be flexible enough to enable growth of the cells and changing of the original shape of the
graft to meet the needs of the bone complex. Therefore, it is important to perform
mechanical measurements and 3-D imaging of bone scaffolds before the seeding of
mesenchymal stem cells.

Generally, bones and bone scaffolds can be mechanically tested using various types of
techniques: tensile or torsion tests used for strip- or block-shaped tissue specimens; a
pressure test used for block-shaped or cylindrical specimens; a ring test in which a ring of
given thickness is cut from a tubular organ (typically a blood vessel), clamped into the jaws
of special measurement devices and loaded by tension; and an intraluminal pressure
inflation-deflation test of tubular organs. The choice depends on the physiological loading of
the tissues. The aim is to be as close as possible to the real loading and thus to the real
mechanical properties. In any case, regardless of the chosen technique, the result given by a
measurement device is of the same nature: a stress-strain (tensile, pressure, ring test) or
pressure-outer diameter (inflation-deflation test) curve. The stress-strain curve has a mostly
nonlinear shape showing the tissue stiffening as loading increases. The stiffening is caused
by various tissue components as they subsequently contribute to the tissue response. The
soft component, mostly elastin, contributes to the mechanical response at low loading and is
connected with the low stiffness of the tissue, whereas the curly and stiff collagen fibers are
straightened as loading progresses and contribute to stiffening at high loading. The relevant
portions of a stress-strain curve could be approximated (e.g., by a line), and thus, the
mechanical parameters, such as Young's modulus of elasticity at small deformations (low
loading) and at large deformations (high loading), the pressure-strain elastic modulus, the
initial modulus of compression, the limit stress and the strain in the case of loading until
tissue rupture, could be obtained.

To emulate the loading of bones, in which most of their parts are under pressure and only a
small fraction of the tissue is under tension, pressure loading was applied to collagen/
hydroxyapatite composite bone scaffolds. Cylindrical specimens (approximately 12 mm in
diameter and in height) of composite scaffolds containing various amounts of collagen and
hydroxyapatite prepared according to Prosecka et al. (2011) underwent pressure mechanical
loading with a loading velocity of 1 mm/min. The resultant stress-strain curves, and
particularly the regions between 2% and 10% of the original specimen's height, were
approximated by linear regression, and thus the initial moduli of compression were
determined. (for details of the measurements and their evaluation, see Prosecka et al., 2011).
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From a biomechanical point of view, the shape of the stress-strain curves was identical for
all compositions of scaffolds. The beginning of each stress-strain curve was linear with low
stiffness, and increasing loading led to scaffold stiffening. This stiffening was likely caused
by the fact that, with increasing deformation of the porous specimens, the originally high
amount of free space filled by air became smaller, and the stiff components became closer
together and started to contribute more to the mechanical response. The decreasing porosity
caused by the increasing pressure loading could thus be connected with the higher stiffness
of the scaffold. The initial modulus of compression increased rapidly with an increase in the
collagen concentration. From these two results, we can conclude that not only the
composition but also the porosity may play crucial roles in the mechanical properties of
collagen/hydroxyapatite composite bone scaffolds.

4.2. Imaging and biological applications of bone scaffolds

The 3-D porous structure and sufficient mechanical stiffness of the bone scaffolds are
necessary conditions for the attachment, growth, and progress of mesenchymal
osteoprogenitor stem cells (Prosecka et al., 2011); see Fig. 3.

Figure 3. Micro-CT scans of a bone scaffold manufactured from collagen/hydroxyapatite matrix. A —a
single section acquired with a 4x objective; the scanning time was 9 hours. B — an image reconstruction
based on 3376 sections. The scale bars indicate 1 mm.

Traditional methods for evaluating the osseointegration of tissue-engineered scaffold/cell
constructs are based on 2-D histological and radiographic techniques. Sectioning followed
by histology can image the scaffold interior but is destructive, lengthy and only semi-
quantitative (Ho & Hutmacher, 2006). Fluorescence microscopy can be quantitative when
high-throughput approaches are applied, e.g., producing 3-D images with confocal
fluorescence microscopy (Tjia & Moghe, 1998). Colorimetric and fluorometric soluble assays
are available for cell components, such as enzymes, protein or DNA (Ho & Hutmacher,
2006). However, these soluble assays are quantitative but do not provide information on cell
distribution. In contrast to these methods, by micro-CT we can non-destructively obtain 3-D
images that penetrate deep into the scaffold interior and produce inherently quantitative
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results (Tjia & Moghe, 1998). Micro-CT currently appears to be the most suitable approach
for this task (Ho & Hutmacher, 2006; Mather et al., 2007; Mather et al., 2008; Cancedda et al.,
2007). Clearly, in a structure as complex as bone, micro-CT provides a distinct advantage
over conventional microscopy. Structures can be followed continuously, from the level of
osteon to gross bone morphology.

Dorsey et al. (2009) explored the use of X-ray microcomputed tomography for observing cell
adhesion and proliferation in polymer scaffolds. The ability of micro-CT to detect cells in
scaffolds was compared with those of fluorescence microscopy and a soluble DNA assay.
The researchers demonstrated that fluorescence microscopy had better resolution than
micro-CT and that the soluble DNA assay was approximately 5 times more sensitive than
micro-CT. However, by micro-CT, they were able to reveal the interiors of opaque scaffolds
and to obtain quantitative 3-D imaging and analysis via a single, non-invasive modality.
They observed that for quantitative micro-CT volume analysis, a cell density of more than 1
million cells/ml is required in the scaffolds. The results demonstrate the benefits and
limitations of using micro-CT for the 3-D imaging and analysis of cell adhesion and
proliferation in polymer scaffolds. Various bone engineering groups have noted the
importance of micro-CT analyses in tissue engineering. Among them, Miiller and
Riiegsegger have investigated, and quantified, the architecture of cancellous bone using
micro-CT (Miiller, 1994; Miiller et al., 1996, 1998; Riiegsegger, 2001).

In addition to these analyses, a number of morphological measures are being investigated,
such as volume fractions of tissues, directivity of calcifying tissue, porosity, pore
connectivity, putative vascularization, curvature and surface-to-volume measure (Bentley et
al., 2002; Jorgensen et al., 1998).

Despite the advantages of using micro-CT, there are still several issues with both image
segmentation and resolution that are exacerbated by the low image contrast due to the low
X-ray attenuation of the materials being used (Mather et al., 2008). Morris et al. (2009)
studied a method for the generation of computer-simulated scaffolds that resemble foamed
polymeric tissue scaffolds. They showed that the quality of the images (and hence the
accuracy of any parameters derived from them) may be improved by a combination of pixel
binning and by taking multiple images at each angle of rotation. However, micro-CT is
considered to be a standard technique in tissue-engineered bones (Cancedda et al., 2007).

5. Three-dimensional imaging of microvascular corrosion casts

5.1. Corrosion casting

Anatomical corrosion casts provide 3-D insights into the arrangement of hollow structures
and organ cavities at both the macro- and microscopic levels. The most frequently used are
vascular corrosion casts (Giuvardsteanu, 2007), which, in combination with scanning
electron microscopy, constitute the primary application of corrosion casting describing the
morphology and anatomical distribution of blood vessels (Lametschwandtner et al., 2004;
2005). Many other examples are found in the literature - the airways (Hojo, 1993), bile ducts
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(GadZijev & Ravnik, 1996), urinary tract (Marques-Sampaio et al., 2007) and lymphatic
system (Fujisaka et al., 1996) have been visualized by means of corrosion casting. The steps
for obtaining the corrosion casts are as follows: perfusion of the hollow target structures to
remove the contents (in the case of vascular casts, prior heparinization is required for the
maintenance of blood fluidity), injection of the casting media, its polymerization in the fully
filled cavities and the subsequent removal of the surrounding tissues by a highly aggressive
corrosive solution. The corrosion casting method has been known since the beginning of the
16th century, when Leonardo da Vinci injected dissolved wax into bovine cerebral chambers
(Paluzzi et al., 2007). Over the following centuries, all of the steps in the method have been
improved. However, the aim has remained the same — to obtain the most accurate replica of
the biological structure.

5.2. Casting media

Because the highest authenticity is required in the proportions of 3-D corrosion casts, casting
media must have sufficient viscosity (to pass through but not to penetrate); they must be
capable of even, rapid polymerization with minimal shrinkage and of physicochemical
resistance to the subsequent corrosion and dissection procedures. All of these properties are
combined in methylmethacrylate (MMA) resin. The MMA polymerizing fluid can be
produced by warming the MMA monomer with a catalyst, benzoyl peroxide. MMA easily
penetrates the capillary network and flows out via the opposite vessels (Kachlik & Hoch,
2008). A polyurethane pigment paste of various colors can be added into the mass along
with the X-ray contrast medium, e.g., barium sulfate (BaSOs) or mercury sulfide (HgS)
(Gadzijev & Ravnik, 1996). There are also commercially produced, partially polymerized
MMAs (e.g., Mercox or Dentacryl), but these products vary considerably in their rheological
properties. Dentacryl was used mainly in the last century, originally in dental prosthetics.
This compound is a commercially produced, colorless, partially polymerized MMA that is
not, due to its high viscosity, suitable for casts of the microvasculature (Kachlik & Hoch,
2008). The greatest advantage of this casting medium is its low cost; thus, Dentacryl is used
for more spacious casts, such as those of the bronchial tree (Havrankova et al., 1989) or
paranasal sinuses (Hajnis, 1988). Painting clays can be used to color Dentacryl. Mercox is a
low-viscosity acrylic resin, a MMA monomer stabilized solution. Mercox II (Ladd Research,
Williston, Vermont, USA) is commercially offered in two colors (blue and red); the kit
contains an MMA resin and a catalyst (benzoyl peroxide). The Mercox II system combines
excellent permeability through the entire vascular bed, excellent infiltration properties, short
time of preparation and polymerization, minimal shrinkage and high chemical resistance.
Although its price is rather high, it is a method of choice for the vascular corrosion casts
(Bartel & Lametschwandtner, 2000; Minnich et al., 2002, Lametschwandtner et al., 2004;
Kachlik & Baca, 2006, Kachlik & Hoch, 2008).

In our experience with obtaining corrosion casts of porcine liver vascular trees, it is helpful
to administer 50,000 IU of heparin in 1 liter of saline and subsequently rinse the vascular bed
with 5 liters of Ringer’s solution prior to sacrificing the animal. We found that even the
lowest Mercox dilution recommended by the manufacturer (20 ml resin/0.4 g of 40%
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benzoylperoxide) polymerizes within a very short time (approximately 5 min), which makes
it difficult to fill the complicated liver vasculature (Eberlovd, 2012, unpublished results).
After 5 minutes of stirring the resin with the catalyst, it was possible to fill a volume of
approximately 20 ml before the Mercox started to harden. To prevent any vascular lesions
and artifacts, the use of an infusion pump appears to be warranted (Minnich et al., 2002).

Unfortunately, Mercox does not offer sufficient X-ray-opacity for micro-CT. To fill and
opacify microvessels ex vivo, the silicone rubber Microfil MV (Flow Tech, Inc., Carver,
Massachusetts) appears to be a substance of choice (Gossl et al., 2003). The Microfil MV kit is
available in five radio-opaque colors and comprises MV-Diluent, MV compound and MV
Curing Agent. The working time of Microfil is approximately 20 minutes. However, Microfil
MV is not suitable for conventional corrosion casting techniques using potassium
hydroxide. Two alternative techniques for the subsequent tissue clearing are offered instead:
alcohol-methyl salicylate clearing, which produces a stiffer tissue useful for gross
observation, and glycerin clearing, which yields a more flexible tissue and vessels.

6. Automatic image processing, topology analysis and measurement of
statistical features

This chapter describes an approach to automatic micro-CT image processing using
computer vision techniques and the Mercox vascular corrosion casts of the intestinal mucosa
described in the previous chapter. The input data were acquired with Xradia XCT 400
(Xradia, Pleasanton, CA, USA) by scanning Mercox vascular corrosion casts. The resulting
data set consisted of a DICOM stack of approximately 1000 slices, each 1000 times 1000
pixels, such that the scanned volume contained 10° volume elements (voxels), each
represented by a 16-bit signed number. The depicted volume in reality was a cube with an
edge of approximately 35 mm, whereas the voxel edge was 36.53 um. For image processing,
we used the Insight Toolkit library for C++ (www.itk.org) and MATLAB with its Image
Processing Toolbox (The MathWorks, Inc., Natick, MA, USA). The first step of the image
processing was an analysis of the density distribution of the data, using a density histogram;
see Fig. 4.

Segmentation is a process in computer vision that divides the voxels of the source image
into two subsets — foreground and background — depending on their affinity to the objects of
the real world (Sonka et al., 1998). In our case, the foreground was formed by the vascular
corrosion cast, whereas all of the other data were considered to be background.

Thresholding is a common and widely used image segmentation method in machine vision.
This technique outputs a binary image g(i,j,k) that classifies the voxels of the source image
f(i,j,k), in which i, j, k represent the spatial indices of the data, according to equation 2:

g(i,j,k)=1 forf(i,jk)>T

=0 for f(i,j,k)<T @)
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In this equation, T is the threshold value; g(i,j,k)=1 for image elements of objects and g(i,j,k)=0
for image elements of the background (Sonka et al., 1998). The threshold value 32,768, used
for segmentation in our case, is highlighted in red in Fig 4.
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Figure 4. A density histogram of the source image data. In this histogram, which has been smoothened
for visualization, we can observe a local minimum prior to a peak representing the density of desired
vessel voxels. According to the histogram, the segmentation methods based on density values appear to
be suitable for the current image data set.

After segmentation was performed, it was necessary to further pre-process the binary image
to eliminate artifacts, e.g., holes and bays caused by irregular spreading of the casting
material, and measurement errors. These errors were resolved by applying the
morphological operation of hole filling, which converts cavities inside of objects into object
voxels. The next step of the data analysis used the labeling algorithm, which assigned a
unique label to each contiguous region of a binary image (Sonka et al., 1998). This procedure
gave us a large amount of useful information about object counts and sizes in the volume.
Part of the label image histogram is shown in Fig. 5.

The label histogram (Fig. 5) demonstrates that there are many objects of insignificant size
that are produced simply by measurement noise. We can convert these objects into
background and eliminate them from further processing. The size of the objects at which the
segmentation of the blood vessel regions becomes unreliable, reveals also the resolution
limits of the current micro-CT scan. Acquiring a reliable representation of all of the
microvessels would therefore require another scan with a different objective and micro-CT
settings. We can also deduct the count of dominant objects in the volume. For the purposes
of visualization, in the subsequent processing steps, we will only work with the largest
object. Fig. 6 demonstrates the difference between a 3-D model of the whole vessel system
(Fig. 6A), and the largest continuous object only (Fig. 6B).

The volumetric image (Fig. 6) is useful for visualization. However, it is not desirable for
topological investigation. A shape simplification is needed that would preserve the tree
connectivity and geometric conditions. In this study, we used the algorithm introduced by
Lee et al. (1994). This algorithm is based on parallel 3-D binary image thinning, which is
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Figure 5. A label image histogram. The object labels each stand for voxels belonging to a single
contiguous object, i.e., the count of each label denotes the size of the object it represents, and the number
of unique labels corresponds to the number of contiguous objects in the volume. Object labels higher
than 100 were omitted for a better overview. There were 1,967 unique objects within the image data set
under study.

Figure 6. A three-dimensional reconstruction of the entire vessel system (A), and of the largest
continuous object (B).

suitable for large data sets and produces a 1-voxel-thin 3-D skeleton. The topology analysis
of the skeleton involves identifying the node and terminal points of the tree. The points are
located based on their 26-connectivity to neighboring voxels. Based on the properties of the
skeletonization algorithm, we can find nodes of valence 3 (i.e, nodes at which three
microvascular segments join). Existing nodes of valence 4 are decomposed into two nodes of
valence 3. Fig. 7 shows the resulting skeleton with located node points. In this sample, 149
nodes were detected. Using the number of branching points with a known valence, the
numerical density of the microvessels Nv(cap/ref) can be estimated, as described by
Lokkegaard et al. (2001).
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Figure 7. Vessel skeleton with branching node points.

Currently, we are able to segment a vessel tree formed by a corrosive cast. In the example
analyzed in this study, continuous regions of the volumetric model were counted to detect
the number of individual objects within the volume. The volume of each individual object
was estimated. Using skeletonization, the number of branching nodes was counted, and the
number of vascular segments between the nodes was estimated, as was the length of each
segment. Knowing the vessel length and volume, it is also possible to compute the average
diameter of the vessel. However, there are still challenges for future work, such as
estimating the vessel diameter in each voxel of the skeleton using a distance transform. With
this information, the diameter distribution with respect to the vessel length or the vessel
volume could be acquired. With a known diameter, the surface area of the vessels can also
be computed. Tracking the skeleton leading its binary graph construction determines the
spatial distribution of the branching nodes from the proximal vascular segments to the
periphery of the vascular tree.

The approach presented in this chapter is based on several assumptions that deserve to be
discussed, as they also represent the limitations of this study. We assume, for our
computation, that the vessels are in the form of generalized cylinders, which means that the
cross-section orthogonal to the medial axis is a circle. The voxels in our data set were
cubical; however, a data set with unequal voxel edges may be resampled into cubical voxels.

An important question is the choice of the threshold value. The segmented vessel diameter
is partially linearly dependent on the chosen threshold value. Setting an excessively low
threshold causes too many artifacts to appear and objects to merge into each other;
contrariwise, an excessively high threshold makes vessels very thin, such that small vessels
disappear. This effect implies that the threshold value influences the absolute diameter of
the vessels and biases statistical markers. However, the construction of the skeleton and the
topological analysis do not appear to be affected by the selection of the threshold.
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Let us summarize the advantages and disadvantages of our automatic image processing
approach. Compared with stereological methods currently in use (see the next chapter),
automatic image processing requires virtually no user interaction. This approach is able to
compute the distributions of the volumes, surfaces and lengths of vessels of given diameters
with a high precision. Moreover, the stereological methods may be applied to our
volumetric model to achieve results comparable to those of stereological measurements
performed by a human, but with no interaction at all. A disadvantage is the necessity of the
choice of the threshold used for the segmentation, due to the sensitivity of certain results to
the threshold settings. As stated before, the threshold value does not greatly influence the
topology of the vessel tree but strongly correlates with the diameters of the vessels. A
proposed solution to this issue is to compute the skeleton with a higher threshold and the
diameters with a lower one.

7. Quantitative micro-CT, histology and stereology

Current micro-CT devices are typically bundled with sophisticated software packages that
offer a number of automated quantification procedures. However, correlating the micro-CT
results with quantitative histology favors the use of unbiased stereological methods, which
are highly standardized and widely accepted in biomedical microscopy research (Howard
and Reed, 1998, Mouton, 2002). This chapter illustrates the stereological assessment of
micro-CT scans of bone scaffolds and microvascular corrosion casts, including the
quantification of the volume fraction (Vv, dimensionless), surface density (Sv, m?), length
density (Lv, m), orientation and anisotropy of microvessels (Kochova et al., 2011).

In bone tissue samples, the micro-CT resolution is currently capable of providing images
that can be used for both analysis of bone vascular canals, and counting individual osteocyte
lacunae. Quantification of bone microporosities is used for testing their effect on the
viscoelastic properties of bone tissue (Tonar et al., 2011). The microporosity has at least two
functional levels, the vascular porosity (related to the vascular canals; the order of
magnitude is 10-1000 pum) and the lacunar-canalicular porosity (surrounding the osteocytes;
the order of magnitude is 0.1-10 pm). Mechanical experiments clearly demonstrated that the
hierarchical organization of bone architecture is crucial and that bone structural
heterogeneity varies with the scale of magnification. Whereas Fig. 8 demonstrates two-
dimensional sections of compact bone produced by histology and micro-CT, Fig. 9 shows
the results of 3-D micro-CT reconstruction of cancellous bone.

The vascular corrosion casts described in section 4 and used in section 5 also can be assessed
with spatial stereological methods. Image data acquired by micro-CT are demonstrated in
Fig. 10.

After manually tracing the microvessel profiles within a series of consecutive two-
dimensional micro-CT sections (software Ellipse, ViDiTo, KoSice, Slovak Republic), a three-
dimensional system of oriented lines can be acquired (Fig. 11).

185



186

Injury and Skeletal Biomechanics

..' ‘ \ ~3 Q
f o - g -
o -
’ - 2 - = S
-
i f N -
¢ & -
5t Ve @
' " / ;
- ¥ | ’3 " :
. .
A Rl e

Figure 8. Comparing a histological ground bone section stained with basic fuchsin (A, human femur)
with a micro-CT image of compact bone (B, human tibia). In the compact bone, two types of
microporosities can be quantified — the osteocyte lacunae and the vascular canals. Both levels of
microporosities are clearly visible in either method. The volume fraction of the vascular canals can be
quantified stereologically with a point counting method, whereas the numerical density of the osteocyte
lacunae can be assessed by the 3-D counting method called disector, which is not biased by the variation
in size and orientation of the lacunae (Sterio, 1984; Tonar et al., 2011). The scale bars indicate 60 um (A)
and 200 um (B).

Figure 9. Micro-CT reconstruction of cancellous bone (human tibia) — an overall view (A) and a detail of
the surface of bone trabeculae (B). The density and 3-D arrangement of bone trabeculae can be easily
assessed with micro-CT. In contrast to scanning electron microscopy of bone surfaces, micro-CT is not
biased by perspective or the depth of the 3-D sample. A dry bone sample does not require any

laboratory processing prior to micro-CT scanning. The scale bars indicate 1 mm (A) and 200 pm (B).
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Figure 10. A micro-CT image (A) and a 3-D reconstruction (B) of a vascular corrosion Mercox cast of
human intestinal mucosa. The scale bars indicate 300 pum (A) and 100 um (B).
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Figure 11. Tracing the microvessel profiles in serial micro-CT sections (Fig. 10A) results in oriented
lines, which can be visualized either as linear structures (A) or as rods (B). The blood microvessels are

-

abstracted as having one dimension only (the length), whereas the spatial orientation is retained. The
thickness of the rods (B) has been set for better visualization only and does not represent the real
thickness of the original microvessels.

Next, the orientation of each skeletonized vessel can be described using a spherical
coordinate system (Fig. 12). Each blood vessel segment is described as a vector connecting
the center of the coordinate system with the surface of the sphere. This vector is described
by its length and a combination of azimuth ranging between [0, 27t] and elevation [0, /2].

Next, the combinations of vessel lengths and their 3-D orientation can be assessed using
various 2-D plots (Fig. 13). These plots are very useful when assessing the directionality and
anisotropy of the vascular segments. Should the anisotropy be quantified, several methods
are available, such as the ellipsoidal anisotropy, fractional anisotropy, or a chi-square
method comparing the observed length densities of lines with the discrete uniform
distribution of an isotropic line system (Kochova et al., 2011).
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Figure 12. The angular description of the directions of vascular line systems using a spherical
coordinate system. Each blood vessel segment is represented by a vector with a known length and a
combination of azimuth (longitude) and elevation (latitude). This figure was redrawn and modified
according to Kochova et al. (2011).
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Figure 13. Polar plots can be constructed (A) using the Lambert azimuthal equal area projection. Radial
lines are azimuths and concentric lines are elevations, whereas the arrows indicate individual
directions. Color histograms can also be used (B) with a color scale corresponding to the microvessel
lengths in the given combination of elevation and azimuth (a dark color represents a high value of the
microvessel length). In this example, the prevailing directions demonstrate the anisotropy of the
microvessels, as both plots exhibit preferential combinations of azimuth and elevation.

Using the skeletons of the microvessels, their lengths L within a reference volume V(ref) can
be expressed as the length density Lv; see equation 3:

L
Ly = V(ref)

)

The volume fraction occupied by the microvascular corrosion cast easily can be estimated
using the Cavalieri principle (Howard & Reed, 2005), as shown in equation 4,

estV=T-(A;+A, +..+A,), 4)

where estV is the estimated volume of the microvessels, T is the distance between the
sections sampled for the estimation, and A is the area of the cast profiles in m individual
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sections. When estimating the area A, the points hitting the profiles are counted, and their
sum is multiplied by the area corresponding to each point. At least 200 points must be
counted to obtain a reliable volume estimate (Gundersen & Jensen, 1987); see Fig. 14A.

To simulate the histological measurement of microvessel density Qa (Fraser et al., 2012), i.e,,
the number of microvessel profiles Q per area unit A, an unbiased counting frame can be
applied (Fig. 14B), and the microvessel density can be expressed using equation 5,

Qa=—. )

Figure 14. Estimating the volume fraction and the microvessel density. A - When estimating the area

and volume of the microvascular cast, the points hitting the profiles (marked red) are counted, and their
sum is multiplied by the area corresponding to each point. B — Counting the microvessel profiles per
section area simulates the histological assessment of microvessel density. This procedure can be
performed using the projection of an unbiased counting frame consisting of two admittance (green) and
two forbidden (red) borders. Marked profiles of microvessels (red outlines) situated inside the frame or
those touching admittance borders and not touching the forbidden lines are counted in the software
Ellipse.

The surfaces of the microvascular casts can also be estimated using stereological methods.
However, several of these methods require isotropic uniform random sections or vertical
uniform random sections. Randomized orientation of the sections cannot always be
guaranteed in micro-CT, as the sample is typically oriented with its long axis perpendicular
to the X-ray beam (Fig. 1). The section plane is often arbitrary and cannot be regarded as
random. A suitable solution without randomizing the cutting plane is using an isotropic
virtual test probe named fakir (Larsen et al., 1998; Kubinova & Janacek, 1998; Kubinova &
Janacek, 2001); see Fig. 15. The ratio between the surface area S and the reference volume
V(ref) is called the surface density Sv; see equation 6:

B
V(ref)’

(6)

Sy
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Figure 15. Estimating the surface in a series of micro-CT sections with arbitrary orientation using an
isotropic triple spatial grid of orthogonal lines with a random initial orientation (fakir probe). The test
lines of the fakir probe are green. The violet points denote intersections between the test lines and the
current section. The left window shows a 3-D view, the right window shows the current section. Only
one third of the triple line system is shown (software Ellipse).

8. Conclusion

This chapter reviews the current approaches in micro-CT imaging and the quantitative
evaluation of the resulting image data sets. Both automatic image processing methods and
interactive stereological methods are applied for the quantification of the volume fraction,
surface density, length density, numerical density, orientation and anisotropy. Micro-CT
imaging of bone tissue, tissue-engineered bone scaffolds, and microvascular corrosion casts
is quantified using unbiased methods that are already acknowledged in quantitative histology.
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