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Abstract
X-ray computed microtomography (microCT) that allows to extract quantitative 3D information about various objects is already
a well-established and widely used industrial technique for non-destructive testing, materials characterization and dimensional
metrology. On the other hand, modern developmental biology requires both qualitative and quantitative three-dimensional
information about the studied objects, which is not provided by conventional 2D imaging methods. In addition, the complexity
of biological structures often requires a more comprehensive methodology to compare shapes and sizes. Our approach is to
connect these two worlds, i.e. to apply procedures and analysis routinely used or developed for industrial computed tomography
to address scientific questions in developmental biology. This approach, which is based on the long-term experience of the
CEITEC BUT Brno micro/nanoCT research team on both, industrial and scientific application of X-ray microCT, brings new
possibilities in imaging, data processing and evaluation of 3D biological models. Here we present 3D structures that were
analysed by different approaches on the selected examples from developmental biology. In addition, quantitative analysis usually
used in industry were applied to segmented 3D models e.g. wall thickness analysis of facial cartilage, shape comparisons of nasal
capsules, automatic quantification of the cells in the salamander limb etc. A complete procedure consisting of staining, microCT
measurement and subsequent data processing is discussed.
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Introduction

One of the greatest enigmas of modern biology is how the shape diversity observed among living organisms is defined and
controlled during its development and growth. For example, the embryo patterning is a highly dynamic process implicating
multiple molecular mechanisms and cell interactions at the basis of organ formation. Defects in such cellular processes can affect
the developmental programme and lead to congenital disorders [1-3]. To describe these processes in detail, the use of advanced
imaging techniques is required. Today, due to the possibility of a fast measurement (in the order of minutes to hours) and simple
sample preparation, this method finds its application both in the industry and various scientific fields including biology. Modern
developmental biology requires both qualitative and quantitative 3D information about the studied objects, which is not provided
by conventional 2D imaging methods. In addition, the complexity of biological structures often requires a comprehensive
approach to compare shapes, sizes and volumes. To address this topic, numerous algorithms have been developed to study image
segmentation and the evaluation of 3D volumes [4]. On the other hand, every topic requires its own approach and different
parameters, which is hard to generalise for all 3D datasets. The goal of this work is to provide a connection between the industrial
and biological approach.

2

Challenges of biological samples with CT

There are two basic approaches for imaging the soft tissues of biological samples. Because of a very similar attenuation
coefficient of soft tissues (hydrogen, oxygen and carbon), staining chemical substances are used. In some cases, phase-contrast
imaging is more convenient. However, the intensity projection image, acquired with a certain propagation distance between the
sample and the detector, will always contain a mixture of contributions from both the absorption and the phase shifts in the
sample. Thus, the combination of both methods is also used and it gives a good differential contrast and a higher resolution.

2.1 Staining
In the case of industrial CT systems, it is usually necessary to use contrasting agents (i.e. stains) to increase the X-ray absorption
of soft tissues. There are various methods for staining biological samples. Staining methods that enable a high-contrast imaging
of embryonic tissues at histological resolutions using a commercial CT system are demonstrated e.g. in [4-7]. The stains can
usually be used after any common fixation and after storage in aqueous or alcoholic media, and on a wide variety of species.
These methods establish the microCT imaging as a powerful tool for comparative developmental studies, embryo phenotyping,
and quantitative modelling of development. On the other hand, the staining has some limitations: generally, it is usually applied
only on ex-vivo samples; shrinking of tissue can appear with longer staining time; penetration of stains is limited etc.
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Historically, the most successful contrast stain used for the CT imaging of soft tissues was osmium tetroxide. Its well-known
tissue binding properties [8] make osmium tetra oxide a natural candidate for an X-ray contrast stain. On the other hand, the
tissue penetration is limited, as it does not work well on the tissues that have been preserved in alcohol. Moreover osmium is
volatile, toxic, and expensive to purchase and to dispose of [5].
The stains, based on phosphotungstic acid (PTA) and inorganic iodine, are easier to handle and much less toxic than osmium
and produce high-contrast X-ray images for a wide variety of soft tissues [6]. PTA was utilised as a standard histological
technique for light and electron microscopy thanks to its capability to increase the contrast of soft versus mineralised tissues or
different types of soft tissues. PTA also confers a strong X-ray contrast when attached to the collagens, fibrils [9, 10] and to
various other proteins. It is considered to be suitable for the visualising of soft connective tissue in general.
The various inorganic iodine stains usually produce similar results and are extremely simple to prepare and use. A big advantage
of iodine staining is the rapid penetration of the sample in comparison with PTA. Also, its imparted contrast with various tissues
is excellent. An example of brain imaging by iodine staining can be found in Figure 1 [7]. E.g., applying 1% iodine in 90%
methanol for 24 hours (Figure 1H) enabled to clearly recognize some structures such as corpus callosum, anterior commissure,
cerebral peduncle etc. using an industrial CT device (GE v|tome|x L 240). All the mentioned structures demonstrated welldefined edges in the µCT data. Moreover, the preparation time of the staining protocol was only one day in comparison with
PTA staining that requires a much longer staining time (10 days).
To minimize the shrinking of the samples, it is needed to follow and optimise pre-stating steps for different types of the sample.
The concentration and overall fixation and staining time depends on a dimension of a sample and on the type of tissue. Generally,
the steps consist of tissue fixation, stabilization of the volume of a sample and finally dehydration. In particular, stabilization of
sample’s volume (e.g. use of acrylamide hydrogel solutions [11]) is an important step integrated into preparation of a sample as
a prevention of a shrinking during staining in alcohol based solutions. The topic of optimisation of staining procedures has been
already pursued and can be found e.g. in [5, 6, 11-14].
To summarise, contrast-enhanced CT by staining agents can produce quantitative, high-resolution, high-contrast volume images
of soft tissues. Such images are expected to be useful in comparative, developmental, functional and quantitative studies of
morphology [1, 2, 15].

Figure 1: Comparison of the coronal sections of a brain following different staining protocols. A – Position of a coronal section
on a 3D model, B – 1% PTA in 90% MeOH for 14 days, C – 1% PTA in 100% MeOH for 16 days, D – 1% PTA for 10 days +
1% iodine in 90% MeOH for additional 24h, E – 1% iodine in 100% EtOH for 24h, F – 1% iodine in 100% EtOH for 48h, G –
1% iodine in 100% EtOH for 7 days, H – 1% iodine in 90% MeOH for 24h. According to [7].
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2.2 Phase contrast
The second approach is based on observing the phase change of X-rays after the interaction with the sample. By using the phasesensitive techniques it is also possible to generate contrast in relation to the phase shifts imparted by the sample. These techniques
also enable to extend the capabilities of X-ray imaging to the details that don’t possess enough absorption contrast to be visualised
only by measuring the decrease in X-ray intensity [16]. It is not possible to directly measure the phase of electromagnetic waves
at optical frequencies. Phase-contrast imaging techniques use the phase perturbations introduced by the sample to modulate the
intensity recorded at the image receptor, in such a way that these effects can be detected and interpreted. To observe phase
change, the X-ray beam needs to have a high spatial coherence and parallel geometry [17]. These are typical characteristics of a
synchrotron beam. However, under certain conditions, the industrial CT machines are capable of the phase-contrast imaging as
well.
X-ray phase-contrast imaging techniques are evolving fast, and a large variety and different approaches exist (interferometry,
grating based or analyser based methods etc.) Free-space propagation techniques are the ones requiring the simplest set-up and
thus it is a method that can be used in industrial systems. The introduction of an appropriate propagation distance between the
sample and the image detector can be sufficient to make the phase effects detectable.

3

Data analysis

With sufficient contrast imparted to soft tissues (Figure 2), linear and volumetric size changes in development can be readily
measured, and comparisons of those measurements can be made between species or between control and genetically or
experimentally manipulated specimens [1]. Because of the complex structures of biological samples, it is hard to find an
appropriate general algorithm for evaluation of the data. Here, we take an advantage of analysis usually used in industry to
answer biological questions. In this chapter, various samples from developmental biology are taken as an example for possible
evaluation approaches to various types of tissue. To demonstrate the complexity of comparison of the samples, the following
examples were selected: Wall thickness analysis of facial cartilage, shape comparison of mouse embryos’ head, polarization of
cells in developing limbs, volume determination of ossification centres and finally, 3D printing of various biological structures.

Figure 2: 3D visualization of ossifications and cartilage in the chondrocranium on a postnatal mouse 1 day after birth (in left).
Original tomographic slice is in right [ (Kaucka, et al., 2017)].

3.1 Wall thickness analysis
One of the sample properties that can help to precisely define the object is the thickness of its wall. Basically, two principles
exist for the computing the thickness of the wall. The “ray method” which is ideal for typical near-parallel surfaces, and the
“sphere method” which is suitable for measuring the thickness of curving and branching topologies. The basic principle of these
two methods is illustrated in Figure 3. Then, this type of analysis processes a voxel data set for areas within a defined wall
thickness interval. As a result of such an analysis, a detailed report of the detected wall thicknesses and a colour-coded data set
can be computed.
Both of the mentioned methods are available in Volume Graphics software [18] and both methods have been tested in biology,
specifically for measurement of the thickness of the cartilage of mouse embryos’chondrocranium. The main aim of this analysis
was to answer the question whether the thickness of the chondrocranium changes across developmental stages of mouse embryos
[1]. This structure consists of a near-parallel surfaces (nasal capsule, basisphenoid etc.) and also the round topologies (e.g. Meckel
cartilage). Thus, it was not clear which method is more suitable and both methods have been tested.
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The comparison of these two methods can be found in Figure 4. The wall thickness is the same for the near-parallel surfaces
for both, ray and sphere method; however, some errors can be observed in the ray method round topologies. In this case, we
can say that applying the sphere method is more suitable, because it is able to calculate the wall thickness for every part of the
sample including flat, curving and branching topologies.

Figure 3: Basic principle of the ray (left) and sphere (right) method for wall thickness analysis in Volume Graphics software. A
– surface of the object, B – search angle, C – measured distance for the ray method, D – fitted sphere, E – measured distance
for the ray method [19].

Figure 4: Comparison of ray (left) and sphere (right) method for wall thickness analysis in Volume Graphics software (VG 3.2)
[18]. An example of cartilaginous chondrocranium of a mouse embryo at 15.5 days post fertilisation. The arrows on the 3D
models show inaccuracy of the ray method for bended structures, e.g. for Meckel cartilage [19].
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3.2 Shape comparison analysis
To perform a shape comparison analysis means to find appropriate morphometric methods. To conduct this type of analysis,
many approaches can be taken. However, all of these approaches have their advantages and limitations. There is no single correct
approach to morphometric that would be applicable to all problems. Approaches usually answer correctly the question being
asked. However, they are correct or appropriate only in the context of that question. For this reason, it is critical to understand
what different morphometric techniques do and to be aware of their respective limitations. Traditional morphometric relied on
phenotypic measurements such as linear distances, angles, weights, and areas. However, most of the modern morphometric
approaches are based on an analysis of landmarks. An assumption of landmark-based methods is that landmarks are homologous
across individuals. A particular landmark should effectively correspond to the same point across the stages etc. Another approach
is to transfer the model into triangular mesh and measure the distances between each triangle of the mesh.
We took an advantage of the long-term experience of our team on answering industrial questions, where shape comparison
analysis needs to be utilized daily in a short-time. To compare tomographic data with e.g. a CAD is one of the typical task for
industrial X-ray computed tomography.
The data of the heads was imported into one coordinate system and registered by the least squares method in VG Studio MAX
3.2 software. The result of the registration is shown in Figure 5. Then, all anatomical structures suitable for the position of the
landmarks were overlapped (i.e. eyes, noses, dermal disparities etc.), thus the landmark-based methods are not very suitable. To
compare the differences between the heads, the models were converted to the STL (stereolithography) model and then subjected
to further analysis. The STL format is an example of the format mainly used for rapid prototyping, 3D printing and computeraided manufacturing, and can also find its application in developmental biology. An STL file describes a raw, unstructured
triangulated surface by the normal unit and vertices of the triangles using a 3D Cartesian coordinate system. The STL files were
then imported to GOM Inspect software. This software is mainly used for the analysis of 3D measuring data for quality control,
product development and production. The GOM software is used to evaluate 3D measuring data derived from GOM systems,
3D scanners, laser scanners, CTs and other sources [20]. By applying technical approaches, it was possible to calculate the
distance between the triangles from mutant and control sample. Mutation of the embryo is described in [2]. The result of the
analysis is shown in Figures 5 and 6.

Figure 5: Location of the heads of the mouse embryo 12.5 days post fertilisation in the coordinate system used for further
analysis. The blue colour represents the control embryo and pink colour represents the mutant.

5

9th Conference on Industrial Computed Tomography, Padova, Italy (iCT 2019)

Figure 6: An example of quantification of 3D model by industrial approach. Comparison of the differences in the GOM inspect
software. The green colour shows no deviation from the control embryo. According to [ (Kaucka, et al., 2018)].

3.3 Volume determination – pore/inclusion analysis
The research focused on description of influence of Tmem107-/- protein null mutation on formation of primary cilia and
development of craniofacial structures in mouse brings several requirements for 3D analysis [15]. The most important question
was a need for comparison of ossification centres of a wild type, a heterozygote of mouse embryos 15.5 days post fertilization.
These embryos were scanned without staining in order to detect ossification centres in the heads as these ossifications possess
enough absorption contrast without need for further chemical preparation. Then, pore/inclusion analysis in VG Studio Max 3.1
was used to evaluate interconnection and volume of ossified tissue. Colour scale defines volume of each connected system of
ossified tissue is demonstrated in Figure 7.

Figure 7: The inclusion analysis of ossification centres inside the head of mouse embryo 15.5 days post fertilisation. The semitransparent 3D rendering of the whole head (left) and the detail of ossification centre (right). According to [15]

3.4 Fibre orientation – polarization of cells
It has been already demonstrated that it is possible to visualise cells by microCT method [21-25]. We have studied the
regeneration and development of salamanders’ limb because of their regeneration capabilities [21]. To describe the complex
mechanism of regeneration, it is needed not only to visualise the cells, but also look to the data more quantitatively. Particularly,
it was found out that by microCT imaging, the resolution and contrast enables to see the polarization of individual cells. To
quantify what can be seen by human eyes, we utilized Fibre composite material analysis (FCMA) module which is implemented
to VG Studio MAX software. The FCMA module has been designed to process voxel data sets to get information about fibre
composite material, but we prove that it can be also used for biological objects as the chondrocytes in cartilage. The mapping of
orientation of all chondrocytes within the cartilage provided important foundation for future inference of the oriented cell
behaviour during cartilage shaping. This analysis demonstrated that the predominant orientation of chondrocytes in epiphyseal
regions was different from rather central regions of the cartilage, where the cell density appeared low. Also, superficial
chondrocytes were aligned with the developing surface of the cartilage (Figure 8) [21].
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Figure 8: Polarization of the cells inside cartilage of embryonic salamander limb. Green and yellow window shows detail of
orientation of the cells: Superficial chondrocytes near surface (yellow arrow) are aligned with the developing surface of the
cartilage in the contrary of chondrocytes in the centre of the element (green arrow). According to [21].

3.5 3D printing
Despite there are many software-based ways for visualization of 3D data sets, having a real solid model of the studied object
might give novel opportunities to fully understand not only technological and industrial methods but also biological processes.
To create the scaled model of the observed sample is nowadays possible thanks to reverse-engineering methods. The
straightforward combination of microCT with 3D printing is common in medical practice [26-28]. We have combined industrial
microCT with 3D printing (printer ZPrinter 650) and we have demonstrated the full procedure of creating a real 3D object of the
whole mouse embryo and different anatomical structures as spine or nasal capsule. The complete procedure consists of the
staining, the microCT scanning combined by the advanced data processing and the 3D printing [4]. The examples of reverseengineering by industrial microCT and 3D printing in biology can be seen in Figure 9. We were able not only to reverseengineered cartilaginous spines of different mouse embryos, but we also combined these models with 3D rendering of the whole
sample and by subtracting the segmented STL model from the 3D rendering of the whole body, we could see the shape and
position of spine in the context of the whole sample.

Figure 9: 3D printing of the rendering of the whole body of mouse embryo with projected spine (left), developmental stage is
E15.5. The individual spines with pelvis of mutant and control embryo (right).
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4

Material and Methods

4.1 Preparation of the sample
After excision, the samples were fixed with 4% formaldehyde in phosphate buffer saline (PBS) for 24 hours at +4 ◦C. The
samples were then washed with PBS and dehydrated by ethanol grade (30%, 50%, 70%), each concentration for 1 day.
Experimentally, the best tissue contrast and penetration with PTA was found. Therefore, most of the samples were transferred
from 70% ethanol to an ethanol-methanol-water mixture (4:4:3) and then into 80% and 90% methanol, each bath for 1 hour.
After that, a 0.7% PTA-methanol solution was used to stain the sample for 6 days and exchanged each day with a fresh one. The
staining was followed by rehydration of the sample in methanol grade series (90%, 80%, 70%, 50% and 30%) to end up in sterile
distilled water. For the stability of microCT measurement, the sample was embedded in 1% agarose gel and placed in a plastic
tube to avoid the motion artefacts during CT scanning.

4.2 Tomographic measurement
The plastic tube was fixed on a plastic rod with a silicone gun. The rod was mounted in the chuck which provides the position
of the sample in the rotation axis. The microCT was performed at industrial CT machine GE v|tome|x L 240 in an air-conditioned
cabinet (21 °C) at acceleration voltage from 60-80 kV and tube current 200-220 µA according to size of the sample. The data
was acquired using a flat panel detector DXR250 with 2048 × 2048 pixels, 200 × 200 µm2 pixel size. Exposure time was
determined from 500 to 900 ms and 3 images were averaged for reducing the noise. 1800-2200 projections were taken over 360◦.
The tomographic reconstruction was done using the software GE phoenix datos|x 2.0 (GE Sensing & Inspection Technologies
GmbH, Germany) with an isotropic voxel size of 1-10 µm.

4.3 Data analysis
Reconstructed slices were further analysed using the different type of software: VG Studio Max 2.1 – 3.2, GOM Inspect and
Avizo. More details can be found in [4, 19, 21].
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