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Abbreviations 

 

2D  two-dimensional  

3D three-dimensional 
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CNC  computer numerical control 

CORE computer-reconstructed 
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FDP  Family Dog Project  

fMRI  functional magnetic resonance imaging 
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IF-ED internal focus extra-low dispersion 

IT information technology 

JPEG  joint photographic experts group format 

LSFM light sheet fluorescence microscopy 

LUT  lookup table 

MATLAB matrix laboratory 
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MNI  Montreal Neurological Institute 

MPR  millimetres per revolution  

MR  magnetic resonance  

MRI  magnetic resonance imaging  

NAV Nomina Anatomica Veterinaria 

NIfTI  neuroimaging informatics technology initiative 

OCT optical coherence tomography 

PDF  portable document format 

PET  positron emission tomography 
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RNA ribonucleic acid 
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SFDP  Senior Family Dog Project 
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SPECT  single-photon emission computed tomography  
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TE  echo time  

TIFF  tag image file format  

TIM total imaging matrix 

TR  repetition time 

USM ultrasonic motor 
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1. Summary 

 

The central nervous system can be studied with different methods and in various ways. In an 

initiative to demonstrate the cross-section anatomy of the body, researchers have developed 

a method in which tissue is not sliced but is milled stepwise from a block. This technique is 

referred to as cryosectioning or cryomacrotomisation. The advantage of this procedure is that 

depending on the milling and photographic equipment, one can record cross-sectional macro-

anatomical images with especially high-resolution and colour fidelity, regardless of the tissue 

hardness (which should have been controlled with a prior decalcination procedure in a 

histological study). The data provided by this technique can be used with special software to 

interactively visualise the cryosectioned tissue block. To date, there is no detailed cross-

sectional anatomical map for the canine brain showing the macroscopically visible structures 

in situ (i.e., surrounded by the neurocranium and the neighbouring soft tissues), together with 

a comparable structural imaging dataset with a small slice thickness and possibility for 

interactive multimodal visualisation. Our aim was to create high-quality macro-anatomical 

cross-sectional images and 3-dimensional (3D) models of a canine brain that could be paired 

with the results of magnetic resonance imaging (MRI) and computed tomography (CT) 

techniques from the same specimen. 

 

Here, we performed various studies to investigate how to achieve the best possible results for 

both the cryomacrotomisation procedure and the 3D visualisation. We undertook several pilot 

studies to identify the optimal cryosectioning system and settings that provided images which 

could then be post-processed with various visualisation software packages. These trial 

sectioning and milling studies comprised: (a) different specimens (dogs, cats, pig); (b) various 

cutting and milling machines (conventional and computer numerical controlled ones);  

(c) individually designed embedding boxes; (d) improved cooling and thermoregulation 

methods; and (e) improved surface care and photographic capturing methods. In parallel with 

the cryomacrotomisation studies, we also tested various software packages to find the best 

for handling large datasets (from both medical imaging techniques and from digital 

photography). We also performed segmentations, 3D modelling and multimodal visualisation 

and investigated how to create printable models from our digital objects. As part of these 

visualisation studies, we created digital and 3D-printed models of the major osseous and 

arterial structures of a canine head, made a comparable virtual model of an equine petrosal 

bone to show the complex architecture of the middle and inner ear, produced multimodal 

images and a flip-book of a cat head, and designed a canine MRI brain label map comprising 

86 cortical and subcortical structures to serve as an aid in the medical imaging analysis. 

ĂLike Argus of the Ancient Times...ò 

             /Jack London/ 
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The final study was carried out on a beagle dog (considering the previous studies, the scientific 

literature, and the ethical and research recommendations). The specimen was first scanned 

with MRI and CT both antemortem and postmortem to provide a comparable structural 

imaging background for the anatomical study. Subsequently, a head block was made that was 

embedded into a custom-made thermoregulated plexiglass box and was frozen and 

maintained at -80°C. The cryosectioning was performed with a computer numerical controlled 

(CNC) milling system. We recorded 1112 images from the head block with high-resolution 

photography, with a layer thickness of only 100 ɛm. Despite the fact that we did not use any 

tissue staining to preserve the original colour of the brain, the images proved to be so detailed 

that the major subcortical nuclei could be distinguished in the photographs. In the next phase, 

all the data volumes from the structural images and from the cryomacrotomisation were 

imported into Thermo Scientific Amira for Life Sciences 6.0 and the 3D Slicer software. Using 

these programs, the image volumes were co-registered (so they could be aligned in the same 

global coordinate system), and 3D models were made of the different structures (e.g., brain, 

arteries, veins, endocranial cast, skull).  

 

As a result, we were able to visualise the different two-dimensional (2D) and 3D images and 

models together, reconstructed the coloured anatomical image volume in the other orthogonal 

planes without loss of detail, and created an interactive portable 3D document and a 3D-

printed model of the endocranial cast. The beagle dataset was also co-registered to the MRI 

label map that we created for neuroimaging analysis in the framework of our visualisation 

studies. Comparing the results of our final study with the scientific literature and similar works 

related to dogs, we could conclude that, to date, this macro-anatomical study of the in situ 

canine brain has the highest level of detail and imaging quality. This work is therefore useful 

by providing a neuroanatomical guide for future educational, medical and research purposes. 

The neuroanatomical studies conducted during this thesis also provided additional practical 

benefits, such as supporting awake, functional MRI experiments on dogs, identifying the main 

canine resting-state network systems, providing an anatomical base for MR analysis with a 

brain label map, and creating a canine brain and tissue bank. Neuroanatomical 

comprehension and 3D visualisation had been also advantageous in the area of veterinary 

medicine for planning and performing small animal intracranial neurosurgical interventions.  
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2. Introduction and aims of the study 

 

There are several ways to visualise macro-anatomical structures, such as conventional 

preparations and sections can be made shortly postmortem on a fresh cadaver, or they can 

be previously fixed with a fixative agent (Brenner, 2014), macerated bones can be created 

(King & Birch, 2015; Offele et al., 2007; Simonsen et al., 2011); alternatively, objects can be 

made by corrosion casting (Hirschberg et al., 1999; Krucker et al., 2006; Verli et al., 2007). 

The result of the tissue preparation can be captured in photographs or videos, or these 

procedures can be combined with the different imaging methods so that the selected region 

or specimen can be digitised for 2D and 3D analysis. These techniques are all suitable 

methods to visualise the different systems of the body, and they can be grouped as direct or 

indirect methods and as tissue maintaining or tissue destroying methods. Direct imaging 

means that the original tissue can be seen either in its true colour (e.g., with endoscopy) or 

stained histologically (Dettmeyer, 2011). Indirect imaging techniques, such as computed 

tomography (CT), magnetic resonance imaging (MRI), positron emission tomography (PET) 

and single-photon emission computed tomography (SPECT) provide a computer-generated 

picture (most commonly a greyscale image), and during post-processing an artificial colour is 

added for the easier differentiation based on tissue properties. Examples include X-ray 

attenuation (CT) or using the natural magnetic properties of the body (MRI) (Sandhu et al., 

2010). Indirect imaging methods are tissue maintainers, but they have some limitations in 

showing the structures (mostly due to limited spatial resolution or similarities in signal intensity 

from the adjacent anatomical structures). The central nervous system is enclosed in a bony 

capsule, and in the case of larger animals and humans the brain cannot be routinely sectioned 

together with the skull due to the hardness of the bone, although the present methods make 

it possible to produce histological sections that are as large as a human brain (Amunts et al., 

2013; Ratiu & Talos, 2006). Plastination of the slices is a good method for tissue preservation, 

and selective staining is possible (Riederer, 2014; Vibulchan & Cheunsuang, 2014), but the 

specimenôs colour is partly altered during the procedure. Furthermore, tissue loss is expected 

due to the cutting and shrinkage (Elnady, 2016; von Hagens et al., 1987; Sora et al., 2019; 

Weiglein, 1997). Although there are works that have focused on imaging the canine central 

nervous system (e.g., Adrianov & Mering, 2010; Palazzi, 2011; Schmidt & Kramer, 2015; 

Singer, 1962), at this time there is no atlas for dogs that fulfils all of these criteria: (a) presenting 

the brain in a macro-anatomical aspect without removing it from the skull; (b) a slice interval 

small enough to see all the important macroscopic structures; and (c) all the orthogonal planes 

can be reconstructed using the data from the same animal. The last criterion is important, as 

most of the previous studies had to use several specimens to produce the differently oriented 

sections to compare them with the result obtained from the structural imaging techniques. 

https://www.zotero.org/google-docs/?LLuuGY
https://www.zotero.org/google-docs/?LLuuGY
https://www.zotero.org/google-docs/?HX2dvL
https://www.zotero.org/google-docs/?HX2dvL
https://www.zotero.org/google-docs/?bXQvER
https://www.zotero.org/google-docs/?bXQvER
https://www.zotero.org/google-docs/?hptvbq
https://www.zotero.org/google-docs/?hptvbq
https://www.zotero.org/google-docs/?LR1c1D
https://www.zotero.org/google-docs/?LR1c1D
https://www.zotero.org/google-docs/?mAtw3g
https://www.zotero.org/google-docs/?mAtw3g
https://www.zotero.org/google-docs/?OcBYm1
https://www.zotero.org/google-docs/?OcBYm1
https://www.zotero.org/google-docs/?matmW9
https://www.zotero.org/google-docs/?matmW9
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The primary aim of this research was to produce: 

ǒ high resolution,  

ǒ thin-layered,  

ǒ true-coloured,  

ǒ macro-anatomical image series from a canine brain, 

ǒ with cryosectioning the brain in situ in the skull, 

ǒ without the need for any previous fixation or decalcination procedure,  

which would interact with the colour or the composition of the different tissues, 

ǒ with the shortest postmortem time possible until freezing and embedding, 

ǒ performing both MRI and CT examinations with different imaging sequences, 

ǒ generating a software-based volume from the cryosectioned images, 

to be able to create multiplanar orthogonal view reconstructions, 

ǒ where the cryosectioned image volume can be registered in a common  

coordinate space with the scanning results from the structural imaging techniques, 

ǒ using 3D computer graphics software packages to create digital models, 

ǒ where based on the co-registered image volumes and the surface models  

annotated comparative illustrations from the brain can be made.  

 

To achieve these objectives, we had to conduct several pilot experiments before the final 

study could took place, to clarify these crucial elements: 

 

ǒ What is the optimal machine system for the cryosectioning? 

- As this procedure is not commonly used, and to date only a few researchers 

have worked with it, we had to create our own cryomacrotomisation system. 

 

ǒ How can a consistent temperature for the tissue block be maintained? 

- Cryosectioning must be performed at relatively low temperatures to effectively 

harden all the various tissues and prevent lytic processes. 

 

ǒ What are the proper photographic parameters and settings? 

- The images must be recorded with their original colour and in high detail, while 

avoiding surface gleaming and reflections due to the humid environment. 

 

ǒ What software should be used for volume generation, co-registration of the 

different imaging modalities and creating 3D models? 

- We also expected to have a large amount (multi-gigabytes) of data, and the 

software had to be capable of performing various image processing actions.  
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3. Review of the related literature 

 

If one wants to study the brain in situ, then different imaging methods or sectioning techniques 

of the entire head are available. Diagnostic imaging techniques create post-processed indirect 

greyscale images, and the quality of CT and magnetic resonance (MR) imaging depends on 

the applied imaging sequence, spatial resolution, signal-to-noise ratio (SNR) and various 

artefacts (Erdogmus et al., 2004; Goerner & Clarke, 2011; Roe, 2010; Thrall, 2012). There are 

two main possibilities to create true-colour macro-anatomical sections of the entire head: 

slicing the object into layers with a saw/macrotome blade, or mill the adjusted volume stepwise 

and photograph the resulting surfaces with a camera. In the first case, the slices could be 

handled individually, and their average thickness could vary from centimetres to millimetres. 

These slices can be preserved through fixation, staining and/or plastination. In contrast, milling 

removes a layer from the volumeôs surface (being tissue destructive method), and consecutive 

photographs record the revealed polished surface. In this procedure, the layer thickness 

depends only on the applied milling technique and its precision, ranging from millimetres to 

micrometres. This method is called cryosectioning, or cryomacrotomisation (Park et al., 2014, 

2005; Spitzer et al., 1996). Although the layers are milled and not sliced, we used the existing 

terms to refer to this technique. There have been human studies in the cryosectioning field 

(Bergström et al., 1983; Lufkin et al., 1987; Rauschning, 1983), and an initiative by the National 

Library of Medicine in 1996, the Visible Human Project (carried out in association with the 

University of Colorado Center for Human Simulation), used cryomacrotomisation to visualise 

an entire male human body (Spitzer et al., 1996). In recent decades, similar projects have 

been carried out in China (Chinese Visible Human, Virtual Chinese Human Project) (Tang et 

al., 2010; Zhang et al., 2003), in South Korea (Visible Korean Human) (Park, 2017; Park et 

al., 2005), and by others who also used this technique (Ratiu & Talos, 2006).  

 

Cryosectioning demonstrates the macro-anatomical composition of the body, but it can only 

be used efficiently if the micro-anatomical background is connected to it (e.g., with histological 

atlases). Techniques at the microscopic and ultrastructural level are far more outnumber the 

ones with macro-anatomical approach. An overview is given below regarding integrative 

projects that have developed detailed brain maps at the cellular level, and thus complete the 

macro-anatomical atlases, because with time possibly these methods could also be used to 

study the canine brain. Several projects have studied the central nervous system through 

detailed micro-anatomical reconstructions and computer simulations. The main projects are: 

(a) the Blue Brain Project, which aimed to build biologically detailed reconstructions and 

simulations of rodent and human brain circuits at the molecular level using supercomputers 

(https://bluebrain.epfl.ch); (b) the Human Brain Project, aiming to build a European research 

https://www.zotero.org/google-docs/?iYLsor
https://www.zotero.org/google-docs/?iYLsor
https://www.zotero.org/google-docs/?s0ac1w
https://www.zotero.org/google-docs/?s0ac1w
https://www.zotero.org/google-docs/?5WBDuO
https://www.zotero.org/google-docs/?5WBDuO
https://www.zotero.org/google-docs/?ImTo6X
https://www.zotero.org/google-docs/?ImTo6X
https://www.zotero.org/google-docs/?lhSrph
https://www.zotero.org/google-docs/?lhSrph
https://www.zotero.org/google-docs/?7EInsP
https://www.zotero.org/google-docs/?7EInsP
https://www.zotero.org/google-docs/?9MX6Dm
https://www.zotero.org/google-docs/?9MX6Dm
https://bluebrain.epfl.ch/
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infrastructure to help advance knowledge in neuroscience, medicine and computing in 

partnership with the Blue Brain Project (https://www.humanbrainproject.eu); (c) the Human 

Connectome Project, whose main goal is to construct a network map (a connectome) of the 

complete structural and functional neural connections in vivo within and across individuals 

(http://www.humanconnectomeproject.org); (d) the Spiking Neural Network Architecture 

(SpiNNaker), a supercomputer-based tool for the effective simulation of the brain 

(http://apt.cs.manchester.ac.uk/projects/SpiNNaker); (e) the BRAIN Initiative, which was 

launched in order to broaden the understanding of the human mind and the function of the 

brain, with an emphasis on preventing and treating disorders of the brain 

(http://www.braininitiative.org); (f) the Brain/MINDS project, to create maps for human and 

non-primate brains (https://brainminds.jp/en); and (g) the China Brain Project, which conducts 

research to improve diagnoses and promote successful disease treatments (Poo et al., 2016). 

Some of these initiatives have created structural brain maps with extremely high resolution, 

e.g., the BigBrain project produced a 3D reconstruction of the human brain from 7404 

histological sections that had a 20 ɛm slice thickness, thus enabling the visibility of cells 

(Amunts et al., 2013). This atlas also comprised the MRI dataset of the same brain. A project 

from the Allen Institute for Brain Science created a publicly available multimodal gene 

expression atlas (Ding et al., 2016; Shen et al., 2012). The authors presented images from 

MRI and diffusion weighted imaging (DWI) together with 1356 high-resolution (1 ɛm per pixel) 

histological sections, marking 862 individual structures. Recent technologies, such as optical 

coherence tomography (OCT) or light sheet fluorescence microscopy (LSFM), are capable of 

showing biological tissues without destroying them. Tissue maps produced by these 

technologies serve as good diagnostic tools; for example, OCT is used in ophthalmology (Adhi 

& Duker, 2013), cardiology (Kaivosoja et al., 2018) and brain research (Damestani et al., 

2013), whilst LSFM visualises tissues with subcellular resolution (Santi, 2011). 

 

Cryomacrotomisation of smaller animals, such as mice and rats, has also been performed 

(Dogdas et al., 2007; Roy et al., 2009; Toga et al., 1995). To date, there are only a few studies 

that have used the cryomacrotomisation technique on larger animals. The cryosectioning of 

an entire dog was first performed in 1999 (Böttcher et al., 1999; Böttcher & Maierl, 1999). A 

study of the whole body of a one-year-old female beagle was conducted in 2014 (Park et al., 

2014), a one-year-old domestic shorthair cat was investigated in 2018 (Chung et al., 2018), 

and a study of a Rhesus monkey (Chung et al., 2019) was recently published. The main results 

derived from these studies are compared with our achievements in detail later in the 

discussion chapter (6.1. Assessment and comparison). While in these researches whole 

cadavers were cryosectioned, we prioritised the proper visualisation of the in situ canine brain. 

To attain this objective, we developed our own workflow to create and post-process images.  

https://www.humanbrainproject.eu/
http://www.humanconnectomeproject.org/
http://apt.cs.manchester.ac.uk/projects/SpiNNaker
http://www.braininitiative.org/
https://brainminds.jp/en
https://www.zotero.org/google-docs/?TtHBMq
https://www.zotero.org/google-docs/?TtHBMq
https://www.zotero.org/google-docs/?PT37GC
https://www.zotero.org/google-docs/?PT37GC
https://www.zotero.org/google-docs/?l8hMYq
https://www.zotero.org/google-docs/?l8hMYq
https://www.zotero.org/google-docs/?n6Zw7u
https://www.zotero.org/google-docs/?n6Zw7u
https://www.zotero.org/google-docs/?J46O9E
https://www.zotero.org/google-docs/?J46O9E
https://www.zotero.org/google-docs/?WrNPel
https://www.zotero.org/google-docs/?WrNPel
https://www.zotero.org/google-docs/?3VEAzV
https://www.zotero.org/google-docs/?3VEAzV
https://www.zotero.org/google-docs/?S36UJL
https://www.zotero.org/google-docs/?S36UJL
https://www.zotero.org/google-docs/?wUuS8l
https://www.zotero.org/google-docs/?wUuS8l
https://www.zotero.org/google-docs/?ubv31i
https://www.zotero.org/google-docs/?ubv31i
https://www.zotero.org/google-docs/?ojZ10n
https://www.zotero.org/google-docs/?ojZ10n
https://www.zotero.org/google-docs/?KL46BC
https://www.zotero.org/google-docs/?KL46BC
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4. Materials and methods 

 

4.1. Conducting pilot studies in cryosectioning 

 

To find the optimal settings which are suitable to perform the final dog brain study, we carried 

out five pilot cryosectioning experiments. In the course of these pilot tests we identified the 

main challenges that arose during the procedure. To accomplish, we had to further specify our 

initial questions, and we had to define the key features of the cryomacrotomisation procedure: 

 

¶ Is there a need for postmortem perfusion? 

¶ What is the proper embedding agent? 

¶ What kind of tissue embedding box should be constructed? 

¶ Which type of milling machine is ideal for the cryosectioning? 

¶ How to provide correct thermoregulation during the procedure? 

¶ What are the appropriate settings for the image recording? 

 

Based on these, we continuously upgraded the experimental settings from study to study. 

Cadavers for the pilot experiments were obtained from owners who donated the body of their 

deceased animals to us in accordance with the Hungarian law (thus no special institutional 

ethical permission was required). As we wanted to optimize the technical parameters in the 

beginning, the species did not matter, and this was also the reason why we sectioned only a 

part of the neurocranial blocks in certain pilot studies. The anatomical terms used in this thesis 

comply with those in recent anatomy textbooks (Constantinescu & Schaller, 2011; Evans & de 

Lahunta, 2012; Nickel et al., 2003) and the latest (6th, released in 2017) version of the official 

Nomina Anatomica Veterinaria (NAV, http://www.wava-amav.org/wava-documents.html). 

 

4.1.1. Study I: Cryosectioning a complete pig cadaver  

 

We started our cryosectioning experiments with a full-body sectioning performed with an 

electric band saw (Biodur Products, Heidelberg, Germany), to observe the major differences 

and limitations that distinguish the layer-sectioning from the milling method, and to test the 

embedding and the photographic settings. A cadaver of a domestic pig (Sus scrofa domestica) 

was placed in a self-constructed wooden box container, and polyurethane foam (Foam-It 5; 

Smooth-On Inc., Macungie, Pennsylvania, USA) was used to fill the space around the body. 

After the embedding, the block was frozen to -80°C and stored for one week before sectioning. 

http://www.wava-amav.org/wava-documents.html
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During the sectioning procedure, the block was placed on a table where the cut surface was 

in contact with a continuously dry-ice-cooled (-78.5°C) plate. The thickness was set to be  

7 mm by adjusting the distance of the cooling plate behind the saw. Rotational speed of the 

band saw was 40 m/sec, band width was 25 mm, and teeth density was one per every 15 

millimetres. Following each section, the surrounding polyurethane foam was removed from 

the body, the surface was cleaned with acetone, and finally it was put on a glass plate for 

photographing (Figure 1). We used a Nikon D800 digital single lens reflex (DSLR) camera 

and an auto focus with silent wave motor, vibration reduction (AF-S VR) Micro-Nikkor 105 mm 

f/2.8G internal focus extra-low dispersion (IF-ED) lens with polarised filters (ISO-100, focus 

distance 60 mm, exposure time 1/200 sec, max aperture 3.4, F-stop f/8). The photos were 

recorded in 24-bit colour depth and 300 dots per inch (DPI) raw images; the dimension of each 

picture was 7360×4912 pixels. A total of 166 images were recorded from the full body. 

 

 

Figure 1. Sectioning a pig with a band saw. A) The block during the sectioning procedure.  

B) Cleaning the surface with acetone. C) Mounting the section for photography. 
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4.1.2. Study II: Cryosectioning the head block of a dog 

 

The second cryosectioning was performed with a JAFO FWD-32U universal milling machine 

(JAFO Jarocin Machine Tool Factory, Jarocin, Poland) (Figure 2). The system was tested with 

a neurocranial block obtained from an adult mongrel dog (Canis familiaris) cadaver. Red 

flexible polyurethane rubber (VytaFlex-10, Smooth-On Inc., Macungie, Pennsylvania, USA) 

was injected postmortem into the head through the bilateral common carotid arteries, and then 

the body was frozen at -30°C. One week later, a block was made from the head using an 

electric band saw by defining the boundaries of the block rostrally at the level of the infraorbital 

foramen and caudally at the level of the first cervical vertebra. The block was cooled to -80°C 

in a deep freezer, and after 7 days it was placed into a wooden box, which was filled with 

polyurethane foam (Foam-It 10; Smooth-On Inc., Macungie, Pennsylvania, USA) around the 

block. After the foam had hardened, the box was kept at -80°C. 

 

 

Figure 2. Cryomacrotomisation of a dog head block. A) The JAFO universal milling  

machine with the fixed wooden box. B) The rolling mill and the side-cooled embedding box. 
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During the milling procedure the box was kept cool by placing dry ice against the block-holder 

on one side and also by drilling holes into the polyurethane foam around the head block where 

water and liquid nitrogen were poured regularly. The cut surface was frozen with dry ice pellets 

following the removal of a layer and capturing the subsequent surface.  The plain milling cutter 

was rotated around the y-axis, and after each milling step the block had to be moved along 

the x-axis to the end of the table in order to photograph the surface (rotational speed = 400 

revolutions per minute (RPM), cutter diameter = 120 mm, feed rate = 320 millimetres per 

revolution (MPR)). Debris was continuously removed during the milling with a vacuum cleaner. 

For the image recording we used a Canon electro-optical system (EOS) 7D DSLR camera 

and a Canon electro-focus (EF) 100 mm f/2.8 macro ultrasonic motor (USM) lens with 

polarised filters (ISO-100, focus distance 100 mm, exposure time 1/125 sec, max aperture 

3.0, F-stop f/13, with X-Rite ColorChecker passport and polarising filters). Photos were 

recorded in 24-bit colour depth and 240 DPI raw images. The dimension of each picture was 

5184×3456 pixels, and we confirmed the quality of each image on a computer right after they 

were captured (Figure 3). We recorded 238 images, from the level of the infraorbital foramen 

to the protuberantia occipitalis externa, with a slice thickness of 500 ɛm. 

 

 

Figure 3. Checking an image on a notebook to assess its quality after taking a photograph 

from the polished surface. Transverse section at the level of the cerebellum of a dog. 
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4.1.3. Study III: Cryosectioning the complete head of cat 

 

For the third cryomacrotomisation test we used the cadaver of an adult domestic shorthair cat 

(Felis catus). During this study, we also wanted to perform a structural imaging examination 

prior to the cryosectioning, as our final goal was to create an effective workflow that included 

both the structural imaging and the cryomacrotomisation of a dog head. In the first step, we 

designed a double-walled plexiglass box, which was intended to hold the head during the MRI 

and CT studies, and which we used during the embedding procedure (Figure 4).  

 

Figure 4. Designing the plexiglass embedding box. A) Inner container. B) Outer container. 

C) Cross-section of the inner container. D) Inner container placed into the outer container.  

E) Before the embedding procedure. F) A cat head embedded into the inner box. 
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The arteries of the head were filled with red polyurethane rubber (VytaFlex-10, Smooth-On 

Inc., Macungie, Pennsylvania, USA) through the left and right common carotid arteries, and 

the cadaver was stored at 4°C for 2 days before the structural imaging was performed. The 

MR scanning was accomplished using a 3 Tesla (3T) Magnetom total imaging matrix (TIM) 

trio whole-body MRI scanner (Siemens AG, Erlangen, Germany) with a 12-channel phased 

array head coil, during which the following sequences were obtained: T2-weighted sequence 

in the sagittal plane (repetition time (TR) = 1000 ms, echo time (TE) = 137 ms, slice thickness 

= 0.68 mm, field of view (FOV) = 96×175 mm2 and a 256×256 matrix with voxel size of 

0.68×0.68×0.68 mm). Following the MR imaging, the animal was transferred in the same 

position to the CT unit, where CT scans were obtained using a Siemens Somatom Perspective 

128 slice CT (Siemens AG, Berlin and München 2013) (140 kV, 350 mAs, slice thickness = 

0.75 mm, pixel size = 1.797×1.797, pitch = 0.75, spiral scanning mode with a B30s bone 

kernel). The cranioïcervical region was scanned up to the sixth cervical vertebra (Figure 5).  

 

 

Figure 5. The position of the cat head in the box during the structural imaging.  

A, B) CT-based 3D volume-rendered images with different tissue kernels.  

C) CT image in the sagittal plane. D) T2-weighted MR image in the dorsal plane. 
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Afterwards, the inner box (Figure 4/A) was filled around the head with a gelatin solution (30 

grams of household gelatin dissolved in 1 litre of distilled water during continuous heating, 

similar to Park et al. (2005), but we did not use any dye to colorize the embedding material), 

and the body together with the embedding box was frozen at -30°C (Figure 4/F). After 24 

hours, the head was separated from the body, and the block was placed into the outer 

embedding box. The same embedding material was poured around, and the entire block was 

frozen at -80°C. The cryomacrotomisation took place 2 weeks later, using a Dufour G230 

universal milling machine (Gaston Dufour, Montreuil, France; rotational speed = 500 RPM, 

cutter diameter = 200 mm, feed rate = 688 MPR) (Figure 6). During the cryomacrotomisation 

we used 10% isopropyl alcohol to clean the surface of each section, which not only provided 

a cleaner image but also slowed the surface refreezing to allow a few seconds while taking 

the photo. To photograph the surface, we used a Canon EOS 5D Mark II DSLR camera and 

a Canon EF 100 mm f/2.8 macro USM lens with polarised filters (ISO-100, focus distance 100 

mm, exposure time 1/200 sec, max aperture 3.0, F-stop f/13, with X-Rite ColorChecker 

passport and polarising filters) (Figure 7). Photos were recorded in 24-bit colour depth and 

240 DPI raw images; the dimension of each picture was 3632×4350 pixels. Proceeding from 

a caudoïrostral direction, we recorded 260 images of the entire head from the level of the 

second cervical vertebra to the tip of the nose, with a milling interval of 400 ɛm.  

 

 

Figure 6. The Dufour universal milling machine which was used in the third pilot study. 

https://www.zotero.org/google-docs/?1GmttL
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Figure 7. During the cryomacrotomisation process. A, B) Recording the white balance and 

colour values with a ColorChecker passport. C) The cat head in the frozen gelatin.  

D) The plexiglass box, surrounded with dry ice pellets during the milling. 
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4.1.4. Study IV: Cryosectioning the head block of a cat 

 

To test another milling system and to gain more information about the technicalities of the 

cryosectioning process, in our next trial study we used a custom-made (ICI Interactive Ltd., 

Budapest, Hungary) 3-axis high-speed computer numerical control (CNC) milling machine 

with a 2-flute end mill (Figure 8). The subject of the study was the head from an adult domestic 

shorthair cat (Felis catus) cadaver that we embedded into the same gelatin solution described 

in Study III. After the freezing process, the plexiglass box containing the head was cut in half 

with an electric saw to expose the neurocranium and the brain inside. We used just one half 

of the block as now we wanted to test the milling procedure only on a few subsequent images 

to assess the quality, with different rotational speeds and feed rates (rotational speed ranged 

between 1000 and 18000 RPM, cutter diameter = 6 mm, feed rate = 600 MPR). The part of 

the embedding box that contained the head block from the level of the optic chiasm to the 

medulla oblongata was stored at -80°C for 10 days until the cryomacrotomisation. 

 

 

Figure 8. Cryosectioning a neurocranium block of a cat with a high-speed CNC machine.  

A) The device and the head block from the side. B) The camera above the milling area. 
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To capture the images, we used a Canon EOS 7D camera and a Canon EF 100 mm f/2.8 

macro USM lens with polarised filters (ISO-100, focus distance 100 mm, exposure time 1/160 

sec, max aperture 3.0, F-stop f/13, with X-Rite ColorChecker passport and polarising filters). 

Photos were recorded in 24-bit colour depth and 72 DPI raw images, and the dimension of 

each picture was 3441×5161 pixels. The box was fixed to the table, and dry ice was used to 

cool the side of the block. The dry ice pellets were in direct contact with one side of the box 

and froze the metal holders (vise) on the two other sides (Figure 9). Surface cooling before 

each milling step was achieved by pouring dry ice slivers onto the top of the block, and 

cleaning was performed with 10% isopropyl alcohol afterwards. Layer interval of the milling 

was 200 ɛm. Overall, we recorded 17 images from the middle of the skull. 

 

 

Figure 9. Camera view of the head block of a cat with the vise and the dry ice pellets. 
 

4.1.5. Study V: Cryosectioning the head block of a dog 

 

The fifth experiment was carried out using a Kondia NCT B-640 precision CNC milling machine 

(NCT Industrial Electronics Ltd., Budapest, Hungary) (Figure 10). The head of an adult 

American Staffordshire terrier (Canis familiaris) cadaver was frozen at -30°C and was then cut 

based on external landmarks at the level of the external occipital protuberance to create a 

symmetrical transverse plane (ensuring that during the cryomacrotomisation the symmetry 

would be maintained). The head was then embedded into a plexiglass box filled with gelatin 

solution and was frozen at -80°C. After hardening, we cut the block at the mid of the 

neurocranium to create a smaller segment because we intended to test whether the system 

could provide a sufficient milling quality of the bones, muscles and brain tissue. 
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For the digitalization process, we used a Canon EOS 7D camera and a Canon EF 100 mm 

f/2.8 macro USM lens with polarised filters (ISO-100, focus distance 100 mm, exposure time 

1/125 sec, max aperture 3.0, F-stop f/10, with X-Rite ColorChecker passport and polarising 

filters). Photos were recorded in 24-bit colour depth, with 240 DPI raw images; the dimension 

of each picture was 5021×2942 pixels. The surface of the block was cooled with dry ice pellets 

and liquid nitrogen, and was cleaned after each milling step with isopropyl alcohol. We used 

different settings to test the properties of the machine (rotational speed = 3000 ï 4000 RPM, 

cutter diameter = 200 mm, feed rate = 300 ï 400 MPR, with a layer thickness of 50, 100 and 

400 ɛm). Overall, we recorded 16 images from the mid of the skull until we could clearly 

evaluate the efficiency of the system (Figure 11). 

 

 

Figure 10. The Kondia CNC milling machine which was used during the fifth pilot study. 
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Figure 11. The cryosectioning process. A) Mounting the camera system and isolating 

the milling area. B) The neurocranial block of the dog in the vise and the flywheel. 
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4.2. Inferences based on the pilot cryosectioning studies 

4.2.1. Evaluation of Study I 

 

By using a band saw and DSLR photography, we obtained high-resolution images from the 

whole body of a pig, where the structure of the individual muscles and muscle groups were 

well recognisable (Figure 12). When considering that our final aim was to make cryosections 

from a dog neurocranium to provide detailed images of the brain, the photographic settings 

were found to be appropriate, but the band saw sectioning was not suitable for the fine 

cryomacrotomisation procedure because: (a) this slicing method is not applicable to larger 

objects, as a slice thicknesses less than 1-2 mm can result in unintentional side-movements 

of the blade due to its relatively long route inside the block, resulting in uneven slice widths; 

(b) the abrupt change in the tissue hardness (e.g., brain-bone transition) makes the cutting 

unpredictable and rugged; (c) possible damage to the band saw teeth can result in artefacts 

on subsequent images; and (d) the handling of thin slices requires more time and precision, 

which results in an overall extension in the sectioning time. These were the main reasons, why 

we decided to test the milling procedure in our subsequent pilot experiments. 
 

 

Figure 12. Transverse section of a pig at the level of the first thoracic vertebra. 1) Vertebra 

thoracis I. 2) M. serratus ventralis, pars cervicis. 3) M. infraspinatus. 4) M. triceps brachii.  

5) Humerus. 6) M. pectoralis profundus. 7) M. subclavius. 8) M. pectoralis superficialis. 

9) M. extensor carpi radialis. 10) M. longus capitis. 11) Oesophagus. 12) Trachea.  

13) M. biventer cervicis. 14) M. spinalis cervicis et thoracis. 15) M. complexus. 
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4.2.2. Evaluation of Study II 

 

The study with the JAFO FWD-32U universal milling machine proved that we could obtain 

images from a tissue block with a regular milling interval which can be decreased below 1 mm, 

but it also highlighted some issues that had to be improved during the subsequent studies. 

The main conclusions of this study were as follows: 

 

¶ The proper cooling is one of the most important factors during cryosectioning. If the surface 

is not maintained at a relatively low temperature, then smearing of the tissue can be present 

(e.g., seen on the upper eyelids in Figure 13); conversely, if the surface is not warm enough 

after milling, it causes details to be lost in the image due to surface refreezing (Figure 14).  

¶ Treating the block with dry ice and liquid nitrogen to keep the block solid during the milling 

procedure caused the polyurethane foam to separate from the block and also created clefts 

inside the foam, thus the embedding agent had to be changed in the upcoming pilot studies.  

¶ Although warming up the milled surface before photography resulted in good contrast and 

a sufficient level of detail in the tissues, we still observed small freeze lines inside the brain 

that probably formed during the initial block making and freezing processes (Figure 15).  

¶ The colour of the grey matter in the images was darker and more reddish compared to a 

fresh brain, which was most likely due to the postmortem autolytic processes in the tissues. 

Thus, the later imaging and embedding procedures were recommended to be completed 

in the shortest possible amount of time (ideally less than 24-48 hours).  

¶ The milling roll contaminated the material not only in the area immediately surrounding the 

machine (which we thus continuously cleared with a vacuum), but a small amount of the 

debris also had to be removed from the milled surface before photography (Figure 16). 

This is one of the reasons why vertical milling is usually preferred over horizontal milling.  

¶ The surface had to be cooled equally (and to a sufficiently low temperature, preferably with 

dry ice; liquid nitrogen should only be used when smearing or fibre formation is present). 

The larger dry ice granulates tended to cause regionally deeper freezing, which was 

subsequently visible by the unequal shading of the surface.  

¶ The width of the milling wheel would be a limiting factor when using this type of machine to 

mill larger objects, as with the applied settings the block could only move along one axis.  

¶ The table with the fixed embedding box had to be moved to the end-position manually 

where the camera located, thus this back and forth movement increased the working time.  

 

Overall, we collected a lot of experiments during this cryosectioning procedure, and identified 

those main challenges that could be expected during the embedding and the milling process. 
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Figure 13. Transverse section of a dog head block at the level of the orbit.  

1) Ethmoturbinalia. 2) Bulbus olfactorius. 3) Bulbus oculi. 4) Glandula zygomatica.  

5) M. masseter. 6) Mandibula. 7) Lingua. 8) Tissue smearing. 9) Embedding foam. 

 

 

Figure 14. Transverse section of a dog head at the level of the bulla tympanica.  

Photo was taken immediately after milling and surface is faded due to the refreezing.  

1) M. temporalis. 2) Thalamus. 3) Area pontina. 4) Hippocampus. 5) Bulla tympanica. 
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Figure 15. Transverse section of a dog head block at the level of the dorsum sellae.  

1) M. temporalis. 2) Nucleus caudatus. 3) Thalamus. 4) Hippocampus. *) Freeze lines. 

 

 

Figure 16. Image showing the tissue debris (*) around the head block of a dog. These 

fragments contaminated the surrounding regions and the surface of the embedding box. 
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4.2.3. Evaluation of Study III 

 

We had some improvements during the third pilot with the Dufour universal milling machine. 

Surface contamination was decreased, a plexiglass box with a better embedding matrix was 

used, the postmortem time was around 72 hours, and cooling was more equal from the side 

and from the top by using dry ice pellets. However, we could see circular stripes on the milled 

surface (Figure 17), because compared to the previous trialôs system this machine had a face 

milling cutter, which was rotating around the z-axis. The embedding box was secured to the 

machineôs milling table, and to provide sufficient continuous cooling we placed a cardboard 

box around the block and filled it with dry ice (Figure 7/D), which was replaced regularly during 

the cryosectioning process. The gelatin solution was proved to be a good embedding agent 

that could be maintained at a low (around -70°C) temperature, but the loss of dry ice that had 

to be replaced during the cryosectioning procedure was extensive, as a consequence of its 

direct contact with the warm air above and the poor thermoregulation at the cardboardôs sides. 

Additional findings were that the embedding agent penetrated into the cavity of the right middle 

ear, presumably due to a priori damage or weakening of the eardrum. We could also see a 

large intracranial extra-axial tumour, which dislocated the brain from the midline (Figure 18).  

 

 

Figure 17. Transverse section of a cat head at the level of the orbit. Circular stripes (*)  

can be seen on the surface (especially on the muscles) as a consequence of the milling. 

1) Bulbus oculi. 2) Bulbus olfactorius. 3) M. masseter. 4) M. digastricus. 5) Lingua. 
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Figure 18. Transverse section of a cat head at the level of the external auditory canal.  

1) M. temporalis. 2) Intracranial tumour. 3) Bulla tympanica. 4) Meatus acusticus externus.  

5) Auricula. 6) A. carotis externa. 7) Glandula mandibularis. 8) Glandula parotis. 

 

4.2.4. Evaluation of Study IV 

 

Compared to the previous trials, it was a great advantage with the custom-made CNC machine 

that the block could remain constantly in the same position after the milling, while the camera 

recorded the images. In this way, the cleaning and photography could be performed earlier, 

thus the required processing time per surface could be decreased. On the other hand, we 

concluded that: (a) it is essential to precisely define the transverse plane of the block, as it 

later impacts how symmetrical the milling plane will be (e.g., the size of the caudate nucleus 

and the piriform lobe show a mild asymmetry compared to their counterparts in Figure 19); 

(b) it is better to fill the arterial system with a resin (as we did in the previous cryosectioning 

studies), because the vessels (arteries and veins) can be more easily identified; (c) the smaller 

2-flute end mill scattered more milled particles onto the surface compared to the milling wheel; 

(d) a consequence of the point-like milling head is that stripes were present on the surface, as 

seen in Figure 20; (e) the milling route could be individually planned and guided with this CNC 

system (which was advantageous), but as the contact milling area was relatively small, it took 

a longer time to proceed with the milling which resulted in the uneven refreezing of the surface. 
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Figure 19. Transverse section of the cat head at the level of the caudate nucleus. 

1) Frozen gelatin solution. 2) Nucleus caudatus. 3) Lobus piriformis. 4) M. temporalis. 

 

 

Figure 20. During the cryomacrotomisation of a cat head block with a 2-flute end mill. 



31 

4.2.5. Evaluation of Study V 

 

The Kondia CNC milling systems fulfilled all of those main requirements we set, as follows: 

(a) it provided a continuous high precision milling without the need of manual intervention;  

(b) due to the large milling diameter, the wheel could cover the entire surface of an average 

neurocranium block, performing the milling in one turn; (c) the embedding box could be moved 

automatically to arrive under the camera in the same position after each milling step; (d) this 

system provided an excellent surface quality, and no stripes or surface contamination were 

present. Regarding the cooling, we observed that initially when the entire block was solid and 

frozen the surrounding embedding mixture provided a sufficient cooling effect, which resulted 

in a quick surface fading. This fading was addressed by applying isopropyl alcohol to retain 

the original colours and sharp contours (Figure 21). However, the warm atmosphere and the 

heat derived from the milling process caused the embedding agent to melt, even though we 

cooled it continuously from one side with dry ice. Thus, providing proper thermoregulation is 

a crucial element, ideally surrounding the entire tissue block with dry ice to achieve maximal 

thermal exchange. On an average, one milling step (between two consecutive layers) was 

carried out in approximately one minute. Furthermore, due to the high speed and the large 

flywheel, the milled fragments were rolled out from surface to the side of the milling space; 

thus, they did not contaminate the blockôs surface, and it made easier to collect the waste. 
 

4.2.6. Conclusion of the pilot cryosectioning studies 

 

Based on the cryomacrotomisation studies, we could answer our initial questions: 

¶ Is there a need for postmortem perfusion? 

o If the cadaver is fresh (within 24 hours postmortem), then no special tissue fixative is 

required (like formalin), but it is advised to fill the arterial system with a colorized agent. 

¶ What is the proper embedding agent? 

o The gelatin solution was proved to be a good material during the pilot experiments. 

¶ What kind of tissue embedding box should be constructed? 

o A double-walled plexiglass container, which also has an outer thermoregulation layer.  

¶ Which type of milling machine is ideal for the cryosectioning? 

o The Kondia CNC milling system provided the best quality among the pilot studies. 

¶ How to provide correct thermoregulation during the procedure? 

o Continuous cooling can be achieved with dry ice, occasionally applying liquid nitrogen, 

and by limiting the size of the non-thermoregulated contact area with the environment.  

¶ What are the appropriate settings for the image recording? 

o High-resolution DSLR camera with macro lens and polarising filters are recommended, 

a colour checker should be used, and a simultaneous computer control is advised. 



32 

 

Figure 21. Transverse section of a dog head block at the level of the tympanic bulla.  

A) Showing the surface fading due to rapid refreezing. B) The same layer as in part ñAò, after 

cleaning up with isopropyl alcohol. 1) M. temporalis, pars superficialis. 2) M. temporalis, pars 

profunda. 3) Regio pontina. 4) Bulla tympanica. 5) Arcus zygomaticus. 6) M. longus capitis.  

7) M. digastricus. 8) Glandula mandibularis. 9) Glandula parotis. *) Freeze line artefacts. 
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4.3. Conducting pilot studies in visualisation 

 

In parallel with the pilot cryomacrotomisation experiments, various software packages were 

assessed to optimise the visualisation, to practice their use and gain in-depth knowledge of 

them. The ideal software for processing the cryosectioned images is required to handle large 

amounts of data (i.e., tens of gigabytes), and it must be able to make one scalar volume and 

multiplanar reconstructions from the coloured images. Additionally, the CT and MRI datasets 

must be able to be merged within the same project view, and the software must have tools for 

segmentation and 3D modelling. Within this framework we made four visualisation studies. 

 

4.3.1. Study VI: Making the osseo-vascular 3D model of a canine head 

 

An adult French bulldog (Canis familiaris) cadaver was used for the first 3D visualisation study. 

The arteries of the head and neck were filled with colorized polymethyl-methacrylate resin 

(Acrifix 2R 1900; Evonik Industries, Essen, Germany) through the brachiocephalic artery and 

the left subclavian artery postmortem, both of which were ligated rostral to the costocervical 

arteries to ensure that the red resin flowed only towards the head and neck arteries and did 

not leak into the forelimbs. Subsequently, the head and neck were separated from the body 

at the level of the third thoracic vertebra and immersed into a container filled with water and a 

biological activator (Septifos Vigor powder; Henkel, Düsseldorf, Germany). The specimen was 

placed in a thermostat at 39°C for 3 weeks (changing the fluid on a weekly basis in the 

container). At the end of the maceration procedure, only the bones and the corrosion cast of 

the arteries were left, revealing all the major vessels around the cephalic region (Figure 22).  

 

Afterwards, we digitised this composite corrosion cast with an YXLON Precision microfocus 

CT (YXLON, Hamburg, Germany; 200 kV, 2 mAs, number of projections = 1440, FOV = 

1024×1024, voxel size = 0.24×0.24×0.24 mm). The digital imaging and communications in 

medicine (DICOM) images were first reviewed with the RadiAnt DICOM Viewer (freeware 

software, https://www.radiantviewer.com) (Figure 23), and then the dataset was imported into 

the Thermo Scientific Amira for Life Sciences 6.0 software (FEI Visualization Sciences Group, 

http://www.fei.com). A new segmentation project was created with the ñEdit New Label Fieldò 

module, where arteries and the osseous structures were separately labelled. Using the 

ñGenerate Surfaceò module, two surface mesh models were created and exported in 

stereolithography (STL) format. The STL models were refined using the Autodesk MeshMixer 

(freeware software, http://www.meshmixer.com) and then we 3D-printed it to actual size (1:1) 

using selective laser sintering (SLS) technology, where arteries were colorized with red acrylic 

dye (Figure 24). The main advantage of the 3D printed model that it can be easily replicated 

in the required number, and compared to the original corrosion cast it is far more durable. 

https://www.radiantviewer.com/
http://www.fei.com/
http://www.meshmixer.com/
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Figure 22. Composite osseo-vascular corrosion cast of a French bulldog head and neck. 

 

 

Figure 23. Volume-rendered 3D model of the same French bulldog osseo-vascular cast  

which is presented in Figure 22, based on the CT imagingôs DICOM data. Right lateral view. 
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Figure 24. 3D-printed and colorized model of a French bulldog osseo-vascular cast. 

A) Right dorso-lateral view. B) Rostral view. C) Left lateral view. 1) A. auricularis caudalis.  

2) A. temporalis profunda caudalis. 3) A. temporalis superficialis. 4) Rami a. ophthalmicae 

externae. 5) A. maxillaris. 6) A. infraorbitalis. 7) A. cerebri caudalis. 8) A. cerebri media.  

9) A. lingualis. 10) A. carotis communis. 11) A. vertebralis. 12) A. cervicalis profunda. 
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4.3.2. Study VII: Producing the 3D model of an equine petrosal bone 

 

The petrosal bone is one of the most complex osseous structures in the body, comprising 

several structures (e.g., auditory ossicles, inner ear) within a small volume. Because these 

inner structures are not visible from the outside and they have a complex spatial arrangement 

that makes the understanding of the petrosal bone exceptionally challenging, it seemed an 

ideal target for a comparative visualisation and 3D modelling experiment. We used an intact 

left petrosal bone of an adult horseôs (Equus caballus) skull for the digitalisation procedure. 

Afterwards, we scanned it with an YXLON Precision microfocus CT (200 kV, 2 mAs, number 

of projections = 1440, FOV = 1024×1024, voxel size = 0.059×0.059×0.059 mm). The main 

orthogonal views were assessed with RadiAnt before further processing the images (Figure 

25). Using the Amira software, segments were created for the petrosal bone, the auditory 

ossicles (malleus, incus, os lenticulare, stapes), the inner ear and for the facial canal. From 

each of the segments separate STL models were created and a specific colour was assigned 

to each structure. We took photographs from the real petrosal bone, and by setting the same 

viewpoint in the software and giving a low transparency value to the petrosal bone, the real 

and the virtual bones became comparable with each other, showing the hidden structures from 

any arbitrary point of view (Figures 26 and 27). Three video animations were also created 

with Blender (freeware, https://www.blender.org), demonstrating the main parts of the petrosal 

bone (https://youtu.be/0fI4oNCPTyI), the middle ear cavity (https://youtu.be/o26Ek-cHyLM) 

and the facial canal throughout the bone (https://youtu.be/EzfTzmeXsGc). Finally, the 3D 

model of the osseous inner ear together with the connected auditory ossicles were 3D-printed 

using the SLS technology, and the different structures were colorized with acrylic dye 

according to the virtual models (Figure 28) (Czeibert et al., 2018). 

 

 

Figure 25. CT of an equine petrosal bone. Sagittal (A), transverse (B), and dorsal (C) planes. 

https://www.blender.org/
https://youtu.be/0fI4oNCPTyI
https://youtu.be/o26Ek-cHyLM
https://youtu.be/EzfTzmeXsGc
https://www.zotero.org/google-docs/?nMZAdW
https://www.zotero.org/google-docs/?nMZAdW


37 

 

Figure 26. Equine petrosal bone, lateral view. A) Photograph. B) Semi-opaque 3D model. 

Coloured structures: malleus (in red), incus (in green), auris interna (in orange), canalis 

facialis (in blue). 1) Processus mastoideus. 2) Bulla tympanica. 3) Processus styloideus.  

4) Processus muscularis. 5) Meatus acusticus externus. 6) Impressio nervi trigemini.  

7) Crista partis petrosae. 8) Sulcus arteriae meningeae caudalis. 

 

 

Figure 27. Equine petrosal bone, medial view. A) Photograph. B) Semi-opaque 3D model. 

Coloured structures: malleus (in red), auris interna (in orange), canalis facialis (in blue).  

1) Crista partis petrosae. 2) Fossa cerebellaris. 3) Meatus acusticus internus. 4) Impressio 

nervi trigemini. 5) Processus muscularis. 6) Bulla tympanica. 7) Processus mastoideus.  

8) Apertura externa aqueductus vestibuli. 9) Apertura externa canaliculi cochleae. 








































































































































































