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List of Abbreviations 
General Abbreviations 

C57BL/6  inbred strain of laboratory mice, ‘Black 6’ 

d   days 

EtOH   ethanol 

g   gram 

L3/ L4 / L5   third / fourth / fifth lumbar vertebral body 

keV   kilo electron volt 

µA   micro ampere 

µCT   micro-computed tomography 

µm   micrometer 

mm   millimeter 

Mp   megapixel 

PBS   phosphate buffered saline 

PFA   paraformaldehyde 

PMMA  polymethyl methacrylate 

R2    coefficient of determination 

SD   standard deviation 

VOI   volume of interest 

2D   two dimensional 

3D   three dimensional 

 

Specific Abbreviations related to 3D-Measurements (Appendix A) 

BV/TV  bone volume to tissue volume ratio 

BS/BV   bone surface to bone volume ratio, specific bone surface 

DA   degree of anisotropy 

SMI   structure model index 

Tb.Th   trabecular thickness 

Tb.Sp   trabecular separation 

Tb.N   trabecular number 

 

Consecutive numbers label the figures and tables in the dissertation. 

The original labeling and the reference [1] refer to figures and tables from the publication.  
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Abstract 
Introduction: The spine plays a central role in the skeleton of all mammals with its geometry and 

structure being crucial for locomotion. As it is difficult to study in humans, mice have become an 

important alternative study model, widely used in skeletal research. In the murine spine, within 

the first two weeks of life, rapid, fundamental rearrangement of mineralized material takes place. 

However, skeletogenesis has mostly been studied only in 2D. In this work, I provide a detailed 3D 

quantification of the early structural evolution of the lumbar vertebra. This study describes the 

main growth processes leading towards the formation of load-bearing, mature cancellous bone 

architecture in the murine spine.  

 

Methods: Ex-vivo samples were used to study the lumbar spine of young female C57BL/6 mice 

(1, 3, 7, 10, and 14 days after birth) using phantom calibrated, high-resolution 3D µCT, supported 

by 2D histological analysis and mapping. 

 

Results: Three phases of cancellous bone growth were identified: During a templating phase, low 

mineral density material is deposited in poorly structured spicules. During a consolidation phase 

between day 1 and day 7, the material condenses and forms first struts while the structure begins 

to grow. Thereafter a phase of expansion commences beyond day 7, trabeculae reorient in space 

and accumulate higher mineral densities. By 14 days of age, the young lumbar spine exhibits all 

morphological features observed in the mature animal, suggesting that the structure is fully 

functional and load-bearing. 

 

Conclusion: Cancellous bone of the spine evolves through spatial rearrangement of mineralized 

material in three phases: Templating, rearrangement, and expansion. This occurs in parallel with 

the development of locomotive abilities. Understanding of physiological cancellous bone 

development lays the foundation for future studies of short- and long-term pharmaceutical, 

metabolic, endocrinological, and mechanical effects on mineralized tissue as well as tissue healing 

and regeneration. 
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Kurzfassung 
Einführung: Die Wirbelsäule spielt eine zentrale Rolle im Skelett aller Säugetiere, da ihre 

Geometrie und Aufbau entscheidend für die Fortbewegung sind. Auf Grund der Schwierigkeit von 

Untersuchungen am Menschen, sind Mäuse zu einem wichtigen alternativen Studienmodell 

geworden, das in der Skelettforschung weit verbreitet ist. In der Wirbelsäule der Maus findet 

innerhalb der ersten zwei Lebenswochen eine rasche, grundlegende Umlagerung von 

mineralisiertem Material statt. Die Skelettentstehung wurde bislang jedoch meist nur in 2D 

untersucht. In dieser Arbeit biete ich eine detaillierte, 3D-Quantifizierung der frühen 

Strukturentwicklung der Lendenwirbelsäule. Diese Studie beschreibt die zentralen 

Wachstumsprozesse, die zur Bildung einer belastbaren, reifen, trabekulären Knochenarchitektur 

in der Wirbelsäule der Maus führen. 

 

Material und Methodik: Ex-vivo Proben wurden verwendet, um die Lendenwirbelsäule von 

jungen, weiblichen C57BL/6 Mäusen (1, 3, 7, 10 und 14 Tage nach der Geburt) anhand von 

phantomkalibrierter, hochauflösender 3D µCT, zu untersuchen, unterstützt durch histologische 

2D-Analysen und Darstellungen. 

 

Ergebnisse: Es wurden drei Phasen des trabekulären Knochenwachstums identifiziert: Während 

einer Vorlagenphase wird Material mit geringer Mineraldichte in wenig strukturierten Partikeln 

abgelegt. Während einer Konsolidierungsphase zwischen dem ersten und siebten Tag verdichtet 

sich das Material und bildet erste Verstrebungen, währen die Struktur zu wachsen beginnt. Im 

Anschluss beginnt eine Expansionsphase nach Tag sieben, in der sich die Trabekel im Raum neu 

orientieren und höhere Mineraldichten akkumulieren. Im Alter von 14 Tagen weist die 

Lendenwirbelsäule alle morphologischen Merkmale eines ausgewachsenen Tieres auf, was darauf 

hindeutet, dass die Struktur voll funktionsfähig und belastbar ist. 

 

Schlussfolgerung: Trabekulärer Knochen der Wirbelsäule entsteht durch die räumliche 

Neuanordnung von mineralisiertem Material in drei Phasen: Vorlage, Kondensation und 

Expansion. Dies geschieht parallel zur Entwicklung der motorischen Fähigkeiten. Das Verständnis 

der physiologischen Entwicklung von trabekulärem Knochen bildet die Grundlage für zukünftige 

Untersuchungen der kurz- und langfristigen pharmazeutischen, metabolischen, 

endokrinologischen und mechanischen Auswirkungen auf mineralisiertes Gewebe sowie auf die 

Knochenheilung und Regeneration. 
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1. Introduction 
1.1. Bone: Material and Tissue 

Bones consist of a rigid, mineralized material that forms the skeleton in all vertebrates and 

mammals [2]. Bones protect inner organs, take part in the mineral homeostasis, house bone 

marrow, which is essential for the production of blood cells, while playing a central role as a 

supporting structure in locomotion [2–4]. Bones are organized in two tissue types: (i) Compact 

bone, a solid, typically tubular structure on the outer cortex of bone, provides resistance to bending 

and an insertion point for tendons and muscles. (ii) Cancellous bone, an elaborate, porous 

architecture, absorbs and transfers load inside the wrapping of the cortical bone [2]. During 

growth, bones undergo radical changes in structure and material properties, as a load-bearing 

architecture emerges, that is adapted to sustain load associated with locomotion. Bones - as a result 

of evolution and adaptation - match their specific location and function [4]. This is reflected by 

their overall shape and design: Long bones, e.g. femur or tibia, contain a tubular shaft with a 

diaphysis formed by compact cortical bone that encloses the bone marrow. Cancellous bone is 

found adjacent to the articular regions, in the metaphysis and epiphysis. Irregularly shaped bones, 

e.g. vertebra, consist of a round vertebral body (centrum) which is filled with a dense network of 

cancellous bone. The vertebral body is surrounded by a shell of cortical bone and dorsally spanning 

vertebral arches with their cranial and caudal articulations (Figure 1). Each vertebral body has a 

unique shape and size, adapted to its position within the vertebra. 

 

Bone comprises a homeostatic network of bone-forming and -resorbing cells, namely osteoblasts, 

osteocytes, and osteoclasts [4–6]. Osteoclasts, derived from hematopoietic monocytes, secrete 

proteolytic enzymes that break down the mineralized matrix and form cavities. Osteoclasts are 

necessary for bone resorption and shaping during growth, remodeling, and repair. Osteoblasts, 

which are of mesenchymal origin, produce bone proteins, orchestrate mineralization, and fill 

cavities formed by osteoclasts. Osteocytes, derived from osteoblasts, form a mechanosensitive 

syncytium with osteoblasts and lining cells on the bone surface. They are located within the bone 

matrix and interconnected by a network of canaliculi. Osteocytes control structure integrity and 

play a central role in the strain-dependent organization of remodeling by modulating osteoclast 

activity to ensure a balanced process of bone resorption and formation [7,8]. Common to all bones 

is the material they are made of: A natural composite of proteins (collagen type 1, osteocalcin, 

osteonectin, osteopontin) and mineralized particles (hydroxyapatite) that form a complex, 

hierarchical ‘plywood’-like structure from a nanometer length scale up to the macroarchitecture 
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of bone size and shape [2,3,5,9]. The bone material is geared to provide optimal mechanical 

support while using up minimal mass [2]. 

 

Up until the end of puberty the process of bone growth, shaping, and mineralization can be 

described as ‘modeling’, a parallel activation of bone-forming and -resorbing cells; whereas the 

lifelong coordinated turnover, repair, and adaptation of bone material as an interplay of its cellular 

components is referred to as ‘remodeling’ [10,11]. 

 

1.2. Physiological Osteogenesis: Cells, Mineral and Strain 

Bones form through the process of calcification, a highly regulated, carefully balanced process of 

biomineralization. Bone formation originates from ossification centers, created during 

embryogenesis [12–14]. There are two types of ossification mechanisms, namely endochondral 

and intramembranous ossification. Both are delicately orchestrated, and their underlying cellular 

and molecular mechanisms have been studied in great detail [4,5,12,15–25]. During 

intramembranous ossification, bone develops directly from mesenchymal cells through the 

mineralization of type-1 collagen; no cartilage is present [4,20]. During endochondral ossification, 

bone forms through the replacement of a cartilaginous anlage of chondrocytes that proliferate, 

undergo hypertrophy, and mineralize, leaving a scaffold of mineralized cartilage that is invaded 

by vessels as well as bone-forming and -resorbing cells [4,15,20,22,24,25]. Bone forming cells 

appear to follow a ‘scaffold-like’ primary tissue of extracellular matrix during the deposition of 

mature bone [26]. Bone grows by the apposition of material to existing surfaces; this may be 

endosteal, periosteal, endochondral, or perichondral (on the surface of mineralized cartilage) 

[2,5,27]. A growth plate forms between the primary ossification center (diaphysis) and the 

secondary ossification center (epiphysis) [28]. It hosts proliferating and hypertrophic cartilage. 

During puberty, under the influence of hormones, the growth zone is narrowed and bridged by the 

ossification front, resulting in a fusion of the ossification centers and termination of longitudinal 

growth [4].  

 

Collagen orientation in the extracellular matrix of bone rearranges during growth. Woven bone 

shows an irregularly arranged pattern and has poor mechanical properties [29]. This can be seen 

for example in rapidly formed fetal bone. Woven bone is then remodeled into lamellar bone with 

its matrix arranged in layers and improved mechanical competences [2,29]. Struts and forming 

trabeculae reorient in space during early development and maturation: Starting from a radial 

pattern, they approach a latter-like configuration [1,30]. 
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Bone is a result of biomineralization. The mineral mainly consists of hydroxyapatite crystals, 

varieties of calcium phosphate [2,4,24]. During ossification and growth, the mineralized material 

is distributed to the narrow growth zone via closely related, partially open vessels through mineral 

containing vesicles, stored in granules inside osteoblasts. The vessels secrete granules to 

mineralize the extracellular matrix [9,19,24]. 

 

Bone continuously adapts to mechanical strain and stimuli, as was already suggested by Julius 

Wolff and has been elaborated since [2,31–33]. Genes and signaling cascades control the 

fundamental shape of bone intrinsically, whereas strain and mechanical stresses caused by 

muscles, appear to be predominant factors that shape the developing bone - already during 

embryogenesis [2,28,31,34–36]. Muscle forces regulate chondrocyte intercalation in columns; 

continuous compression increases cartilage cell proliferation, while intermitted compression 

inhibits proliferation [34,35]. Maintenance of shape and proportions during growth is achieved by 

isometric scaling, a fine balance of growth rates in different growth plates [37]. A lack or absence 

of mechanical stimulus leads to delayed ossification and affects both bone formation and 

architecture [34,38]. 

 

1.3. Bone Quality: Architecture Shaped by Movement 

Bone quality is determined by the mutual influence of bone architecture, material composition, 

and mechanical demands [2,3,9,11,39,40]. The development of bone quality proceeds rapidly 

during the first few days of life [1].  

 

Mature cancellous bone develops a complex network of trabeculae as a result of material 

maturation and continuous adaptation. The mechanical properties of this architecture can be 

described by the degree of mineralization and fabric structure, namely the degree of anisotropy 

[2,11,33,40,41]. Vertical trabeculae are supported by horizontal trabeculae that deflect strain from 

one vertical strut to another [2,30]. Vertically applied compressive stress tends to bend and fracture 

horizontal struts, while vertical trabeculae seem to absorb energy through bending and micro-

cracks, allowing to maintain overall structure [42,43]. Micro-cracks are repaired through 

remodeling, which is achieved by biomechanical sensing of the osteocyte-osteoblast network and 

ensures adequate mechanical competencies that allow for transmission and absorption of 

mechanical stress [7,8,43]. Depending on the direction and mode of loading, it is non-trivial to 

estimate the forces, which act upon the cancellous bone, due to its non-homogeneous, anisotropic 

structure [2,33]. The cancellous bone of the spine contributes mostly to bone strength (resistance 
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to inelastic/plastic deformation), while it contributes less to the material stiffness (resistance to 

elastic deformation). Nevertheless, it has to be considered in the context of the cortical bone shell 

that surrounds it [2,44–48]. Intervertebral disks reorganize the multidirectional forces to a 

principal craniocaudal loading-axis, which is reflected by the increasing proportion of trabeculae 

following the loading direction [1,2,30]. The double-tube geometry of the round vertebral body 

and the circular vertebral arches enables the spine to be flexible and at the same time resistant to 

bending. 
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Figure 1: 3D rendering of a representative lumbar spine segment L3-L5 in a 14-day-old C57BL/6 

mouse. Annotations describe selected anatomical landmarks. A cutting plane in L3 and L4 exposes 

the cancellous bone structure in the centrum, vertebral arches, and the intervertebral disc region. 

The vertebral column fulfills several functions: Support of the head, transfer of forces from the 

limbs to the body, and support of the viscera. In tetrapod, this is achieved by an arch-like curvature 

of the spine, bound by the ventral body wall musculature [2]. Figure created by the author, based 

on his data. 

 

1.4. Cancellous Bone Maturation: State of the Art 

Few comparable µCT studies focus on the evolution of cancellous bone or the lumbar spine in 

mice or rodents at a very young age. This lack of data may be due to the delicate sample size and 

demanding handling as well as in former times the lack of adequate high-resolution imaging. A 

study performed by Bortel et al. describes long bone maturation of the femur [49], while the 

cancellous bone formation of the vertebra remained poorly covered until this publication [1]. Most 

studies either focus on older ages, the decline of bone architecture, or investigate long bones [49–

54].  

 

Cancellous bone in the tibial metaphysis of C57BL/6 mice shows a 60% loss in BV/TV between 

1.5 months and 2 years of age, characterized by a loss of trabeculae and connectivity [53]. Similar 

declines were shown for the cancellous bone of the lumbar vertebra in C57BL/6 mice, using 

histomorphometry [55]. 

 

Glatt et al. analyzed the cancellous bone architecture of the lumbar spine in C57BL/6 mice between 

1 and 20 months of age, using µCT at a resolution of 12 µm. The highest BV/TV and Tb.N were 

observed around the end of puberty at 1.5-2 months of age, with a steady loss of bone volume 

thereafter. Female mice showed lower BV/TV than their male peers. Relative to the femur, the 

vertebrae showed less decline in cancellous bone parameters [51]. 

 

Buie et al. described architectural changes in the vertebra of female C57BL/6 mice between 6 and 

48 weeks of age, using µCT at a resolution of 19 µm. They report a BV/TV of about 15% for a 6-

week-old specimen with an increase of up to nearly 40% BV/TV after 4 months [52]. In 

comparison: 4-month-old C57BL/6 vertebral bodies, scanned and analyzed under the protocol 

applied in this study, only showed half the BV/TV reported by Buie et al. (Appendix C). Different 
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scanning resolutions, threshold applications, the lack of histological confirmation, and the hand-

drawn VOI selection contribute to these differences.  

 

A µCT study of trabecular architecture formation in the human spine by Acquaah et al. found 

similar patterns, regarding templating and consolidation of bone material between birth and 2.5 

years of age, comparable to the findings of this study [1,56]. 

 

It appears plausible that - despite methodical differences - the general trends described by these 

studies are accurate: After a drop in bone substance observed in early life, an increase takes place 

during growth - especially during puberty - before a slow decline commences [1,51,52,57,58]. The 

temporal gaps in observation remain to be investigated.  

 

1.5. Mice as a Model for Skeletal Research 

Mouse models are a cornerstone of bone research. They allow to address fundamental research 

questions while sharing certain common properties with human bones (Table 1) [59]. Their 

embryological development is fairly well documented [13,14]. C57BL/6 mice have been widely 

employed in bone research for decades [1,31,49–54,60–64]. Genetically modified strains allow 

investigation of individual signaling molecules, pathways, or structural properties [65–68]. 

 

Table 1: Comparative table of skeletal properties in mice and humans (selected results adapted 

from [59]). 

 Mice Humans 

Cervical vertebrae 7 7 

Thoracic vertebrae 13 12 

Lumbar vertebrae 6 5 

Sacral vertebrae 4 5 

Coccygeal vertebrae 27 - 31 4 

Growth plates Persist throughout life, in a dormant 

state 

Present only during growth and 

development, disappear thereafter 

Trabecular thickness < 50 µm 100 µm 

 

1.6. 2D Histology: Staining Connective Tissue 

Fundamental principles of bone biology were discovered in the last centuries using optical 

microscopes and variations of histological slices [20,32,69]. Detailed measurements of classical 
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histology, as well as specific immunohistochemistry stains, are commonly used today [70,71]. 

Histological staining differentiates and highlights cellular and acellular structures by enhancing 

contrast. Processing of histological slices requires histological fixation, to preserve cell 

morphology and prevent deformation or disintegration [72]. Reportedly formalin fixation (PFA) 

could alter the mineral content and mechanical properties of bone [73,74].  

 

1.7. 3D Micro-CT: Non-destructive Inspection of Bone 

µCT allows non-destructive, hence, repeatable 3D imaging and has become a frequently used 

method to investigate mineralized materials [75–77]. µCT combines a large number of 2D 

radiographs from different rotation steps to reconstruct and compute 3D images [78]. It uses 

polychromatic X-rays for image acquisition, high energy electromagnetic radiation, emitted by an 

X-ray source [79]. The energy (E) of an X-ray depends on its frequency, namely E = h*f, (h = 

Planck’s constant, f = frequency), whereas the wavelength (λ) is inversely proportional to the 

frequency: λ = c/f (c = light velocity, f = frequency). The shorter the wavelength, the higher the 

energy [79]. 

 

X-rays interact with the sample in multiple ways: Beams travel through the object, get attenuated, 

reflected, or absorbed, depending on their energy [79]. These interactions cause the image as well 

as potential artifacts: Beam hardening, an imaging artifact of polychromatic X-rays, does affect 

the outer regions of the sample (here: bone and ‘air’). It is due to the absorption of X-rays of lower 

energy: These are absorbed in the periphery when entering the bone, while higher energy X-rays 

pass through the bone mass. This leads to a false depiction of higher density values on the 

boundaries of a homogeneously dense object [79]. Sample size, structure, and geometry have a 

significant influence on the accuracy of density measurements [76,80]. 

 

Motion and vibrations create streaking and blurring artifacts. Other image artifacts are caused by 

defective or uncalibrated camera and detector elements: Such imaging errors persist over the entire 

series of images and cause artificial, concentric ring structures in the reconstructed image [79]. 

 

A robust scanning protocol is crucial for the experiment and strongly affects result accuracy 

[76,81,82]. The ratio of scanning resolution to the size of the targeted features should be 

considered: The larger the voxel compared to the ‘feature of interest’ the bigger the error (Figure 

13). Multiple factors influence image resolution, such as camera properties, exposure times, 

distances from the X-ray source to sample and image detector, the rotation angle as well as the 
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number of image projections obtained per position [76,83]. In theory, one could always aim for 

the highest scan resolution, but available data storage and the time required should be kept in mind. 

Furthermore, artifacts become more frequent with increasing scan durations, e.g. motion artifacts, 

shrinking, and drying artifacts [79]. 

 

1.8. Image Segmentation: Separating Bone from Background Image Information 

Image segmentation is a crucial step for computed image analysis. It defines boundaries and 

simplifies data. Image segmentation into fore- and background has been addressed in multiple 

ways from manual separation over manual global threshold selection to automated algorithms [84–

89]. An optimal approach uses non-parametric data to calculate an ideal threshold. A realistic, 

reliable, and reproducible separation is achieved to facilitate image analysis and 3D measurements. 

Despite the existence of µCT imaging guidelines and because of the variety of algorithms 

available, image segmentation remains a delicate subject. It has to be adapted to a specific research 

question, ideally employing 2D histomorphometry as a standard [1,76,90,91]. 
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Figure 2: Examples of different segmentation algorithms applied to a µCT image, sorted by their 

computed threshold level. a Representative transversal 8-bit grayscale µCT image of a 10-day-old 

mouse lumbar spine specimen and corresponding histogram. The bone of the vertebral body and 

arches show shades of gray, surrounded by soft tissue (gray) and an ethanol atmosphere (black). 

Very mild ring artifacts are present. The histogram shows a gray value distribution for each of the 

1332 x 1080 pixels (= count of 1,438,560). Minimum = 0 (black), Maximum = 255 (white). The 

linear count is graphed in black with two peaks, showing an abundance of soft tissue and 

background in the unsegmented image. The logarithmic count in gray better represents the 

distribution of pixels at higher densities. b ‘Shanbhag’ calculates the “image as a compositum of 

two fuzzy sets corresponding to the two classes with membership coefficient associated with each 

gray level a function of its frequency of occurrence as well as its distance from the intermediate 

threshold selected” [92]. A cutoff at 202 is too high and only leaves a few high-density particles. 

c ‘Intermodes’ smoothens the histogram until it is bimodal and calculates a threshold as the middle 

of the two local maxima. In this example, it chooses a cutoff at 104, which is still relatively high 

[93]. d ‘Default’ segmentation algorithm in ImageJ is based on the isodata algorithm [94], it 

chooses an initial threshold which is then increased to be larger than the combined average of the 

two groups. A cutoff at 88 is very close to the threshold selected by Otsu’s segmentation algorithm. 

e ‘Otsu’s’ segmentation algorithm calculates a cutoff at 86. The algorithm aims to choose a 

threshold that maximizes the separability of two sections (fore- and background, bone and none-

bone respectively), by using the discriminant criterion [85]. This threshold algorithm was used 

throughout this work [1]. f ‘Yen’ algorithm, a two-factor algorithm that employs cost functions to 

calculate a multilevel threshold, computes a relatively low cutoff at 49. [95] g The ‘Percentile’ 

algorithm uses a fixed fraction of foreground pixels at 0.5 and computes a very low cutoff at 16, 

which causes the inclusion of soft tissue [96]. Figure created by the author, based on his data.  

 

1.9. Remaining open Questions 

Bone growth at a very young age may seem trivial or well-known, but this period is poorly 

understood in detail. Most information is derived and extrapolated from 2D imaging and 

measurements. Comprehensive 3D data on the complex evolution of early cancellous bone 

formation were missing. The emergence of cancellous bone in the vertebra was lacking a 

description. The morphological transition from an immature, spongy template into a highly 

organized, load-bearing cancellous bone network was not examined. The influence of early 

locomotion on 3D structure formation and the implementation of mechanical demands by the spine 
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architecture were unknown. The redistribution of mineralized material during growth remains to 

be investigated [1].  

 

1.10.  Aim and Scope 

The spatial and temporal evolution of cancellous bone has not been described in high-resolution 

and 3D yet. Little is known about the early postnatal period that hosts the transition from an 

immature mineralized structure to a fully functional spine architecture. It is substantial to 

comprehend its formation and geometric adaptation over time. To quantify the spine 

characteristics, a detailed examination of the development in a representative, well-studied model 

vertebrate was missing. The focus of this work is on the quantification of the structural and 

architectural evolution of cancellous bone in the murine lumbar spine [1]. This work provides a 

robust and defined series of protocols for sample handling and analysis, developed and applied to 

ensure reliable and reproducible characterization (Appendix B and E). 
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2. Materials and Methods 
Figure 3 shows an overview of the samples and the different analysis methods applied. 

 
Figure 3: Flowchart of materials and methods. 19 female C57BL/6 mice, stored at -80 °C, were 

initially assigned to EtOH- or PFA-fixation. They were thawed during 24 hours at 4 °C in the 

respective medium. PFA-fixated samples were washed in PBS-solution for 2 hours. After 

microsurgical preparation (Figure 5) the extracted lumbar spine segments were stored in 70% 

EtOH at 4 °C until µCT-scanning (Figure 6). After the scan samples were returned to 70% EtOH 

until dehydration and PMMA-embedding. Samples were sliced and stained. See the Appendix for 

applied protocols. Figure created by the author. 

 

2.1. C57BL/6 Mice: Microsurgery, Micro-CT, and Histological Preparation 

19 healthy, female C57BL/6 mice pups at five timepoints within the first 14-days post-partum 

(n = 4 for 1, 7, 10, 14 days; n = 3 for 3 days), were obtained from litters at the Max Planck Institute 

of molecular genetics, Berlin, Germany (Figure 4) [1,49]. The study was designed to be based on 

a homogenous sample population to eliminate the possible influence of sex hormones or different 

genetic backgrounds. 

 

Mice were initially assigned to a PFA- or EtOH-fixation medium (Figure 3) [73,74]. This initial 

subdivision was abandoned since there were no distinguishable differences neither in sample 

handling nor in µCT data. This is most likely due to the small sample size and the lack of effect of 
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PFA on the mineral content in the experimental setup. To preserve the delicate, small lumbar spine 

- a succession of hard and soft materials of different densities and properties - a Technovit 9100 

new PMMA embedding was applied that allowed the samples to be non-decalcified (Appendix F). 

Movat’s Pentachrome staining, a combination of different staining methods, allowed to 

differentiate mineralized bone and cartilage (Figure 10, Appendix H) [97]. Von Kossa / Toluidine 

Blue staining contrasts mineralized tissue in black and cartilaginous tissue containing 

proteoglycans and glycosaminoglycans in metachromatic shades of blue (Figure 11, Appendix G) 

[72]. 

 
Figure 4: Scaled images of representative female C57BL/6 mice between 1 - 14 days post-partum. 

Average body weight per age-cohort in gram. The 1-day-old animal is pink and hairless, weighing 

slightly over 1 g. The 3-day-old animal is larger. First hints of pigmentation are present and ears 

begin to develop. At 7 days, the body is strongly pigmented and covered by short fur. The weight 

has tripled since birth. During the following 7 days, the fur thickens, mice increase in size, and 

double their weight. Figure created by the author, based on his data. 

 

Lumbar spine segments were extracted micro-surgically under a stereomicroscope (x 2.5 

magnification) since it is difficult to identify different vertebral regions by the naked eye in young 

animals (Appendix E) [1]. 
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Figure 5: Microsurgical sample preparation (Appendix E) a Mice were carefully fixated on a 

polystyrene board with fore- and hindlimbs extended, avoiding strain. b A paravertebral incision 

was preferred for younger animals to avoid direct pressure on the spine. A medial incision was 

performed in animals 7 days and older. c Subcutaneous tissue and longitudinal paravertebral 

muscles were bluntly removed. Dotted lines indicate cuts for the extracted vertebral segment. In 

younger animals, the vertebral segment should be cut with a scalpel since scissors would crush the 

spine’s macroarchitecture. d Extracted vertebral segment: Lumbar spine, pelvic bones, and 

proximal parts of the femur were extracted to minimize strain on the lower lumbar spine segments. 

Figure created by the author. 

 
Figure 6: Skyscan Benchtop µCT 1172 setup (Bruker Micro-CT, Kontich, Belgium). a X-ray 

source (Hamamatsu 100/250); Object to source distance = 40.07 mm. b 0.5 mm aluminum filter, 

to reduce beam hardening. c Sample mounted in a custom-made specimen holder containing the 

polyethylene tube with the vertebral segment centered by two polystyrene rings. Plastic sponges 
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soaked in 70% EtOH ensure a constantly humid environment to prevent shrinking artifacts. 

d Camera (Hamamatsu C9300 11Mp camera); Camera to source distance = 277.528 mm. Figure 

created by the author. 

 

All scans were performed using the same configuration for image acquisition to ensure 

comparability, resulting in a pixel size of 2.5 µm (Appendix B) [1]. The region of interest 

(vertebral bodies L3-L5) was selected after a scout scan before the 7 - 14 hours scanning process 

[1]. Filters in the scanning setup (Figure 6), as well as post-imaging correction algorithms, aimed 

to reduce beam hardening. The small size of my samples, as well as the lack of thick cortical bone 

surrounding the region of interest, further reduces the chance of significant beam hardening 

effects. The phantom calibrated, algorithm corrected µCT data highlight the mineral densities in 

growing bone [1,76]. 

 
Figure 7: Image processing steps from µCT images to cleared VOI datasets. a µCT X-ray image 

from a representative 14-day-old animal; vertebrae L3-L5; red: soft tissue; yellow: shadow of the 

polystyrene ring (Figure 6); white line: location of b. b Reconstructed 2D µCT-slices (NRecon), 

before (top) and after (bottom) axial reorientation. c Cleared slices of the scaled and constant VOI 

with an indication of origin shown in yellow and red [1]. Figure created by the author, based on 

his data. 

 

2.2. Image Analysis: From 2D to 3D  

The image reconstruction software employed in this study (NRecon, v. 1.6.8.0, Bruker Micro-CT, 

Kontich, Belgium) uses the Feldkamp algorithm to transform the series of images into a data set 

of transversal images that allows further analysis [1,98]. Ring artifacts were reduced by the 

automated masking of defective pixels and a subsequent correction algorithm. To ensure a high 
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degree of comparability, identical settings for ring artifacts reduction, grayscale range, and beam 

hardening correction were applied to all samples during reconstruction. Mild misalignment 

correction was chosen for each sub-scan.  

 

After testing and matching different segmentation algorithms with histological samples (Figure 2 

and Figure 2 [1]), the non-parametric, user-independent Otsu’s segmentation algorithm appeared 

most appropriate for samples of heterogeneous size and density. Otsu’s segmentation algorithm 

was applied to each slice to separate bone from the background [1]. There is thus no universal, 

arbitrarily chosen threshold value. The segmentation algorithm was also used to ‘clear’ µCT slices 

from background information by creating a binarized mask [1]. An automated separation into the 

cancellous and cortical bone can be achieved using repetitive image processing and calculation 

steps (Appendix D). Two different VOIs were defined for improved comparability of 3D 

measurements: A small, constant VOI, comparable to the least common denominator, in the center 

of all vertebral bodies, and an adaptive scaled VOI to account for the volumetric increase during 

growth (Figures 7 and 8, Table 2) [1]. 

 
Figure 8: 3D model of the cancellous bone inside the scaled VOI (left) and constant VOI (right), 

highlighted in a 14-day-old vertebral body. Outlines of the vertebral body and growth plates are 

shown in gray (Figure 1 [1]). Scale bar = 500 µm. Figure created by the author, based on his data. 

 

A wide range of 3D measurements were calculated in BoneJ, an ImageJ plugin [1,71,76,77,99–

106]. 2D histomorphometric measurements were obtained and correlated to µCT (Figure 2). In 

addition to the rather conventional measurements, this study developed and applied additional 
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measurements of trabecular orientation, spatial and temporal evolution of mineral density, 

calibrated by phantoms of defined densities (Section 2.3 [1], Figure 6 [1], Figure 5h [1]). The 

effect of different scanning resolutions on 3D measurements was simulated to estimate the 

influence of lower image resolutions on the quantification of cancellous bone. The image pixel 

size of uncleared image sets was repeatedly halved to obtain virtual resolutions of 5 µm, 10 µm, 

and 20 µm. These images were then segmented using Otsu’s segmentation algorithm and analyzed 

under the standard protocol (Figures 13 and 14). 
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3. Results 
The high-resolution µCT data, matched by histomorphometry, reveals fundamental changes in 

bone morphology as well as cancellous bone architecture evolution during growth [1]. The 

vertebral bodies quickly increase in size and begin to elaborate anatomical features shown in 

Figure 1. These morphological changes are quantified in Figure 5 [1], while the temporal and 

spatial redistribution of mineralized material is exemplarily shown in Figure 6 [1].  

 

3.1. Growth as a Function of Time and Weight 

Dimensions of the growing lumbar vertebra are reported and graphed with the bodyweight of each 

animal since it allows to differentiate animals of the same age (Figure 3 [1]). The relation of 

age versus bodyweight in the animal cohort is linear, to an almost perfect R2 fit (Figure 9). This 

suggests that it makes very little difference which parameter is presented in Figure 3[1].  

 

Figure 9: Graphed correlation (R2) of age versus bodyweight with each data point corresponding 

to an individual animal. Data are given in full as a function of dimensions versus animal weight in 

Figure 3 [1]. Figure created by the author, based on his data. 

 

The usual parameter used for comparative development studies is age since it is most practical in 

terms of monitoring developmental stages. Skeletal parameters in this study are given with respect 

to age, to ease comparison with other studies. However, both are plotted in Figure 3 [1], since both 

parameters improve extrapolation power and the quality of the fit at a very young age. The 

mathematical extrapolation of growth within the first two weeks, even allowed us to accurately 

predict the outer dimensions of a 4-month-old vertebral body [1] (Appendix C). 

 

 

R² = 0,9761

0
1
2
3
4
5
6
7
8
9

10

0 2 4 6 8 10 12 14

B
od

yw
ei

gh
t [

g]
 

Age [days]



 19 

3.2. Evolution in Color: Histological Staining 

The detailed results obtained in 3D were matched and confirmed by 2D histomorphometry at all 

timepoints. This ensures robustness and reliability for imaging and subsequent data analysis 

(Figure 2 and Table 1 [1]). Histological slices allow identifying the profound changes of the lumbar 

spine that occur during the early postnatal period. They add information on the cellular 

composition as well as the growth process outside the main region of interest. 

 
Figure 10: Movat's Pentachrome staining for 7 days (a) and 14 days (d). Magnifications of the 

respective growth plate region (b) and (c). (Appendix H). Vertebral bodies are separated by 

intervertebral discs and growth zones on the cranial and caudal ends (dark shades of green and 

blue). a At 7 days, the mineralized cancellous bone (brown/yellow) is surrounded by a ‘circular 

growth zone’, a layer of cartilaginous cells, and mineralized cartilage (shades of green and blue) 

(b). Vertebral arches are separated by chondrogenic cells and are not yet fused with the vertebral 

body. d At 14 days, the gap between the vertebral body and the arches has closed. Only small 

islands of mineralized cartilage remain in that region. Cranial and caudal growth plates have 

narrowed. Small mineralized epiphyseal ‘caps’ have formed between the intervertebral discs and 

the growth zones (c) (Figures 1 and 11e). Figure created by the author, based on his data. 
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Developing bones contain bone and mineralized cartilage. My primary focus is however the 

former. Movat’s Pentachrome staining shows that mineralized cartilage is mostly located on the 

periphery of the vertebral body, essentially in regions that were excluded from the scaled and 

constant VOIs (Figures 8 and 10) [1,97].  

 
Figure 11: Von Kossa / Toluidine Blue staining of the lumbar vertebra from 1 - 14 days post-

partum. Mineralized material (black). Chondrogenic tissue (metachromatic shades of blue). 

(Appendix G), scale bar a-c = 200 µm. a The 1-day-old vertebral body is a delicate network of 

mineralized spicules, surrounded by a layer of chondrogenic cells. The vertebral arches are pre-

shaped in cartilaginous tissue. b At 3 days, the vertebral body shows signs of condensation in its 

center. It is still surrounded by an abundance of chondrogenic cells. c The 7-day-old vertebral 

body continues to consolidate mineralized spicules into struts and early trabeculae. The outer 

chondrogenic surface is thinning. d Overview of the lumbar spine, sacral spine, and hip bones, 

highlighting the anatomic complexity of this region at 10 days of age. The general trends continue 

and the vertebral bodies continue to grow. e At 14 days a nearly mature structure can be observed. 

Vertebral body and arches have fused. Von Kossa stains the mineralized epiphyseal ‘caps’ 

between the vertebral body and intervertebral discs in black. The growth zones are reduced to the 

cranial and caudal surface of the vertebral body (Figure 10 c, d). Figure created by the author, 

based on his data. 
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3.3. Cancellous Bone in two Volumes: The Center of Attention 

Appropriate and constant selection of a VOI is essential for comparing multiple samples at 

different timepoints during growth, thus at different sizes [1,107]. The two VOIs introduced in the 

publication, show similar results (Table 2) [1]. This implies that they are both measuring similar 

structures and that the selection of the scaled VOI accurately excludes the peripheral growth zones, 

which adds to the accuracy of the 3D measurements and mineral density analysis. 

 

Table 2: Constant VOI in relation to the scaled VOI (Figure 1[1]). Mean values (L3-L5) from 19 

animals 1 - 14 days post-partum. BV/TV, Tb.Th, Tb.Sp, Tb.N, BS/BV, SMI, and DA are given 

including SD. To quantify the accuracy and comparability of different volumes, the correlation 

coefficient was calculated. Despite different volumes analyzed, a relatively high degree of 

correlation can be seen. The highest correlation was not found between the 1-day-old animals. 

This may be due to the fact, that the constant VOI could be slightly larger than the scaled VOI for 

the smallest animals at day 1, since it is based on the average size observed in 1-day-old animals 

[1]. Table created by the author, based on his data. 
 

Age 
{days} 

Constant 
VOI Mean 

Constant 
VOI SD 

Scaled  
VOI Mean 

Scaled 
VOI SD 

Correlation 
(rxy)  

BV/TV {%} 1 22.72 2.31 21.48 2.24 0.77  
3 15.99 2.79 16.78 2.07 0.90  
7 10.00 2.18 10.58 1.07 0.42  

10 11.31 1.86 11.65 1.38 0.72  
14 9.68 1.94 10.86 1.10 0.44 

Tb.Th {µm} 1 16.87 1.33 16.45 0.89 0.69  
3 22.13 0.65 21.48 0.48 0.68  
7 27.82 2.60 26.20 1.28 0.73  

10 28.13 1.73 27.11 1.24 0.62  
14 30.30 2.03 28.82 1.54 0.82 

Tb.Sp {µm} 1 74.80 12.41 76.79 12.99 0.92  
3 118.39 13.17 113.74 8.81 0.83  
7 190.24 36.55 167.31 19.48 0.52  

10 188.03 23.80 173.73 14.46 0.50  
14 225.00 29.90 193.95 19.05 0.26 

Tb.N {mm-1} 1 13.56 1.91 13.09 1.45 0.75  
3 7.25 1.36 7.82 0.96 0.88  
7 3.66 0.97 4.05 0.49 0.58  

10 4.02 0.59 4.31 0.55 0.56  
14 3.20 0.59 3.77 0.30 0.31 
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BS/BV 
{mm2/mm3} 

1 3.412 0.095 3.275 0.151 0.52 
3 3.281 0.114 3.261 0.056 0.68  
7 3.024 0.172 2.998 0.115 0.80  

10 3.033 0.144 2.971 0.076 0.74  
14 2.834 0.158 2.806 0.114 0.60 

SMI {} 1 2.998 0.183 3.077 0.258 0.58  
3 2.926 0.189 2.905 0.176 0.84  
7 2.914 0.307 2.863 0.130 0.62  

10 2.624 0.177 2.643 0.119 0.38  
14 2.549 0.191 2.438 0.113 0.50 

DA {} 1 0.222 0.043 0.211 0.045 0.25 

 3 0.250 0.067 0.213 0.075 0.51 

 7 0.549 0.165 0.464 0.133 0.82 

 10 0.408 0.143 0.504 0.073 0.02 

 14 0.575 0.120 0.615 0.049 0.47 
 

3.4. 3D Micro-CT: Morphology, Directionality, and Mineral Density 

A panel of graphs highlights the changes in 3D measurements of cancellous bone architecture 

within the first two weeks of life (Figure 5 [1]). A drop in BV/TV is accompanied by a decrease 

in trabecular number, especially during the first 7 days (1). At the same time, trabecular structures 

become larger and more separated, indicated by an increase in Tb.Th and Tb.Sp. These changes 

are illustrated in 3D in Figure 12. 

 
Figure 12: Quantitative 3D visualization of architectural evolution from 1 - 14 days post-partum 

(Figure 4 [1]). 3D surface reconstructions show the transition from a porous mineralized mass of 

spicules towards the formation of trabeculae. Trabecular thickness increases, especially at the 

intersection of vertical and horizontal trabeculae. Trabecular separation slowly increases over 

time, highlighted by orange and yellow ‘bubbles’ that represent cavities inside the cancellous bone. 
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Figure created by the author, based on his data. Adapted from Fig. 4 [1], by courtesy of Acta 

Materialia Inc; Elsevier Ltd.  

 

Mineralized material approaches a preferred ‘lattice’-like spatial orientation [1]. This is 

demonstrated by an increasing degree of anisotropy and a higher percentage of cranial-caudal 

oriented trabeculae (Figure 5g, h [1]). The material condenses into pillars, spanning the entire 

height of the vertebral body, supported by lateral struts (Figure 6a [1]). Mineral density increases 

over time, with a steady shift from densities below 1 g/cm3 towards a peak around 1.4 g/cm3, 

reflecting cancellous bone material maturation (Figure 6b [1]) [1]. 

 

The morphological changes observed in 3D, along with the patterns in trabecular orientation and 

anisotropy, as well as the temporal and spatial distribution of mineralized material provide a 

comprehensive analysis of physiological cancellous bone formation [1].  

 

3.5. Effect of Image Resolution: Zooming out 

The image resolution applied in this study was tested on histological samples and multiple test 

scans at different resolutions [1]. The resolution chosen here is sufficient to describe the 

development of mineralized architecture at a very young age. Higher resolutions were feasible but 

would require longer scan durations and a larger amount of data, hence, longer computing time at 

no justified yield of information. To analyze the effects of different image resolutions on 3D 

measurements and Otsu’s segmentation algorithm, virtual image sets of lower resolutions were 

analyzed under the standard protocol. 
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Figure 13: 3D measurements of simulated resolutions for pixel sizes of 2.5 µm (original 

resolution), 5 µm, 10 µm, and 20 µm (scaled VOI in L5 from 19 animals). The decreasing 

resolution has different effects. a BV/TV is slightly underestimated at pixel sizes of 5 µm and 10 

µm, whereas it is overestimated at a pixel size of 20 µm. b Tb.N is underestimated for lower 

resolutions. This effect is most pronounced at a young age, where structures are relatively small. 

c Tb.Th is overestimated for lower resolutions. At a pixel size of 20 µm differences in trabecular 

size are unnoticed, since a pixel equals the size of the mean trabecular thickness. d Tb.Sp is 

sparsely affected by decreasing pixel size. It is overestimated at a young age but shows nearly 

identical results later on. The inter-trabecular space appears less sensitive to variations in scanning 

resolution. Figure created by the author, based on his data. 
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Figure 14: Average threshold level obtained by Otsu’s segmentation algorithm in simulated 

resolutions for pixel sizes of 2.5 µm (original resolution), 5 µm, 10 µm, and 20 µm (scaled VOI 

in L5 from 19 animals; bone mineral density calibrated to calcium hydroxyapatite phantoms). With 

increasing age, the mean bone threshold level increases. Lower resolution leads to a lower mean 

bone threshold level. This is due to edge effects, where neighboring pixels on the bone/background 

interface are computed into an intermediate, lower resolution when downscaled. A lower threshold 

results in an overestimation of bone volume (Figure 13). Figure created by the author, based on 

his data. 

 

The effect of different scanning resolutions on the sample population was shown with these 

simulations, which allowed us to better compare and connect our results to previous studies of 

age-related changes in cancellous bone of C57BL/6 mice [1,51,52]. General trends in increasing 

image resolution can be observed as asymptotic functions that approach ‘true’ size and mineral 

density.  
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4. Discussion 
A porous mineralized mass present at birth rapidly transforms into a highly sophisticated network 

of cancellous bone within two weeks. The mineralized network is fully weight-bearing and 

adapted to the mechanical demands caused by muscle forces, and early locomotion. Cancellous 

bone development in the early postnatal period has not been studied in this detail before [1]. The 

presented study provides a detailed 3D analysis and visualization of early physiological cancellous 

bone evolution, supported and augmented by 2D histology [1]. 

 

4.1. Transformation of Cancellous Bone: Going, Going, Gone. 

Cancellous bone evolution is a dynamic process, driven by mechanical stimuli, that leads to the 

transition from a mass of mineralized spicules to a network of trabeculae [1]. Peak bone mass is 

reached after puberty [57]. A steady-state and eventually a decline in bone mineralization can be 

observed during aging [51,52,57]: Bones become less elastic and more brittle [108]. Trabeculae 

decrease in number, loose volume, connectivity, and mechanical competence, resulting in 

structural weakness and an increased risk of fracture [53,108–112]. Sex and bone type influence 

the timing and extent of this decline [50,51,53,57]. 

 

The relation between the bone structure of several species and their mechanical properties has 

been outstandingly shown in the life’s work of John D. Currey [2]. The importance of locomotion 

and mechanical stress has been shown during embryogenesis, growth, and aging [31,34,36]. 

Muscle forces regulate bone shaping, improve mechanical properties, and drive callus ossification 

in fractures [2,38,113]. The growth plate achieves expansion against mechanical forces [113]. 

Similar correlations between mechanical stimulation and the formation of bone structure can be 

observed in the spine of newborn mice: The animals rapidly extend their locomotor abilities in the 

first few days post-partum, while forming an elaborate bone structure [1,114,115]. 

 

Cancellous bone plays an important role in the structural strength of vertebral bodies 

[2,44,48,116]. Several tests and simulations link bone mechanical properties and architecture 

[2,33,41,44,62,64,66,116,117]. Yet, no individual morphometric parameter can predict the 

complex structure-function relationship in the vertebrae [44,66]. The development of fully 

functional bone under aspects of mechanical stimulation could be simulated in finite element 

models, based on the presented 3D data. Our results reflect the constant interplay of growing 

cancellous bone architecture with its mechanical environment during early postnatal growth [1].  
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4.2. Micro-CT: Importance of Image Resolution, Segmentation, and VOI-Selection 

Image resolution should be adapted to a specific sample and research question [76]. It seems easy 

to aim for the highest possible µCT resolution, but one has to consider possible motion or shrinking 

artifacts due to long scan durations as well as available computation power and disk space [1,79]. 

On the other hand, lower scanning resolution results in a lower automated threshold selection, an 

underestimation of the trabecular number, and overestimation of  the trabecular thickness (Figures 

13 and 14). These effects of image resolution on quantification, partially match observations made 

in mice and human cancellous bone [82,87]. Ideally, as achieved in this study, µCT measurements, 

performed under an appropriate resolution, match those obtained by histomorphometry (Figure 2 

[1]) [1,76,90]. 

 

Segmentation is a fundamental aspect of automated image analysis since it can systematically and 

substantially alter the measurements obtained by subsequent analysis (Figure 2) [86]. Different 

segmentation methods strongly limit direct comparability between published results. The observer 

independent, automated thresholding is probably the nicest attribute of Otsu’s segmentation 

method. Its application and the comparison with histomorphometry are a major novelty of this 

work. This algorithm should become the norm in bone analysis software, as it does not assume 

any fixed/given bone/density threshold and is independent (‘objective’) [1,85,88]. 

 

VOI-selection is another important aspect of comparative µCT studies [1,107]. Different VOIs 

also limit direct comparability with other studies. By selecting two VOIs in the identical sample, 

robust measurements were obtained that allowed to compare the growing structures at different 

timepoints, reliably excluding peripheral growth regions and cortical bone (Figure 1[1], Figure 8, 

Table 2). 

 

4.3. Phases of Cancellous Bone Formation: Are they Generalizable? 

This study describes three distinct phases of early physiological cancellous bone formation in the 

lumbar spine of a widely employed mouse model [1]. Vertebral bodies offer an excellent study 

model to map cancellous bone evolution [1]. They contain a relatively large volume of cancellous 

bone in the centrum (Figure 1[1] and Figure 8). Cancellous bone in the spine is highly sophisticated 

and adapted to bipedal, quadrupedal locomotion, or swimming [2]. The elaborate bone architecture 

can be described by an array of histomorphometric parameters along with bone mineral density. 

These parameters combined, determine the structure’s mechanical properties [2,33,39,118,119]. 
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Figure 15: Schematic of three developmental phases in cancellous bone formation: Templating, 

condensation, and expansion [1]. (i) During a phase of templating, commencing prenatally, a large 

amount of low-density mineralized material is stored in spicules. (ii) This material then condenses 

into struts during the first week post-partum. (iii) The formation of early trabeculae is followed by 

a spatial expansion and remodeling into a mature cancellous bone network. Figure created by the 

author, based on his data. 

 

Bone growth is partially recapitulated during fracture healing [113,120–123]. The cancellous bone 

formation resembles events that are observed during healing: soft callus formation shows 

similarities to endochondral ossification [120–122]. The callus only serves as a template for 

healing and does not result in bone growth. While fracture healing aims to restore structural - thus 

mechanical capacities, bone growth aims to establish these. The exact healing mechanisms slightly 

differ with the skeletal site [113,124]. Four stages of fracture healing were identified in the human 

spine, namely granulation, matrix synthesis, bone formation, and bone (re-) modeling [123]. The 

last three stages can be related to the phases of bone growth described in this study - yet at a 

different pace [1]. The differences between the regulation of these processes are of ongoing 

scientific interest. 

 

The three principal phases of cancellous bone formation described by my work are not unique to 

the bone formation of the lumbar spine or mice [1]. Such phases have been observed in growing 

femurs of mice at slightly different timing, where they were described as patterning (day 1 - 7), 

densification transformation (day 10 - 14), and bone shaping (after 14 days) [49]. A study of 

cancellous bone development in the human vertebra also showed similar events that led to a refined 

trabecular architecture: A postnatal decrease in BV/TV, described as a main characteristic of the 

condensation phase, also takes place in the cancellous bone of the human vertebra [1,56]. 
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Cancellous bone formation in mice and humans may therefore follow a similar, maybe universal 

pattern. 

 

4.4. Limitations and Outlook  

This study analyzes a cohort of 19 female animals of the C57BL/6 mouse strain at five selected 

time points within the first two weeks post-partum. To compensate for the relatively small sample 

size, the analysis was extended on three lumbar vertebral bodies per animal [1]. C57BL/6 mice are 

a widely used study model. However, many details were previously unknown, meriting a full-scale 

study dedicated just to this animal model as a future reference to other mutation strains or 

compromised healing scenarios. To eliminate the influence of sex hormones, the study was based 

on a homogenous, female sample population. In the future, I would like to include male mice and 

other strains. Polychromatic X-rays in µCT may influence density measurements through beam-

hardening effects and subsequent correction algorithms [79,80]. As described in the publication, 

monochromatic X-rays might improve the precision of density measurements [1]. 
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Figure 16: 3D PMMA prints of cancellous bone in the lumbar spine (scaled VOI) in 14-day-old 

(gray) and 10-day-old (blue) C57BL/6 mice, based on the surface coordinates, computed in Amira 

(Ver. 5.4.0, Thermo Fisher Scientific, Berlin, Germany). 3D prints may allow repeated mechanical 

testing of different cancellous bone samples and may be used to design and improve medical 

implants. Image taken by the author, based on his data. 

 

4.5. Conclusions 

The following three main conclusions can be drawn from this work: a) A rapid, fundamental 

morphological transition of the murine lumbar spine architecture takes place in the early days of 

life. Mineralized spicules and struts condense and form early trabeculae during three distinct 

phases. The forming structures establish a lattice-like craniocaudal cancellous bone architecture. 

This results in load-bearing, fully functional cancellous bone within only two weeks. b) The 

mineralized material is reorganized and shifted from an early deposit to a highly organized, 

functional structure. c) The observer-independent, 3D-analysis of the architectural evolution 

quantifies bone growth in a murine model and provides a baseline for physiological cancellous 

bone formation that may serve as the basis for further studies [1]. 

 

Several drugs show immediate or indirect effects on bone formation and homeostasis, such as 

glucocorticoids, non-steroidal anti-inflammatory drugs, proton-pump inhibitors, sex hormones, 

and nutritional supplements [125–128]. For the majority of drugs and agents, we can only assume 

their safety from the experience of use. The influence of pharmacological agents on mineralization 

and bone structure evolution at a young age is still poorly understood. We have no detailed 

knowledge of the effects on bone metabolism and structure. Possible long-term effects remain 

unclear. Especially during the early phases of bone growth, a vulnerable phase observed in this 

study, it can be assumed that certain external factors may have significant long-term effects. Mice 

offer an important model to investigate such influences on the skeleton.  

 

This work may help standardize studies across different mouse strains, compare differences 

between male and female mice, and study several influences on early bone formation including 

mechanical, metabolic, endocrinological as well as pharmacological effects. This may help to 

better understand structural levels of bone-related diseases, the interaction of bone and implanted 

biomaterials, external effects such as biological therapy, or closely related scenarios like healing 

and growth [1]. 
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Appendix 
 

A) Specific Abbreviations of 3D-Measurements 

see Section 2.3, Fig. 5, Supplementary data [1] 

 

BV/TV  Bone volume to Tissue volume ratio 

Bone volume fraction (BV/TV) or the volume of bone per volume unit, is the number of 

foreground voxels divided by the total number of voxels [104].  

 

BS/BV   Bone surface to Bone volume ration, specific Bone surface; mm2/mm3 

‘Specific bone surface’ gives a measure of bone surface per volume. Bone volume (BV) is a bone 

voxel count. To calculate bone surface (BS), a triangular mesh is produced by the marching cubes 

algorithm. The surface equals the sum of the areas of the triangular mesh [104,129].  

 

DA   Degree of anisotropy  

The ‘Degree of anisotropy’ gives a measure of orientation. It is based on the mean intercept length 

(MIL) method: A series of vectors of the same length are drawn originating from a random point. 

An intercept is counted when a vector crosses the line between foreground and background. The 

MIL equals the vector length divided by the number of intercepts. A cloud of points is drawn, 

where each point represents the vector times its mean intercept length. An ellipsoid is fitted to the 

cloud. Construction of a material anisotropy tensor and eigendecomposition results in eigenvalues 

which relate to the lengths of the ellipsoid's axes and eigenvectors giving the orientation of the 

axes. DA is calculated as 1 - smallest eigenvalue / largest eigenvalue. 0 = isotropic, 1 = anisotropic 

[77,104]. 

 

SMI   Structure Model Index 

The structure model index (SMI) aims to quantify the geometry of trabecular structures. It uses 

the change in BS as volume increases infinitesimally to calculate values: SMI = 0 for plates, 3 for 

rods and 4 for solid spheres. SMI is of limited use to quantify geometry, since it has negative 

values for concave surfaces. It is, nevertheless, included in the results of this study because it was 

commonly used in bone research. Instead one should consider using the ellipsoid factor. 

[99,102,104] 
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Tb.Th   Trabecular thickness  

and 

Tb.Sp   Trabecular separation 

The thickness is defined as the diameter of the greatest sphere that fits within the trabecular 

structure. Mean and standard deviation of trabecular thickness (Tb.Th) and trabecular spacing 

(Tb.Sp) are calculated from pixel values. [104,130,131] 

 

Tb.N   Trabecular number 

The Trabecular number is calculated according to the parallel plate model as (BV/TV)/Tb.Th 

[71,132]. 
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B) µCT Scanning Protocol 

see Section 2.2 [1] 

 

Consistent and reliable image acquisition is necessary for the qualitative comparison of µCT 

images.  

 

1. Start PC and Skyscan 1172 benchtop µCT. 

2. Samples stored in 2 ml 70% EtOH at 4 °C are mounted inside a custom-made specimen 

holder using two polystyrene rings. Sponges soaked with 70% EtOH ensure a humid 

atmosphere during the scan. 

3. Open specimen chamber and install specimen holder. 

4. Close specimen chamber and perform a scout scan.  

 

5. Check: 

Targeted ROI (L3-L5) visible in scout scan? 

Is the sample oriented upright and centered along the craniocaudal axis? 

Does the sample not rotate out of the plane when turning? 

Line Histogram: Detector does not saturate? 

 

6. Load configuration file for all samples: 

 

X-ray tube voltage 50 keV (198 µA), 0.5 mm aluminum filter, Image acquisition over 360°, 

image rotation steps of 0.1°, exposure time of 1.45 s, effective pixel size of 2.51 µm. 

 

7. Start the scan with a delay of 30-60 min to allow for thermal calibration and reduction of 

movement artifacts.  

8. Store the sample in a fresh 70% EtOH solution at 4 °C after the scan is completed. 
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C) Quantification of Cancellous Bone Architecture at 4 Months 

see Section 3.2 [1] 

 

A 4-months-old vertebra of a female C57BL/6 mouse was analyzed under the standard protocol. 

The mean values of L3-L5 are given here. The different results from the larger scaled VOI and the 

small constant VOI show the morphological differences of the center compared to the rest of the 

cancellous bone inside the vertebral body at this age.  

 
 

Constant VOI 
Mean 

Constant VOI 
SD 

Scaled  
VOI Mean 

Scaled VOI 
SD 

BV/TV {%} 13.5 - 17.79 - 
Tb.Th {µm} 33.37 9.38 34.43 12.41 
Tb.Sp {µm} 211.23 60.16 174.46 66.32 
Tb.N {mm-1} 4.04 - 5.16 - 

BS/BV {mm2/mm3} 2.40 - 2.29 - 
SMI {} 2.082 - 1.502 - 
DA {} 0.70 - 0.71 - 

 

Maximum dimensions of the vertebral bodies L3-L5 in {mm} 
 L3 L4 L5 MEAN 

Hight 2.40 2.52 2.56 2.49 

Width 1.35 1.43 1.40 1.39 

Depth 1.07 1.09 1.01 1.06 
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D) Automated Data Processing to Separate Bone Types 

see Sections 1, 3.4.2, 4.5, Fig. 1 [1] 

 

Automated separation of cortical- and cancellous bone in large datasets of long bone implemented 

as an ImageJ Macro. The number of iterations in the Macro should be adapted to the individual 

sample type. This macro requires a defined cortical structure to be reliable, therefore, it was not 

applicable in the youngest samples. Adapted and modified from Buie et al. [133]. 

 

Input: A binary image stack filled with cortical and cancellous bone regions. 

 

run("Duplicate...", "title=cortical duplicate"); 

run("Duplicate...", "title=spongiosa duplicate"); 

run("Duplicate...", "title=corticalMASK duplicate"); 

run("Duplicate...", "title=spongiosaMASK duplicate"); 

 

Cortical outlines  

selectWindow("corticalMASK"); 

//run("Threshold..."); 

run("Convert to Mask", "method=Otsu background=Default calculate black"); 

run("Despeckle", "stack"); 

run("Dilate", "stack"); 

run("Dilate", "stack"); 

run("Erode", "stack"); 

run("Erode", "stack"); 

run("Options...", "iterations=1 count=1 black do=[Fill Holes] stack"); 

 

Spongiosa outlines 

selectWindow("spongiosaMASK"); 

//run("Threshold..."); 

run("Convert to Mask", "method=Otsu background=Default calculate black"); 

run("Invert", "stack"); 

imageCalculator("AND create stack", "spongiosaMASK","corticalMASK"); 

rename("spongiosa2"); 

run("Options...", "iterations=3 count=1 black do=Open stack"); 
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run("Options...", "iterations=6 count=1 black do=Close stack"); 

run("Duplicate...", "title=spongiosa3 duplicate"); 

run("Divide...", "value=255 stack"); 

selectWindow("cortical"); 

imageCalculator("Multiply create stack", "spongiosa3","spongiosa"); 

 

imageCalculator("Subtract create stack", "corticalMASK","spongiosa2"); 

rename("cortexring"); 

run("Divide...", "value=255 stack"); 

imageCalculator("Multiply create stack", "cortical","cortexring"); 
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E) Microsurgical Sample Preparation 

see Section 2.1 [1] 

 

Handling and preparation of the delicate samples at a very young age required attention and 

prudence to preserve structural integrity. The following protocol was applied to all animals.  

 

1. Animals are taken out of -80 °C freezer and checked for integrity. 

2. Animals were weighed. 

3. Animals were thawed at 4 °C for 24 hours in a PFA- or EtOH -solution. 

 

PFA-fixation: thawed in a 4% PBS-buffered PFA solution for 24 hours; washed in fresh 

PBS solution for 1-2 hours before surgical preparation. 

EtOH-fixation: thawed in 70% EtOH solution, then transferred to fresh 70% EtOH 1-2 

hours before surgical preparation. 

 

4. Microsurgical preparation under a 2.5 x magnification stereomicroscope and a cold-light 

source. The extremities of the animals were fixed with needles in the metacarpal and 

metatarsal region on a polystyrene board. The specimens were kept irrigated during 

preparation.  

5. An incision was made cranial of the first ribs down to the base of the tail. Skin and fasciae 

were carefully dissected. Special attention was directed on the preservation of the macro-

architecture of the lumbar spine: 

 

1- 3-day-old animals:  paravertebral incision 

7- 14-day-old animals:  medial incision 

 

6. Lumbar- and sacral- spine segments were exposed. To detach the sample, cuts were placed 

above the first ribs, below the first caudal vertebra and 2-3 mm distal of the femoral-

acetabular joint. The extracted specimens included the 12th thoracic vertebrae, the six 

lumbar vertebrae, the pelvis, as well as the femoral head. 

7. Samples were labeled and individually stored in 2 ml 70% EtOH solution at 4 °C.  
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F) Sample Embedding with Technovit 9100 new 

see Section 2.4 [1] 

 

Mineralized material is most challenging for histological research. The growing lumbar spine 

consists of a succession of hard and soft materials of different densities and properties. Also, the 

very small samples were previously frozen for preservation. To present these delicate structures, 

a PMMA embedding was applied that allowed the samples to be non-decalcified. Please refer to 

the user manuals of Kulzer GmbH for further details on Technovit 9100 new.  

 

An intensified dehydration and embedding protocol with more frequent medium changes was 

applied. To anticipate bending and torsion during the dehydration process, the samples were 

carefully tied to the histo-box using 1-0 polyfil polyester sutures (Mersilene, Ethicon). 

 

Medium Duration 

70% EtOH 4h /4h / overnight 

70% EtOH 4h /4h / overnight 

96% EtOH 4h /4h / overnight 

96% EtOH 4h /4h / overnight 

Isopropyl alcohol 4h /4h / overnight 

Isopropyl alcohol 4h /4h / overnight 

Xylol 4h /4h / overnight 

Xylol 4h /4h / overnight 

Pre-Infiltration solution 3 days at 4°C and -0.9 bar 

Infiltration solution 7 days 

Polymerization  

 

Samples were embedded in Technovit 9100 new following the manufacturer’s protocol. All 

samples were oriented with the vertebral arches facing the cutting plane. 

Samples that showed air enclosures or cracks in the slicing plane were ground and re-embedded 

to guarantee homogeneous slices. 

 

PMMA blocks were sliced using a Leica SM2500S microtome, which allowed a steady and 

smooth cutting. Slice thickness was 5 µm.  
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A cutting-fluid containing 5% TritonX and a mounting-fluid of 70%-EtOH in combination with 

some drops of a 20% ethanol-based-solution of Butoxyethylacetate showed best results after 

multiple pre-tests. The slices were transferred to adhesive, silane treated microscope slides (Paul 

Marienfeld GmbH & Co. KG, Germany). Samples were moistened throughout the whole slicing 

process.  

 

Especially the 1- and 3-day-old samples showed a strong tendency to lose the mineralized network 

inside the vertebral bodies and float-off from the silane treated microscope slides during 

processing. This could successfully be avoided by using pre-treated glass slides, which received a 

thin gelatine-chromalaun coating to improve adhesion.  

Once a sample slice was mounted on a slide, it was covered with PVC foil and filter paper. The 

slides were dried at 60°C for 2 days under gentle pressure. 

 

Digital images were obtained using a Zeiss Axioskop 2 (Carl Zeiss Microscopy GmbH, Germany) 

and Axio Vision Image acquisition software.  
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G) Combined von Kossa / Toluidine Blue Staining 

see Section 2.4, Fig. 2 [1] 

 

1. Removal of PMMA plastic  3x 30 min  

2. Descending alcohol concentration (100% > 70% > a.d.) 2 min each  

3. 3% water based AgNO3 solution 10 min 

4. Distilled water Rinse 3 times 

5. Sodiumcarbonate-Formaldehyde Solution 2 min 

6. Tap water (rinse) 10 min 

7. 5% Sodiumthiosulfate-Solution (Na2S2O3) 5 min 

8. Tap water (rinse) 10 min 

9. Distilled water Rinse 5 times 

10. Toluidine Blue O  1-10 min 

11. Distilled water Rinse quickly 

12. 70% EtOH differentiate 

13. 100% EtOH 2 min 

14. 100% EtOH 2 min 

15. Xylol 2x 5 min 

16. Cover the sections with Vitroclud  

 

Staining Results:  

Mineralized bone black 

Mineralized Cartilage dark blue 

Cells and soft Tissue dhades of blue 

Cartilage and Mast cell granules metachromatic shades of blue / violet 
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H) Movat’s Pentachrome Staining 

see Section 2.4; Supplementary data [1] 

 

1. Removal of PMMA plastic  3x 30 min  

2. Descending alcohol concentration (100% > 70% > a.d.) 2 min each  

3. Alcian Blue 10 min 

4. Tab water 5min 

5. Alkalie EtOH (10ml NH3OH + 90 ml 96% EtOH) 60 min  

6. Tab water (rinse) 10 min 

7. Distilled water rinse 

8. Weigert’s iron hematoxylin 10 min  

9. Tab water (rinse) 10min 

10. Distilled water 2 min 

11. Brilliant Crocein Acid Fuchsin 10-15 min 

12. 0,5% Acetic acid rinse 

13. 5% phosphotungstic acid 20 min 

14. 0,5% Acetic acid rinse 

15. 100% EtOH (I-III) 2 min each 

16. Saffron du Gatinais 60 min 

17. 100% EtOH IV-VI 2 min each  

18. Xylol 2x 5 min  

19. Cover the sections with Vitroclud  

 

Staining results:  

Mineralized bone bright yellow 

Collagen bright yellow 

Mineralized Cartilage green-blue 

Cartilage Tissue red / yellow 

Osteoid dark red 

Elastic fibers red 

Cell nuclei blue / black 

Cytoplasm shades of red 

Glycosaminoglycan bright blue 
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