

  applsci-13-05170




applsci-13-05170







Appl. Sci. 2023, 13(8), 5170; doi:10.3390/app13085170




Article



The Arrangement of the Osteons and Kepler’s Conjecture



Marco Zedda[image: Orcid]





Department of Veterinary Medicine, University of Sassari, 07100 Sassari, Italy







Academic Editor: Miguel Ángel Maté-González



Received: 24 March 2023 / Revised: 4 April 2023 / Accepted: 19 April 2023 / Published: 21 April 2023



Abstract

:

The studies of bone tissue have mainly highlighted the morphometrical characteristics of the osteons, rather than their spatial distribution. This work aimed to verify if the topographical distribution of the osteons responds to geometrical order. From an analysis of hundreds of bone sections of domestic and wild mammals collected over 60 years, it is evident that the spatial distribution of osteons varies from a random arrangement in the irregular Haversian tissue to an ordered geometric arrangement in the dense Haversian tissue. In this work, a new method of classification of Haversian bone tissue was introduced based on the number of points of contact that the perimeter of an osteon has with neighboring osteons. When the functional commitment of the bone is maximum to resist biomechanical stresses, the osteons are smaller and crammed adjacent to each other as if to occupy less space. Their spatial arrangement, in this case, reminds us of Kepler’s conjecture, which predicts the ideal arrangement that spheres must have to occupy as little space as possible. The conjecture was elaborated by Kepler in the Seventeenth Century to solve the practical problem linked to the need to transport the largest number of cannonballs in warships.






Keywords:


bone tissue; osteon; Haversian tissue; interosteonal area; Kepler’s conjecture












1. Introduction


The study of the bone microstructure never ceases to surprise researchers with how much data and observations can be extracted. Unlike what can be considered by ordinary people, i.e., that bone tissue has a rigid and immobile structure over time, in the last two centuries, there has been an increase in evidence that bones are plastic structures that adapt to the biomechanical needs of individuals through modifications of their microstructure. In addition to the genetic predisposition related to the taxonomic position of species and breeds, numerous factors interfere in modifying the bone microstructure, such as age, sex, body mass, lifestyle, pathological conditions, and dietary pattern [1,2,3,4,5]. Another factor among the most-important is the exposure to mechanical stress due to locomotion, which influences the bone microstructure throughout different movements and gaits [6,7]. Since locomotion modalities vary greatly in the animal kingdom, on the bones of the skeleton and in the course of life, the possibilities of bone microstructural modifications are very wide. Bone tissue shows a complex arrangement of structures at different length scales, which perform mechanical, biological, and chemical functions such as providing structural support, protection of internal organs and tissues, and mineral storage [8,9]. From a histological point of view, not only has each taxonomical category of vertebrates a general pattern recognizable in the skeleton [10], but it is also shown for each bone of the same skeleton histomorphometrical features that are strictly related to the biomechanical loads to which they are exposed [4].



In adult bone tissue of the most-evolved vertebrates, the structural component that has attracted interest from researchers and explains many of the bone properties is undoubtedly the secondary osteon, also known as the Haversian system. Each osteon consists of concentric layers, or bone lamellae, surrounding a central canal, named the Haversian canal, flown by blood vessels and nerves. The compact bone tissue containing osteons is classified as Haversian tissue, which shows two types characterized by the different closeness of the osteons. In particular, the irregular Haversian tissue has few osteons widely separated by abundant interstitial bone, whereas numerous osteons form the dense Haversian tissue, close together and connected by more or less scarce interstitial bone [11,12]. The closeness of the osteons employed to distinguish these two types of Haversian tissue appears not always unequivocally applied by researchers, the closeness a being a somewhat subjective concept. Contributing to the identification of different osteon distribution patterns in the dense Haversian tissue was one of the aims of this study.



As regards the osteons, the descriptive studies of bone tissue in different animal species have mainly highlighted their morphological and morphometric characteristics rather than their spatial distribution. In long bone transversal sections, the Haversian systems, which are secondary osteons and, henceforth, in this text named osteons, appear circular or elliptical in shape since their three-dimensional cylindrical structure extends along the major axis of the bones. Histomorphometrical research has been carried out to evaluate the number of bone lamellae, the size of the osteons, and their Haversian canals by means of measurements of the maximum diameter, minimum diameter, perimeter, area, and relative ratios. These parameters were taken into account, among others, with trying to identify the animal species [13,14,15,16], especially to distinguish human skeletal remains from animals [3,17,18,19,20,21], or to study the age of death on the base of the skeletochronology [7,22], or to distinguish domestic from wild mammals [23,24]. Assuming the idea that the bone area subjected to compression loads shows a higher amount of osteons [25,26], the frequency and distribution of the osteons have also attracted interest in order to analyze biomechanical features [27,28,29,30,31,32] or to reconstruct the lifestyle of extinct vertebrates [33,34,35]. The frequency of osteons in a bone section, indicated by the osteon population density, has been described by calculating the number of osteons in 1 mm2. This value is very useful to appreciate the scarcity or richness of osteons in an area. However, it gives us little information on the mutual relationship among the osteons, for example whether the osteons are in contact with each other or not, since it depends on their size.



This work aimed to verify if the arrangement of the osteons in the dense Haversian tissue could be evaluated as random or, on the contrary, in some cases, if it responds to a precise strategy that improves bone performance to resist biomechanical stresses better. In particular, attention will be paid to observing how the osteons are arranged when their number increases following greater mechanical stress.




2. Materials and Methods


For this study, hundreds of histological slides of bone sections collected during the last 60 years in the laboratory of the Anatomy of the Department of Veterinary Medicine at the University of Sassari (Italy) were checked. This collection was created from bones of healthy individuals, regularly slaughtered or who died of natural causes at the veterinary clinic of the Department and belonging to domestic animals, such as horses (Equus caballus), cows (Bos taurus), pigs (Sus scrofa domestica), sheep (Ovis aries), goats (Capra hircus), and dogs (Canis familiaris), and wild animals such as deer (Cervus elaphus), wild boars (Sus scrofa), mouflons (Ovis musimon), and foxes (Vulpes vulpes). All these slides were realized in the past few decades by the wear method and now briefly reported. Long bones were crosscut at the level of the smallest breadth of their diaphyses using an electrical saw to obtain 2 mm-thick sections. The air-dried bony rings were ground and thinned using a fine sandpapering machine. Then, the samples were sanded by hand with emery paper to obtain about 50 μm-thick sections. After thorough washing to remove the debris, the cross-sections were fixed onto glass slides with Eukitt (Merck, Darmstadt, Germany). Histological slides were observed and photographed using a Zeiss Axiophot microscope at 2.5×, 10×, and 20× magnifications (Zeiss, Jena, Germany). Sections were scanned with a digital scanner (Motic Easy Scan One, Motic, Hong Kong) using a PlanApochromat 10×/0.3 objective (Zeiss, Jena, Germany) to appreciate the osteon arrangement better. All slides were deposited at the Department of Veterinary Medicine of the University of Sassari. In order to evaluate the relation between the number of osteons and their arrangement, some measurements were taken or calculated, according to the report [36] of the Histomorphometry Nomenclature Committee of the American Society for Bone and Mineral Research (ASBMR). More in detail, the measurements were mean value between the minimum and maximum diameters of the osteons (On.Dm) and the area of osteons (On.Ar) taken by means of the software Scion Image 3.2 (Scion Corporation, Frederick, MD, USA). The osteon population density (On.Dn), which describes the number of osteons per square millimeter, was also assessed, considering only the intact osteons. The interosteonal area was calculated as the difference between the area of the section and the total area occupied by intact osteons.




3. Results


Osteons with typical morphological features characterized by concentric bone lamellae surrounding a Haversian canal were present in all the species examined. They showed high variability in size, including the number of bone lamellae, the diameter of the osteons, and consequently, the perimeter and the area of the osteons. This variability depended on the species and the bone considered and often was present in the same histological slide. The main morphological and morphometrical features of the osteons in the species observed are reported in Table 1, where in extreme synthesis, it can be noted that the horse osteons were more extensive than those of ruminants (cows, goats, sheep, mouflons, deer), themselves larger than those of suids (domestic pigs, wild boars), themselves larger than those of carnivores (dogs, foxes).



Regarding the type of bone tissue, besides plexiform tissue, both irregular Haversian and dense Haversian tissue were present in all species with different extensions (Figure 1). In ascending order of greatest presence of dense Haversian tissue than irregular Haversian tissue can be listed carnivores, suids, ruminants, and horses. Moreover, dense Haversian tissue is generally larger in the wild species (deer, mouflons, wild boars, foxes) than in domestic animals.



The main aim of this work was to observe different arrangements of the osteons. It varied from a case of random dispersion, where the osteons were few and far from each other, to a condition where the osteons were numerous and cramped. The scenario of the osteon arrangement is often complex because osteons with different sizes can be present in the same field, which aggravates the possibility of easily recognizing the schemes of the osteon layout. The arrangement typical of the irregular Haversian tissue could be better defined as the tissue where the osteons are not in contact with each other and then their cement line, that is the periphery of each osteon, does not even have a single point in common with the others (Figure 1b). Therefore, in this tissue type, the interosteonal area is very wide.



3.1. Proposal of Identification of Subtypes of the Dense Haversian Tissue


In the dense Haversian tissue, the osteons appear close and in contact with each other, regardless of their size. They showed one or more points in common at the level of their cement line, and the number of points in common could be helpful in order to recognize different subtypes of this tissue and better evaluate the osteon arrangement. Indeed, these values range from: (1) when two osteons are in contact, but distant from others; (2) when each osteon is in contact with two other osteons and then forms an isolated group of three osteons (Figure 1c), and so on, until they achieve there eight or more contacts (Figure 1d). Based on this point of view, three subtypes of dense Haversian tissue (H1, H2, H3) are here proposed. The H1 dense Haversian tissue is characterized by osteons with different sizes and in contact with each other with a variable number of points in common starting from one. Its interosteonal area is very irregular in shape as limited by the cement line of the neighboring osteons. It is the subtype of dense Haversian tissue most-frequent and detectable in all the species examined. The H2 dense Haversian tissue contains osteons of almost the same size arranged side by side to form overlapping lines so that each osteon has four points in common with the neighboring osteons (Figure 2a,b). In this case, the interosteonal area comprises four osteons, and it is quadrangular in shape with concave sides. This subtype is not frequent and can be observed in ruminants and suids during the first phases of remodelling when the plexiform bone tissue typical of juvenile individuals change into irregular Haversian tissue and secondary osteons appear. The H3 dense Haversian tissue is formed by osteons of the same size arranged side by side to form overlapping lines so that each osteon is in contact with six others (Figure 2c,d). Its interosteonal area is comprised between only three osteons, and it is triangular in shape with concave sides. This subtype of dense Haversian tissue is present overall, where the bones are subjected to heavy biomechanical stress, such as in some areas exposed to compression loads of long equine bones.




3.2. The Interosteonal Area and Its Theoretical Calculation


As mentioned before, all the surface not occupied by secondary osteons is considered an interosteonal area. While the H1 interosteonal area is very extensive and widely communicating to surround isolated osteons and more or less numerous groups of osteons, in the H2 and H3 subtypes, the interosteonal area is limited and forms small islets surrounded by osteons. More precisely, the shape of these islets is quadrangular with concave sides in H2 and triangular with concave sides in H3. In the H1 subtype, the interosteonal area can be easily calculated as the difference between the area considered and the sum of osteonal areas. In contrast, in H2 and H3 subtypes, the interosteonal area could be mathematically calculated besides the method for the H1 subtype. In detail, in the H2 subtype, the interosteonal area can be considered the difference between the square drawn on the central point of the Haversian canal of four adjacent osteons and the area of one osteon (corresponding to four cloves of a quarter of osteon) (Figure 3a). With r indicating the radius of the osteon, the quadrangular interosteonal area can be easily calculated with this mathematical procedure:


(2r)2 − πr2 = 4r2 − πr2 = (4 − π)r2











In the H3 subtype, the interosteonal area can be considered as the difference between the equilateral triangle drawn on the central point of the Haversian canal of three adjacent osteons and the area occupied by three cloves of a sixth of an osteon (Figure 3b). Firstly, the formula to determine the area of an equilateral triangle knowing Side l (that is 2r) can be applied:


l2 1/4 √3 = (2r)2 1/4 √3 = r2 √3











The area occupied by three cloves of a sixth osteon is


3 1/6 πr2 = ½ πr2











Thus, the interosteonal area in the H3 subtype is


r2 √3 − ½ πr2 = (√3 − ½ π) r2











It can be noted that the interosteonal area of the H3 subtype is smaller than that of the H2 subtype, since:


√3 − ½ π < 4 − π












3.3. Comparison between the Theoretical and Real Calculation of the Interosteonal Area


The formulae described above for the H2 and H3 subtypes led to a theoretical calculation that would be valid under the conditions of perfect equality and circularity of the osteons. The real calculation based on the difference of the total measured area occupied by intact osteons from the area of the section was similar to what was theoretically calculated. Indeed, the real extension of the interosteonal areas was about 8% higher than the theoretical values. The reason for this difference could be due to the fact that the osteons were not perfectly circular, but slightly elliptical. Rather than calculating the absolute value of the interosteonal area, it is much more useful to evaluate its relative value and the ratio between the interosteonal area and the total area considered. In the H2 subtype, a square drawn so that the vertices correspond to the center of the Haversian canal of four adjacent osteons can be considered a repetitive modulus formed by four cloves of the quarter of the osteon delimiting the quadrangular interosteonal area. In this case, the percentual ratio expressed between the interosteonal and the area of the modulus was about 21.5%. In the H3 subtype, the repetitive modulus was triangular, and it was formed by three cloves of the sixth osteon delimiting the triangular interosteonal area. In this case, the percentual ratio expressed between the interosteonal and the area of the modulus was about 9.4%. This means that the osteon arrangement in the H3 subtype was the condition of minimum interosteonal area extension and maximum packing of the osteons (Figure 4).





4. Discussion


The results presented in this work highlighted the complexity of the Haversian tissue providing reading keys to describe the arrangement of the osteons. The presence of the osteons in the species analyzed confirmed general rules valid in mammals, such as their greater presence in animals most-engaged in biomechanical stress due to a high body mass and aptitude to high speeds and wild animals that generally have more intense locomotor activity than domestic animals. As regards the size of the osteons, among the factors that mainly influence it, the biomechanical stress to which the bones are subjected is the main one [28,29], whilst the body mass does not seem to matter much [37].



As is known, osteons can be considered as tridimensional structures organized to better resist mechanical stresses. Indeed, the central canal surrounded by some layers of bone lamellae gives to the osteon excellent properties to oppose the compression, torsion, and tension forces [38,39,40]. Osteons with different sizes can be present both in the irregular Haversian tissue and in the H1 subtype of dense Haversian tissue. In these cases, the points of contact of the cement line with neighboring osteons can be variable in number depending on the closeness of the osteons. In the H2 and H3 subtypes, the sizes of the osteons are very similar and the osteonal arrangement is more regular with a geometrical character. As described before, the interosteonal area shrinks from the irregular Haversian tissue to the H1 subtype of dense Haversian tissue, and so on, to the H2 subtype and up to the H3 subtype. This means that, according to the same order, the presence of osteons grows up, and then, the resistance to biomechanical stress increases in the same order (Figure 5). It should come as no surprise that these last two subtypes and, especially, H3 are found in long bones highly exposed to stress.



In the case of the H3 subtype, it is as if the osteons were trying to arrange themselves in the best way to occupy less space. This consideration brings to mind Kepler’s conjecture. It is a mathematical theorem about sphere arrangement in a limited space. The problem arose in the 16th Century when war ships carried cannonballs and needed to transport the largest amount of them in defined spaces. The solution of the problem was sought by mathematicians, astronomers, and other intellectuals of the time until Johannes Kepler (1571–1630) enunciated his conjecture. In 1611, Kepler wrote a short work, Strena Seu de Nive Sexangula, where he described for the first time the hexagonal symmetry of snowflakes, extending the discussion on the most-efficient arrangement for packing spheres [41]. Kepler’s conjecture, for which, being a conjecture, it has not been possible to demonstrate the falsity and which is, therefore, presumed to be true, states that no arrangement of equally sized spheres filling a space has a greater average density than that of the hexagonal close packing arrangements [42,43,44]. The conjecture was enunciated thinking of cannonballs arranged in a space, but finds its analogy in the arrangement of the osteons in the H3 subtype considering the spheres sectioned by a plane. Just as Kepler’s conjecture predicts the maximum packing of the spheres when one sphere is in contact with six other spheres in the same plane, similarly in dense Haversian tissue, the maximum degree of packing occurs when the osteons are arranged in such a way that each is in contact with six other osteons, i.e., in the H3 subtype of the dense Haversian tissue here described.




5. Conclusions


From observing hundreds of sections of bone tissue, some characteristic dispositions of the osteons were highlighted: from a sparse disposition in the irregular Haversian tissue to a regular one in which different degrees of packing can be distinguished, including in the more regular ones. This is the case where each osteon is in contact with 4 neighboring osteons and where each osteon is in contact with 6 neighboring osteons. This last arrangement is the one suggested in Kepler’s conjecture and corresponds to the maximum degree of packing arrangement. The classification of the dense Haversian tissue here proposed can pave the way for a vast series of investigations from a biomechanical, anthropological, archaeozoological, and paleontological point of view, for example to help reconstruct the locomotor abilities of extinct animals.
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Figure 1. The main types of bone tissue present in mammals. (a) Plexiform tissue (Sus scrofa); (b) irregular Haversian tissue with few osteons isolated and far from each other (Ovis aries); (c) dense Haversian tissue with an islet of three osteons (Bos taurus); (d) dense Haversian tissue with many osteons crammed (Equus caballus). Bar = 40 µm. 
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Figure 2. Dense Haversian tissue. (Left) Original microphotos; (Right) osteons are highlighted with circles to evaluate the common points with neighboring osteons. (a,b) H2 subtype, where each osteon is in contact with 4 other osteons ((a) Capra hircus; (b) Sus scrofa). (c,d) H3 subtype, where each osteon is in contact with 6 other osteons ((c) Ovis musimon; (d) Equus caballus). The circles correspond to osteons. In H3 subtype an osteon (red circle) is surrounded by 6 osteons (blue circles). Bar = 40 µm. 
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Figure 3. Schematic representations of the interosteonal area surrounded by the neighboring osteons in the H2 subtype (a) and H3 subtype (b) of dense Haversian tissue for its theoretical calculation. 
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Figure 4. Schematic differences among the subtypes of the Haversian tissue proposed. 
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Figure 5. Schematic representation of the different osteon arrangements in Haversian bone tissue. 
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Table 1. Histomorphometrical data of the Haversian bone tissue in different species 1.
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Osteon Measurements

	
Haversian Bone Tissue




	

	
n

	
On.Dm

	
On.Ar

	
On.Dn

	
Irregular

	
Dense






	
Horse (Equus caballus)

	
147

	
198.4 ± 32.9

	
31,582.5 ± 4386.2

	
5.1

	
+

	
++++




	
Cow (Bos taurus)

	
134

	
164.7 ± 27.3

	
19,538.0 ± 2708.5

	
4.4

	
++

	
+++




	
Deer (Cervus elaphus)

	
43

	
135.9 ± 18.1

	
13,613.3 ± 2144.6

	
4.8

	
++

	
+++




	
Pig (Sus scrofa domestica)

	
103

	
138.6 ± 41.6

	
14,721.4 ± 1928.4

	
2.9

	
+++

	
++




	
Wild boar (Sus scrofa)

	
98

	
179.3 ± 25.8

	
22,167.1 ± 3319.7

	
3.9

	
++

	
+++




	
Sheep (Ovis aries)

	
170

	
128.2 ± 33.2

	
15,182.4 ± 2361.5

	
3.2

	
++++

	
+




	
Goat (Capra hircus)

	
162

	
124.7 ± 24.5

	
14,601.3 ± 2173.8

	
3.8

	
+++

	
+




	
Mouflon (Ovis musimon)

	
109

	
156.6 ± 26.4

	
18,039.2 ± 2549.3

	
4.1

	
+++

	
++




	
Fox (Vulpes vulpes)

	
56

	
139.4 ± 37.0

	
15,496.7 ± 1838.2

	
2.9

	
+++

	
++




	
Dog (Canis familiaris)

	
74

	
125.2 ± 22.8

	
14,083.2 ± 2071.6

	
2.4

	
++++

	
+








1 The osteon diameter (On.Dm) and osteon area (On.Ar) are the mean values of one hundred measurements (expressed, respectively, in µ and µ2); n, number of osteons measured; ±standard deviation. Qualitative observations express the frequency of the irregular Haversian and dense Haversian tissues. From + to ++++ are indicated the growing amount of two types of Haversian bone tissue.
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