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ABSTRACT

Osteohistological investigations of fossilized bone can reveal details about 
the specimen’s biological, geological and environmental conditions. Micro-to-
nanoscale imaging provides insight into the structural organization of bone 
and can also reveal indicators of the fossilization process. We examined a 
petrographic thin section of the left fibula of a ~71.5 million-year-old 
Albertosaurus sarcophagus (Canadian Museum of Nature [CMN] catalogue 
number FV 11315) using nanoscale scanning electron microscopy (SEM) and 
focused ion beam (FIB)-SEM tomographic imaging to study the arrangement 
of mineral and organic components of fossil bone in multidimensions. Here, 
we present evidence of permineralization in Haversian canals by energy 
dispersive X-ray spectroscopy. Nanoscale 3D FIB-SEM imaging revealed that 
the characteristic 67 nm banding periodicity of collagen fibrils was 
remarkably well preserved over 70M years, and 3D imaging allowed for the 
detection of collagen fibril bundles in parallel fibered and lamellar bone 
arrangements. A newly discovered structure in modern bone, the ellipsoidal 
mineral cluster, was tiled throughout the 3D space of fibrolamellar fossil 
bone. These observations, afforded by the high-resolution and site-specific 
nature of FIB-SEM, link key fossilized features with the micro-nanoscale 
structure of modern-day bone. This investigation highlights the persistence 
of bone formation and organization persisting for over millions of years.

INTRODUCTION

Fossil osteohistological investigations detail the microstructural level of bone 
preservation and provide insight into the specimens’ greater environment 
and biology. The organization of the collagen and mineral system is key to 
the development of normal, unaltered bones in living animals. However, 
understanding this association in extinct, dead animals is challenging due to 
the fossilization process. Over time, fossilization and diagenetic processes 
change the structure and properties of bone 1–4. Changes in fossil bone 
mineral content are key markers of diagenesis 1–3,5. Carbonated 
hydroxyapatite, the inorganic phase original to bone, can undergo dissolution 
and recrystallization, resulting in changes to crystal size and lattice 
arrangement, as well as potential incorporation of trace minerals introduced 
from the environment 1–3,5. Fossil bone is also subject to permineralization, 
where minerals dissolved in groundwater can infiltrate the bone and deposit 
in its pores and cavities 1,3,4. Three processes of permineralization include 
pyritization, carbonate mineralization and silicification, which respectively 
lead to the deposition of pyrite, calcium carbonate and silica-based 
composites within bone 6–8. After specimen death, soft tissue is subject to 
decay or preservation depending on the environment 4,9–11.  For example, 
rapid burial and anoxic environments can promote soft tissue 
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preservation4,12. Soft tissue, such as skin13, muscle 14, fibrous matrices9,11,15–
17, and cells9,11,17–20  have been visualized in fossil bones with multiple 
imaging techniques. However, preserved soft tissue may undergo alterations 
in the structure of organic matter21. These diagenetic and fossilization 
processes lead to changes within the fossil bone, creating a denser and 
mineralogically complex material. Investigating the arrangement of collagen 
and mineral is key to understanding bone function, development processes 
and the preservation of the collagen fibril and mineral system in fossil bone. 

An emergent nanoscale 3D imaging technique utilized to analyze bone in 
recent years is focused ion beam scanning electron microscopy (FIB-SEM), 
also referred to as FIB-SEM nanotomography. During FIB-SEM 
nanotomography, serial sectioning with an ion beam and imaging with an 
electron beam produces a 2D image stack of the probed volume that can be 
reconstructed and rendered in 3D to elucidates the nanoscale structural 
arrangement, or ultrastructure, of minerals and collagen in bone tissue 22–24. 
Bone tissue has a hierarchical system from the skeletal to the molecular level 
contributing to the bone’s structure and function 25–27. Bone can be described 
based on the arrangement and composition of its mineral and organic 
components 25,26,28,29. The collagen fibril network, hierarchically expanding 
from molecule to fibrils with banding periodicity to fibre bundles, has been 
well-documented in multiple modern species25–27,29–35. Collagen fibrils are 
composed of a staggered array of collagen molecules creating gap (~27 nm) 
and overlap zones (~40 nm) that forms a 67 nm periodicity along the fibril 
length29,34–36 . Mineralization of the collagen fibril network in lamellar bone 
is postulated to occur from mineral foci in the collagenous matrix that grow 
into ellipsoidal mineral clusters, eventually leading to a tessellated 
mineralization pattern 37–39. Bone cells, including osteoblasts, osteoclasts and 
osteocytes, play a key role in regulating bone formation, remodelling and 
mechanosensing, respectively 40–48. Osteocytes reside in the 
lacunocanalicular network (LCN) in bone, where the cell body sits in lacunae 
with its processes extending through small channels, canaliculi, terminating 
at other cells or Haversian canals, the central supply of oxygen and nutrients 
to bone 43,45–47. The structural organization of bone and its components has 
been extensively studied using 2D and 3D characterizations with light, x-ray 
and electron microscopy, for example 28,38,39,49–53. 

Fibrolamellar bone is a common composite bone tissue type found in rapidly 
growing animals, including mammals and dinosaurs7,54–64. Fibrolamellar 
bone is a rapidly changing type of bone with collagen and mineral structures, 
including collagen fibril networks and mineral crystallites that confer the 
mechanical properties and structures to the bone 57,63,65,66 . Fibrolamellar 
bone formation begins with a blood vessel network that guides the formation 
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of new bone65,67.The composition of fibrolamellar bone is diverse with diverse 
arrangements of collagen fibril networks which can be subdivided into three 
key types; woven, parallel-fibered and lamellar fibered 7,54,56,57,65,68. Woven 
bone contains randomly arranged collagen fibrils deposited around blood 
vessels that form a framework for new bone formation 57,65,68–70. During bone 
development, parallel fibered bone may be deposited and included next on 
this framework 57,65. The parallel fibered arrangement is characterized by 
parallel or longitudinally orientated collagen fibrils and has been referred to 
as an intermediate between lamellar bone and woven bone 27,57,63,65. Lamellar 
bone fills in the framework between the deposited bone and blood vessels, 
where the fibrils are arranged in a plywood organization across several 
concentric lamellae25,53,57,65,66,71–73. The composition of fibrolamellar bone 
tissue can evolve during the development of the individual as mechanical and 
physiological requirements change during the lifespan7,54,59,65. 

In this study, 2D and 3D electron microscopy imaging and spectroscopy tools 
are employed to investigate the micro and nanoscale features of 
Albertosaurus sarcophagus (A. sarcophagus) bone from the Horseshoe 
Canyon Formation to understand how bone developed and was conserved 
over time. A. Sarcophagus is a theropod dinosaur in the family 
Tyrannosauridae whose fossils definitively occur in the lower two-thirds of 
the Horseshoe Canyon Formation in Alberta, Canada 62,74–78. Recent isotopic 
dating yields an age range of 73.1–68.0 Ma for these strata in the type area79. 
A. Sarcophagus is among the earliest- and best-known tyrannosaurids, 
represented by several complete skeletons and bonebed material77. 
Consequently, it has been the subject of ongoing investigation, particularly 
as concerns the behaviour80, biomechanics81, and growth76,81–84 of the 
species. By employing nanoscale imaging techniques, we can analyze the 
conserved and unique features of A.sarcophagus bone, providing greater 
insight into bone development and fossilization in the Horseshoe Canyon 
Formation. 

RESULTS AND DISCUSSION

1.1 Imaging Overview of the Albertosaurus sarcophagus (CMNFV 11315)
The late juvenile–early subadult tyrannosaurid, CMNFV 11315, was identified 
as Albertosaurus sarcophagus based on morphometric and cladistic analyses 
62. Gross osteohistological analysis of the fibula has established a minimum 
age at the time of death of approximately 2 years62. However, in the present 
study, the micron and nanoscale-level osteohistological features of this 
specimen are analyzed further to understand the growth and mineralization 
processes that occurred pre- and post-mortem. Features of interest for 

ACCEPTED MANUSCRIPTARTICLE IN PRESSARTICLE IN PRESS



chemical analysis and 3D nanotomography were identified from the mosaic 
imaging found in the Browser-Based viewer (BBV) data, where the energy-
dispersive X-ray spectroscopy (EDS) maps and movie clips of the 3D 
nanotomography have also been linked. Access data here: 
https://www.petapixelproject.com/mosaics/museumofnature/CMNFV-
11315/index.html

Fibrolamellar bone is the primary tissue in this fibula-thin section, with 
approximately two annuli or growth lines in the lateral periosteal region of 
the bone which indicate different development phases 7,62,85. The annuli are 
best visualized within the plane-polarized light microscopy mosaic images 
where disruptions in the growth lines are visible on the medial side due to 
bone remodelling 62. The cortex region displays a highly mineralized matrix 
with no medullary cavity present (Fig. 1A & C). The lateral region, in 
comparison, is less mineralized, and several primary osteons and the 
Volkmann’s canals can be visualized. The medial side displays more 
remodelling in contrast to the lateral side, with overlapping secondary 
osteons present (Fig. 1B, D, E, G). 2D and 3D analysis was primarily 
performed on the lateral side of the fibula thin section. 
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Figure 1. 2D Backscattered electron images show an overview of the medial, 
cortex and lateral regions of the CMNFV 11315 D-shaped petrographic fibula 
thin section. A) large-area mosaic image of the thin section with anatomical 
directions indicated (anterior-A, Posterior-P, Lateral-L and Medial-M). B) 
Medial region (yellow) of the fibula with overlapping secondary osteons. C) 
Cortex region (blue) of the fibula with highly mineralized bone matrix 
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surrounding canals. D) Lateral fibula region (green) has several primary 
osteons and Volkmann’s canals present. FIB-SEM analysis regions of 
interests (ROI) (#1-4) are highlighted by red boxes with the milling direction 
indicated by the red arrow. E, F,G) Insets indicated in B, C, D, respectively, 
where E) overlapping secondary osteons with truncated cement lines are 
visible, F) highly mineralized bone matrix with mineralized lacunae 
surrounding the canal, and G) displays primary osteons without visible 
cement lines and dark lacunae. Reproduced from 62 , CC BY-NC 4.0. Scale 
bars A) 5 mm, B-D) 100 µm, E-G) 50 µm.

1.2 Elemental Analysis of Permineralization
Evidence of permineralization and other diagenetic processes was seen in the 
both the canals (Haversian and Volkmann’s) and osteocyte lacunocanalicular 
network (LCN) of the fossil after investigation with EDS (Figs. 2-4). The 
fossilized bone matrix consists of apatite with a trace of fluorine and iron 
(Figs. 2A, H, S3 EDS 3 and 7, S4 EDS 15). Diagenetic processes, including 
cell death and fluid flow through the sediment formation including embedded 
bones, are facilitated by mineral dissolution and precipitation during 
fossilization1–3,5,7,86 . These diagenetic fluids can take advantage of the bone 
porosity connecting the vascular systems (Haversian and Volkmann’s) to the 
LCN, leading to secondary mineralization as was noted in lacunae, and in the 
Haversian canals in the lateral and medial regions of the fibula, which appear 
to consist of calcite and baryte (Figs. 2A, B, F, H, S2, S3 EDS 1, 2, 4, 12, 16; 
also see BBV dataset). Some canals also appear to be filled with kaolinite (Fig. 
2C, S3 EDS 5). Smectite-group minerals often lined the inner wall of the 
Haversian canals and filled interstices between other minerals (Fig. 2A-D, G, 
3A, S2, S3 EDS 2, 6, 9, 13; also see BBV dataset). Numerous Haversian canals 
are lined with an outer layer of smectite-group minerals and then with an 
inner layer of a microcrystalline quartz variety (Fig. 2D, G, S3 EDS 8, 9). 
Pyrite occurs as beautifully formed framboidal pyrite, as sunflower 
framboidal pyrite grains (Fig 3, S1A-B) and as blocky pyrite crystals, which 
developed from precursor framboids (Figs. 2E, S1C-D and S2, S3 EDS 10, S4 
EDS 18, 19). The diagenetic alteration of the blocky pyrite to hematite can be 
observed in Figure 2E (Fig. S3 EDS 11). Fluid flow during diageneses and 
burial also caused the dissolution of previously precipitated calcite. The 
calcite filling the center of the Haversian canal in Figure 2F looks pitted and 
has a very irregular boundary towards the surrounding smectite-group 
minerals. These are features that suggest the calcite was attacked by 
diagenetic fluids that dissolved it. The smectite-group minerals that now fill 
the voids between the canal wall and the remaining calcite could be a 
precipitation product of the fluids that are responsible for the dissolution of 

ACCEPTED MANUSCRIPTARTICLE IN PRESSARTICLE IN PRESS



the calcite filling. The Haversian canals in the cortex region of the fibula 
showed fewer mineral fillings. Cracks in the fibula, likely caused during burial 
and diagenesis, were filled with calcite as well as the adjacent network of 
channels (Fig. 2H, S4 EDS 14-17). Evidence of permineralization have been 
shown across various dinosaur fossils where layers of different minerals 
including, pyrite and barite are seen in bone porous regions87,88 .
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Fig. 2 Variations of Haversian and Volkmann’s canal mineral infilling across 
the fibula cross-section as determined by EDS element distribution maps.  A) 
The apatite-based (Ap) bone matrix with an infilled Volkmann’s canal and 
manganese-dominant calcite (Cal (Mn)) and smectite-group minerals (Sm).  
B) Baryte (Brt) and smectite-group minerals (Sm) canal infilling within an 
apatite-based matrix (Ap) C) kaolinite (Kln) and smectite D) quartz (Qtz) and 
smectite (Sm) infilling of a Haversian canal E) hematite (Hem) and pyrite (Py) 
infilling of a crack region. F) Manganese bearing calcite (Cal (Mn)) and 
smectite-group minerals (Sm) infilling of a canal in the apatite-based (Ap) 
matrix G) quartz (Qtz) and smectite-group minerals (Sm) infilling of a canal 
H) manganese bearing calcite (Cal (Mn)) mineralization in crack regions.

Figure 3. EDS element distribution maps show the pyritization and 
silicification in a Haversian canal in the cortex region of the Tyrannosaurid’s 
fibula. A) EDS map overlay of detected elements. B) Backscattered electron 
image reveals the filling of the Haversian canal by framboidal pyrite (Py) 
structures embedded within smectite-group minerals (Sm). The insets A and 
B) (blue box) displays a mineralized lacuna in the cortex region containing 
fine needle shaped apatite crystals. Brightness and contrast adjusted for inset 
B to highlight the lacunae space

1.3 Evidence of Lacunar Mineralization
EDS and backscatter electron imaging results revealed apatite in the lacunae 
in the cortex (Fig 3A, B-Insets). Here mineral lamination was noted around 
the lacunar border with needle shaped crystals protruding into the lacunar 
space (Fig. 4). Individual crystals were visible in some mineralized lacunae 
(Fig. 4A and B) in comparison to others (Fig. 4 C and D) where the mineral 
appears to occlude the entire lacunae, similar to what is seen during lacunar 
mineralization. Osteocyte lacunar mineralization has been termed 
“micropetrosis” 89, which has been visualized in modern (specimens younger 
than 100 years old)90–96  and fossilized97  specimens. Lacunar occlusions have 
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also been visualized in human mandibles in high mineral-density regions, 
where neighbouring lacunae within the same osteon display different degrees 
of calcification 90. Whether the mineralization is an active or passive process 
is still unknown. However, age92,95 and remodelling proximity92  have been 
noted as potential links to this process. Previous literature has found a 
significant increase in the number of mineralized lacunae from younger (< 
39 years old) to older (> 80 years old) participants in a study population of 
the same number of human male and female individuals92.  Inhibited or 
reduced remodelling, for example, as a result of cell death, may also impact 
lacunar mineralization. Mineralization factors produced by osteocytes will 
decrease upon their death, allowing for mineralization in the lacunar 
space94,98, which may initially occur in the pericellular region and grow into 
the remaining lacunar cavity92. Herein, mineralized osteocytes appeared to 
have minerals in both the lacunar and the canalicular space (Fig. 4). Studies 
in human bone have shown similarly that micropetrosis occurred in the 
lacunae and canaliculi, leading to the complete occlusion of the lacunae, 
creating a block in the LCN 89,90,95. Fossilized mammalian specimens up to 5 
million years old have been shown to have mineral-filled lacunae, where 
remnants of cell structures, such as membranes and organelles, have been 
visualized previously in SEM and TEM analysis97. While cell structures were 
not identified from the 3D analysis in this study, further investigation using 
TEM could be implemented to verify the constituents inside the mineralized 
lacunae with higher resolution. 
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Figure 4. 2D Backscattered electron images of lacunar mineralization in the 
cortex region which show CaP-based lamination and crystal structures. A) 
and B) Mineralized lacunae show a densely mineralized outer rim from which 
a network of needle-shaped crystals emanates into the center of the lacunae. 
EDS analyses (Figure 3B inset) reveal calcium and phosphorus as the main 
components. C) and D) display a higher degree of mineral infilling where the 
lacunae appear to be occluded. The crystal network is so dense and evolved 
that individual crystals cannot be distinguished from each other. Scale bar: 
1µm

1.4 Collagen Fibrils Visualized Near the LCN
Across the transverse thin section of the fibula (perpendicular cross-section 
to the fibula’s long axis), multiple osteocyte lacunae were visible. In 2D 

ACCEPTED MANUSCRIPTARTICLE IN PRESSARTICLE IN PRESS



backscatter electron imaging of the medial and lateral regions of the fibula, 
lacunae have a dark appearance, where osteocytes were not visible in these 
spaces. Subsequent 3D FIB-SEM in the lateral region confirmed these 
lacunae as vacant (Fig. 5, Video S1).  The lacunar space was not infilled with 
epoxy resin during the embedding process, which created charging artifacts 
during 3D imaging. However, the lack of infiltration allowed for observations 
into the lacunae and visualization of key features, including pits that led to 
canaliculi and the disordered collagen fibril network that lined the lacunar 
space (Fig. 5 E, F). The lacunae are lined with mineralized collagen fibrils, 
forming a network in multiple directions (Fig. 5 E, F). This organization is 
similar to the loose and random arrangement of collagen fibres, termed 
osteocytic collagen, seen surrounding sectioned lacunae in human bone99. 
EDS map of this cross-section (Fig. S5) displayed elemental signatures of 
calcium, phosphorous, copper and gallium. The source of gallium is likely 
contamination from the FIB gallium-ion source, where the gallium can be 
redeposited onto the cross-section face during FIB milling100 .

Figure 5. Orthogonal (xy, yz, and xz) FIB-SEM imaging and 3D visualization 
of collagen and the lacunar-canalicular (LCN) space in the lateral region of 
the tyrannosaurid fibula acquired by FIB-SEM (#4 ROI- Fig 1D). Collagen 
fibrils with distinct periodicity peaks (yellow arrowheads) were visualized in 
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the A) xy, B) xz and C) yz FIB-SEM images. The periodicity of the collagen 
fibrils can be seen in the D) fast Fourier transform (FFT) processing results 
from image of C), where a sharp peak (yellow arrow) highlighted the collagen 
fibril banding periodicity in the spectrum. E) An xy slice acquired with the 
secondary electron detector (SE2) of a lacunae where the pits (white 
asterisks) leading to the canaliculi and the CaP-covered collagen fibril 
network (white arrowhead) can be seen. Collagen in the plane ofthe lacunae 
is also seen in multidirections. F) 3D rendering of the LCN (blue) and collagen 
(green) where the collagen often appears to be co-aligned with the canaliculi.  
Scale bar: 1µm

In addition to surrounding the lacunae, collagen fibrils with ~67 nm D-
banding periodicity were seen in low mineralized regions across the bone 
matrix and in multiple imaging planes, i.e. the imaging plane collected in the 
FIB-SEM, and orthogonal reconstructed planes (Fig. 5. A-C). Fast Fourier 
Transforms (FFT) from the reconstructed yz image plane displayed their 
periodicity (Fig 5D). Plot profile analysis across collagen fibril segments 
revealed an average periodicity of 67 nm ± 19 nm (stdev). These results 
confirm the detection of intact individual collagen fibrils in their native 
mineral environment in this ~71.5-million-year-old bone tissue specimen. 
Collagen fibrils surrounding and lining canaliculi were also found in 
alignment along their length (Fig. 6). This arrangement has been documented 
in FIB-SEM studies of modern specimens of human female femora101.
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 Figure 6. Cross-sectional and 3D visualization of collagen fibrils nearby and 
along the edge of a canaliculus from FIB-SEM data (#2 ROI- Fig 1D). A) An 
xy slice of a canaliculus with circular features along the edge that correlate 
with collagen fibrils. B) Stylistic 3D rendering of the collagen (green) and the 
mesh outline of the canaliculus (pink) superimposed and emerging from the 
FIB-SEM volume. C) 3D rendering of the collagen (green) and canaliculus 
(pink) with a mesh outline Scale bar: 1µm

Diagenetic processes change and degrade the organic matter in fossilized 
specimens2,4. However, there are records of organic preservation in fossil 
bone4, including skin13, fibrous matrixes10,15–17,21, muscle14, DNA102, and 
other biomolecules103. In fossilized bone specimens, soft tissue, including 
fibrous matrix9,10,15–17,104, osteocytes9,11,17–20,105, and vessels9,11,18,20 have 
been visualized. Schweitzer et al. (2006)9 investigated demineralized bone 
samples across geological timescales from the Recent to the Cretaceous 
Period, showing a fibrous matrix that was previously associated with the 
mineral material in the bone. Demineralization has also revealed other soft, 
flexible tissue features, including osteocytes and the vasculature network 
within the bone tissue. For example, in sections of demineralized cortical 
bone from Tyrannosaurus rex, osteocytes are seen embedded within the 
fibrous matrix under light microscopy imaging9. Soft tissue preservation in 
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fossilized specimens is frequently seen in environments containing fluvially 
derived sandstone 9,10. In the present study, the tyrannosaurid sample derives 
from the Horseshoe Canyon Formation in Alberta, Canada, which consists of 
interbedded sandstones, mudstones, and coaly layers, deposited by fluvial 
processes106. The preservation and composition of soft tissues in fossilized 
specimens are thought to be impacted by the tissue environment and 
secondary reactions, including cross-linkages to create decay-resistant 
organic compounds4,17. The fossil bone environment may also protect soft 
tissue features where the decay processes are slowed, thereby allowing for 
further reactions that can stabilize organic compounds 9,107,108.  Mineral-filled 
water infiltration from the local environment may pause organic decay in the 
fossils through external mineralization of the infiltrated minerals (e.g., pyrite 
mineralization) 4,12. Changes from the potential original structure are seen in 
Paleolithic collagen, which varied biochemically from modern collagen with 
variations and loss in the amino acid composition 21. Bertazzo et al. (2015)16 
analyzed the collagen content in dinosaur specimens from the Cretaceous 
Period (~71 million years ago), where FIB-SEM imaging revealed fibre 
fragments in low mineralized regions in the bone matrix. TEM analysis of 
these fragments revealed a fibrous structure with a ~67 nm banding 
periodicity similar to collagen 16. Time of flight secondary ion mass 
spectrometry (ToF-SIMS) analysis of regions containing these banded fibrous 
structures revealed amino acid structures, including glycine and proline 16, 
confirming the presence of collagen fibrils in fossilized specimens dating to 
the Cretaceous 16. Other techniques that have been used for visualizing 
preserved collagen in fossilized specimens include immunofluorescence 10, 
atomic force microscopy 15 and synchrotron Fourier transform infrared 
spectroscopy 109. In our investigation, the characteristic ~67 nm periodicity 
of collagen fibrils was seen and accurately measured within the bone matrix 
(Fig 5. A-D). While mass spectrometry was not conducted in this study, the 
precise banding periodicity seen along fibrils displays a conservation of the 
quaternary structure of collagen 34,36,110. Our findings support the 
preservation of collagen fibrils as an integral component of the bone matrix.

1.5 Organization of Collagen Fibril Bundles
SEM and FIB-SEM visualizations of the tyrannosaurid thin section showed 
evidence of collagen fibril bundles along the periosteal region. The lateral 
side of the fibula displayed several primary osteons with collagen fibril 
bundles, visible both proximally and distally to the Haversian canals in the 
fibrolamellar bone tissue (Fig. 7).  Fibrolamellar bone is composed of a mix 
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of bone tissue and is used to describe rapidly developing bone in modern and 
prehistoric animals 54,57–60,63,65,69,111–113. Fibrolamellar bone tissue is 
characteristic of the fast-growing phase of juvenile mammals and dinosaurs, 
as this primary bone tissue is deposited rapidly and is eventually remodelled 
into more mature secondary lamellar bone 63,65,114. The main components of 
fibrolamellar tissue include lamellar bone and non-lamellar bone (parallel-
fibered bone and woven bone), where collagen fibrils in and outside bundles 
can be arranged longitudinally (parallel-fibered), randomly (woven bone) or 
in lamellae (lamellar bone) 63,65. 
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Figure 7. 2D Backscattered electron images of collagen fibril bundles in the 
lateral region of tyrannosaurid fibula. A)-H) Representative regions of 
collagen fibril bundles were delineated by either black features from either 
less mineralized collagen fibrils or canaliculi. I) Large area backscatter 
electron mosaic region used in bundle analysis (n=50 bundles). Brightness 
and contrast were adjusted to highlight the bundle boundaries. Locations of 
(A)-(H) where collagen fibril bundles were seen near and in between 
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Haversian and Volkmann’s canals or in the middle of the mineralized matrix. 
Scale bars a)-h): 1 µm, i) 50 µm

Collagen fibril bundles appeared to be 4.3 µm ± 1.1 µm in length and 3.8 µm 
± 910 nm in width (n=50) and were delineated by organic features or 
canaliculi (Fig. 7). 3D FIB-SEM investigations visualized multiple 
arrangements of the collagen fibril bundles, including lamellar and non-
lamellar arrangements (e.g. parallel fibered arrangement) (Fig. 1). In 2D and 
3D, canaliculi are present in and around bundles and did not appear to 
transect collagen fibril bundles but, in most cases, surround the collagen 
fibril bundles (Fig. 7). The fibril bundles were categorized based on the 
presentation of the low-mineralized collagen fibrils that could be visualized 
inside and around the bundles. Collagen fibril bundles dimensions can vary 
within mineralized tissue with diameters of 800 nm to 4.2 µm27,39,57,115. 
Investigations of human and minipig bone have revealed bundles between 2 
and 3 µm in diameter 57,116. Collagen bundles may either possess or lack an 
enclosing sheath 57,116,117. Sheathed and unsheathed collagen fibril bundles 
can be visualized in the same specimen and even in the same bone type (e.g. 
parallel fibered bone) 57. Similar to bone tissue, in unmineralized turkey 
tendon tissue, a sheath or endototendon envelops collagen fibril bundles, and 
canaliculi appear to embed within the sheath structure 117. While the 
mechanism and components for sheath development in bone are still 
relatively unknown, the development of the sheath regions may be linked to 
the bundle’s proximity to highly calcified regions seen in demineralized bone 
57. In this study, collagen fibril bundles in fibrolamellar bone do not appear 
to have sheath structures surrounding bundles but rather collagen fibril 
layers determining the bundle boundaries. The diagenesis processes may also 
impact the visualization of the sheath structures in the fossilized bone; 
specifically, changes to the mineral and organic content, including organic 
decay, mineral dissolution and recrystallization 1,2,5,14,21. As such, it is difficult 
to conclusively state whether sheath structures around the collagen fibril 
bundles were previously present within the fossilized bone. 

The collagen fibril arrangement in areas within the lateral region of the fibula 
cross-section were investigated using FIB-SEM nanotomography and 
directionality analysis on the segmented collagen structures (Fig. 1D-(ROI 
#1-3; Fig. 8-9 and S6; Video S2-4). In the middle of the bone matrix region 
(Fig. 1D- ROI #1, Video S2), collagen fibrils displayed a vertical preferred 
orientation (~90o) where this preferred orientation is parallel to the long axis 
of the fibula bone. This pattern resembles that of the parallel fibered bone 
where the collagen fibers are arranged in parallel arrays within the bone25 . 
Near the Volkmann’s’ canal (Fig1D- ROI # 2, S6, Video S3) regions in the 
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acquired volume also display a preferred vertical orientation (~90o), however 
there are also regions within the volume where a preferred orientation could 
not be reliably identified in this analysis. Areas such as troughs were visible 
in the dataset, representing non-longitudinal collagen fibrils. Non-
longitudinally oriented collagen fibrils are also present, potentially due to the 
organic features delineating the bundles or disordered collagen fibril 
material (Fig. 8, S6). Non-longitudinal features are also seen in small peaks 
or troughs in the dominant direction graph (Fig 8D and S6.D). 

Figure 8. Collagen fibril arrangement in the bone matrix resembling a 
parallel fibered bone array arrangement (Fig. 1D-ROI #1). A) An xy slice that 
runs longitudinally, parallel to the long axis of the bone, with ellipsoidal 
mineral clusters visible that are outlined by darker collagen fibrils or 
canaliculi. B) Top and C) side view of a 3D rendering of collagen (green) and 
canaliculi (pink). Direction analysis was conducted from the left to the right 
side of the volume (arrow). D) Preferred orientation graph displaying the 
collagen fibril preferred position across several microns where most of the 
collagen fibrils are appear longitudinally oriented. Scale bar: 1µm
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Near the primary osteon, FIB-SEM investigation reveals a different pattern 
in the collagen fibril organization (Fig. 1D-: ROI #3, Fig. 9, Video S4). At the 
periphery of this arrangement, there are relatively flat areas about ~90o 
indicating a persistent vertical preferred orientation (Fig. 9D- yellow regions) 
that correspond to collagen fibrils in their longitudinal presentation within 
FIB-SEM images (Fig. 9A).  However, the central region displays a gradual 
change in the collagen fibril preferred orientation across several microns 
(Fig. 9D- blue region). This central region corresponds to a cross-sectional 
appearance to the collagen fibril structures visible in the xy imaging plane 
(Fig. 9A). This pattern resembles a lamellar fibered bone pattern where the 
collagen fibre array displays a progressive change in the collagen fibril 
orientation through successive sub lamellar units, often referred to as a 
“plywood organization”25,53,71,118 . While this analysis provides insight into 
the nanoscale bone organization in fossilized specimens, a larger acquisition 
volume in this region could potentially display the alternating collagen fibril 
orientation to a more extensive degree than what was visualized here.

Figure 9. Collagen fibril arrangement near a Haversian resembling a lamellar 
fibered bone array (Fig. 1D-ROI #3). A) An xy backscattered slice of collagen 
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fibrils and canaliculi. Fibrils appear to be longitudinally oriented on the sides 
(yellow highlighted) and cross-sectionally oriented in the middle (blue) of the 
plane. B) Top and C) side view of 3D rendering of collagen (green) and 
canaliculi (pink). Direction analysis was performed on the FIB-SEM dataset 
from left to right (arrow). D) Preferred orientation graph displaying the 
collagen fibril preferred position across several microns where a vertical 
preferred orientation on the left and right sides of the dataset but having a 
gradual change in direction within the central region. Scale bar: 1µm

Previously, others investigated fibrolamellar bone units in demineralized 
minipig femoral bone using 3D FIB-SEM imaging, displaying a hypercalcified 
layer at the unit ends followed by parallel fibered and lamellar bone in the 
unit interior 57. Fractured demineralized minipig bone also displayed 
sheathed collagen fibril bundles in the parallel-fibered bone with canaliculi 
surrounding bundles in some locations 57. Similar ordered zones of parallel-
fibered and woven bone with emerging lamellar bone have also been seen in 
subadult Protoceratops andrewsi using polarized light microscopy 59. From 
our study, both parallel-fibered and lamellar bone are visible in the 
tyrannosaurid’s fibrolamellar bone tissue (Fig. 8-9, S6). However, the 
hypercalcified layer seen in the demineralized minipig bone 57 is not visible 
from either light microscopy, SEM or FIB-SEM imaging of the fossilized 
tyrannosaurid bone. 3D FIB-SEM analysis on multiple areas along this 
tyrannosaurid sample would be required to define its fibrolamellar unit 
structure conclusively. However, our results demonstrate areas that 
resemble the parallel-fibered and lamellar bone arrangement seen in 
fibrolamellar bone.

While not a central focus of this investigation, dispersion of the collagen 
fibrils was also analysed where high dispersion values often coincided with 
sharp changes in the preferred orientation (Fig. S7). Dispersion analysis is 
sensitive to local variations in the binary dataset during directionality 
analysis in the gradient direction, as such the values may be impacted. In 
order to analyze the overall pattern of the collagen fibrils in fossilized bone, 
this investigation focused predominantly on the preferred orientation.  

1.6 Mineral Clusters Revealed in Parallel Fibered Bone
In the parallel fibered bone investigated in the lateral region (Fig. 1D- Box 1), 
1-3 µm long mineral clusters were found within the collagen bundles in the 
FIB-SEM dataset (Fig. 10). Mineral clusters were defined by surrounding 
organic features, including poorly mineralized collagen fibrils that defined 
the cluster’s boundaries.  Using the watershed segmentation method 51,119, 
372 mineral clusters were segmented.  The minimum, mean and maximum 
ferret diameter of the mineral clusters had a median of 1.29 µm, 1.91 µm and 
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2.7 µm respectively (Table S1). The aspect ratio results of the mineral 
clusters have an interquartile range from 0.33 to 0.53 with a median of 0.44, 
creating a 3D ellipsoidal mineral cluster shape (Fig. 11). These mineral 
clusters resemble mineral ellipsoids or “tesselles” recently discovered in 
human 38 and vertebrate mammals 37,51 bone. Some mineral clusters are 
larger than average Fig. 10C), which could be due to a lack of visible organic 
features at their periphery due to the high mineral density. The mineral 
cluster segmentation is dependent on the visualization of the fibril and 
canalicular structures within bone. Therefore, a reduction in the presence 
and visibility of the fibril and canaliculi impacts the cluster segmentation, 
where the border between adjacent clusters is not defined leading to 
potential cluster grouping.
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Figure 10. 3D watershed segmentation and visualization of mineral clusters 
within parallel fibered bone with a false colour lookup table applied to 
highlight the individual mineral clusters (from Fig 1D, ROI 1). A) SEM image 
in the xy plane of parallel fibered bone. Low or unmineralized collagen fibrils 
and canaliculi delineate mineral clusters which are approximately ~1-3µm 
long. B) 3D overlay of watershed segmented mineral clusters and FIB-SEM 
dataset. C) 3D mineral cluster segmentation, where a few larger mineral 
aggregates are noted sporadically in the volume (black asterisk). D-G) 
Representative mineral clusters of approximately 1-3 µm mean ferret 
diameter and 0.3-0.6 aspect ratio displaying a 3D elliptical shape. Scale bar: 
1µm, Colour scale: randomly assigned.

ACCEPTED MANUSCRIPTARTICLE IN PRESSARTICLE IN PRESS



Figure 11. Box whisker plot of the ferret diameter and aspect ratio of the 
mineral clusters visualized in Fig. 1. The box represents the interquartile 
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range (IQR) of the data points where the median (black line) and mean (x) 
are indicated and the whiskers encompass the smallest or largest data points 
within a range 1.5 times the IQR. Outliers are displayed as black outlined 
datapoints.  A) Box whisker plot of the aspect ratio of the segmented mineral 
clusters in the parallel fibered bone where the mean (0.44) within the 
interquartile range (0.33-0.53) of the data and the median line (0.44) is 
shown. B) Box whisker plot of the mean ferret diameter of the segmented 
mineral clusters in the parallel fibered bone, where the mean (1.99 µm) and 
the interquartile range (1.59-2.28 µm) with a median of 1.91 µm is displayed 
(n=372). 

In human and murine bone, mineral ellipsoids or “tesselles” are ellipsoid 
clusters of minerals, composed of carbonate-substituted hydroxyapatite 
mineral platelets 38,39,51. Mineral ellipsoids are thought to develop from 
mineral foci within the collagen fibril network, where the mineral grows from 
the single point until it encounters its neighbouring mineral ellipsoid 37,120. 
As the bone mineralizes, these ellipsoids become more defined and end with 
dimensions of approximately 700 nm in diameter and 1 µm in length as seen 
in human femoral bone 38.The mineral clusters revealed by our investigation 
are larger, on average, than the mineral ellipsoids seen in modern 
mammals37–39,51,119,121 . However, the overlap in size and shape of the mineral 
clusters suggests that they are homologous. To the authors’ knowledge, ours 
is the first account of the visualization of mineral ellipsoids within fossil 
specimens and within the parallel fibered bone pattern. This implies that 
nanoscale mineralization development in parallel and lamellar fibered bone 
samples may be similar. 

The difference between mineral ellipsoids from our investigation and modern 
investigations could be due to various biological factors and fossilization 
processes. These ellipsoidal mineral clusters appear to be ubiquitous across 
species23,37,38,51,119,121,122; however, potential biological factors influencing 
cluster dimensions or morphology could include the type of bone and the bone 
pattern type (e.g. lamellar or parallel fibered bone) the mineral clusters were 
found in. A recent review work 121, analyzed mineral cluster morphology in 
human bone from high-angular annular dark field (HAADF) images from 
multiple published and unpublished research studies. In this analysis, 
mineral clusters from the femur were found to be significantly larger than 
mineral clusters found in the maxilla and spine in human bone specimens121. 
Therefore, the slight variation in size of the mineral clusters could be related 
to the site analysed within this study. The mineral clusters were also 
characterized herein for the first time within the parallel fibered bone, to the 
authors’ knowledge. Therefore, the impact of this collagen fibril arrangement 
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must be acknowledged as a potential source of size variation as well. More 
work is needed to understand the origins and changes in these clusters by 
species and anatomical location.

Lastly, during fossilization changes occur at the mineral level including 
substitution and replacement processes that can alter apatite’s chemical and 
lattice structure. For example, elements such as fluorine or rare earth 
elements, from the surrounding environments can be incorporated within the 
mineral matrix86,123 . Additionally, with the loss of organic material, the 
mineral crystallites in the bone may undergo crystal growth and 
agglomeration 1,3,124–127. The extent of influence of these processes on the 
mineral cluster size remains uncertain, however, the diagenesis process may 
be a potential contributor to cluster size. 

Therefore, the morphology of the observed mineral clusters in the parallel 
fibered bone may be influenced by multiple sources including biological and 
fossilization influences. Despite these factors, the mineral clusters appear to 
form a prolate ellipsoid shape akin to what has been seen in native modern-
day bone. 

1.7 Study Limitations
This investigation has provided details about the micro and nanostructure of 
the fibula of CMNFV 11315, including the permineralization process, 
mineralization of the lacunae, collagen fibril bundle arrangements, and 
mineral cluster arrangements. While we have accomplished enhanced 
visualization of these micro and nanoscale features, we acknowledge 
limitations in this study. A notable limitation is the number of FIB-SEM 
datasets acquired and analyzed. In this study, 4 FIB-SEM datasets are 
highlighted in the lateral region: 3 datasets reveal the collagen fibril pattern, 
and 1 dataset reveals the lacunar canalicular space. While these datasets 
provide insight into the collagen fibril network and arrangement in the 
fossilized bone, the limited number of datasets restricts broader conclusions 
that could be made about the fibrolamellar unit structure of the bone tissue. 
As such, more FIB-SEM datasets would need to be acquired and analysed to 
conclude the fibrolamellar unit structure. However, FIB-SEM remains a 
destructive analysis technique and therefore should be used with careful 
intention and restraint on such irreplaceable specimens.  Another 
acknowledged limitation is the use of EDS spectra mass percentage results 
to identify the likely mineral structure within the specimens. Additional 
methods, including x-ray diffraction analysis, would provide additional 
mineral identification information, however they involve destructive methods 
to prepare the sample for analysis which is beyond the scope of this article.

CONCLUSION
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In this study, the micro and nanoscale osteohistological features of 
Albertosaurus sarcophagus (CMNFV 11315) were investigated, including 
Haversian canal and LCN permineralization, collagen fibril organization, and 
mineral cluster arrangements. Energy dispersive X-ray spectroscopy of this 
fossilized specimen showed evidence of diagenetic processes and 
permineralization, where external minerals infiltrated the fossil through fluid 
flow processes and settled to create secondary mineral structures, including 
smectite-minerals, framboidal pyrite and baryte crystals. Using FIB-SEM 
nanotomography, we resolved the preserved collagen fibril network in low 
mineralized regions, around cell processes and within the cell lacunae of this 
70+ million-year-old specimen. In collagen fibril segments, characteristic 
~67 nm D-banding periodicity was visualized in the imaging and 
reconstructed orthogonal planes in the bone matrix environment. 3D FIB-
SEM of fossilized bone tissue revealed different material patterns within the 
fibrolamellar tissue including lamellar and parallel fibered bone.  Ellipsoidal 
mineral clusters were visualized in parallel fibered bone where clusters 
appeared to be in alignment with the collagen fibrils.  Using 3D FIB-SEM, 
this investigation displays the first record, to the authors’ knowledge, of an 
extensive 3D collagen fibril network, and prolate ellipsoidal mineral clusters 
in a 71.5-million-year-old fossilized bone specimen. FIB-SEM 
nanotomography has proved itself a valuable tool for advancing our 
understanding of biomineralization and fossilization processes.  

MATERIALS AND METHODS

Thin Section Details: Mallon et al. (2020)62  reported on the partial skeleton 
of a late juvenile–early subadult Albertosaurus sarcophagus (Canadian 
Museum of Nature [CMN] catalogue number FV 11315), which they 
subjected to osteohistological analysis for ontogenetic age determination. 
The authors estimated a minimum age at time of death of 2 years, based on 
the number of growth annuli, although they did not retrocalculate earlier 
annuli possibly obliterated by bone remodeling. The thin section they 
prepared is from the distal third section of the left fibula. This bone was 
chosen since it was broken post-mortem and originally bore little weight 
(hence, was presumably not so prone to related secondary remodeling62 ). 
The thin section was created by sectioning a 5 mm thick sample from the 
bone using a Buehler Isomet 1000 Precision Saw; the sample was mounted 
using Palouse Petropoxy 154 with hardener on a glass slide with epoxy and 
polished with an increasing polishing series. We repurposed this thin section 
for the present study. Fossils were collected, sampled and imaged with the 
appropriate permissions.
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Light Microscopy and Scanning Electron Microscopy: Large area 
transmitted light microscopy image mosaics were acquired using a Zeiss 
AXIO Zoom.V16 light microscope. The mosaics were acquired with ZEN Pro 
imaging software using a Plan Apo Z 1.0/0.25 objective (FWD 60 mm) at a 
resolution of 410 nm/pixel in plane-polarized (PPL) and cross-polarized 
transmitted light (XPL). The mosaics that were obtained consisted of 522 
individual tiles. Large-area scanning electron microscope (SEM) image 
mosaics were acquired from the thin section CMNFV 13115 by using a Zeiss 
Gemini 450 field-emission (FE) scanning electron microscope and the 
software Zeiss Atlas 5. The light microscopy mosaics were imported into the 
Atlas 5 correlative workspace and aligned with the sample in the microscope. 
A large-area SEM overview mosaic was acquired at an acceleration voltage 
of 20 kV by using both the backscatter electron detector (BSD4) and the 
secondary electron (SE2) detector, a working distance of 10 mm, a 3.2 nA 
beam current, a 3.0 µs dwell time, and a resolution of 65 nm/pixel. The 
resulting mosaics comprise 834 image tiles each, with each tile consisting of 
10240 x 10240 pixels (666.7 x 666.7 µm) and a total pixel count of 87.5 
gigapixels. These large area light and electron microscopy mosaics were 
previously published in the prior microscale characterization of the CMNFV 
11315 specimen by Mallon et al (2020)62 and segments of them are 
reproduced here with permission to enable locating regions of interest for 
elemental and 3D analysis, described below. The reproduced electron 
microscopy mosaic is displayed within this article while the light microscopy 
mosaic can also be viewed using the link below.

High-resolution image mosaics and images were acquired at 10 nm/pixel from 
selected areas of interest on the fibula thin section. The mosaic was acquired 
at a pixel size of 10 nm, a dwell time of 5 µs, and a line averaging of 1. Once 
the image mosaics were acquired, stitched, and an image correction was 
performed, the entire Atlas 5 data set was exported to an autonomous series 
of files called the Browser-Based Viewer (BBV), which allows anyone using 
an electronic device to seehe complete data set. The data can be accessed at:  

https://www.petapixelproject.com/mosaics/museumofnature/CMNFV-
11315/index.html

Auto brightness and contrast was used for 2D image display visualization.  

Energy-Dispersive X-ray Spectroscopy: Energy-dispersive X-ray 
spectroscopy (EDS) was conducted to identify minerals in key regions of the 
CMNFV 11315 thin section. EDS imaging was performed on a Zeiss EVO MA 
15 tungsten-filament SEM equipped with two Bruker XFlash 6/30 EDS 
detectors controlled using the Esprit 2.2 software. An acceleration voltage of 
20 kV and a probe current of 3.7 nA were used for the acquisition of EDS 
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element-distribution maps and point analyses. EDS maps were acquired with a 
dimension of 1024 × 768 pixels at various magnifications, a dwell time of 16 µs, a 
line average of 1, a step size of 0.01 µm, and a mapping scan time (frame time) of 
13s. The mapping time was set to manual, and the acquisition was terminated by the 
user (after ca. 5 to 10 minutes). After the EDS map acquisition EDS point analyses 
were acquired of the various mineral phases detected in the map. The analysis time 
per point was set to 10s. Representative spectra were plotted with the software 
Grapher 11 and assembled in supplementary Figures S3 and S4. Mineral 
identification was performed by analyzing the results of the mass (weight) 
percentage of elements from the EDS point spectra and comparing to known 
elemental percentages of minerals from mineralogy databases to identify the likely 
mineral identity. Trace elemental compositions were also considered and accounted 
for. The sample was carbon coated (~20 nm) due to the sample charging during 
electron microscopy imaging and EDS analysis. The original mass percentage data 
of the representative point spectra is displayed (Table S2) for reference. 
Confirmation by x-ray methods would be valuable though not possible on these 
regions without causing too much destruction to the samples and electron probe 
microanalysis (EPMA) would be outside the scope of this research work.

EDS analysis on one cross-sectional face of one Atlas 3D nanotomography run 
was performed on a Zeiss Crossbeam 540 FIB-SEM at 20kV and 54° stage tilt 
using the Oxford Instruments Aztec EDS software. All element-distribution 
maps and point analyses were exported from the Bruker Esprit and the 
Oxford Aztec software, arranged into figure plates using the software 
CorelDraw 24 and Adobe Photoshop, exported as PDF or JPG files, and linked 
with their respective location of acquisition in the Atlas 5 browser-Based 
Viewer dataset. 

FIB-SEM Nanotomography: FIB-SEM serial sectioning was performed 
using the Zeiss Atlas3D: Nanotomography software (Fibics, Ottawa, Canada) 
on a Zeiss Crossbeam 350 FIB-SEM. FIB-SEM nanotomography regions of 
interest (Fig 1D, red boxes) were in the lateral region where the red arrow 
indicates the direction of the imaging progression, or sequential image stack. 
Resolution and imaging details for each dataset are detailed in Table S3, 
while videos are also attached to the Atlas 5 browser-Based Viewer dataset.

The A3D nanotomography preparation included depositing a protective 
tungsten or platinum layer on the region of interest, then milling 3D tracking 
and autotune fiducial marks to perform automated tracking and autofocus. 
Milled fiducial marks were highlighted with a deposited carbon layer, and a 
final carbon protective layer was deposited onto the entire preparation pad. 
High FIB probe currents (e.g. 30 kV; 30 nA and 3 nA) created stepped 
trenches in the specimen to expose the 3D imaging surface. Automatic serial 
sectioning and imaging was then performed using the appropriate imaging 
and milling probe (Table S3). The imaging signal from the secondary electron 
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detector (SE2) and the energy-selective backscattered electron (EsB) 
detector were collected.  Both the SE2 and EsB datasets were processed to 
enhance contrast in FIJI (ImageJ v1.53t) (NIH)128 using the “Enhance Local 
Contrast (CLAHE)” macro for further analysis. Applied CLAHE parameters 
included a block size of 200, a bin of 256 and a slope of 3. 

Image Alignment and Segmentation:  FIB-SEM datasets processed using 
CLAHE were imported into Dragonfly (Version 2022.2) (Object Research 
Systems, Montreal, Canada). Slices were registered using the “Sum of 
Squared Differences (SSD)” and Mutual Information algorithms to align the 
datasets. The SE2 signal from the dataset was used for image analysis except 
for one dataset specified in Table S4, where the EsB signal was used instead 
due to compounded imaging artifacts present in the SE2 dataset that 
obscured its use, within the EsB dataset a brief section of out of focus images 
(due to a software error) is present within the dataset (Video S4). Vertical de-
striping was used to remove curtaining artifacts seen in some of the SE2 FIB-
SEM datasets. Gaussian smoothing aided in denoising the images to improve 
feature visualization. Slope map was also implemented for the second dataset 
to improve the imaging and shading compensation was also applied to 
compensate for shadowing that occurred during FIB-SEM imaging. A 
summary of the image processing steps pertaining to the relevant runs are 
detailed in Table S4. 

Lacunocanalicular space, canaliculi and/or collagen fibrils were segmented 
in FIB-SEM datasets using a U-Net model. The model was trained in the 
segmentation wizard module of Dragonfly to identify the organic features 
within bone.  Diverse full frames (10+ per dataset) were manually segmented 
using the ROI painter tool to identify the features of interest and used to train 
U-Net models to segment these features throughout the entire FIB-SEM 
datasets. The U-Net model parameters included a patch size of 64, batch size 
of 128, stride ratio of 0.25, 100 epochs for training and a learning rate of 1. 
The model was considered trained and appropriate for use if it had achieved 
a DICE score of 0.9 or greater. The trained model was applied to the entire 
dataset to segment the collagen and canaliculi. U-Net models were trained to 
identify features for each dataset. Qualitative analysis of the model 
segmentation results on the FIB-SEM data was also performed to ensure the 
model characterized the desired features of interest. Mesh outlines (bin=1) 
were also used to aid in visualizing the collagen and canaliculus structure 
(Fig. 6 B and C). Shadowing effects were used in 3D rendered images to 
highlight the depth of the volume.

A watershed segmentation was used to identify mineral clusters in the bone. 
Sole thresholding segmentation did not segment mineral clusters as they 
overlapped, preventing cluster separation. As such, we used a previously 
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reported method51,119 to segment the mineral clusters to identify their volume 
and shape distribution. An inverted distance map was created using the 
collagen and canaliculi segmentation. The centers of the mineral clusters 
were segmented by thresholding on the inverted distance map and applying 
the “open” tool (kernel size: 11) on the ROI. This segmentation created the 
“seeds” for the watershed segmentation. A multi-ROI of the individual seeds 
was created by separating the segmentation results based on the 6-connected 
components. The inverted distance map and the multi-ROI of the seeds were 
used as the inputs for the watershed transform. With the transformation, 
each seed for the mineral cluster was enlarged until it reached the boundary 
of another mineral cluster. The collagen and canaliculi segmentations were 
subtracted from the mineral cluster ROI using Boolean operations to avoid 
overlapping between the features during volumetric analysis.

Collagen fibril bundle analysis: Collagen fibril bundle measurements were 
performed within FIJI where bundles (n=50) visualized within the lateral 
region of the fibula were identified. Auto brightness and contrast adjustments 
were made to the overview image (Figure 7I) to clearly identify the 
boundaries of the bundle for measurements. An ellipsoid selection ROI was 
used to encompass the bundle, and the major axis (length) and minor axis 
(width) measurement of the fit ellipse was used to characterise the 
dimensions of the fibril bundle. 

FFT and plot profile analysis of collagen fibrils: FFT image processing 
was conducted on yz resliced FIB-SEM images within FIJI, where the 
software calculates the Fourier transform and shows the power spectrum 
results128. Plot profile analysis using a line segment with a width of 50 nm (5 
pixels) and a length of at least 300 nm was used to analyse the periodicity of 
21 collagen fibril segments. In Excel Software, the spacing between the 
troughs of the grayscale intensity levels (i.e. overlap zones within the 
collagen fibril) was calculated and averaged across several fibril segments to 
calculate the average periodicity and the associated standard deviation (± 
STDEV). 

Direction Analysis: The Directionality plugin129  was used within FIJI 128 for 
analysis of the collagen fibril structure. The binarized ROI datasets of the 
segmented collagen fibril were first resliced along the yz plane to view the 
collagen fibrils within the same longitudinal view. Gaussian blur of 2 pixels 
was then applied the datasets before directionality analysis in FIJI 128. The 
Directionality plugin was performed using the local gradient orientation 
method, with specified parameters including Nbins of 90, and a start and end 
of the histogram at 0o and 180o respectively 128,129 . In the directionality 
algorithm Gaussian fitting is performed on the directionality histogram 
calculated for each image slice 128,129. Where the Gaussian peak center 
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provides information preferred orientation or direction of the structures of 
the image, and the standard deviation provides information into the 
dispersion 128,129. Other information including the amount and goodness is 
also reported providing information into the directionality signal and the 
goodness of the Gaussian fit 128,129. The Gaussian function provides 
information on the highest peak within the directionality histogram, as such, 
if there are multiple peaks within the histogram this can lead to a poor 
goodness value and mixed results 128,129. 

Once analysed within the Directionality plugin, values of the direction, 
dispersion, amount and goodness were collected and further processed in 
Excel. Threshold cutoffs were also established to ensure the reliability of the 
preferred orientation results. Data points with a <0.5 goodness value and a 
<0.1 amount value were considered invalid due to poor gaussian fitting and 
lack of apparent peak within the data. Dispersion values greater than 500o 
were categorized as an artifact. These cutoffs were verified through empirical 
observation where we inspected slices and associated histograms above and 
below the cutoffs values to ensure they were appropriate in recognizing real, 
present peaks within the directionality histogram. 
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