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ABSTRACT 

Bone as such displays an intrinsic regenerative potential following fracture; however, 

this capacity is limited with large bone defects that cannot heal spontaneously. The 

management of critical-sized bone defects remains a major clinical and socioeconomic 

need with osteoregenerative biomaterials constantly under development aiming at 

promoting and enhancing bone healing. X-ray computed tomography (XCT) has 

become a standard and essential tool for quantifying structure-function relationships 

in bone and biomaterials, facilitating the development of novel bone tissue engineering 

strategies. This paper presents recent advancements in XCT analysis of biomaterial-

mediated bone regeneration. As a non-invasive and non-destructive technique, XCT 

allows for qualitative and quantitative evaluation of three-dimensional (3D) scaffolds 

and biomaterial microarchitecture, bone growth into the scaffold as well as the 3D 

characterisation of biomaterial degradation and bone regeneration in vitro and in vivo. 

Furthermore, in combination with in situ mechanical testing and digital volume 

correlation (DVC), XCT demonstrated its potential to better understand the bone-

biomaterial interactions and local mechanics of bone regeneration during the healing 

process in relation to the regeneration achieved in vivo, which will likely provide 

valuable knowledge for the development and optimisation of novel osteoregenerative 

biomaterials.  

 

Keywords: X-ray computed tomography, bone, osteoregeneration, biomaterial, in situ 

mechanics, digital volume correlation.    
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1. INTRODUCTION 

Bone displays a unique capacity to regenerate itself as part of physiological 

remodelling or in response to injury1,2. Opposite to other adult tissues that heal with 

the production of scar tissue, bone defect and fractures heal with new bone formation, 

which is continuously remodelled until the original site of injury is no longer observed3. 

However, not all fractures heal spontaneously, as the self-healing capacity of bone 

becomes more difficult with large bone defects4. Those defects are common and occur 

in many clinical situations including high-grade open fractures with bone loss, high 

energy trauma, infection requiring debridement of bone and resection of bone 

tumours5–7. Bone defects that exceed a size that can naturally heal are known as 

critical-sized bone defects and represent a specific type of non-union8,9. The classical 

definition of critically sized segmental bone defect is ‘the smallest osseous defect in a 

particular bone and species of animal that will not heal spontaneously during the 

lifetime of the animal’8 or ‘shows less than 10% bone regeneration during the lifetime 

of the animal’10.   

Bone is the second tissue transplantation worldwide, coming right after blood 

transfusion11. More than 2.2. million bone grafting procedures are performed annually 

worldwide to repair bone defects in orthopaedics, neurosurgery and dentistry12,13. This 

is even more important due to the expected ageing society and the increase in activity 

up to older age, meaning that the number of patients undergoing these procedures will 

raise, as well as the associated costs in treating those patients14,15. Despite the 

profound clinical and economic impact, treatments of bone defects remain 

controversial, especially when the defect is critical sized5,7.  
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Clinically, the most common strategy to treat critical-sized bone defects is the use of 

autografts (i.e. harvesting bone form another location from the same patient)16,17. 

While biologically ideal, allografts present important limitations such as limited supply 

and donor site complications18,19. Grafts from bone banks or other animal species are 

still subjected to risks, such as immunological reactions or disease transmission20,21. 

To address these drawbacks, numerous alternatives have been brought by the 

emergence of novel tissue engineering strategies during the past decades22–24. Tissue 

engineering approaches have a remarkable potential to regenerate damaged and 

diseased bone, but increasing evidence highlights the need for control of biomaterial 

properties to meet the biomechanical and biological requirements of bone tissue24.  

Bone defect animal models remain essential tools for preclinical research of novel 

biomaterials25–28, overcoming limitations of in vitro studies due to the reduced 

complexity of the environment. Several animal models have been used to study 

biomaterial-mediated bone regeneration in critical-sized defects: segmental-defects 

and critical-sized cranial defects models in rats and mice are widely employed for the 

evaluation of biomaterial capability for bone regeneration29. However, segmental-

defect models generally require the use of internal or external fixators, thus bone 

regeneration is not only affected by the biomaterial action but the stiffness of such 

fixation device30–36. On the other hand, cranial-defect models lack from weight-bearing 

and, therefore, their clinical relevance may be questioned due to the absence of 

loading that can affect the potential bone formation capacity of the biomaterials37–41. 

Large animal models, such as femoral condyle-defect models in rabbits or sheep 

circumvent some of that shortcomings, as defects are created in a weight-bearing 

region and no fixators are needed42–47. 
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 An evaluation of the regenerated bone in critical-sized defects remains essential to 

validate the ability of different treatments and strategies to promote bone healing with 

appropriate microstructural and mechanical properties to match those of the host 

bone. Bone formation and biomaterial resorption can be examined in great detail using 

in vivo/ex vivo X-ray computed tomography (XCT), providing a unique insight of the 

implantation site at different time points and allowing a 3D investigation in a non-

destructive way. Furthermore, when combined with in situ mechanics and digital 

volume correlation (DVC), the relationships between microstructure and mechanics of 

the newly regenerated bone induced in vivo can be investigated. The aim of this paper 

is to review recent applications of XCT for the evaluation of biomaterials-mediated 

bone regeneration in critical-sized defects. 

2. X-RAY COMPUTED TOMOGRAPHY 

High-resolution XCT is based on the data acquisition and data processing of individual 

projections (X-ray radiographs) recorded from different viewing directions that are 

combined using a reconstruction algorithm to compute the internal structure of the 

object of interest. As an X-ray penetrates the object, it is exponentially attenuated 

according to the material along its path. The attenuation depends not only on the 

material sample but also on the energy spectrum of the X-ray source. Since the 

imaging process in quasi non-destructive, as high levels of exposure to X-ray radiation 

are known to induce damage in biological samples48,49, the internal features of the 

same sample may be examined multiple times in different conditions. The technical 

aspects of XCT imaging and analysis have been presented in several chapters and 

reviews50–54.  
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XCT imaging was first developed in the early 1970s and has since had an enormous 

impact on clinical diagnostic imaging55. One of the predominant applications of XCT 

imaging to date has been the hierarchical analysis of bone microstructure. In fact, as 

XCT provided multiscale imaging with resolutions ranging from few millimetres (clinical 

CT) to micrometres (microCT) down to ~100 nanometres (nanoCT), it allows to resolve 

bone structure from organ to cellular level56,57. At the microstructural level, XCT has 

been extensively used for the analysis of bone microarchitecture58 to better 

understand different bone diseases such as osteoporosis59, to evaluate preclinical 

models of disease and to test the efficacy of new treatments60,61, tissue engineering 

strategies, and novel biomaterials61–63. Of great importance for the analysis of bone 

regeneration in critical-sized defects, XCT supports the quantification of the different 

tissue density components present in the defect site (i.e. newly formed bone, 

remaining biomaterials), as well as a 3D morphological analysis of biomaterials, 

scaffolds and regenerated bone. 

3. BIOMATERIALS FOR BONE REGENERATION 

Biomaterials and scaffolds that are used as bone substitutes to repair critical-sized 

defects mainly serve as combined functions of mechanical support and 

osteoregeneration and they differ in terms of their biological properties such as 

osteoconduction, osteoinduction and osteogenesis, as well as their osteointegration 

and structural support24,64. Briefly, osteoconduction refers to the ability to provide an 

environment capable of hosting osteoblast and osteo-progenitor cells and allow the 

migration and ingrowth of these cells within the three-dimensional architecture of the 

graft65,66. Osteoinduction describes the process of recruitment, proliferation and 

differentiation of primitive MSCs into the bone forming cell lineage (i.e. osteoblasts) by 
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which osteogenesis is induced67–69. Osteogenesis means the osteo-differentiation and 

subsequent new bone formation by donor cells derived from either the host bone or 

the graft70. Besides these three properties, bone grafts are sometimes required to 

provide osteointegration and structural support in order to promote bone tissue 

formation around the graft without the formation of fibrous tissue71.  

Several groups of biomaterials used for bone repair exists: natural and synthetic 

biodegradable polymers, ceramics including bioglasess, metals and composites24,72. 

All these biomaterials have advantages as well as disadvantages as reported in Table 

1. Ceramics have been widely used in the biomedical engineering field and for clinical 

application in bone defects repairs for many years due to their good biocompatibility 

and high corrosion resistance. However, ceramics are brittle and present a low 

mechanical stability, which limits their use in the regeneration of large bone 

defects64,73. Moreover, their degradation rates are difficult to predict and that could 

compromise the mechanical competence of the construct. Polymeric scaffolds can be 

both bioactive and biodegradable, high ductility and easy processability and therefore 

have attracted great attention as potential biomaterials for bone repair74. Furthermore, 

their degradation time can be controlled, although they show rapid strength 

degradation75. On the other hand, metallic scaffolds have high compressive strengths 

and excellent fatigue resistance. However, common metallic biomaterials (i.e. 

stainless steel alloys, titanium alloys) represent a problem for the treatment of bone 

defects due to the mismatch between their elastic modulus and that of natural bone72. 

In addition, unlike ceramic or polymeric scaffolds, biomolecules cannot be integrated 

into these scaffolds and they are not biodegradable. Moreover, there are concerns 

related to metal-ion release. Hence, great attention has recently been given to 

Magnesium-based scaffolds with mechanical properties similar to natural bone76–79. 
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Independently of the biomaterial composition, one of the most important 

characteristics of scaffolds for bone tissue engineering is to possess highly 

interconnected porous structure, aiming to mimic the structure of interconnected struts 

of trabecular bone80. 

Table 1. Biomaterials used for bone repair and regeneration: advantages and 

disadvantages. Adapted from Garcia-Gareta el al.69 with permission. Copyright © 2015 

Elsevier. 

Bone grafting materials Advantages Disadvantages 

Polymers Natural –Biodegradability – Low mechanical strength 

– Biocompatibility – High rates of degradation 

– Bioactivity – High batch to batch 

variations – Unlimited source (some of 

them) 

   

Synthetic – Biodegradability – Low mechanical strength 

– Biocompatibility 

– High local concentration 

of acidic degradation 

products 

– Versatility  

    

Ceramics Calcium- 

sulphate 

and 

phosphate 

– Biocompatibility – Brittleness 

– Biodegradability – Low fracture strength 

– Bioactivity 
– Degradation rates difficult 

to predict 

– Osteoconductivity  

Bioglasses – Osteoinductivity (subject to 

structural and chemical 

properties) 

 

    

Metals – Excellent mechanical 

properties (high strength and 

wear resistance, ductility) 

– Lack of tissue adherence 

– Corrosion 

– Biocompatibility 
– Risk of toxicity due to 

release of metal ions 

  

Composites – Combination of the above – Combination of the above 
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4. XCT CHARACTERIZATION OF SCAFFOLDS AND 

BIOMATERIALS 

XCT imaging and analysis facilitate the characterisation of the microarchitecture of 

scaffolds in 3D. Scaffold porosity, average pore size, internal strut thickness and 

spacing, microstructural orientation (i.e. anisotropy), surface area and surface-to-

volume ratio can be non-destructively quantified using XCT62, assisting the 

development of novel scaffolds design and manufacture for bone repair81,82. A large 

surface area promotes cell attachment, migration and proliferation, whereas high 

porosity facilitates nutrient and waste diffusion and, consequently, bone tissue 

ingrowth and vascularisation (blood vessel invasion)80,83. Also, porosity, 

interconnectivity and alignment need to be controlled to provide good mechanical 

properties (i.e. stiffness, strength)62,84,85. The optimum pore size for bone scaffolds 

should be in the range of 100-500 micrometres, and both macro and microporosities 

are needed for optimal osteointegration80. 

XCT mean porosity and pore size of polymeric scaffolds (i.e. PCL, PLA, PLGA) 

manufactured by different techniques has been assessed86–89. XCT has also been 

exploited to evaluate the in vitro osteogenesis after in vivo incubation of polymeric and 

hydroxyapatite-polymer composite scaffolds89–91. In particular, Parrilli et al.91 

investigated the spatial distribution of cell colonization in vitro, providing a unique 

vision the cell proliferation trend over time (Figure 1A). Although scanning electron 

microscopy (SEM) is the most widely used technique to observe the cell to material 

attachment and proliferation, SEM is restricted to sample sectioning and only surface 

analysis can be conducted. Peister et al.92,93 used XCT to analyse the amount and 

distribution of mineralised matrix production for 15 weeks throughout polymeric 
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scaffolds seeded with amniotic fluid stem cells (AFS) and bone-marrow derived 

mesenchymal stem cells (MSCs) (Figure 1B), demonstrating that stem cell source can 

dramatically influence the magnitude and rate of osteogenic differentiation in vitro. 

 

Figure 1. (A) 3D XCT reconstructions of PCL scaffolds seeded with different 

concentrations of cells at 1 and 2 weeks after seeding. The spatial distribution of scaffold 

cell colonization is shown in blue, providing a vision of the cell proliferation trend over 

time. Adapted from Parrilli et al.91 with permission. Copyright © 2014 John Wiley and 

Sons. (B) 3D XCT reconstruction of mineralised matrix produced in vitro by the 

mesenchymal stems cells (MSCs, top) and amniotic fluid stem (AFS) cells (bottom) within 

PCL scaffolds over 15 weeks. An increase in mineral is apparent as the cells are cultured 

for a longer time. Such mineralisation is much more extensive in AFS cells-seeded 

scaffolds, with the mineral distributed throughout the scaffold. Adapted from Peister et 

al.92 with permission. Copyright © 2011 Elsevier. 

Ceramics can be synthesized to different forms, porosities, pore sizes or 

topographies69 and XCT provides a suitable solution to quantify the volumetric and 

microarchitectural parameters of such granule-based scaffolds (Figure 2). Numerous 

studies have been carried out comparing the characteristics of different granular 

ceramics as bone filling substitutes with those of trabecular bone94–96. When 

comparing different size of granules, Arbez et al.94 demonstrated that small granules 

provided scaffolds with low interconnected pores and may not be favourable for 
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vascular invasion in situ when grafted in a bone defect, whereas the large granules 

(i.e., 1000–2000 µm) provided 3D scaffolds with interconnectivity well suitable for 

osteoconduction. XCT also allows for a 3D representation of the pore size within the 

scaffold95,97 and to examine the time-dependent structural characteristics and the in 

vitro dissolution behaviour of different bioglasess98.  

 

Figure 2. XCT reconstruction of 250-1000 µm granules from different biomaterials. (A) 

Allogenic bone granules prepared from a human femoral head (Osteopure®); (B) 

Xenogenic bone granules prepared from bovine bone (Lubboc®); (C) Xenogenic bone 

granules prepared from bovine bone (Bio-Oss®), arrows indicate the presence of particles 

of cortical bone with osteon canals; (D) Xenogenic bone granules prepared from bovine 

bone (CopiOs®); (E) granules of TCP Dental®; (F) granules of TCP Denta®; (G) granules 

of KeraOs®; and (H) granules of TCH®. Reproduced from Arbez et al.94 with permissions. 

Copyright © 2018 Wiley Periodicals, Inc. 

In line with the increasing interest in novel biodegradable metallic scaffolds, XCT has 

shown good potential to evaluate the microarchitecture of Mg-based scaffolds showing 

both porosity and pore size in the optimal range for bone ingrowth99–101.Li et al.99 

demonstrate d the capability of XCT to evaluate the corrosion of Mg-based scaffolds 
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over time, enabling the quantification of volume/mass loss and surface degradation. 

Novel designs of porous Mg biodegradable scaffolds aimed at mimicking the cortical 

and trabecular bone structure (Figure 3) by a combination of a dense and porous 

regions, thus resulting in an enhancement of the mechanical properties and therefore 

being promising to load-bearing applications100.  

 

Figure 3. Cross-sectional and 3D reconstructed XCT images of conventional (left) and 

biomimetic (middle, right) biomimetic porous Mg with various porosities (70%, 49% and 

31%) in the internal region. Reproduced from Kang et al.100 with permission. Copyright 

(2015) © 2018 Acta Materialia Inc. Published by Elsevier Ltd. 

Novel manufacturing techniques such as 3D printing and electrospinning for bone 

tissue engineering often benefit from XCT evaluation. For instance, XCT serves as a 

metrology tool to validate the printed scaffolds allowing a direct comparison with the 

design counterparts. As 3D printing allows for a defined control on the scaffold 

microarchitecture, different porosities and strut sizes and spacing can be easily 

produce102. XCT has been used to evaluate the dimensional accuracy of uniform and 

gradient scaffolds86,99,103,104 as well as scaffolds with intricate geometries (i.e. diamond 
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lattice, triply periodic minimal surfaces) that enhance cell migration while retaining high 

degree of mechanical and structural rigidity99,105. Furthermore, complex scaffold 

structures produced by electrospinning can be also explored using XCT (Figure 4), 

allowing for more complex measurements such as fibre distribution and orientation106. 

 

Figure 4. XCT based visualisation of polymer PCL scaffolds: 3D rendering in left column 

and transverse section through sample height in right column. (a) Randomly oriented and 

(b) well-aligned structures were manufacture using an electrospinning process. 

Reproduced from Shkarina et al.106 under CC BY 4.0 license. 

5. BONE REGENERATION XCT ANALYSIS 

In addition to scaffold microstructure, high-resolution XCT enables the assessment of 

newly formed bone and biomaterial degradation in animal models62,81,96,97,107,108. 
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Certainly, bone defect animal models remain essential for preclinical research of novel 

biomaterials29, overcoming limitations of in vitro studies due to the reduced complexity 

of the environment. The microstructure, biological properties and mechanical 

competence of the implanted biomaterials can be then evaluated to demonstrate their 

ability produce bone that is comparable to the native tissue they are meant to replace, 

supporting load-bearing regions.  

5.1. In vivo analysis of bone regeneration 

Time-lapsed in vivo XCT enables spatial and temporal non-destructive examination of 

bone regeneration over time. By combining longitudinal XCT with post-imaging 

registration techniques the 3D assessment and evaluation of dynamic parameters, 

such as bone formation and resorption in large bone defect healing, have been studied 

by several groups 109–113 in the absence of biomaterials promoting bone regeneration. 

Nevertheless, in vivo XCT has also shown to facilitate longitudinal quantification of 

biomaterial-mediated new bone formation in the defect regions over time as well as 

biomaterial degradation114–118. Using time-lapsed in vivo XCT the effect of bone 

morphogenetic protein (BMP-2) dose and delivery system on bone regeneration in 

critically-sized femoral segmental defect rat model has been reported in various 

studies114,115,117,118. Boerckel el al.114 and Kolambkar et al.117 showed the BMP-2 dose 

dependency on XCT-measured bone volume and connectivity using a hybrid nanofiber 

mesh/alginate delivery system (Figure 5), demonstrating the importance of the 

biomaterial carrier in bone regeneration117 and the little bony bridging in the absence 

of BMP-2 delivery114. On a follow-up studied, Boerckel et al.115 analysed the effects of 

in vivo mechanical loading on critical-sized bone defect regeneration and in vivo XCT 

was used to calculate bone formation between the native bone ends of the defect. It 

was shown that a functional transfer of axial loads increased the amount and 
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distribution of bone formed within the defect. On the other hand, Stok et al.118 reported 

improved bone regeneration in load-bearing defects in porous titanium scaffolds with 

BMP-2 loaded gels; longitudinal XCT successfully showed rapid bone regeneration 

through the complete length of the defect, already after four weeks of implantation.  

 

Figure 5. In vivo XCT analysis of bone regeneration in a critically-sized segmental bone 

defect in a rat model at 4 and 12 weeks in the absence of BMP-2 (top) and incorporating 

BMP-2 (bottom) using different delivery systems. XCT images illustrate defects filled with 

newly formed bone when using a BMP-2 loaded carrier (bottom), while regeneration was 

limited at the native bone ends and the defect periphery in the absence of BMP-2 (top). 

Reproduced from Kolambkar et al.112 with permission. Copyright © 2010 Elsevier Ltd. 
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In spite of the unique insight of the implantation site over time provided using in vivo 

XCT, its resolution is restricted, and fine details of bone-biomaterial interactions 

remain difficult. Therefore, image registration techniques accounting for both bone 

formation and biomaterial resorption in the defect site over the time course of healing 

remain unexplored. Furthermore, limitations like consistent positioning of animals, 

selection of region of interest and dose of ionizing radiation119–122 made most studies 

focussing on ex vivo characterisation of bone regeneration in the defect sites. 

5.2. Ex vivo analysis of bone regeneration 

Ex vivo evaluation of bone regeneration is conducted at one unique time point and it 

usually involves histology, SEM and XCT investigations47,123–126. The three techniques 

are complimentary and combined provide a deep insight on bone formation in the 

defect site. For instance, traditional XCT imaging alone is not capable of unravelling 

the biological processes involved during bone regeneration and biomaterial resorption 

in the defect site; thus, histology remains essential (Figure 6). Histological analysis is 

useful to understand the cell-mediated processes involved in the new bone formation 

and biomaterial degradation, as well as the biological effects of the biomaterials on the 

newly formed tissue, such as inflammatory response or soft tissue presence. 

Correlative imaging-based methodologies combining XCT and histology have been 

extensively used to quantify bone formation around implants and biomaterials 63,127–

130. The registration of two-dimensional (2D) histology sections to high resolution 3D 

XCT datasets allows for a direct correlation between histomorphometric bone 

descriptors from histology and 3D XCT measurement, such as bone-biomaterials 

contact or bone ingrowth within porous biomaterials 128,129130. Recently, XCT imaging 

have demonstrated its potential for non-destructive 3D X-ray histology, enabling 
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quantitative assessment of soft tissue 3D microstructure131. However, the 

implementation of 3D X-ray histology of bone tissue has not been yet explored.  

 

Figure 6. Evaluation of bone regeneration in the lateral wall of a beagle dog mandible 

critical-sized defect after 3 months of implantation of a Mg-based scaffold. (A) Ex vivo 

XCT of the mandible showing the defect site (red dashed line) and the remaining Mg 

fibres (yellow arrows) embedded in the newly regenerated bone. Only minor fragments 

of fibres remain, being either completely integrated or replace by newly formed bone. (B) 

Moval-Pentachrome staining of a similar section to (A) showing a fully vascularised newly 

formed bone (white arrow) in the defect site (red dashed line). (C,D) Magnification of the 

defect site. (C) Toluidine blue staining demonstrating the corroding Mg fibres (yellow 

stars) integrated into older trabeculae (red arrows) via osteoconductive apposition of 

osteoids (blue arrows) on the Mg fibres. (D) Moval-Pentachrome staining highlighting the 

corroding Mg fibres (blue starts) with pitting corrosion areas (blue arrows) embedded in 

the trabecular bone (red stars). Osteochondral ossification zones (green stars) are 

observed integrated with the Mg-fibres. 
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On the other hand, the high resolution of SEM images provides a detailed two-

dimensional (2D) characterisation of the bone-biomaterial interactions, as well as the 

bone formation processes involved during bone healing and the different fibrillar 

organization within the previous defect site. Very recently, Li et al.124 used, for the first 

time, focused ion beam scanning electron microscopy (FIB-SEM) to evaluate the 

bone-biomaterial interaction at the nanoscale along the defect site. Although FIB-SEM 

allows volumetric information of the analysed region by compiling all sections together, 

it is a destructive technique and therefore, lot of attention has been given to XCT 

imaging. 

Ex vivo XCT analysis of the integrated defect explants generally allows to distinguish 

the three phases that are present inside the defect, being newly formed bone, 

remaining biomaterials and soft tissues97,107,132. Apart from a qualitative information, 

the higher resolution that can be achieved with ex vivo XCT imaging of the explants 

compared to in vivo XCT, allows for a quantification not only of the bone volume 

formed within the defect site96,107,133–136 but also standard 3D morphometric 

parameters (i.e. trabecular thickness, trabecular spacing, trabecular number) of the 

newly formed bone at different time points134,137 and volume fraction of remaining 

biomaterial107,132,138. Moreover, the distribution of the newly formed bone in relation to 

the scaffolds (i.e. external, internal) can be quantified139. Saito et al.140, for example, 

showed the influence of scaffold porosity in bone ingrowth within polymeric scaffolds 

and the increase of bone penetration over time.   

When considering biodegradable biomaterials, XCT enables to quantify bone 

regeneration in relation to biomaterial degradation over time96,107,138,141,142. Bobe et 

al.141 determined the metallic volume loss over time using ex vivo XCT to evaluate the 

corrosion of Mg-based scaffolds implanted in a pilot rabbit femoral condyle model. 
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Sweedy et al.107 proposed a novel technique based on XCT imaging analysis to 

accurately differentiate the three above mentioned phases in explanted ceramic 

scaffolds and the identification of global and local resorption of the biomaterial by 

combining XCT data pre- and post-implantation. Such methodology could lead to a 

better understanding of the interaction between the scaffold design and bone repair 

process. Additionally, Kerckhofs et al.96 showed the potential of ex vivo XCT at 

different time points to evaluate both bone formation and biomaterial degradation in 

commercial bone grafts (Figure 7) and the capability of such data to inform empirical 

models predicting the bone forming response of novel biomaterials. 

 

Figure 7. XCT cross-sections of bone regeneration after 4 and 8 weeks of subcutaneous 

implantation of commercially available bioceramics in mice shoulder. The white arrows 

indicate the scaffold structure, the yellow arrows the newly formed bone and the light 
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green arrows the acellularized mineral deposit. Scale bars = 1mm. Adapted from 

Kerckhofs et al.96 with permission. Copyright © 2016 Acta Materialia Inc. 

Multiscale and high resolution XCT of bone-biomaterial composites provide a unique 

3D characterisation of biomaterial-mediated bone regeneration in critical-sized 

defects143–145. The bone-biomaterial interface can be analysed in great detail to assess 

the osteointegration of the biomaterial, the degree of mineralisation of bone tissue 

around the implanted biomaterials as well as the infiltration of vascular tissue in the 

bone graft and newly formed bone (Figure 8). Nevertheless, not only multiscale but 

also multimodal analysis of the bone-biomaterials interface needs to be implemented 

to fully understand bone formation and osseointegration from the macro to the 

nanoscale. The complexity of the structural organisation of the bone-biomaterial 

interface has been reviewed by Palmquist and co-workers 146,147, emphasizing the 

necessity of correlative and complementary imaging and analytical techniques to 

evaluate osseointegration at relevant hierarchical scales. 
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Figure 8. Multiscale microCT images of the bone–biomaterial systems obtained by 

increasing the spatial resolution. Images were first acquired at a medium resolution (4 μm 

voxel size, I). A volume of interest (VOI) (yellow circle) was selected and a higher 

resolution acquisition was performed (1.5 μm voxel size, II). A second VOI (red circle) 
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was then chosen to achieve the highest resolution (0.5 μm voxel size, III). Bone formation 

was observed within pores (blue arrows) and some gaps were visible at the bone–

biomaterial interface (green arrows). Bone graft material presented some cracks (red 

arrows). Osteocyte lacunae (yellow arrows) and blood vessels (white arrows) were 

identified at the highest resolution. Scale bars are valid for all images in the same column. 

Reproduced from Peña Fernández et al.135 with permission. Copyright © 2019 American 

Chemical Society. 

6. BIOMECHANICAL XCT ANALYSIS OF BONE 

REGENERATION 

Aside from the microstructural analysis of bone regeneration in critical-sized defects, 

a biomechanical characterisation of the new bone during the healing process is of 

fundamental importance to demonstrate the ability of the different treatments to restore 

new bone with biological and mechanical properties that are comparable to the initial 

native tissue. However, little research has focused on the ex vivo mechanical 

competence of bone reconstructions after implantation of biomaterials. In particular, 

traditional mechanical tests such as indentation and micro-indentation at different 

locations through the defect areas have been used to measure the stress at failure135 

and yield strength108, respectively. Whereas indentation tests provided the mechanical 

strength of the healing defect size including both newly formed bone and remaining 

biomaterial135, micro-indentation allowed for the characterization of the mechanical 

properties of the new regenerated bone tissue only108. Despite those data are 

extremely beneficial for the biomechanical evaluation of different biomaterials, they 

only provided local material properties and the deformation mechanisms at the 

implantation site under load could not be investigated. 
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6.1. In situ XCT biomechanical testing 

The development of image-guided failure assessment (IGFA) by Müller et al.148 in the 

late 90s allowed to monitor and evaluate the 3D deformation of bone at the 

microscopic level, as well as to determine how bone microstructure influences bone 

failure. Due to its non-destructive nature, XCT is an ideal technique to perform not only 

static measurements of bone microstructure but also to conduct measurements under 

increasing applied load or other temporal events (4D evaluations) to investigate bone 

deformation mechanisms, fracture initiation and propagation or damage accumulation 

in a 3D manner. In situ XCT mechanics involves the use of a micromechanical loading 

device to perform step-wise mechanical testing (i.e. compression, tension, bending), 

and a XCT system to image the specimens in a given deformed state149. Generally, a 

first image is acquired in an undeformed state (0% deformation). Consequently, the 

specimen is loaded (i.e. displacement control) until the desired deformation level at 

the elastic or plastic region is achieved. Following each loading step the specimens 

are allowed to relax for a given time prior to image acquisition to reduce the time-

depended phenomena during stress relaxation150. The obtained stress-strain curves 

typically present discontinuities due to the time-lapsed nature of the testing method149. 

Measurements corresponding to each compression step are stored in 3D image arrays 

and after 3D reconstruction, failure initiation and progression as well as local structural 

and architectural differences in the specimens, can be monitored. Since its 

development, the combination of in situ mechanical testing and XCT has been widely 

used to characterise trabecular bone and cortical bone under different loading 

scenarios, in healthy as well as pathological bone at various dimensional 

scales149,151,152. In situ XCT has also been used to characterise the compressive failure 

of 3D printed ceramic scaffolds for bone regeneration, enabling a deeper insight 



24 
 

between the structural and failure behaviour (Figure 9) to further tailor the 3D printing 

process for ceramic biomaterials103. 

 

Figure 9. In situ failure of a 3D powder printed ceramic scaffold under intermittent 

compression. (Top) Representative XCT cross-sections corresponding to (a) the initial 

state, (b) the progression of the crack generation and (c) the fractured state. (Bottom) 3D 

XCT reconstruction showing the mode of crack (coloured) generation and propagation in 

the bulk scaffold. Reproduced from Mandal et al.103 with permission. Copyright © 2018, 

Springer Nature. 

6.2. Digital volume correlation 

Although time-lapsed mechanical testing and XCT imaging revealed important 3D 

visual information on the deformation of bone and biomaterial structures, a 

quantification of the full-field displacement and strain was only achieved with the 

development of digital volume correlation (DVC) by Bay et al.153 in 1999. DVC is a 3D-

extension of the 2D digital image correlation (DIC) technique, a widely employed 
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method for measurement of full-field displacement and strain fields in a variety of 

materials subjected to mechanical or thermal loads154–158. For a given material sample 

under applied load, DIC provides a surface measurement of deformation or strain, 

whereas DVC is able to provide full-field displacement and strain fields throughout the 

interior of the sample in 3D153,159. Generally, DVC methods can be described in three 

main steps: (1) generation of volumetric images of samples in both unloaded and 

loaded conditions; (2) measurement of a discrete displacement field throughout the 

sample by a correlation procedure between gray-level intensities of both unloaded and 

loaded images; (3) calculation of the strain tensor field from the displacement vector 

field. DVC was firstly applied to XCT images of trabecular bone tissue subjected to 

uniaxial compression load159 and had since been successfully applied to trabecular 

bone49,160,161, cortical bone161,162 and whole bones163,164.  

In the field of biomaterials for bone regeneration, XCT biomechanical imaging and 

DVC has shown great potential to evaluate strain distribution in polymeric and metallic 

scaffolds165,166. Kytýř et al.165 studied the real-time deformation response of a 

hydrogel-bioglass composite, overcoming the limitations of time-lapsed XCT 

mechanical testing for imaging compliant materials. On the other hand, Bormann et 

al.166 investigated local strains in a porous 3D printed metallic scaffold, demonstrating 

that DVC-computed strains may allow not only for an optimisation of the scaffold 

design, but also to better understand how mechanical stimuli may affect cell 

proliferation within the scaffolds. Those studies focused on the characterisation of 

potential scaffolds for bone regeneration; however, the interactions between the 

biomaterial and newly formed bone in the defect site was not explored.  

The variation in load-bearing capacity of the newly formed bone produced in vivo by 

osteoregenerative biomaterials in critical-sized defects is crucial to fully characterise 
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the biomechanical capacity of the new tissue and enhancing novel bone regeneration 

approaches. Mechanical support is continuously needed as the biomaterial degrades 

within the defect site, until the new bone tissue can take up the load. However, the 

conditions and the extent of how bone functional adaptation (i.e. modelling and 

remodelling) will lead to a replacement of the bioresorbable material with mechanically 

competent bone tissue remains unclear. Peña Fernández et al.144 investigated the 3D 

full-field deformation of bone-biomaterial systems and newly formed bone produced in 

vivo after the implantation of biomaterials in an ovine critical-sized defect model 

combining XCT biomechanical imaging and DVC. It was shown that complex strain 

patterns developed through the highly heterogeneous composites during compression 

are promoting primary microdamage (Figure 10), either in the pre-existing trabecular 

bone or in the newly formed bone, at the bone−biomaterial interface, highlighting the 

importance of understanding the interaction and micromechanics of bone graft 

materials and regenerated bone tissue167.  
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Figure 10. 3D full-field maximum shear strain distribution (γmax) at various compression 

step for bone−biomaterial systems and trabecular bone control as computed using DVC. 

Bone−biomaterial interface is indicated by a dotted line in the first column. Microcracks 

after failure are indicated with arrows as well as material in which failure was observed. 

TB, trabecular bone; NFB, newly formed bone; BG, bone graft material. Reproduced from 

Peña Fernández et al.135 with permission. Copyright © 2019 American Chemical Society. 
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Although the experimental DVC-measured strain field contributed to an enhanced 

knowledge of the local mechanics in biomaterial-mediated newly formed bone, these 

types of studies are limited to a single time point after implantation. Nevertheless, 

these findings have the potential to inform computational models of bone tissue and 

bioresorbable material adaptation168–171, enabling predictions of the long-term in vivo 

behaviour of such grafts in the repair of critical-sized bone defects. Such models could 

be used for a deeper study of bone−biomaterial micromechanics, in which more 

physiological relevant loading and boundary conditions are considered. 

6.3. XCT-based finite element models 

The design and development of biomaterials and scaffolds for bone repair include a 

large number of factors related to material properties, biology and biomechanics. 

Although the knowledge of interactions between mechanical stimuli, cells and 

biomaterials is growing, the quantitative effect of mechanical stimuli guiding bone 

healing process remains unclear. To this end, XCT imaging in combination with finite 

element (FE) modelling can be used to investigate the mechanoregulation of bone 

regeneration during healing 172,173as well as the load transfer within bone and 

biomaterials 174–176, providing a deeper understanding on the link between local 

mechanics (i.e. strain), tissue differentiation and the bone adaptive processes. Such 

approach enabled to investigate the relationships between local surface strain and 

local mineralisation in polymeric scaffolds under static177 and cyclic compression90, 

highlighting the hypothesis that regeneration of bone tissue responds to local 

mechanical strain.  

Coupling time-lapsed in vivo XCT with FE analysis is gaining increased interest in the 

field of bone regeneration, as it allows to investigate the mechanoregulation of bone 

fracture healing. The relationships between strain pattern, bone formation and 
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mineralisation over time have been explored in segmental bone defects stabilised with 

external fixators 111,115,178. However, a gap currently exists in the translation of such 

methodologies to biomaterial-mediated bone regeneration of critical-sized defects. 

The added complexity to the FE analysis when the mechanical properties and 

degradation rate of the implanted biomaterials need to be accounted for has so far 

limited its implementation. Nevertheless, the potential of XCT-based FE modelling to 

be used as a screening tool to identify, test and develop biomechanical optimised bone 

tissue engineering strategies ensuring mechanical stability, as well as promoting 

mechanical stimulation and encouraging in vivo osseointegration179,180, is undeniable. 

7. CONCLUDING REMARKS  

XCT imaging has contributed to impressive advances in biology and bioengineering 

over the past decades and has been established as an essential tool for the evaluation 

of bone structure and function. With the increased research on bone tissue 

engineering approaches for the treatment of critical-sized defects XCT is now 

considered a standard technique for the quantitative analysis of scaffolds and 

biomaterials macro and microstructure. Furthermore, it allows for qualitative and 

quantitative evaluation of bone growth into the scaffold as well as 3D characterisation 

of biomaterial degradation and bone regeneration in vitro and in vivo. Ex vivo XCT 

examination of the filled-defects explants provide important information on the 

interactions between biomaterials and newly formed bone as well as the assessment 

of the spatial mineralisation of bone tissue in relation to the bone-biomaterial interface. 

In addition, the combination of XCT with in situ mechanical testing and DVC  

demonstrated its potential to better understand the local mechanics of biomaterial-

mediated bone regeneration during the healing process in relation to the regeneration 
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achieved in vivo, which will provide valuable input for more accurate XCT-based 

computational simulation of biomaterial-tissue integration properties over time towards 

optimisation of novel osteoregenerative biomaterials.  

State of the art XCT-based research for the evaluation of efficacy in the regenerative 

ability of biomaterials for bone tissue engineering has already provided vital input to 

their formulation and application in critical sized defects. However, future directions in 

this field would need to unravel not only regenerated bone tissue morphology, 

formation and mechanical stability of the bone-biomaterial constructs, but more 

importantly the quality of the new tissue. In this perspective, multi-modal X-ray 

capabilities able to couple XCT-based mechanics with more detailed ultrastructural 

information such as mineral and collagen distribution during bone formation (i.e. via 

X-ray scattering techniques), and how those influence the mechanics of the construct, 

is of paramount importance. As only with this type of evidence it would be possible to 

fully evaluate biomaterial-mediated bone regeneration processes and assess whether 

newly formed tissue would provide optimal support to the missing bone they are meant 

to replace. 
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