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2. Abstract and key terms 17 

The woven bone created during the healing of bone regeneration processes is 18 

characterized as being extremely inhomogeneous and having a variable stiffness that 19 

increases with time. Therefore, it is important to study how the mechanical properties of 20 

woven bone are dependent on its microarchitecture and especially on its porosity and 21 

mineral content. The porosity and the x-ray greyscale of specimens taken from bone 22 

transport studies in sheep were assessed by means of ex vivo imaging. Our study 23 

demonstrates that the porosity of the woven bone in the distraction area diminishes during 24 

the healing process from 73.3% 35 days after surgery to 31.9% 525 days after surgery. In 25 

addition,  porosity is negatively correlated with its Y . 26 

The x-ray greyscale, was measured as an indicator of the level of mineralisation of the 27 

woven bone. Greyscale index has been demonstrated to be inversely proportional to 28 

porosity and to increase to up to 60-80% of the level in cortical bone. The results of this 29 

study may contribute to the development of micromechanical models of woven bone and 30 

improvements in in silico modelling. 31 

Key words: porosity, greyscale, x-ray, mineralisation, elastic modulus, pore area, woven 32 

bone, bone transport. 33 
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3. Introduction 35 

Many orthopaedic treatments, such as fractures or segmental bone defects, depend on the 36 

generation of new bone tissue or woven bone. Orthopaedic treatments associated to bone 37 

regeneration processes consume a large amount of resources of the health systems in most 38 

countries in the world, affect many patients and not all of them end successfully. For 39 

example, infection or non-union may affect at least 5% of complex tibial fractures15, 40 

subsequently require treatment of tibial defects. In general, segmental bone loss occurs at 41 

0.4% of all fractures34. It implies that yearly over two million people need a segmental 42 

bone defect treatment worldwide, with costs around US $3 billion every year39. One of 43 

the techniques used in the treatment of segmental bone defects is bone transport4 which 44 

consists of applying distraction osteogenesis17,18. In the case of femoral distraction 45 

osteogenesis, this type of interventions have a cost around US $50,00036.  46 

Distraction osteogenesis is a very complex process which poses numerous challenges. 47 

Good judgement, accurate knowledge and meticulous techniques are necessary for 48 

selecting and designing devices, performing corticotomies, maximising bone 49 

regeneration, managing pin sites, maintaining articular function and timing fixator 50 

removal13. Bone transport presents two sites at which woven bone develops: the 51 

distraction callus and the docking site. As the woven bone generated during the healing 52 

process needs to extend to areas without bone, it is quickly formed and poorly organised 53 

and is characterised as having a variable stiffness that increases with time28,31. As its 54 

structure evolves, the composition26 and mechanical properties also consequently 55 

change32. Therefore, it is important to study how the mechanical properties of woven bone 56 

are dependent on its microarchitecture and especially on its porosity and degree of 57 

mineralisation. 58 
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The porosity of cortical bone has been widely studied. In a recent review, Currey and 59 

Shahar12 identified five levels of porosity, namely (from large to small) (1) the marrow 60 

cavity, (2) channels for the nutrient arteries that traverse the cortex, (3) vascular porosity 61 

within the cortex, (4) lacunar-canalicular porosity, and the between the 62 

collagen and the hydroxyapatite crystals. Apart from the central medullary cavity, these 63 

channels do not result in a high porosity, 10% at most12. It has been demonstrated that the 64 

mechanical properties of cortical bone depend on its porosity9,25,27,38,40. In fact, high 65 

cortical porosity has been negatively associated with bone stiffness, toughness and 66 

elasticity, as well as impact energy absorption capacity2,8,9,11,38. The elastic modulus of 67 

the cortical bone is related to porosity to the 10.9th power38; accordingly, a change in 68 

porosity from 10% to 15% results in a 46% reduction in the elastic 69 

modulus. Studies conducted on trabecular bone point to it having a porosity between 70-70 

95%35,38. There is no significant correlation between the porosity of cortical bone and the 71 

porosity of trabecular bone35.  72 

There have also been studies on mineral content in both cortical and trabecular 73 

bone9,16,22,24,35. The mineral content of trabecular bone, studied in vertebrate animals, was 74 

approximately 95% of the mineral content of cortical bone9,16. Currey9 calculated the 75 

amount of calcium in dehydrated bone using a colorimetric method, relating the Young's 76 

modulus to the degree of mineralisation of the cortical. Currey10 showed that low mineral 77 

content in the bone caused it to have a lower elastic modulus than a bone with high 78 

mineral content. Renders et al.35 calculated the mineral content of both cortical and 79 

trabecular bone, finding that the degree of mineralisation of trabecular bone was much 80 

lower than that of cortical bone during the process of creating new bone. 81 

However, there seems to be little published work on measurements of the porosity and 82 

mineralisation of woven bone. The properties of the tissues have been analysed in most 83 
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cases at a macroscopic and microscopic level24. To assess the degree of mineralisation, 84 

computed tomography22,40, dual-energy X-ray absorptiometry (DEXA) 1, or backscattered 85 

electron imaging (qBEI)24,37 have been used. This last technique allows for the 86 

determination of the calcium content from backscattered electron microscope images. 87 

The macroscopic mechanical properties of woven bone have been analysed ex vivo14, in 88 

vivo6,28-30 and in silico33,40. For example, Mora-Macías et al.32 and Manjubala et al.24 have 89 

evaluated the temporal and spatial variations of woven bone during both bone transport 90 

and fracture healing calluses respectively using nanoindentation measurements. In 91 

addition, Manjubala et al24, correlated the mineral content and the nanoindentation 92 

modulus for woven bone during fracture healing. Vetter et al.41 also reported the evolution 93 

of the porosity of the woven bone in fracture healing. 94 

The measurement of the porosity and mineral content of woven bone can be of enormous 95 

value for in silico models44. Table 1 shows the values for porosity used in 96 

mechanobiological models found in the literature on fracture healing and distraction 97 

osteogenesis5,19-21. As can be observed, a value of 80% is typically assigned to woven 98 

bone, while 4% is selected for cortical bone. It must be highlighted that the value of 80% 99 

used in these works is not taken from any experimental study, which highlights the 100 

necessity of experimentally measuring the porosity of woven bone. Furthermore, Vetter 101 

et al.42 and Mora-Macías et al.33 demonstrate the influence of taking into account the 102 

woven bone porosity in in silico studies. The former showed, differences in the strain 103 

field of a fracture callus between a computational model that takes into account the 104 

heterogeneity of the woven bone and another that considers the callus to be homogenous, 105 

once bony bridge is reached. Similarly, Mora-Macías et al.33 showed that correlation with 106 

experimental results is not possible after bony bridging if homogeneous callus and 107 
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constant porosity are assumed in an in silico model of distraction osteogenesis. Stiffness 108 

of the callus reported by this model was compared against reported in vivo results28 109 

Table 1: Values for the 110 

used in mechanobiological models. 111 

To the best of the authors  knowledge, no direct measurement of porosity has yet been 112 

carried out in woven bone generated during distraction osteogenesis. Also, no correlation 113 

of the stiffness of the callus with mineralisation and porosity has ever been made. 114 

Consequently, the overall goals of this study are: (1) to quantify the temporal evolution 115 

of the porosity of the woven bone throughout the distraction callus; (2) to evaluate its 116 

relative x-ray greyscale with reference to cortical bone greyscale, as a qualitative indicator 117 

of the level of mineralisation; and (3) to investigate the relationships between these two 118 

variables (porosity and greyscale) and the  of the woven bone. 119 

4. Materials and methods 120 

Bone transport experiment 121 

The bone transport experiment was performed using 11 Merino sheep, aged between 3 122 

and 5 years, with an average weight of 53±8.5 kg28. Bone transport was applied in the 123 

metatarsus of the right hind limb, where the distraction callus was generated during 15 124 

days (1mm/day). During the experiments, the welfare of each of the sheep was guaranteed 125 

according to the regulations of the Research Ethics Committee of the University of 126 

Seville. The animals in the experiment in question were euthanized at different stages of 127 

the bone transport process to obtain ex vivo samples of the distraction callus.  128 

To analyse the evolution of the porosity, 6 callus samples in which most of the tissue had 129 

been ossified were used (one per animal and time point, sheep were euthanised at days 130 
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35, 50, 79, 98, 161 and 525 after surgery). Specimens were prepared as in a previous 131 

study32, in which the same samples were used to measure the elastic modulus via 132 

nanoindentation. For each callus sample, a sheet 2 mm thick was extracted from the 133 

surface parallel to the frontal plane of the limb (Fig. 1a). The sheets of callus tissue were 134 

embedded in an Epofix® (Struers, California, US) resin cylinder (25 mm in diameter and 135 

25 mm in height). The surface of the samples was polished with carbide papers (P600 to 136 

137 

used for the final polishing step. The specimens were ultrasonically cleaned with distilled 138 

water between each polishing step. An instance of a sample obtained at the end of the 139 

process described, corresponding to a specimen harvested 35 days after surgery, is shown 140 

in Fig. 1c. For each specimen, a digital image was taken through an optical microscope 141 

(micrograph) from the distraction callus area (Figs. 2a, 2b and 2c). Since one animal was 142 

euthanised per time-point, a total of 6 micrographs were obtained. In addition, for each 143 

animal, a cortical bone sample from the proximal bone segment was also considered and 144 

equally processed for control measurements (Figs. 1b and 1d). 145 

Fig. 1.Location of the (a) distraction callus and (b) cortical bone samples within the cross 146 

section (parallel to frontal plane) of the intervened metatarsus. Photographs shown in (c) 147 

and (d) correspond to the distraction callus and cortical bone samples respectively, taken 148 

from the sheep sacrificed at day 79 after surgery.  149 

To analyse the evolution of the x-ray greyscale of the distraction callus, radiographs of 150 

the 11 sheep were taken periodically in vivo, from initial surgery to slaughter, or the end 151 

of the intervention. In total, 172 radiographs were taken on two distinct planes, 152 

mediolateral and dorsoplantar, and at different time points after surgery (Table 2). 153 

Radiographs were taken weekly from surgery to one month after surgery, then every two 154 

weeks until 6 months after surgery, then monthly from 6 months after surgery (Table 2).  155 
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Table 2. Time points at which radiographs were taken of each of the 11 sheep in the study 156 

Estimation of porosity 157 

For the quantification of the porosity throughout the entire distraction process, 6 158 

micrographs (one per specimen and sacrifice time-point) of the distraction callus were 159 

analysed through image processing with Matlab®. The process followed to estimate the 160 

porosity is illustrated in Fig. 2: (1) manual selection of the different areas in the 161 

micrograph (woven bone, soft tissue, pores, edges) (Fig 2a); (2) manual removal of 162 

undesired zones (soft tissue, edges); it should be noted that the colour value of the soft 163 

tissue is equal to the colour of the edges and is not considered in estimation of porosity 164 

(Fig. 2b, 2c); therefore the region of interest for porosity measurement corresponds with 165 

pores and bone tissue areas i.e. non-green areas in Fig. 2d; (3) conversion of the image to 166 

greyscale (Fig. 2d); (4) conversion of the image to black and white to be able to 167 

distinguish woven bone (white) from pores (black) (Fig. 2e); and, finally, (5) 168 

quantification of the porosity.  169 

Fig 2. a) Areas of the mineralised callus identified in the micrographs for the estimation 170 

of porosity in the micrograph corresponding to 79 days after surgery; b) delimitation of 171 

the callus section; c) region of interest for porosity measurements (non-green areas); d) 172 

image conversion to greyscale; e) conversion to black (pores) and white (woven bone).  173 

In step (2), instead of developing an unreliable programme, it was decided to manually 174 

modify the micrographs using a freeware image editing programme (GIMP). In each 175 

micrograph, the boundary of the callus is carefully analysed, delimited and stained green 176 

(RGB, G255), and then eliminated by applying the appropriate colour filter.  177 
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In step (4), images are treated as an array of zeros (black) and ones (white) in which each 178 

array element symbolises a pixel of the image. The array elements of value 1 correspond 179 

to the parts of the callus that are ossified, whereas the elements of value 0 correspond to 180 

pores within the callus.  181 

In step (5), the total percentage of porosity in each micrograph is calculated as the ratio 182 

of the pores to the total area: 183 

 x100             (1) 184 

To analyse the development of the  microarchitecture, the maximum 185 

pore area was also automatically calculated. These parameters were evaluated for each 186 

micrograph of the distraction callus using the commercial software Matlab® by means of 187 

an algorithm based on the function bwboundaries. This function traces, within a binary 188 

image, all boundaries of independent regions (pores), and areas were quantified to 189 

calculate the maximum pore size. The algorithm used allows eliminating any bone islands 190 

present within the pores.  191 

The resolution of the micrographs used and the technique applied allow detecting pores 192 

from a size of 25 µm in woven bone samples and 6 µm in cortical bone. Therefore, pores 193 

with a diameter less than 25 µm in woven bone, and 6 µm in cortical bone, were not taken 194 

into account. 195 

The resolution of the micrographs used and the technique applied allow detecting pores 196 

from a size of 25 µm in woven bone samples and 6 µm in cortical bone. Therefore, pores 197 

with a diameter less than 25 µm in woven bone, and 6 µm in cortical bone, were not taken 198 

into account. 199 

Greyscale quantification  200 
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To analyse how the bone distraction callus is mineralised, radiographs were examined in 201 

terms of their greyscale value. The first step was to select the callus area to be analysed, 202 

removing any undesired elements, such as fixator parts (Fig 3). Then, three areas are 203 

delimited using the image editor (GIMP): one corresponding to the distraction callus, 204 

another to the cortical bone and a third to a 20 x 20 pixel matrix at the upper left-hand 205 

corner of the radiograph, taken as a reference (black area surrounded by green lines, Fig. 206 

3c). These three zones are converted to greyscale values by calculating the mean of the 207 

pixel values corresponding to the callus ( ), the cortical bone ( ) and 208 

the black reference ( ) and their standard deviation. Afterwards, the 209 

percentage of relative mineralisation of the callus with reference to the mineralisation of 210 

the cortical bone (greyscale index) is calculated as: 211 

 x 100                              (2) 212 

Fig 3. Areas identified in the radiographs for greyscale quantification: (a) initial 213 

radiograph, (b) distraction callus and surrounding area and (c) delimited zones within the 214 

last area (distraction callus tissue and a 20 x 20 pixel matrix at the upper left-hand corner 215 

taken as a reference). 216 

Correlation analysis 217 

The coefficient of determination (R2) was calculated to analyse the correlation among the 218 

variables measured and others measured in previous studies (porosity, greyscale index, 219 

area): 220 

,                                                                 (3) 221 

where f1 n are the predictions by the linear regression of a variable Y associated to the 222 

fitted values Y1 n.  is the mean of the measured and fitted data  223 
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5. Results 224 

Porosity in the distraction callus tissue. 225 

Porosity has been measured for samples of woven and cortical bone. The temporal 226 

evolution of the porosity of the woven bone within the distraction callus is presented (Fig. 227 

4). For the woven bone, the measured porosity decreases over time. The porosity values 228 

of the distraction callus tissue decrease over time approximately 73.3% 35 days after 229 

surgery to 31.9% 525 days after surgery. It may be observed that the rate slows down 230 

during healing. For example, it decreases 10.2% in 15 days, from day 35 to 50, and 11.4% 231 

in 364 days, from day 161 to day 525. The degrees of cortical bone porosity are similar 232 

and independent of the sample taken. The mean value and standard deviation of the 233 

cortical bone porosity in the samples analysed was 4.1% ± 3.1%. The mean value is 234 

included in Fig. 4 for reference, which also shows the maximum pore area for each 235 

micrograph, calculated relative to the total callus area. 236 

Fig 4. Porosity values and relative maximum pore area (Poremax) in the distraction callus 237 

for the different days analysed. Values for the mean porosity of the cortical bone samples 238 

are also shown for comparison. 239 

Maximum pore area relative to the total callus area (Fig. 4), evaluated from the 240 

micrographs, decreases from 52.0% 35 days after surgery to 6.0% 161 days after surgery. 241 

According to the samples analysed, at day 525, maximum pore area in the callus increases 242 

again to 16.7%.  243 

Evolution of the greyscale index 244 

The evolution of the greyscale index in the distraction callus tissue is shown in Fig. 5. 245 

Each point of this figure represents the value of the greyscale index measured in 246 
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radiographs at the time points in Table 2. This value increases up to 60-80% of the 247 

greyscale index of the cortical bone, between 70 and 140 days after surgery  248 

Fig. 5: Progression of greyscale index relative to the greyscale index of cortical bone (%) 249 

during the bone transport process. 250 

6. Discussion 251 

This study measured the temporal evolution of the porosity as well as the greyscale of 252 

woven bone in x-rays. Data showed that the porosity of woven bone can be as much as 253 

80% at the initial stages of the bone transport process (Fig. 4). A similar value for porosity 254 

can be found in trabecular bone, with values ranging from 70-95%35,38. At the end of bone 255 

transport, porosity values measured were much lower (31.9% at 525 days) and tend 256 

towards the values measured for cortical bone (4%), which are in concordance with values 257 

found in the literature7 and with data taken from mechanobiological models5,19-21.  258 

Similar range of values for the woven bone porosity were reported by Vetter et al.41 in a 259 

fracture healing process. However, the level of porosity seems to decrease more rapidly 260 

in fracture healing, from 70% to 30% approximately in 49 days, compared to distraction 261 

osteogenesis, from 73.3% to 31.9% in 490 days. On the other hand, Mora Macías et al.32 262 

showed that the woven bone generated during distraction osteogenesis seems to present 263 

a similar temporal evolution of the elastic modulus than fracture healing24. Therefore, it 264 

could be concluded that the particularities in the evolution of the ossification of the 265 

distraction osteogenesis callus23 affect the evolution of the woven bone microarchitecture 266 

and therefore its macroscopic stiffness despite presenting a similar evolution of the elastic 267 

modulus than fracture healing. 268 
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In silico studies published in the literature use a constant value for the porosity of 269 

immature bone: 80%5,19-21. As can be seen in Fig 4, the initial porosity measured in this 270 

study, corresponding to day 35 after surgery, is very close to this value: 73.3%. However, 271 

as the bone healing process takes place, the percentage of porosity decreases 272 

considerably, especially during the first few days of the study, and rapidly deviates from 273 

the values used in in silico models, which were considered constant throughout the 274 

process. Thus, the constant value of 80% porosity used in the literature does not seem to 275 

be adequate for modelling the development of the mechanical properties of the woven 276 

bone during the complete healing process. Porosity of the woven bone must be considered 277 

in computational models of the bone regeneration processes, especially after bony 278 

bridging, as showed Vetter et al.42 and Mora-Macías et al.33.  279 

Pore area analysis (Fig. 4) shows that the high values of porosity in the initial stages of 280 

the consolidation period may be due to a large average pore area. This can also be 281 

observed in Fig. 6, which shows the pore distribution (black areas) in the micrographs 282 

from 35 and 525 days after surgery. The high interconnectivity existing in the initial 283 

stages of healing (Fig. 6) explains the high values of the maximum pore area during the 284 

first 100 days after surgery. In addition, it can be observed in Fig 4 that the maximum 285 

pore area increases from day 161 to day 565 (up to 3 times). This may be due to the fact 286 

that the pores of the woven bone in the distraction callus may be regrouped. The pore area 287 

might increase during the last stages of the process due to the re-establishment of the 288 

medullary cavity (Fig. 6b), as by day 525 intense remodelling activity has already taken 289 

place28. Although the reported evolution between 161 and 525 days after surgery should 290 

be taken with caution because, with one sample per time point, it could also be due to 291 

interindividual differences. 292 
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Fig. 6: Pore distribution (black areas) in the micrographs from a) 35 and b) 525 days. 293 

Blue line represents the border of the pore with the greatest area. 294 

The greyscale index at the end of the experiment (Fig. 5) is between 50-60%, below the 295 

peak values reached 70-140 days after surgery. A greyscale index of 100% would imply 296 

that the bone sample being studied has been totally remodelled into cortical bone. It may 297 

be observed that the temporal progression of the greyscale index follows a similar trend 298 

than the temporal progression of the volume of the callus measured in previous studies28. 299 

Both reached a peak between 70 and 140 days after surgery. After this, the greyscale 300 

index decreased. The authors think that this decrease in the greyscale index is due to the 301 

development of the medullary cavity28, which is a large area with no mineral content. 302 

Therefore, the greyscale index after reaching the peak value may not be considered a good 303 

indicator of the evolution of the mean mineral content of the callus. 304 

The relationship between the elastic modulus of the woven bone (E), the porosity and the 305 

greyscale index is shown in Fig. 7. There is an inverse linear correlation between the 306 

porosity and the greyscale index of the bone distraction callus (R2= 0.864) according to 307 

Fig. 7a. Inverse linear correlation may be observed (Fig 7b) between the elastic modulus 308 

of the woven bone measured in a previous study32 and the porosity (R2=0.927). As the 309 

consolidation phase takes place, the porosity decreases and the greyscale index increases, 310 

as has been proven in previous studies of cortical bone2,8,9,11,38: the greater the porosity, 311 

the lower the stiffness and vice versa. In addition, the relationship between the 312 

modulus and the greyscale index (Fig. 7c) shows that there is a strong relationship (R2= 313 

0.777): the greater the greyscale index, the greater the , which is also in 314 

accordance with data from the literature7,24. Finally, it can also be observed in Fig. 7d that 315 

the maximum area of the pores is also correlated with the percentage of porosity (R2= 316 
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0.735). Therefore, it seems that the microarchitecture of the woven bone becomes more 317 

compact by means of reducing both porosity and the pore area. 318 

Fig. 7. 319 

maximum pore area. (a) Mean greyscale of the week corresponding to the time point 320 

when porosity was measured versus porosity level. (b) E versus porosity. (c) E versus 321 

mean greyscale of the week corresponding to the time point when E was measured. (d) 322 

Maximum pore versus porosity level. E data were measured in a previous work32. Note 323 

that a and c show only 5 experimental points because the radiography study ended 374 324 

days after surgery; however, porosity and E were evaluated once more at 525 days after 325 

surgery. 326 

There are several limitations in the present study. Firstly, in order to calculate the porosity 327 

it has been assumed that pores correspond to the black regions, although soft tissue could 328 

also be located in these areas. In addition, pores with a diameter of less than 25 µm were 329 

not taken into account in porosity measurements of woven bone samples, 6 µm in the 330 

case of cortical bone ones. Secondly, the study carried out has been developed in two 331 

dimensions. Finally, the need to use different animals for each time point introduces a 332 

source of variation in the porosity measurements. Therefore, future studies with a higher 333 

number of samples per time point will be valuable to make stronger conclusions. 334 

To the authors  knowledge, the dependence of the mechanical properties of woven bone 335 

on its microarchitecture and especially on its porosity and greyscale has not yet been 336 

analysed. In this work, ex vivo samples, as well as radiographs, have been used to measure 337 

both porosity and greyscale. The second could be related to the mineral content of the 338 

woven bone. Therefore, the results of this study may contribute to the development of 339 

micromechanical models of woven bone and improvements in in silico modelling. 340 
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However, this is a preliminary study. Further three-dimensional works, as well as a larger 341 

number of samples to be analysed, are needed to completely corroborate the data. 342 
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10. Tables, figure and legends 478 
 479 

Authors Application Eimmature 

bone 
(MPa) 

Porosity 
Immature 
bone (%) 

Ecortical 

bone 
(MPa) 

Porosity 
Cortical 
bone (%) 

Lacroix & 
Prendergast [29] 
 
Isaksson et al. 
[30,31] 
 
Boccaccio et al 
[34] 
 
Burke & Kelly 
[32] 

Tissue 
differentiation 
 
 
Bone regeneration 
 
 
Bone regeneration 
 
 
Cell differentiation 

1000 
 
 

1000 
 
 

1000 
 
 

1000 

80 
 
 

80 
 
 

80 
 
 

80 

20000 
 
 

15750 
 
 

 20000 
 
 
20000 

4 
 
 
4 
 
 
- 
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 480 
Table 1: Values for the (E) of the woven and cortical 481 

bone used in mechanobiological models 482 
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Sheep Time points evaluated (days from surgery)
1 10, 16, 24, 31, 38, 51, 64, 72, 83, 98 
2 7, 23, 30, 37, 44, 52, 66, 79 
3 7, 21, 28, 34 
4 8, 21, 28, 35, 42, 49, 64, 80, 94, 128, 154 

5 
7, 22, 29, 37, 45, 56, 70, 100, 130, 143, 150, 176, 192, 206, 220, 247, 277, 
311, 343, 374 

6 7, 21, 28, 36 
7 9, 21 
8 8, 22, 29 
9 17 
10 10, 21, 28, 35, 42, 49, 57, 74, 80, 101, 107, 137, 171, 203, 234 
11 7, 22, 29, 36, 43, 52 

  488 
Table 2. Time points at which radiographs were taken of each of the 11 sheep in the 489 

study 490 
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492

(c) (d)

493

Fig. 1.Location of the (a) distraction callus and (b) cortical bone samples within the 494

cross section (parallel to frontal plane) of the intervened metatarsus. Photographs shown 495

in (c) and (d) correspond to the distraction callus and cortical bone samples respectively 496

taken from the sheep sacrificed at day 79 after surgery.497

498
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499

   500
                  (a)501

(b) (c) (d) (e)
502
503

Fig. 2. a) Areas of the mineralised callus identified in the micrographs for the 504

estimation of porosity, in the micrograph corresponding to 79 days after surgery; b)505

delimitation of the callus section; c) region of interest for porosity measurements (non-506

green areas); d) image conversion to greyscale; e) conversion to black (pores) and white 507

(woven bone).508

509
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510

Fig. 3. Areas identified in the radiographs for greyscale quantification: (a) initial 511

radiograph, (b) distraction callus and surrounding area and (c) delimited zones within 512

the last area (distraction callus tissue and a 20 x 20 pixel matrix at the upper left-hand513

corner taken as a reference).514

515

516

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



 517 

Fig. 4. Porosity values and relative maximum pore area (Poremax) in the distraction 518 

callus for the different days analysed. Values for the mean porosity of the cortical bone 519 

samples are also shown for comparison. 520 
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 522 

Fig. 5: Progression of greyscale index relative to the greyscale index of cortical bone 523 

(%) during the bone transport process. 524 
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(a) (b)

Fig. 6: Pore distribution (black areas) in the micrographs from a) 35 and b) 525 days.526

Blue line represents the border of the pore with the greatest area.527
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(a) 529 

  530 
(b)                                                            (c) 531 

  532 
(d) 533 

 534 

Fig. 7. Relationships between porosity, greyscale index level535 

maximum pore area. (a) Mean greyscale of the week corresponding to the time point 536 

when porosity was measured versus porosity level. (b) E versus porosity. (c) E versus 537 

mean greyscale of the week corresponding to the time point when E was measured. (d) 538 

Maximum pore versus porosity level. E data were measured in a previous work32. Note 539 

that a and c show only 5 experimental points because the radiography study ended 374 540 
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days after surgery; however, porosity and E were evaluated once more at 525 days after 541 

surgery. 542 
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