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1. Abstract 22 

The vertebral bony endplate (BEP) plays a role in regulating both mechanical load transfer and 23 

nutrient transport to the intervertebral disc, functions strongly influenced by its microstructural 24 

porosity. Variations in porosity impact bone strength, elasticity, and solute diffusion, affecting its 25 

overall mechanical competence. 26 

A semi-automated modeling workflow was established to quantify pore geometry and connectivity 27 

of the BEP and relate them to zone-specific mechanical and transport properties using relationships 28 

previously established in the literature. Six to eight BEPs from four bovine subjects were imaged 29 

using micro-computed tomography. The central zone and two peripheral zones of each BEP were 30 

segmented and their microstructure, including tortuosity, porosity, and pore radii, were quantified 31 

using the pipeline to assess BEP heterogeneity. These metrics were then used to infer the BEP’s 32 

zone-dependent density, Young’s modulus, compressive strength, and shear modulus. 33 

The BEPs showed spatial, intra-subject, and inter-subject morphological variability, which affected 34 

their predicted mechanical and transport properties. These findings highlight the limitations of 35 

purely idealized BEP representations in silico simulations and support the incorporation of 36 

uncertainty modeling strategies that account for physiologically relevant variations in the BEP. 37 

This semi-automated modeling approach represents a tangible step toward more realistic in silico 38 

simulations of vertebral endplate function. 39 

 40 

Keywords: Vertebral bony endplate, Microstructure, 3D Modeling, Pore diameter, Permeability, 41 

CT scan, Intervertebral disc  42 
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2. Introduction:  43 

Degeneration of the intervertebral disc (IVD) and vertebral endplate is associated with 44 

compromised mechanical load transmission and impaired nutrient transport, contributing to disc 45 

degeneration, low back pain, and adjacent tissue failure1–4. The vertebral endplate is divided into a 46 

bony endplate (BEP), which lies on the subchondral trabecular bone (STB) of the vertebral body 47 

(VB), followed by a layer of cartilage called the cartilaginous endplate (CEP) that is usually 48 

calcified towards the BEP and uncalcified towards the IVD. The entire endplate plays a central role 49 

in the aforementioned pathological processes by governing both load transfer and solute exchange 50 

to the avascular IVD. These functions are highly sensitive to the endplate’s microstructural porosity 51 

and connectivity, which has been investigated experimentally5–8 as well as through computational 52 

modeling and simulations9–12. Even modest alterations in endplate porosity have been shown to 53 

substantially reduce mechanical strength while simultaneously modifying transport pathways10,13–54 

15, highlighting the need for accurate microarchitectural characterization. 55 

The BEP, despite its thinness (0.2 - 1 mm16–18) (Figure 1), contributes 30-60% of bone mass in the 56 

VB and bears 45-75% of the compressive loads19. In dense bone, even modest increases in porosity 57 

can disproportionately reduce tensile and compressive strength, elasticity, and toughness19–23. For 58 

example, porosity accounts for approximately 70% of the reduction in elastic modulus and more 59 

than half of the decrease in yield stress of cortical bone21. It is well established that increasing 60 

porosity leads to a reduction in bone strength and elasticity, typically following power-law 61 

relationships21,24–27 as these properties are affected by the structure, geometry, and organization of 62 

the pores27–29.  63 

Beyond its load-bearing role, the BEP has a highly porous microarchitecture, which is specialized 64 

for fluid transport and load distribution14,15,30–33 as it is the last vascular structure before the IVD. 65 

The BEP-CEP interface is considered the primary pathway for nutrient delivery and waste removal 66 

in the IVD, the largest avascular structure in humans34–38 15,35,39. Porosity is increasingly regarded 67 

as a quantifiable and predictive marker of bone fragility, with potential to identify at-risk 68 

individuals not captured by standard osteoporosis classifications40,41, especially since degeneration, 69 

microcracks, and Schmorl’s nodes are common through the BEP and are linked to disc pathology42–70 

46. As BEP microstructure directly governs mass transport between the culture medium and the 71 

intervertebral disc, interpreting experimental measurements after organ culture perturbation 72 



4 

 

without the microstructural information at the BEP level  is inherently limited as was shown by 73 

Crump et al.7.  74 

Recent advances in imaging now enable accurate visualization of BEP morphological 75 

heterogeneity. Micro-computed tomography (μCT) has become the gold standard for high-76 

resolution bone microarchitecture visualization at the sub-micron scale, and CT-based analysis of 77 

BEP pore geometry and connectivity can support model-based predictions of its mechanical and 78 

transport parameters. A computational modeling approach offers key advantages over direct 79 

experimental measurement. It is non-destructive, preserving sample integrity for downstream 80 

analyses such as histology and immunohistochemistry. More importantly, it enables flexible spatial 81 

segmentation within each sample, allowing spatially resolved analysis and yielding a richer, more 82 

comprehensive characterization of spatial, intra-subject, and inter-subject variations in mechanical 83 

and transport properties. This facilitates detailed assessment of tissue heterogeneity and supports 84 

the integration of organ culture models with computational simulations. In this study, we applied 85 

a semi-automated pipeline to analyze 84 zones obtained from 28 BEPs across four bovine subjects. 86 

The workflow enabled reproducible segmentation of bone microporosity and direct quantification 87 

of morphological parameters, including tortuosity, porosity, and pore radii. These measures were 88 

then used to infer pore-dependent mechanical and transport properties, including permeability, 89 

tortuosity, Young’s modulus, compressive strength, shear modulus, and density across the BEP 90 

samples. These properties, coupled with the generated 3D meshes, provide a foundation for future 91 

sample-specific computational models and enable mechanistic simulation-based predictions of 92 

BEP influences on the disc health, for example, within IVD organ culture models7. 93 
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 94 

Figure 1: Intervertebral disc sandwiched between its vertebral bodies (a) showing the path of nutrients (blue) and waste (purple) 95 

between the disc and the blood vessels in the vertebral bodies (b), diffusing through the microporosity of the bony endplate (c) 96 

 97 

3. Methods 98 

3.1. Biological BEP acquisition and microstructural imaging 99 

3.1.1. Bovine bony endplate harvesting and preparation 100 

In this study, bovine BEPs were used to test and validate the pipeline, as they have been extensively 101 

used as a substitute for human studies in lumbar disc research because of their availability and 102 

experimental reproducibility47–51. To minimize ethical and animal-welfare concerns, four fresh, 103 

full-length bovine tails were obtained from the local slaughterhouse on the day of slaughter, and 104 

VBs were harvested from each tail using modified protocols previously published52,53. Briefly, the 105 

tails were acquired without skin to reduce the risk of contamination and sterilized with betadine 106 

solution before being placed under the laminar flow hood for processing. All muscles, ligaments, 107 

and outer connective tissues were removed using a scalpel and tweezers. Intact VBs, including 108 

BEP, STB, and cortical bones, were extracted from the middle section of each tail. These VBs were 109 

then placed into containers with PBS (Phosphate-Buffered Saline) solution and shaken 3-6 times 110 
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until the bone appeared white, indicating the complete removal of the bone marrow and blood clots. 111 

On average, two 8 mm punches were then taken from each VB (Figure 2), at the caudal and cranial 112 

BEP sites, using a T-handle bone trephine biopsy punch with ejector. After accounting for samples 113 

lost during handling, a total of 28 VB punches were harvested (6-8 per subject). As different tail 114 

segments were obtained from the slaughterhouse for each bovine subject, vertebral level could not 115 

be standardized across samples and the punch numbers were therefore assigned as identifiers 116 

regardless of vertebral level. Using μCT imaging and 3D meshing, three microstructural parameters 117 

were quantified, with porosity as the primary focus due to its dominant role in governing transport 118 

and mechanical properties10,54, alongside tortuosity and mean pore radius. 119 

 120 

Figure 2: Workflow illustrating the sample preparation: a bovine tail was harvested (a) and processed by removing skin, muscles, 121 

and ligaments (b), followed by isolation of vertebrae (c). Cylindrical punches were extracted to be scanned using micro-CT, and 122 

three zones were highlighted (one central and two peripheral) for subsequent analysis. The bovine and vertebra illustrations were 123 

created in BioRender. Ivanets, M. (2026) https://BioRender.com/p4sbp46. 124 

 125 

3.1.2. μCT imaging 126 

The VB punches were fixed in 4% formaldehyde for 48 hours and subsequently immersed in a 127 

40% ioxaglate (Hexabrix®) solution for up to two weeks. Hexabrix, an anionic, low-osmolarity, 128 

and low-viscosity contrast agent55, is electrostatically repelled by the negatively charged 129 

glycosaminoglycans (GAGs) in cartilage56,57. This differential distribution enhances contrast 130 

between calcified and non-calcified regions58, thereby improving tissue delineation in the scans. 131 

Each VB punch was subsequently wrapped in parafilm and scanned using a high-resolution μCT 132 

scanner, the Phoenix Nanotom® by Baker Hughes (Waygate Technologies). The punches were 133 

scanned with in-house optimized settings using a diamond-coated tungsten target and a 0.2 mm 134 

Aluminum filter at a voxel size of 4-7 µm. Each VB punch was scanned at a voltage of 60 kV and 135 

a current of 170 μA at an exposure time of 500 msec. 1800 images were acquired over 360° using 136 

https://biorender.com/p4sbp46
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the fast scan mode. During reconstruction, the beam hardening correction (bhc) was set to 8 and 137 

the inline median filter, the ROI CT filter, and the filter volume were turned on. 16-bit TIFF files 138 

were exported immediately after reconstruction.  139 

Bone porosity consists of two distinct systems: vascular channels (Haversian and Volkmann 140 

canals) and the lacuno-canalicular network. However, connected vascular porosity is the dominant 141 

contributor to mechanical and transport properties, as the volume fraction of lacunae and canaliculi 142 

is negligible in comparison59. Therefore, the pore network of interest in this study primarily 143 

comprises the larger vascular channels, which are resolvable at a voxel size of 4-7 µm. 144 

 145 

3.2.  Semi-automated pipeline 146 

The full set of algorithms covering all tools mentioned below is available for download on our 147 

biomech website at http://www.biomech.ulg.ac.be/software/ and in the public GitHub repository60, 148 

along with a user manual and the full unprocessed output dataset to support reproducibility. The 149 

Python-based pipeline (Figure 3a), implemented in Jupyter notebooks and integrated with 3D 150 

Slicer 5.0.361,62, generates 3D pore structures from μCT datasets,  through a nine-step procedure. 151 

The steps are numbered 00 to 08 in the user manual and the scripts are numbered accordingly in 152 

the repository. A description of the steps is provided in the following subsections. 153 

3.2.1. Structure extraction and mesh generation pipeline 154 

In preprocessing, the exported TIFF files were imported to 3D Slicer and stacked using the 155 

ImageStacks module of SlicerMorph63. They were converted into two volumetric datasets (.nrrd 156 

files), one low quality dataset with voxel spacing of 16-28 µm for quick manual handling and 157 

confirmation (script 00), and another high-quality dataset with voxel spacing automatically 158 

extracted from metadata to be used in the pipeline (script 01). Segmentation was performed using 159 

a two-step automatic thresholding strategy, optimized by evaluating 12 global thresholding 160 

algorithms, that were Otsu64, Huang65, Intermodes66, IsoData67, KittlerIllingworth68, Li69,70, 161 

MaxEntropy71, Moments72, RenyiEntropy71, Shanbhag73, Triangle74, and Yen75 (Figure 3b). 162 

Threshold ranges were determined on a sample-specific basis. For each sample, all the automatic 163 

thresholding methods were evaluated (Script 02), each producing a candidate intensity threshold. 164 

For the lower bound, the candidate threshold closest to the first local minimum of the intensity 165 

http://www.biomech.ulg.ac.be/software/
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histogram was selected. Voxels with intensities below this threshold were subsequently excluded. 166 

The thresholding algorithms were reapplied to the truncated intensity distribution (Script 03). For 167 

the upper bound, the candidate threshold closest to the second peak of the histogram was selected, 168 

provided that the associated peak frequency was lower than that of the lower-bound region. Two 169 

intensity intervals were defined: first, from minimum intensity to the lower bone threshold as “void 170 

pores”, and second, from the upper bone threshold to maximum intensity as “Hexabrix-filled 171 

pores”. The voxels that fall within these two ranges were segmented and merged to generate a 172 

unified pore segmentation. Since the void and Hexabrix segmentation intensity ranges are 173 

separated by bone intensities, and to mitigate partial volume effects at pore interfaces, a one-voxel 174 

morphological dilation was applied to the unified segmentation.   175 

To reduce the computational load associated with analyzing the vertebral BEP samples, and to 176 

evaluate the heterogeneity of each sample, cylindrical regions of interest (ROIs) were defined 177 

interactively within each scan to isolate three zones of the BEP: one central and two peripheral 178 

zones (Figure 3c). This step was done semi-manually on the low-quality dataset by drawing a line 179 

that represents the starting point of the ROI and the direction of the cylinder base (script 04). Each 180 

ROI has a height of 1 mm and a radius of 0.5 mm and is labeled as ‘zone’ in the following sections. 181 

The unified pore segmentation, corresponding ROIs, and the high-quality dataset were 182 

subsequently used (script 05) to reconstruct the local pore geometries into high-resolution STL 183 

surface meshes for the 84 zones. 184 

To ensure high quality, the meshes were processed using MeshLab (PyMeshLab 2023.12.post2t 185 

library) (script 06).  Processing included  surface reconstruction76 using a screened Poisson 186 

approach (depth = 8, scale = 1.1), and standard operations which included removal of duplicate and 187 

zero-area elements, merging of close vertices, elimination of non-manifold configurations (e.g., T-188 

vertices and non-manifold edges) and self-intersections, as well as reclosing the resulting holes (if 189 

present) to ensure surface continuity. Small disconnected components were discarded using size-190 

based filtering (20% of the zone bounding box) and, finally, meshes were checked for 191 

watertightness (Figure 3d). 192 
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 193 

Figure 3: Porous tissue structure extraction and mesh generation workflow. (a) Overview of inputs and outputs at each step. (b) 194 

Automatic thresholding histogram produced by all twelve methods, showing the three ranges: empty space combined with soft 195 

tissues, bone, and contrast agent. (c) a VB punch with the 3 ROI zones, the central and two peripheral ones. (d) The cleaned final 196 

mesh generated for a zone in the VB punch, representing the pores. (e) The skeletonization and ray casting approach measuring 197 

pore radii. 198 

3.2.2. Geometric and morphological quantification 199 

Following mesh reconstruction, geometric and morphological parameters were computed directly 200 

from the mesh to ensure consistency with any downstream computer simulations (not included in 201 

this study). Porosity was calculated as the ratio of pore mesh volume to the total volume of the 202 

cylindrical ROI. A wavefront-based approach77 was used to skeletonize the mesh and produce the 203 

centerlines that represent the pore network (Figure 3e). Local pore radii were estimated by casting 204 

perpendicular rays from each skeleton anchor to the mesh surface. A ray-triangle intersection test 205 

was performed, and the apparent pore radius was computed as the distance between the anchor and 206 

the first intersection with the mesh surface. Porosity and pore size alone are insufficient to 207 

characterize fluid and particle transport in porous media. A critical prerequisite is percolation, 208 
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defined as the presence of at least one continuous pore pathway from the caudal to the cranial 209 

surface and enabling through-flow categorized as “percolating pores”. Accordingly, vertices at the 210 

cranial-most and caudal-most extents (Figure 3e, top and bottom, respectively) were identified 211 

using a 2% tolerance (0.02 mm). Pore path lengths were then determined by computing all unique 212 

paths within the skeletonized graph that connected these two vertex groups using a depth-first 213 

search initiated from branch endpoints (Script 07). Absence of percolation suggests that the sample 214 

was not permeable at that zone. 215 

Scripts 00 to 07 can be executed independently for each sample or executed using Papermill 216 

(Scripts A to D), which enables parameterization and batch execution of the pipeline across 217 

multiple samples as explained in the user manual. 218 

 219 

3.2.3. Porosity-dependent mechanical and transport properties estimation  220 

In geology and material sciences, tortuosity characterizes the path of fluid flow through porous 221 

media with complex microstructures, thereby influencing mass transport78–81. Geometric tortuosity 222 

quantifies the deviation of pore pathways from a straight line, reflecting the extent to which they 223 

twist, turn, or branch, thereby increasing the effective path length relative to the zone thickness. It 224 

is commonly quantified as the ratio of the actual path length a molecule or fluid must traverse 225 

within the porous network to the straight-line thickness of the material (Equation 1). By definition, 226 

this ratio is always greater than or equal to 1, with a value of 1 representing an ideal straight path 227 

and non-percolating zones would have an undefined (infinite) tortuosity. In our case, the actual 228 

path length was defined as the average percolating pore centerline length, while the straight-line 229 

path was taken as the zone height to calculate tortuosity τ:   230 

𝜏 =
𝐿

𝐻
  ,     (1) 231 

with L being average pore centerline length, and H being the zone height. 232 

The Kozeny-Carman equation is widely used to predict permeability in porous media and has been 233 

proven to be accurate for the BEP of the IVD10. Although it exists in several forms, all are derived 234 

from principles of classical Navier-Stokes fluid mechanics. When tortuosity is explicitly 235 

considered, the equation can be expressed as follows: 236 
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𝑘 =
𝜑3

𝑐(1−𝜑)2𝑆2𝜏2  ,     (2) 237 

where k is the intrinsic permeability, φ is the porosity, and c is the Kozeny-Carman dimensionless 238 

constant. S is the specific surface area of the pores defined as the ratio of the surface area of the 239 

solid-pore interface (𝐴𝑖) to the volume of the solid phase (𝑉𝑠).  240 

𝑆 =
𝐴𝑖

𝑉𝑠
         (3) 241 

The volume of the solid phase can be calculated as the difference between the ROI volume and the 242 

volume of the pores. 243 

The Kozeny-Carman dimensionless constant reflects the influence of pore shape and arrangement 244 

on flow resistance. It is commonly assigned a value of 5 in studies of bone tissue engineering82–84. 245 

The intrinsic permeability is expressed in units of area (m² in SI) but is more widely reported in 246 

Darcy (D), where 1 D ≈ 0.987 × 10⁻¹² m² 85,86. One Darcy corresponds to the permeability of a 1 247 

cm² cross-section, 1 cm in length, that permits a flow of 1 cm³/s of a fluid with a viscosity of 1 cP 248 

under a pressure gradient of 1 atm/cm.  249 

In this study, mechanical and transport properties were predicted from morphology using 250 

established empirical models. Porosity significantly influences all properties of the bone. Density 251 

(ρ) decreases linearly with increasing porosity, while elasticity (Young’s modulus E), strength 252 

(compressive strength σu), and shear behavior (Shear modulus G) exhibit exponential decay, 253 

consistent with the Spriggs equation24–27. In addition, the three moduli depend on both density and 254 

strain rate (𝜀̇) of the measurement protocol, as exemplified in the equations below (Table 1). 255 

𝜌

𝜌0
= (1 − 𝜑)       (4) 256 

𝐸 = 𝐴𝐸 . 𝜌𝑎𝐸 . 𝜀̇𝑏𝐸 + 𝐵𝐸     (5) 257 

𝜎𝑢 = 𝐴𝜎 . 𝜌𝑎𝜎 . 𝜀̇𝑏𝜎 + 𝐵𝜎     (6) 258 

𝐺 = 𝐴𝐺 . 𝜌𝑎𝐺 . 𝜀̇𝑏𝐺 + 𝐵𝐺     (7) 259 

In these equations, A, a, b, and B are empirical constants characterizing the relationship of each 260 

modulus with density and strain rate. 𝜌0 (=2.2 g/cm³) denotes the density of bone without porosity 261 
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derived from cortical bone, which typically has a porosity around 5% and is approximately an order 262 

of magnitude lower than that of the BEP54,87–89.  263 

The BEP is described as a layer of densely fused trabeculae13,16,90,91 and commonly assigned 264 

homogeneous and isotropic material properties as is the case for trabecular bone in the literature13. 265 

Accordingly, trabecular bone empirical relationships were applied at the mesoscale on the BEP 266 

zones. The relationship between porosity and density is consistent across multiple studies in the 267 

literature. An explicit equation for shear modulus (G) has been reported in only one study and was 268 

adopted here92. For Young’s modulus (E) and compressive strength (𝜎𝑢), multiple studies propose 269 

differing parameters (summarized in Table 1); therefore, 3D regression models were created using 270 

nonlinear curve fitting to arrive at consensus relationships to predict the corresponding moduli.  271 
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Table 1: Reported mathematical relationships between geometric properties and trabecular bone mechanical properties. E: 272 

Young’s modulus; ρ: Density; σu: Compressive strength; 𝜀̇: Strain rate 273 

Mechanical 
property 

Reference equation type Model 
Correlation  
coefficient 

sample origin 

 

Carter DR.93 
Power Function 

(E = a·ρb · ε̇c) 
E = 3790·ρ3 · ε̇0.06 - human tibia 

Linde F.94_1 
Power Function 

(E = a·ρb · ε̇c) 
E = 2232·ρ1.56 · 

ε̇0.047 0.84 human tibia 

Linde F.94_2 
Near Density 

(E = (a + b·ρ) · ε̇c) 
E = (−321 + 2164·ρ) 

· ε̇0.047 0.84 human tibia 

Linde F.94_3 
Quadratic Density 

(E = a·ρ2 · ε̇c) 
E = 3101·ρ2 · ε̇0.044 0.82 human tibia 

Linde F.94_4 
Cubic Density 
(E = a·ρ3 · ε̇c) 

E = 6093·ρ3 · ε̇0.034 0.66 human tibia 

Linde F.94_5 
Linear Strain Rate 
(E = ρb · (a + c·ε̇)) 

E = ρ1.43 · (1534 + 
103·ε̇) 

0.89 human tibia 

Linde F.94_6 

Carter and Hayes 
Type 

(E = a·ρ3 · ε̇0.06) 
E = 6227·ρ3 · ε̇0.06 0.66 human tibia 

Enns-Bray 

WS.95 
power function 

(E = a·ρb · DAc · ε̇d) 
E = 20290·ρ0.63 · 
DA0.0099 · ε̇-0.55 0.79 

bovine femurs 
and tibiae 

 

Carter DR.96 
Power Function 

(σu = a·ρb · ε̇c) 
σu = 68·ρ2 · ε̇0.06 - 

human tibia and 
bovine femurs 

Linde F.94_1 
Power Function 

(σu = a·ρb · ε̇c) 
σu = 40.2·ρ1.65 · 

ε̇0.073 0.93 human tibia 

Linde F.94_2 
Linear Density 

(σu = (a + b·ρ) · ε̇c) 
σu = (−5.8 + 37.1·ρ) 

· ε̇0.073 0.93 human tibia 

Linde F.94_3 
Quadratic Density 

(σu = a·ρ2 · ε̇c) 
σu = 52.1·ρ2 · ε̇0.070 0.92 human tibia 

Linde F.94_4 
Linear Strain Rate 
(σu = ρb · (a + c·ε̇)) 

σu = ρ1.53 · (25.0 + 
2.26·ε̇) 

0.93 human tibia 

Linde F.94_5 
power function 
(σu = a·ρ2 · ε̇0.06) 

σu = 51.5·ρ2 · ε̇0.06 0.92 human tibia 

Enns-Bray 

WS.95 
power function 

(σu = a·ρb · DAc · ε̇d) 
σu = 24.1·ρ1.07 · 

DA0.83 · ε̇0.11 0.87 
bovine femurs 

tibiae* 

Shim VPW.97 
Power Function 
(σu = a·ρb + c· ε̇d) 

σu = 5.09·ρ2.35 + 
0.545·ε̇0.06 - human vertebrae 

 

Kasra M.92 
Power Function 

(G = a·ρb · ε̇c) 
G = 595.5·ρ1.08 · 

ε̇0.07 0.84 sheep vertebrae 

*DA is the degree of anisotropy, assumed to be 1.35 by the authors 274 
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3.3. Statistical analysis 275 

The statistical methods were developed in consultation with the KU Leuven Biostatistics and 276 

Statistical Bioinformatics Centre. The dataset had a three-level hierarchical structure representing 277 

84 zone observations, from 28 VB punches nested within 4 subjects (Figure 2). To account for 278 

subject-specific variability and the hierarchical structure of the data, nested random intercept linear 279 

mixed-effects models (LMMs) (Equation 8) were used with restricted maximum likelihood 280 

(REML). The models were implemented in R 4.5.3 (R Core Team, 2026) using the lme4 package98 281 

and the full reproducible code is available in the GitHub repository99. Each measured value 282 

(tortuosity, porosity, and mean pore radius) was included as the dependent variable and zone was 283 

included as a fixed effect with two levels: central and peripheral. Because multiple zone 284 

measurements were obtained from each punch and multiple punches were sampled from each 285 

subject, random intercepts were included for subjects and for punches nested within the subject. 286 

Fixed effects were tested using Satterthwaite’s method, and the estimated effect size, standard error 287 

(SE), 95% confidence interval (95% CI), and p-value were reported for the fixed effects. 288 

Statistical power for the tortuosity, porosity, and mean pore radius analysis was estimated using a 289 

Monte Carlo simulation approach98 based on the fitted LMM. For each simulated dataset, the 290 

significance of the zone effect was assessed by refitting the model using restricted maximum 291 

likelihood (REML) and obtaining p-values via Satterthwaite's method. Power for the observed 292 

experimental design was estimated as the proportion of simulations (n = 500) in which a significant 293 

zone effect was detected (p < 0.05). Normality was assessed for sufficiently powered models, as 294 

tests of normality are unreliable in underpowered ones. Power curves were then generated by 295 

repeating this procedure across expanded designs varying the number of subjects under balanced 296 

and unbalanced BEP sampling while preserving the observed within-subject hierarchical structure. 297 

The number of subjects required to achieve at least 80% power was identified, providing guidance 298 

for planning larger future studies.  299 

 300 

3.4. Verification using a ground truth object at the macro scale 301 

To verify the accuracy of the workflow described above, an object with known ground truth 302 

properties was used. A triply periodic minimal surface (TPMS) scaffold with a primitive geometry 303 
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(Figure A.1) defined by the equation cos(x) + cos(y) + cos(z) = 0 was 3D printed and scanned at a 304 

voxel resolution of 4 μm. The scaffold was CaP-based (calcium phosphate), 3D printed via vat 305 

polymerization in a layer-by-layer manner while exposed to ultraviolet (UV) light to initiate resin 306 

polymerization. The scaffold measured 6 mm in both diameter and height, and had a unit cell size 307 

of 2.19 mm, and a designed porosity of 77.5% and an as-manufactured porosity of 66.6% ± 5.5%, 308 

as previously described by Bouakaz et al.100. The manufactured macrochannel diameters were 309 

measured in CTAnalyzer (CTAn, version 1.20.8.0, Bruker microCT, Kontich, Belgium) using the 310 

built-in measuring tool by drawing linear distances across the pores, where the largest channels 311 

measured 2 mm.  312 

In this context, it is important to distinguish between two types of voids present in the printed 313 

scaffold. The intended scaffold pores, being the macrochannels defined by the TPMS design, have 314 

characteristic diameters at the millimeter scale. Manufacturing variability can introduce additional 315 

pores at the micrometer scale, for example, through surface roughness or local defects. These 316 

micropores are not part of the functional scaffold architecture and cannot be reliably measured by 317 

manual methods. As a result, the verification focused on the macrochannels, which are the relevant 318 

structural features and can be measured consistently. This verification supports the geometric 319 

performance of the workflow under controlled conditions. However, it does not fully establish 320 

segmentation accuracy in heterogeneous biological bony endplate tissue. 321 

 322 

4. Results 323 

4.1. The semi-automated workflow was verified against ground truth objects 324 

The workflow reported a maximum channel diameter of 1.9 mm, corresponding to an accuracy of 325 

95% compared to the results obtained with established tools such as CTAn. The calculated porosity 326 

was 71%, representing a porosity accuracy of 93.4% relative to the designed value. This value lies 327 

within the as-manufactured range and differs by only 0.8 standard deviations from the reported 328 

mean.  329 

4.2. Porosity varies between central and peripheral regions, while pore geometry remains 330 

constant 331 
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Percolation was observed in 39 of the 84 samples. Among the evaluated regions, 54% of central 332 

zones and 43% of peripheral zones exhibited percolation. Zones without percolation had undefined 333 

tortuosity and were excluded from subsequent tortuosity analysis (Figure A.2). 334 

The estimated effect of the zone on tortuosity (Figure 4a) was not statistically significant (p = 335 

0.441). The model effect difference was −0.3403 (95% CI: −1.2519 to 0.5712, SE of the difference 336 

= 0.4369), corresponding to mean tortuosity values of 4.5650 ± 0.51 (SE) in the central zone and 337 

4.9053 ± 0.46 (SE) in the peripheral zone. The zone explained only 1.6% of the total variability, 338 

subject-to-subject variability accounted for 23.1%, differences between VB punches within the 339 

same subject accounted for 0%, and residual variance accounted for the remaining 75.3%. 340 

Porosity (Figure 4b) differed significantly between zones (p < 0.001). The model effect difference 341 

was 0.0669 (95% CI: 0.0311 to 0.1026), with a low standard error of the difference (SE = 0.0179) 342 

indicating high precision. The estimated mean porosity was 0.3746 ± 0.05 (SE) in the central zone 343 

and 0.3077 ± 0.05 (SE) in the peripheral zone. The zone explained only 4.6% of the total variability, 344 

differences between punches within the same subject accounted for 46.8%, subject-to-subject 345 

variability accounted for 21.6%, and residual variance accounted for the remaining 27.0%. The 346 

distribution of standardized residuals indicated that the porosity data satisfied the assumption of 347 

normality. 348 

Skeletonization of the BEP zones revealed a highly complex pore network. The extracted 349 

centerlines contained an average of 4,810 anchors per sample, with a minimum of 575 anchors in 350 

any given zone. Each anchor represents a local geometric inflection point, indicating a change in 351 

pore direction or radius. The effect of zone on mean pore radius (Figure 4c) was not statistically 352 

significant (p = 0.2). The model effect difference was −1.728 μm (95% CI: −4.4 to 0.94 μm, SE of 353 

the difference = 1.33 μm), corresponding to estimated mean radius of 19.37 ± 2.49 μm (SE) in the 354 

central zone and 17.64 ± 2.37 μm (SE) in the peripheral zone. The zone explained only 0.6% of the 355 

total variability, differences between punches within the same subject accounted for 58.2%, 356 

subject-to-subject variability accounted for 10.3%, and residual variance accounted for the 357 

remaining 30.8%. 358 
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 359 

Figure 4: boxplot of the raw data showing the interquartile range (IQR), mean (red circle), median (horizontal line), and the 1.5 360 

× IQR (whiskers) of the regional morphological properties in the BEP. The red diamonds and error bars represent model-based 361 

estimates from linear mixed-effects models. Regional differences between central and peripheral zones in tortuosity (a), porosity 362 

(b), and mean pore radius (c). Central and peripheral zones are not independent observations and their statistical significance is 363 

based on the LMM. P<0.001 is indicated by ***. 364 

 365 

Under the observed effect size and variance structure, and based on 500 simulations at α = 0.05, 366 

the estimated tortuosity statistical power of the current design was 0.14 (95% CI 0.11–0.18), for 367 

porosity it was 0.96 (95% CI 0.94–0.97) and for the mean pore radius it was 0.25 (95% CI 0.21–368 

0.29).  369 

In simulations varying the number of subjects while preserving the observed within-subject 370 

sampling structure, for unbalanced designs, with an average of 7 BEPs per subject (Figure A.3) 371 

similar to the current design, power increased gradually until it reached 0.80 with 55 subjects for 372 

tortuosity and 0.88 with 22 subjects for mean pore radius. Balanced designs would require fewer 373 

subjects, for example, with exactly 7 BEPs per subject, power reached 0.85 with 30 subjects for 374 

tortuosity and 0.82 with 20 subjects for mean pore radius (Figure A.4).  375 

 376 

4.3. Not all BEP pores are interconnected, which affects predicted permeability 377 

Considering only percolating pores, the predicted mean intrinsic permeability was 3.58 D ± 3.99 378 

D at the central zones and 3.18 D ± 3.03 D for the peripheral zones (Figure 5). 379 

 380 
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 381 

Figure 5 Differences in intrinsic permeability of the BEP at each punch. The average permeability of each BEP in each punch in 382 

each subject is represented by a grey bar with navy blue dots representing peripheral zone values and orange dots representing 383 

central zone values. The x-axis values represent identifiers assigned to the punches and do not correspond to the vertebral level. 384 

4.4. Inferred density and mechanical properties of the BEP are zone-dependent 385 

To predict mechanical properties from these morphological measures, multiple mathematical 386 

models were used in this study. To consolidate these results into a single predictive framework, 3D 387 

regression models for Young’s modulus and compressive strength were generated by fitting 388 

continuous surfaces over the density-strain rate space (Figure A.5). These surfaces provide 389 

continuous predictions of Young’s modulus E and compressive strength σu as functions of both 390 

density and strain rate, with coefficients of determination (R²) of 0.95 and 0.99, respectively. 391 

𝐸 = 4388.03𝜌2.65. 𝜀̇−0.08 + 1010.68    (8) 392 

𝜎𝑢 = 35.33𝜌1.87. 𝜀̇0.07 + 3.4      (9) 393 

The predicted mean central and peripheral densities of the BEP were 1.36 g/cm³ ± 0.33 g/cm³ and 394 

1.51 g/cm³ ± 0.29 g/cm³ respectively (Figure 6a). The predicted Young’s modulus was 12.09 GPa 395 

± 5.9 GPa for the central zone and 15.04 GPa ± 6.45 GPa for the peripheral zone (Figure 6b) while 396 

the predicted compressive strength was 69.07 MPa ± 26.67 MPa for the central zone and 81.74 397 

MPa ± 26.49 MPa for the peripheral zones (Figure 6c), and the predicted shear modulus was 0.83 398 

GPa ± 0.21 GPa for the central zone and 0.93 GPa ± 0.19 GPa for the peripheral zone (Figure 6d). 399 
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 403 

Figure 6 Density (a) of the BEP at each punch and the predicted mechanical properties: Young’s modulus (b), compressive 404 

strength (c), and shear modulus (d). The average value of the density or mechanical property for each punch (numbers on x-axis) 405 

in each subject (Bovine 1-4) is represented by a grey bar with navy blue dots representing peripheral zones and orange dots 406 

representing central zones. The x-axis values represent punch identifiers and do not correspond to the vertebral level. 407 

 408 

5. Discussion 409 

This study introduces a semi-automated pipeline for quantitative characterization of BEP 410 

microarchitecture, providing a workflow to quantify porosity and pore morphology in BEP 411 

samples, generate 3D mesh structures, and predict their mechanical and transport properties based 412 

on relationships amalgamated from the literature. This enables reproducible assessment across 413 

anatomical zones and provides a robust foundation for accurate modeling and simulation in 414 

vertebral applications. The workflow uses μCT scans of Hexabrix-stained VB punches to enhance 415 

contrast between bone and surrounding soft tissues. The tool was verified using a ground truth 416 

TPMS scaffold with a primitive geometry, achieving 95% and 93.4% accuracies for radius and 417 

porosity measurements, respectively, comparable to the standard tools in CTAn. These results 418 

reflect the tool’s performance on the intended geometric features rather than defects or 419 

manufacturing-induced micropores. They suggest that the workflow reliably captures the 420 

macrostructural characteristics of a complex porous scaffold, which aligns with the scale and type 421 

of features quantified in the biological samples. 422 

BEP pores vary widely in the literature, from a few micrometers up to several hundred micrometers. 423 

In humans, the most commonly reported average pore diameter ranges from approximately 20 to 424 
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60 µm101–105. Data for bovine BEPs are more limited, with reported pore diameters ranging from 425 

15 to 84 µm106. One study directly compared bovine and human BEPs using imaging measurements 426 

and found the average diameters to be 33 µm and 58 µm, respectively101. In the present study, we 427 

differentiated between central and peripheral zones, and the average pore diameters of bovine BEPs 428 

were 38.74 μm and 35.28 μm in the central and peripheral zones, respectively. No significant 429 

difference was observed between the zones, which is consistent with the reported values.  430 

Not all pores within the zones were true percolating pores, as some were disconnected blind pores 431 

that terminated within the tissue, or lateral pores that terminated at the zone sides. This could be 432 

the result of the specific zone selected for analysis, as previously mentioned, and they were 433 

excluded from the tortuosity and permeability calculations. Percolation was detected in less than 434 

half of the samples and varied between zones, with 54% of central zones and 43% of peripheral 435 

zones exhibiting connectivity. Tortuosity did not differ significantly between central and peripheral 436 

zones, but there was a noticeable subject-to-subject variability (23.1%), whereas differences 437 

between punches within the same subject were negligible. This suggests that inter-subject 438 

differences have a stronger influence on tortuosity than regional pore network geometries. This 439 

may be partly due to the exclusion of zones where tortuosity was undefined, but given that the 440 

study was underpowered for this parameter, the results should be interpreted with caution pending 441 

confirmation in larger cohorts. 442 

Porosity, in contrast, exhibited significant spatial variation (p < 0.001), with central zones showing 443 

higher mean porosity than peripheral zones. Although zone location accounted for only 4.6% of 444 

the variability, differences between punches within the same subject contributed 46.8%, and 445 

subject-to-subject variability accounted for 21.6%. Since this study was sufficiently powered for 446 

this parameter, the observed variation in porosity can be confidently attributed to both intra-subject 447 

and inter-subject heterogeneity as dominant contributors. 448 

Analysis of mean pore radius further emphasized the importance of intra-subject variability. 449 

Although the mean pore radius did not differ significantly between central and peripheral zones, 450 

differences between punches within the same subject accounted for 58.3% of the variability. Inter-451 

subject differences were comparatively smaller (10.3%), indicating that the local geometry of 452 

individual pores could be largely determined by the vertebral level. These results should also be 453 

interpreted with caution pending confirmation in larger cohorts given that the study was 454 
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underpowered for this parameter. The high number of average anchor points in the skeletonized 455 

BEPs (representing local geometric inflection points, indicating changes in pore direction or radius) 456 

also supports the notion that the BEP is not a homogeneous structure but instead exhibits 457 

considerable spatial and morphological variability throughout. Collectively, these results suggest 458 

that the BEP exhibits both spatial heterogeneity (central vs peripheral regions) and pronounced 459 

inter-sample and inter-subject differences dominating porosity and pore size characteristics, while 460 

tortuosity is influenced more by inter-subject variability.  461 

As previously mentioned, one of the possible applications of the presented pipeline is increasing 462 

the level of sample-specificity in numerical simulations currently used to interpret experimentally 463 

obtained organ culture results7. The presented pipeline can predict mechanical and transport 464 

properties based on the obtained morphological parameters, which in the case of porosity have 465 

been shown here to vary significantly across and within subjects. Considering only the percolating 466 

zones, the intrinsic permeability of the BEP was predicted to be higher at the central zones 467 

compared to the peripheral zones. The predicted density of the BEP, 1.36 g/cm³ ± 0.33 g/cm³ and 468 

1.51 g/cm³ ± 0.29 g/cm³ for the central and peripheral zones, respectively, align with values 469 

reported in the literature, 0.75-2.1 g/cm³107–110.  470 

The bovine model was selected in this study because it is widely used in intervertebral disc organ 471 

culture and endplate-related experimental workflows, it is readily available as fresh tissue, and it 472 

allows reproducible sample collection with controlled processing47–51. These practical and 473 

methodological advantages were important for the imaging-to-quantification pipeline. At the same 474 

time, we acknowledge that bovine coccygeal segments are not the primary load-bearing spinal 475 

levels and are exposed to a different mechanical environment than human lumbar vertebrae. 476 

Because endplate microarchitecture adapts to mechanical demand, differences in loading history 477 

may influence porosity, connectivity, and pore orientation, and therefore the absolute values of 478 

predicted mechanical and transport properties. Accordingly, the present results should be 479 

interpreted as specific to the bovine BEP samples analyzed in this study. This, however, does not 480 

take away from the main objective of this study, which is demonstrating the semi-automated 481 

pipeline for analysis of µCT images of the BEP, and the illustration of how the proposed pipeline 482 

can be applied within organ culture workflows to derive sample-specific mechanical and transport 483 

properties to inform specimen-specific loading or fluid flow simulations.  484 



23 

 

Biological segmentation remains challenging due to partial-volume effects, heterogeneous 485 

mineralization, and less distinct tissue interfaces. The TPMS-based verification performed in this 486 

study primarily demonstrates the robustness of the pipeline for detecting geometric segmentation 487 

under the assumption of uniform tissue mineralization. Limited biological replicates (n = 4) 488 

reduced the statistical power to detect zone effects for tortuosity and mean pore radius, implying 489 

that the absence of statistical significance does not rule out biological zone effects on these 490 

parameters. Future work should therefore integrate this imaging pipeline with direct mechanical 491 

and permeability measurements on biological specimens, using human lumbar sections if feasible, 492 

to validate and refine the approach. Additionally, combining this pipeline with computational 493 

models of the CEP and the nucleus pulposus could enable a more comprehensive assessment of the 494 

mechanical and transport properties of the IVD as a whole. 495 

The BEP plays a critical dual role in both mechanical load regulation and nutrient transport to the 496 

intervertebral disc, functions that depend strongly on its pore geometry and connectivity. Even 497 

small increases in porosity can substantially reduce local bone strength and elasticity while also 498 

influencing solute diffusion. Accurate characterization of this microarchitecture is therefore 499 

essential for predicting mechanical competence, permeability, and disc health. The semi-automated 500 

processing pipeline presented here enables efficient, reproducible characterization of BEP 501 

microarchitecture. This pipeline provides sample-specific morphological values that can be used 502 

as inputs for computational simulations of vertebral BEP function. The segmented BEP mesh can 503 

be directly imported into a computational workflow where the quantified morphological, 504 

mechanical, and transport properties replace the idealized or literature-averaged parameters that 505 

are currently typically used. Grounding these numerical models in empirically derived structural 506 

parameters would enable more accurate predictions of stress transfer, strain localization, and load-507 

bearing capacity by capturing the true heterogeneity of the BEP microstructure in mechanical 508 

simulations. Additionally, the predicted permeability and measured pore architecture would 509 

reliably inform solute diffusion and fluid flow models, thereby improving computational 510 

predictions of nutrient transport to the intervertebral disc in transport simulations. Disc organ 511 

culture under bioreactor conditions would particularly benefit from integrating this tool into the 512 

experimental workflow. Incorporating sample-specific characterization allows investigators to 513 

explicitly account for the variability in inferred properties of the BEP, which is experimentally 514 
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difficult to fully separate from the CEP7. Hence, this workflow represents a step toward more 515 

realistic in vitro and in silico modeling of vertebral endplate functions.  516 



25 

 

6. Author contributions: 517 

AA, JN, and LG conceptualized the study. AA conducted major literature research, developed the 518 

codes, acquired the CT scans, created the visualizations, and wrote the main manuscript. GN 519 

contributed to building the Docker computing environment and developed the initial scripts for 520 

CT-based sample identification. KC contributed to isolating IVDs and to acquiring the CT scans. 521 

GN, KC, and BG contributed to reviewing the manuscript. JN and LG contributed to writing, 522 

analyzing the results, and providing funding support. All authors read and approved the final 523 

version of the manuscript. 524 

 525 

7. Acknowledgements 526 

This project received funds from the European Commission (H2020-MSCA-ITN-ETN-2020-527 

955735) for Disc4all (Grant agreement ID: 955735), the European Commission under European 528 

Union’s Horizon Europe Research and Innovation Programme, grant agreement No 101079372 529 

(PREDICTOS), the European Research Council under the European Union’s Horizon Europe 530 

Framework programme (INSTant CARMA, grant agreement N° 101088919), and the Walloon 531 

Region (SPW Recherche) through the Win2Wal project B2Bone (2210023). G.N. was supported 532 

by the Foundation of Scientific Research Flanders - FWO-Vlaanderen (12C5923N). The micro CT 533 

images were acquired at the X-ray computed tomography facility of the Department of 534 

Development and Regeneration of the KU Leuven, financed by the Hercules Foundation (project 535 

AKUL/13/47). Leuven Biostatistics and Statistical Bioinformatics Centre (L-BioStat), KU Leuven, 536 

provided consultation and support for the statistical analysis of this work. English language 537 

refinement was assisted by ChatGPT; all scientific content was independently authored and verified 538 

by the authors. 539 

 540 

8. Conflict of Interest 541 

The authors declare that the research was conducted in the absence of any commercial or financial 542 

relationships that could be construed as a potential conflict of interest.  543 



26 

 

9. References 544 

1. Velnar T, Gradisnik L. Endplate role in the degenerative disc disease: A brief review. World 545 

Journal of Clinical Cases. 2023;11(1):17-29. doi:10.12998/wjcc.v11.i1.17 546 

2. Adams MA, Dolan P. Intervertebral disc degeneration: evidence for two distinct phenotypes. 547 

J Anat. 2012;221(6):497-506. doi:10.1111/j.1469-7580.2012.01551.x 548 

3. Fields AJ, Ballatori A, Liebenberg EC, Lotz JC. Contribution of the endplates to disc 549 

degeneration. Curr Mol Biol Rep. 2018;4(4):151-160. doi:10.1007/s40610-018-0105-y 550 

4. Moore RJ. The vertebral endplate: disc degeneration, disc regeneration. Eur Spine J. 2006;15 551 

Suppl 3(Suppl 3):S333-337. doi:10.1007/s00586-006-0170-4 552 

5. Haglund L, Moir J, Beckman L, et al. Development of a bioreactor for axially loaded 553 

intervertebral disc organ culture. Tissue Eng Part C Methods. 2011;17(10):1011-1019. 554 

doi:10.1089/ten.TEC.2011.0025 555 

6. Pfannkuche JJ, Guo W, Cui S, et al. Intervertebral disc organ culture for the investigation of 556 

disc pathology and regeneration – benefits, limitations, and future directions of bioreactors. 557 

Connective Tissue Research. 2020;61(3-4):304-321. doi:10.1080/03008207.2019.1665652 558 

7. Crump KB, Muñoz-Moya E, de Graaf K, et al. Complex Mechanical Loading and Pro-559 

Inflammatory Cytokines in Intervertebral Disc Degeneration. JOR SPINE. 2026;9(1):e70159. 560 

doi:10.1002/jsp2.70159 561 

8. Stannard JT, Edamura K, Stoker AM, et al. Development of a whole organ culture model for 562 

intervertebral disc disease. J Orthop Translat. 2016;5:1-8. doi:10.1016/j.jot.2015.08.002 563 

9. Frings NR, Morgan EF. Risk of bony endplate failure during vertebral fracture. Journal of the 564 

Mechanical Behavior of Biomedical Materials. 2025;165:106939. 565 

doi:10.1016/j.jmbbm.2025.106939 566 

10. Malandrino A, Lacroix D, Hellmich C, Ito K, Ferguson SJ, Noailly J. The role of endplate 567 

poromechanical properties on the nutrient availability in the intervertebral disc. Osteoarthritis 568 

Cartilage. 2014;22(7):1053-1060. doi:10.1016/j.joca.2014.05.005 569 

11. Wang J, Geng Z, Wu J, et al. Biomechanical properties of lumbar vertebral ring apophysis 570 

cage under endplate injury: a finite element analysis. BMC Musculoskelet Disord. 571 

2023;24(1):695. doi:10.1186/s12891-023-06792-1 572 

12. Wang P, Hu X. Biomechanical finite element analysis of superior endplate collapse after 573 

thoracolumbar fracture surgery. Ann Transl Med. 2020;8(12):753. doi:10.21037/atm-20-4091 574 

13. Fields AJ, Costabal FS, Rodriguez AG, Lotz JC. Seeing double: A comparison of 575 

microstructure, biomechanical function, and adjacent disc health between double-layer and 576 

single-layer vertebral endplates. Spine (Phila Pa 1976). 2012;37(21):E1310-E1317. 577 

doi:10.1097/BRS.0b013e318267bcfc 578 



27 

 

14. Wu Y, Loaiza J, Banerji R, Blouin O, Morgan E. Structure-function relationships of the 579 

human vertebral endplate. JOR SPINE. 2021;4(3):e1170. doi:10.1002/jsp2.1170 580 

15. Crump KB, Alminnawi A, Bermudez-Lekerika P, et al. Cartilaginous endplates: A 581 

comprehensive review on a neglected structure in intervertebral disc research. JOR Spine. 582 

2023;6(4):e1294. doi:10.1002/jsp2.1294 583 

16. Lotz JC, Fields AJ, Liebenberg EC. The Role of the Vertebral End Plate in Low Back Pain. 584 

Global Spine J. 2013;3(3):153-164. doi:10.1055/s-0033-1347298 585 

17. Wang Y, Battié MC, Boyd SK, Videman T. The osseous endplates in lumbar vertebrae: 586 

thickness, bone mineral density and their associations with age and disk degeneration. Bone. 587 

2011;48(4):804-809. doi:10.1016/j.bone.2010.12.005 588 

18. Silva MJ, Wang C, Keaveny TM, Hayes WC. Direct and computed tomography thickness 589 

measurements of the human, lumbar vertebral shell and endplate. Bone. 1994;15(4):409-414. 590 

doi:10.1016/8756-3282(94)90817-6 591 

19. Ramchand SK, Seeman E. The Influence of Cortical Porosity on the Strength of Bone During 592 

Growth and Advancing Age. Curr Osteoporos Rep. 2018;16(5):561-572. 593 

doi:10.1007/s11914-018-0478-0 594 

20. Cooper DML, Kawalilak CE, Harrison K, Johnston BD, Johnston JD. Cortical Bone Porosity: 595 

What Is It, Why Is It Important, and How Can We Detect It? Curr Osteoporos Rep. 596 

2016;14(5):187-198. doi:10.1007/s11914-016-0319-y 597 

21. Osterhoff G, Morgan EF, Shefelbine SJ, Karim L, McNamara LM, Augat P. Bone mechanical 598 

properties and changes with osteoporosis. Injury. 2016;47(Suppl 2):S11-S20. 599 

doi:10.1016/S0020-1383(16)47003-8 600 

22. Augat P, Schorlemmer S. The role of cortical bone and its microstructure in bone strength. 601 

Age Ageing. 2006;35 Suppl 2:ii27-ii31. doi:10.1093/ageing/afl081 602 

23. Iori G, Heyer F, Kilappa V, et al. BMD-based assessment of local porosity in human femoral 603 

cortical bone. Bone. 2018;114:50-61. doi:10.1016/j.bone.2018.05.028 604 

24. Boruah S, Subit DL, Paskoff GR, Shender BS, Crandall JR, Salzar RS. Influence of bone 605 

microstructure on the mechanical properties of skull cortical bone – A combined experimental 606 

and computational approach. Journal of the Mechanical Behavior of Biomedical Materials. 607 

2017;65:688-704. doi:10.1016/j.jmbbm.2016.09.041 608 

25. Hernandez CJ, Beaupré GS, Keller TS, Carter DR. The influence of bone volume fraction and 609 

ash fraction on bone strength and modulus. Bone. 2001;29(1):74-78. doi:10.1016/S8756-610 

3282(01)00467-7 611 

26. Helgason B, Perilli E, Schileo E, Taddei F, Brynjólfsson S, Viceconti M. Mathematical 612 

relationships between bone density and mechanical properties: A literature review. Clinical 613 

Biomechanics. 2008;23(2):135-146. doi:10.1016/j.clinbiomech.2007.08.024 614 



28 

 

27. Schaffler MB, Burr DB. Stiffness of compact bone: Effects of porosity and density. Journal 615 

of Biomechanics. 1988;21(1):13-16. doi:10.1016/0021-9290(88)90186-8 616 

28. Granke M, Grimal Q, Saïed A, Nauleau P, Peyrin F, Laugier P. Change in porosity is the 617 

major determinant of the variation of cortical bone elasticity at the millimeter scale in aged 618 

women. Bone. 2011;49(5):1020-1026. doi:10.1016/j.bone.2011.08.002 619 

29. Hayes W, Gerhart TN. Biomechanics of bone: Applications for assessment of bone strength. 620 

Bone and Mineral Research. 1985;3:259-294. 621 

30. Curry WH, Pintar FA, Doan NB, et al. Lumbar spine endplate fractures: Biomechanical 622 

evaluation and clinical considerations through experimental induction of injury. Journal of 623 

Orthopaedic Research. 2016;34(6):1084-1091. doi:10.1002/jor.23112 624 

31. Müller-Gerbl M, Weißer S, Linsenmeier U. The distribution of mineral density in the cervical 625 

vertebral endplates. Eur Spine J. 2008;17(3):432-438. doi:10.1007/s00586-008-0601-5 626 

32. Buckley JM, Leang DC, Keaveny TM. Sensitivity of Vertebral Compressive Strength to 627 

Endplate Loading Distribution. J Biomech Eng. 2006;128(5):641-646. 628 

doi:10.1115/1.2241637 629 

33. Ochia RS, Tencer AF, Ching RP. Effect of loading rate on endplate and vertebral body 630 

strength in human lumbar vertebrae. Journal of Biomechanics. 2003;36(12):1875-1881. 631 

doi:10.1016/S0021-9290(03)00211-2 632 

34. Fournier DE, Kiser PK, Shoemaker JK, Battié MC, Séguin CA. Vascularization of the human 633 

intervertebral disc: A scoping review. JOR SPINE. 2020;3(4):e1123. doi:10.1002/jsp2.1123 634 

35. Grunhagen T, Wilde G, Soukane DM, Shirazi-Adl SA, Urban JPG. Nutrient supply and 635 

intervertebral disc metabolism. J Bone Joint Surg Am. 2006;88 Suppl 2:30-35. 636 

doi:10.2106/JBJS.E.01290 637 

36. De Geer CM. Intervertebral Disk Nutrients and Transport Mechanisms in Relation to Disk 638 

Degeneration: A Narrative Literature Review. J Chiropr Med. 2018;17(2):97-105. 639 

doi:10.1016/j.jcm.2017.11.006 640 

37. Ruiz Wills C, Foata B, González Ballester MÁ, Karppinen J, Noailly J. Theoretical 641 

Explorations Generate New Hypotheses About the Role of the Cartilage Endplate in Early 642 

Intervertebral Disk Degeneration. Frontiers in Physiology. 2018;9. Accessed September 21, 643 

2022. https://www.frontiersin.org/articles/10.3389/fphys.2018.01210 644 

38. Hu Z, He F, Li X, et al. What can be observed in intervertebral cartilage endplate with aging? 645 

An animal model study of excessive axial mechanical loading. Front Med. 2024;11. 646 

doi:10.3389/fmed.2024.1429208 647 

39. Tomaszewski KA, Saganiak K, Gładysz T, Walocha JA. The biology behind the human 648 

intervertebral disc and its endplates. Folia Morphol (Warsz). 2015;74(2):157-168. 649 

doi:10.5603/FM.2015.0026 650 



29 

 

40. Kral R, Osima M, Borgen TT, Vestgaard R, Richardsen E, Bjørnerem Å. Increased cortical 651 

porosity and reduced cortical thickness of the proximal femur are associated with nonvertebral 652 

fracture independent of Fracture Risk Assessment Tool and Garvan estimates in 653 

postmenopausal women. PLOS ONE. 2017;12(9):e0185363. 654 

doi:10.1371/journal.pone.0185363 655 

41. Kral R, Osima M, Vestgaard R, Richardsen E, Bjørnerem Å. Women with fracture, 656 

unidentified by FRAX, but identified by cortical porosity, have a set of characteristics that 657 

contribute to their increased fracture risk beyond high FRAX score and high cortical porosity. 658 

Bone. 2018;116:259-265. doi:10.1016/j.bone.2018.08.018 659 

42. Kyere KA, Than KD, Wang AC, et al. Schmorl’s nodes. Eur Spine J. 2012;21(11):2115-2121. 660 

doi:10.1007/s00586-012-2325-9 661 

43. Mattei TA, Rehman AA. Schmorl’s nodes: current pathophysiological, diagnostic, and 662 

therapeutic paradigms. Neurosurg Rev. 2014;37(1):39-46. doi:10.1007/s10143-013-0488-4 663 

44. Dar G, Peleg S, Masharawi Y, Steinberg N, May H, Hershkovitz I. Demographical Aspects 664 

of Schmorl Nodes: A Skeletal Study. Spine. 2009;34(9):E312. 665 

doi:10.1097/BRS.0b013e3181995fc5 666 

45. Holm S, Holm AK, Ekström L, Karladani A, Hansson T. Experimental Disc Degeneration 667 

Due to Endplate Injury. Clinical Spine Surgery. 2004;17(1):64. 668 

46. Din RU, Cheng X, Yang H. Diagnostic Role of Magnetic Resonance Imaging in Low Back 669 

Pain Caused by Vertebral Endplate Degeneration. Journal of Magnetic Resonance Imaging. 670 

2022;55(3):755-771. doi:10.1002/jmri.27858 671 

47. Yu J, Tirlapur U, Fairbank J, et al. Microfibrils, elastin fibres and collagen fibres in the human 672 

intervertebral disc and bovine tail disc. Journal of Anatomy. 2007;210(4):460-471. 673 

doi:10.1111/j.1469-7580.2007.00707.x 674 

48. Lakstins K, Arnold L, Gunsch G, Khan S, Moore S, Purmessur D. Characterization of bovine 675 

and canine animal model cartilage endplates and comparison to human cartilage endplate 676 

structure, matrix composition, and cell phenotype. JOR Spine. 2020;3(4). 677 

doi:10.1002/jsp2.1116 678 

49. Liu Y, Wei J, Zhao Y, et al. Follistatin-like protein 1 promotes inflammatory reactions in 679 

nucleus pulposus cells by interacting with the MAPK and NFκB signaling pathways. 680 

Oncotarget. 2017;8(26):43023-43034. doi:10.18632/oncotarget.17400 681 

50. Wang Z, Wang G, Zhu X, Geng D, Yang H. Interleukin-2 is upregulated in patients with a 682 

prolapsed lumbar intervertebral disc and modulates cell proliferation, apoptosis and 683 

extracellular matrix metabolism of human nucleus pulposus cells. Exp Ther Med. 684 

2015;10(6):2437-2443. doi:10.3892/etm.2015.2809 685 



30 

 

51. Mavrogonatou E, Kletsas D. Effect of varying osmotic conditions on the response of bovine 686 

nucleus pulposus cells to growth factors and the activation of the ERK and Akt pathways. 687 

Journal of Orthopaedic Research. 2010;28(10):1276-1282. doi:10.1002/jor.21140 688 

52. Harmonization and standardization of nucleus pulposus cell extraction and culture methods - 689 

Basatvat - 2023 - JOR SPINE - Wiley Online Library. Accessed May 3, 2023. 690 

https://onlinelibrary.wiley.com/doi/full/10.1002/jsp2.1238 691 

53. Chan SCW, Gantenbein-Ritter B. Preparation of Intact Bovine Tail Intervertebral Discs for 692 

Organ Culture. J Vis Exp. 2012;(60):3490. doi:10.3791/3490 693 

54. Morgan EF, Unnikrisnan GU, Hussein AI. Bone Mechanical Properties in Healthy and 694 

Diseased States. Annual Review of Biomedical Engineering. 2018;20(Volume 20, 2018):119-695 

143. doi:10.1146/annurev-bioeng-062117-121139 696 

55. Sutton AGC, Ashton VJ, Campbell PG, Price DJA, Hall JA, de Belder MA. A randomized 697 

prospective trial of ioxaglate 320 (Hexabrix) vs. iodixanol 320 (Visipaque) in patients 698 

undergoing percutaneous coronary intervention. Catheterization and Cardiovascular 699 

Interventions. 2002;57(3):346-352. doi:10.1002/ccd.10326 700 

56. Jin LH, Choi BH, Kim YJ, et al. Nondestructive Assessment of Glycosaminoglycans in 701 

Engineered Cartilages Using Hexabrix-Enhanced Micro-Computed Tomography. Tissue Eng 702 

Regen Med. 2018;15(3):311-319. doi:10.1007/s13770-018-0117-y 703 

57. Mashiatulla M, Moran MM, Chan D, et al. Murine articular cartilage morphology and 704 

compositional quantification with high resolution cationic contrast-enhanced μCT. Journal of 705 

Orthopaedic Research. 2017;35(12):2740-2748. doi:10.1002/jor.23595 706 

58. Maerz T, Newton MD, Kristof K, et al. Three-dimensional characterization of in vivo 707 

intervertebral disc degeneration using EPIC-μCT. Osteoarthritis and Cartilage. 708 

2014;22(11):1918-1925. doi:10.1016/j.joca.2014.08.006 709 

59. Vph2020 Book Of Abstracts 1 Compressed. calameo.com. Accessed April 30, 2026. 710 

https://www.calameo.com/read/0063173043dfe70ed4a9c 711 

60. minnawi/Porosity_modeling: This repository provides a Papermill-controlled pipeline 712 

(scripts 00-08, notebooks A-D) for modeling pore structures in biological tissues from 713 

medical images. It includes three post-processing scripts for calculating area, volume, and 714 

performing statistical analyses. GitHub. Accessed November 12, 2025. 715 

https://github.com/minnawi/Porosity_modeling 716 

61. 3D Slicer image computing platform. 3D Slicer. Accessed January 15, 2025. https://slicer.org/ 717 

62. Kikinis R, Pieper SD, Vosburgh KG. 3D Slicer: A Platform for Subject-Specific Image 718 

Analysis, Visualization, and Clinical Support. In: Jolesz FA, ed. Intraoperative Imaging and 719 

Image-Guided Therapy. Springer; 2014:277-289. doi:10.1007/978-1-4614-7657-3_19 720 



31 

 

63. Rolfe S, Pieper S, Porto A, et al. SlicerMorph: An open and extensible platform to retrieve, 721 

visualize and analyse 3D morphology. Methods in Ecology and Evolution. 2021;12(10):1816-722 

1825. doi:10.1111/2041-210X.13669 723 

64. A Threshold Selection Method from Gray-Level Histograms. Accessed December 9, 2025. 724 

https://ieeexplore.ieee.org/document/4310076 725 

65. Forero-Vargas MG. Fuzzy Thresholding and Histogram Analysis. In: Nachtegael M, Van der 726 

Weken D, Kerre EE, Van De Ville D, eds. Fuzzy Filters for Image Processing. Springer; 727 

2003:129-152. doi:10.1007/978-3-540-36420-7_6 728 

66. Prewitt JM, Mendelsohn ML. The analysis of cell images. Ann N Y Acad Sci. 729 

1966;128(3):1035-1053. doi:10.1111/j.1749-6632.1965.tb11715.x 730 

67. Picture Thresholding Using an Iterative Selection Method. IEEE Transactions on Systems, 731 

Man, and Cybernetics. 1978;8(8):630-632. doi:10.1109/TSMC.1978.4310039 732 

68. Kittler J, Illingworth J. Minimum error thresholding. Pattern Recognition. 1986;19(1):41-47. 733 

doi:10.1016/0031-3203(86)90030-0 734 

69. Li CH, Lee CK. Minimum cross entropy thresholding. Pattern Recognition. 1993;26(4):617-735 

625. doi:10.1016/0031-3203(93)90115-D 736 

70. Li CH, Tam PKS. An iterative algorithm for minimum cross entropy thresholding. Pattern 737 

Recognition Letters. 1998;19(8):771-776. doi:10.1016/S0167-8655(98)00057-9 738 

71. Kapur JN, Sahoo PK, Wong AKC. A new method for gray-level picture thresholding using 739 

the entropy of the histogram. Computer Vision, Graphics, and Image Processing. 740 

1985;29(3):273-285. doi:10.1016/0734-189X(85)90125-2 741 

72. Tsai WH. Moment-preserving thresolding: A new approach. Computer Vision, Graphics, and 742 

Image Processing. 1985;29(3):377-393. doi:10.1016/0734-189X(85)90133-1 743 

73. Shanbhag AG. Utilization of Information Measure as a Means of Image Thresholding. 744 

CVGIP: Graphical Models and Image Processing. 1994;56(5):414-419. 745 

doi:10.1006/cgip.1994.1037 746 

74. Zack GW, Rogers WE, Latt SA. Automatic measurement of sister chromatid exchange 747 

frequency. J Histochem Cytochem. 1977;25(7):741-753. doi:10.1177/25.7.70454 748 

75. Yen JC, Chang FJ, Chang S. A new criterion for automatic multilevel thresholding. IEEE 749 

Transactions on Image Processing. 1995;4(3):370-378. doi:10.1109/83.366472 750 

76. Kazhdan M, Hoppe H. Screened poisson surface reconstruction. ACM Trans Graph. 751 

2013;32(3):29:1-29:13. doi:10.1145/2487228.2487237 752 

77. Au OKC, Tai CL, Chu HK, Cohen-Or D, Lee TY. Skeleton extraction by mesh contraction. 753 

ACM Trans Graph. 2008;27(3):1-10. doi:10.1145/1360612.1360643 754 



32 

 

78. Elwinger F, Pourmand P, Furó I. Diffusive Transport in Pores. Tortuosity and Molecular 755 

Interaction with the Pore Wall. J Phys Chem C. 2017;121(25):13757-13764. 756 

doi:10.1021/acs.jpcc.7b03885 757 

79. Fu J, Thomas HR, Li C. Tortuosity of porous media: Image analysis and physical simulation. 758 

Earth-Science Reviews. 2021;212:103439. doi:10.1016/j.earscirev.2020.103439 759 

80. da Silva MTQS, do Rocio Cardoso M, Veronese CMP, Mazer W. Tortuosity: A brief review. 760 

Materials Today: Proceedings. 2022;58:1344-1349. doi:10.1016/j.matpr.2022.02.228 761 

81. Ávila J, Pagalo J, Espinoza-Andaluz M. Evaluation of geometric tortuosity for 3D digitally 762 

generated porous media considering the pore size distribution and the A-star algorithm. Sci 763 

Rep. 2022;12(1):19463. doi:10.1038/s41598-022-23643-6 764 

82. Lipowiecki M, Ryvolová M, Töttösi Á, et al. Permeability of rapid prototyped artificial bone 765 

scaffold structures. Journal of Biomedical Materials Research Part A. 2014;102(11):4127-766 

4135. doi:10.1002/jbm.a.35084 767 

83. Varley MC, Neelakantan S, Clyne TW, Dean J, Brooks RA, Markaki AE. Cell structure, 768 

stiffness and permeability of freeze-dried collagen scaffolds in dry and hydrated states. Acta 769 

Biomaterialia. 2016;33:166-175. doi:10.1016/j.actbio.2016.01.041 770 

84. Kadri OE, Williams III C, Sikavitsas V, Voronov RS. Numerical accuracy comparison of two 771 

boundary conditions commonly used to approximate shear stress distributions in tissue 772 

engineering scaffolds cultured under flow perfusion. International Journal for Numerical 773 

Methods in Biomedical Engineering. 2018;34(11):e3132. doi:10.1002/cnm.3132 774 

85. Li G, Li XS, Li C. Measurement of Permeability and Verification of Kozeny-Carman 775 

Equation Using Statistic Method. Energy Procedia. 2017;142:4104-4109. 776 

doi:10.1016/j.egypro.2017.12.332 777 

86. Winardhi CW, Maulana FI, Latief FDE. Permeability Estimation of Porous Rock by Means 778 

of Fluid Flow Simulation and Digital Image Analysis. IOP Conf Ser: Earth Environ Sci. 779 

2016;29(1):012005. doi:10.1088/1755-1315/29/1/012005 780 

87. Hannink G, Arts JJC. Bioresorbability, porosity and mechanical strength of bone substitutes: 781 

What is optimal for bone regeneration? Injury. 2011;42:S22-S25. 782 

doi:10.1016/j.injury.2011.06.008 783 

88. Liu L, Shi Q, Chen Q, Li Z. Mathematical modeling of bone in-growth into undegradable 784 

porous periodic scaffolds under mechanical stimulus. J Tissue Eng. 785 

2019;10:2041731419827167. doi:10.1177/2041731419827167 786 

89. Zysset PK, Edward Guo X, Edward Hoffler C, Moore KE, Goldstein SA. Elastic modulus 787 

and hardness of cortical and trabecular bone lamellae measured by nanoindentation in the 788 

human femur. Journal of Biomechanics. 1999;32(10):1005-1012. doi:10.1016/S0021-789 

9290(99)00111-6 790 



33 

 

90. McKay M, Jackman TM, Hussein AI, Guermazi A, Liu J, Morgan EF. Association of 791 

vertebral endplate microstructure with bone strength in men and women. Bone. 792 

2020;131:115147. doi:10.1016/j.bone.2019.115147 793 

91. Shin DE, Lee Y, An HJ, et al. Trabecular structural difference between the superior and 794 

inferior regions of the vertebral body: a cadaveric and clinical study. Front Endocrinol 795 

(Lausanne). 2023;14:1238654. doi:10.3389/fendo.2023.1238654 796 

92. Kasra M, Grynpas MD. On shear properties of trabecular bone under torsional loading: 797 

Effects of bone marrow and strain rate. Journal of Biomechanics. 2007;40(13):2898-2903. 798 

doi:10.1016/j.jbiomech.2007.03.008 799 

93. Carter DR, Hayes WC. The compressive behavior of bone as a two-phase porous structure. J 800 

Bone Joint Surg Am. 1977;59(7):954-962. 801 

94. Linde F, Nørgaard P, Hvid I, Odgaard A, Søballe K. Mechanical properties of trabecular bone. 802 

Dependency on strain rate. Journal of Biomechanics. 1991;24(9):803-809. doi:10.1016/0021-803 

9290(91)90305-7 804 

95. Enns-Bray WS, Ferguson SJ, Helgason B. Strain rate dependency of bovine trabecular bone 805 

under impact loading at sideways fall velocity. Journal of Biomechanics. 2018;75:46-52. 806 

doi:10.1016/j.jbiomech.2018.04.042 807 

96. Carter DR, Hayes WC. Bone compressive strength: the influence of density and strain rate. 808 

Science. 1976;194(4270):1174-1176. doi:10.1126/science.996549 809 

97. Shim VPW, Yang LM, Liu JF, Lee VS. Characterisation of the dynamic compressive 810 

mechanical properties of cancellous bone from the human cervical spine. International 811 

Journal of Impact Engineering. 2005;32(1):525-540. doi:10.1016/j.ijimpeng.2005.03.006 812 

98. Bates D, Mächler M, Bolker B, Walker S. Fitting Linear Mixed-Effects Models Using lme4. 813 

Journal of Statistical Software. 2015;67:1-48. doi:10.18637/jss.v067.i01 814 

99. Alminnawi A. minnawi/mixed-effect-nested-statistical-analysis. Published online March 31, 815 

2026. Accessed April 28, 2026. https://github.com/minnawi/mixed-effect-nested-statistical-816 

analysis 817 

100. Bouakaz I, Sadeghian Dehkord E, Meille S, et al. 3D printed triply periodic minimal surfaces 818 

calcium phosphate bone substitute: The effect of porosity design on mechanical properties. 819 

Ceramics International. 2024;50(2, Part A):2623-2636. doi:10.1016/j.ceramint.2023.10.238 820 

101. Porter DJ, Trejo B, Quinn A, Kerr M, Bowden AE. Comparison of Human and Bovine Bony 821 

Endplate Microstructure Through Micro-CT, Light Microscope, and Scanning Electron 822 

Microscopy. 823 

102. Rodriguez AG, Slichter CK, Acosta FL, et al. Human Disc Nucleus Properties and Vertebral 824 

Endplate Permeability. Spine (Phila Pa 1976). 2011;36(7):512-520. 825 

doi:10.1097/BRS.0b013e3181f72b94 826 



34 

 

103. Benneker LM, Heini PF, Alini M, Anderson SE, Ito K. 2004 Young Investigator Award 827 

Winner: vertebral endplate marrow contact channel occlusions and intervertebral disc 828 

degeneration. Spine (Phila Pa 1976). 2005;30(2):167-173. 829 

doi:10.1097/01.brs.0000150833.93248.09 830 

104. Van Der Werf M, Lezuo P, Maissen O, Van Donkelaar CC, Ito K. Inhibition of vertebral 831 

endplate perfusion results in decreased intervertebral disc intranuclear diffusive transport. 832 

Journal of Anatomy. 2007;211(6):769-774. doi:10.1111/j.1469-7580.2007.00816.x 833 

105. Fu B, Jiang H, Che Y, Yang H, Luo Z. Microanatomy of the lumbar vertebral bony endplate 834 

of rats using scanning electron microscopy. Orthopaedics & Traumatology: Surgery & 835 

Research. 2020;106(4):731-734. doi:10.1016/j.otsr.2019.12.026 836 

106. Gurrib S. Characterisation of Ovine and Human Vertebral Endplates using X-ray 837 

Microtomography: the Effects of Degeneration on Structure. 838 

107. Feldmann A, Wili P, Maquer G, Zysset P. The thermal conductivity of cortical and cancellous 839 

bone. Eur Cell Mater. 2018;35:25-33. doi:10.22203/eCM.v035a03 840 

108. Jáuregui E, Galvis M, Moncaleano V, González K, Muñoz Y. Bone mineral density reference 841 

values by DXA scan in a population of healthy adults in Bogota. Revista Colombiana de 842 

Reumatología (English Edition). 2021;28(1):46-51. doi:10.1016/j.rcreue.2020.06.010 843 

109. Seifert AC, Li C, Wehrli SL, Wehrli FW. A Surrogate Measure of Cortical Bone Matrix 844 

Density by Long T2-Suppressed MRI. J Bone Miner Res. 2015;30(12):2229-2238. 845 

doi:10.1002/jbmr.2580 846 

110. Thomas AJ, Nockels RP, Shaffrey CI. CHAPTER 12 - Spine Fusion: Anatomy and 847 

Biomechanics of Bone-Bone Interface. In: Benzel EC, ed. Spine Surgery (Third Edition). 848 

Churchill Livingstone; 2005:180-191. doi:10.1016/B978-0-443-06616-0.50017-1 849 

 850 

  851 



35 

 

Appendix 852 

 853 

 854 

Figure A.1 Triply periodic minimal surface (TPMS) scaffold with primitive geometry used for verification of the workflow: 855 

designed structure defined by the equation cos(x) + cos(y) + cos(z) = 0 (a), the negative structure illustrating interconnected 856 

macrochannels (b), the as-manufactured 3D-printed CaP-based structure (c), and corresponding repeating unit cell of the 857 

scaffold (d). 858 

 859 
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860 
Figure A.2 Difference in tortuosity between the central and the two peripheral zones in each BEP punch in bovine 1 (a), bovine 2 861 

(b), bovine 3 (c), and bovine 4 (d). The translucent bars represent infinite tortuosity, indicating non-percolating zones. The 862 

numbers on the x-axis refer to the VB punch but do not refer to the vertebral level. The x-axis values represent arbitrary 863 

identifiers assigned to BEP punches and do not correspond to vertebral level.  864 
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 865 

Figure A.3 Power Analysis for unbalanced designs: Effect of the number of biological replicates (subjects) with an average of 7 866 

BEPs per subject on the statistical power for LMM of tortuosity (a), porosity (b), and mean pore radius (c). 867 
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 872 

Figure A.4 Power Analysis for balanced designs: Effect of the number of biological replicates (bovine subjects) and of BEP 873 
punches per subject on the statistical power for LMM of tortuosity (a), porosity (b), and mean pore radius (c). 874 
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 876 

Figure A.5 Three-dimensional regression models using nonlinear curve fitting of the reported mathematical relationships between 877 

geometric properties and bone mechanical properties in literature to predict the corresponding Young’s modulus (a) and 878 

compressive strength modulus (b). 879 


