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Abstract: 25 

Fracture risk assessment using dual-energy X-ray absorptiometry (DXA) frequently fails to 26 

diagnose osteoporosis amongst individuals who later experience fragility fractures. Hence more 27 

reliable techniques that improve the prediction of fracture risk are needed. In this study, we 28 

evaluated a finite element (FE) modelling framework based on clinical peripheral quantitative 29 

computed tomography (pQCT) imaging of the tibial epiphysis and diaphysis to predict the stiffness 30 

at these locations in compression, shear, torsion and bending. The ability of these properties to 31 

identify a group of women who had recently sustained a low-trauma fracture from an age- and 32 

weight-matched control group was determined and compared to clinical pQCT and DXA 33 

properties and structural properties based on composite beam theory. The predicted stiffnesses 34 

derived from the FE models and composite beam theory were significantly different (p<0.05) 35 

between the control and fracture groups, whereas no meaningful differences were observed using 36 

DXA and for the stress-strain indices (SSIs) derived using pQCT. The diagnostic performance of 37 

each property was assessed by the odds ratio (OR) and the area under the receiver operating curve 38 

(AUC), and were each greatest for the FE-predicted shear stiffness (OR=16.09, 95% CI: 2.52-39 

102.56, p=0.003) (AUC: 0.80, 95% CI: 0.67-0.93). The clinical pQCT variable total density (ρtot) 40 

and a number of structural and FE-predicted variables had a similar probability of correct 41 

classification between the control and fracture groups (i.e., ORs and AUCs with mean values 42 

greater than 5.00 and 0.80, respectively). In general, the diagnostic characteristics were lower for 43 

variables derived using DXA and for the SSIs (i.e., ORs and AUCs with mean values of 1.65-2.98 44 

and 0.64-0.71, respectively). For all properties considered, the trabecular-dominant tibial epiphysis 45 

exhibited enhanced classification characteristics, as compared to the cortical-dominant tibial 46 

diaphysis. The results of this study demonstrate that bone properties may be derived using FE 47 
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modelling that have the potential to enhance fracture risk assessment using conventional pQCT or 48 

DXA instruments in clinical settings.  49 

  50 
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1 Introduction 51 

Osteoporotic fractures are a global health concern among the elderly and have been linked to 52 

increased hospitalisation, morbidity and mortality [1–3]. Areal bone mineral density (aBMD) 53 

measured by dual-energy X-ray absorptiometry (DXA) is currently the clinical ‘gold standard’ for 54 

osteoporosis diagnosis and low BMD has been widely recognised as a risk factor for fracture [4,5]. 55 

However, a large proportion of individuals who are not diagnosed as osteoporotic by DXA still 56 

experience low trauma bone fracture [6,7]; hence, there remains a need to develop new clinical 57 

methods that better identify individuals at risk of fracture. 58 

The strength of bone changes with “bone quality” and is a function of its structural 59 

architecture and constituents [8,9]. Quantitative computed tomography (QCT) provides 60 

measurements of volumetric BMD (vBMD), which is dependent on bone structure and 61 

composition. The vBMD derived at each voxel in a QCT scan may be converted into an equivalent 62 

Young’s modulus (E), and using composite beam theory, the axial, bending and torsional rigidities 63 

of the bone may be calculated [10,11]. These structural properties have been shown to provide 64 

superior fracture risk predictions compared with clinical radiographic criteria [12,13]. Bone 65 

strength metrics such as stress-strain indices for bending (SSIx and SSIy) and torsion (SSIpol) have 66 

also been used for fracture risk prediction [14–16]. These indices compare the structural rigidity 67 

of cortical bone to an identically-shaped bone with physiologically normal cortical density (1200 68 

mg/cm3), and have been shown to predict 40-80% of variance in the bone failure loads for 3-point 69 

bending [17,18] and compression [17–20]. A limitation of the aforementioned structural properties 70 

and strength indices is that they neglect three-dimensional (3D) effects, such as transverse shear 71 

and volume changes (Poisson effect). Techniques that consider 3D bone loading may offer some 72 

improvement in predictions of bone fracture risk, as compared with current methods.  73 
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Finite element (FE) models of cadaveric bones created from non-invasive imaging, such 74 

as peripheral QCT (pQCT), have demonstrated an excellent ability to predict bone fracture strength 75 

for bending and compression, accounting for 70-90% of variance between specimens [21–23]. 76 

Further, FE models derived from HR-pQCT [24,25] or QCT [26] have demonstrated good 77 

classification characteristics for identifying fracture status with area under the receiver operating 78 

curve (AUC) of 0.69-0.85. However, assessing fracture risk by QCT or HR-pQCT in a clinical 79 

setting poses three dilemmas: (1) the long time required to setup and analyse patient-specific FE 80 

models (3.5-10 hours [27]), (2) the large radiation dose associated with QCT, which for a 10 cm 81 

3D scan of L1 and L2 or a 15 cm 3D scan of the proximal femur ranges from 1.5 to 3.0 mSv [28] 82 

and, (3) the prohibitively high costs involved with either purchasing or scanning with a HR-pQCT 83 

system. A novel approach is needed to address these challenges facing the application of FE 84 

modelling as an effective tool for clinical assessment of bone properties and fracture risk. In the 85 

study described here we have investigated whether FE modelling derived from tibial pQCT images 86 

may provide a solution. 87 

Clinical tibia pQCT imaging typically targets two locations, the trabecular-dominant distal 88 

epiphysis (4% site of the tibial length from the distal end) and the cortical-dominant diaphysis (for 89 

example, the 66% site) [15,29]. To limit radiation dose and scan time, only a single cross-section 90 

~2 mm thick is obtained at these two locations. By generating an FE model based upon these cross-91 

sections, all of the aforementioned issues would be addressed: the radiation dose and scan time 92 

would be minimal and within clinical imaging protocols, and the FE model simplicity would allow 93 

its construction to be quick and easily automated. While this FE model would not represent the 94 

entire length of bone, it would account for three-dimensional stresses that are neglected when using 95 

structural properties or strength indices.  96 
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The aims of the current study were to (1) develop an FE model based on clinical pQCT 97 

imaging protocols that predicted the compressive, shear, torsional and bending stiffness of tibial 98 

epiphysis and diaphysis, and (2) to compute and compare the diagnostic characteristics of DXA, 99 

pQCT, structural and FE model variables to identify individuals who have recently sustained a 100 

low-trauma fracture.  101 

2 Materials and Methods 102 

2.1 Study design 103 

This study assessed the ability of FE-predicted stiffness variables derived from pQCT scans of the 104 

tibia to distinguish between patients who had recently sustained a low-trauma fracture at another 105 

skeletal site (fracture group) and subjects who had no prior fragility fracture history (control 106 

group). The properties of the intact tibia were assumed representative of the subject’s current 107 

skeletal health, which was assumed deficient for the fracture patients. The tibia was considered 108 

because it is readily accessed by a pQCT scanner, it is a site that has been well-documented to 109 

exhibit changes in its micro-architecture due to aging and osteoporosis (see review by [30]), and 110 

because tibial parameters have been associated with osteoporotic fractures at any skeletal site [31]. 111 

The classification analysis was repeated for structural properties calculated from composite beam 112 

theory, for routine properties used in clinical pQCT imaging and for DXA-derived measurements 113 

of aBMD for the total hip and lumbar spine.  114 

  115 

2.2 Participants 116 

The fracture group comprised 23 post-menopausal women [age 64.4±8.3 years (mean±SD)] who 117 

had experienced a low-trauma fracture (i.e., a fracture incurred from trauma equivalent to or less 118 
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than a fall from standing height). Each patient of the fracture group had at least one tibia without 119 

fracture and these patients were scanned within three months post-fracture using pQCT and DXA 120 

(see scanning protocol below). The control group comprised 23 post-menopausal women (age 121 

64.8±6.8 years) that had no prior history of fracture to the imaged tibia and who had not incurred 122 

any previous fragility fractures. Healthy controls were recruited through electronic and paper-123 

based advertisements at the University of Melbourne and the Royal Melbourne hospital. The 124 

control participants were included if they were greater than 50 years of age, had no prior history 125 

of medical conditions that may affect bone health (e.g., osteoporosis, hyperthyroidism, diabetes), 126 

and if using hormone replacement therapy were receiving a stable dose. Control and fracture group 127 

patients were also selected to achieve a height- and weight-match between the groups. All low-128 

trauma fracture patients were recruited through the Royal Melbourne Hospital Fracture Capture 129 

program [32]. Ethics approval for this study was obtained from the Melbourne Health Human 130 

Research Ethics Committee [ID MH2014.143]. Patients provided written informed consent before 131 

participation.  132 

2.3 pQCT and DXA scanning protocol  133 

A Stratec XCT-3000 pQCT scanner (Medizintechnik, Pforzheim, Germany) running operating 134 

software version 6.20 acquired axial cross-sections of the tibia. Scans were performed by an 135 

experienced technologist according to the XCT-3000 software user’s manual. Axial images were 136 

obtained at two sites, 4% and 66% of the bone length measured proximally from the distal articular 137 

surface (Fig. 1A). A scout scan was used to locate the distal articular surface of the tibia. Each 138 

cross-section had a slice thickness of 2 mm and a 0.4 mm voxel size. Tibia length (Ltibia) was 139 

measured manually as the vertical distance from the medial malleolus to the inferior apex of the 140 

patella whilst the knee was flexed at 90 degrees. Daily phantom scans were performed to assess 141 
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long-term scanner stability and, to date, no alterations of the calibration function have been 142 

required. 143 

A fan-beam densitometer (Horizon QDR 4500A, Hologic Inc., Bedford, MA, USA) was 144 

used to scan the hip and lumbar spine of each subject. The scans were analysed using the 145 

manufacturer's commercial software (version 9.10D) to obtain aBMD measurements for the 146 

femoral neck, lumbar spine and total hip. All scans were performed in array mode by an 147 

experienced operator and the 12-month precision of the scanner for the spine phantom was 0.39% 148 

for aBMD and 0.58% for bone mineral content [33].  149 

2.4 pQCT properties 150 

The tibial bone pQCT images were manually segmented using commercially-available software 151 

(Matlab; version R2016b Mathworks, Natick, MA, USA), and the Hounsfield unit (Hf) of each 152 

voxel was converted to apparent bone mineral density (ρapp) using Eq. 1 (see also Fig. 1B), which 153 

was derived for the scanner based on the specifications provided in the open-source software 154 

BoneJ [34]. These segmented data were used to derive standard pQCT variables including: total 155 

area (atot) and total density (ρtot). The bone stress-strain indices for bending (SSIx and SSIy) and 156 

torsion (SSIpol) were calculated for each of the 4% and 66% locations (Eqs. 2-3).  157 

𝜌𝑎𝑝𝑝 = 1.484𝐻𝑓 − 48965 ,        (1) 158 

 𝑆𝑆𝐼𝑥 = ∑
𝐶𝐷𝑖𝐴𝑖𝑑𝑦,𝑖

2

𝐶𝐷𝑛𝑜𝑟𝑚𝑑𝑦𝑚𝑎𝑥
 ,  𝑆𝑆𝐼𝑦 = ∑

𝐶𝐷𝑖𝐴𝑖𝑑𝑥,𝑖
2

𝐶𝐷𝑛𝑜𝑟𝑚𝑑𝑥𝑚𝑎𝑥
,     (2) 159 

  𝑆𝑆𝐼𝑝𝑜𝑙 = ∑
𝐶𝐷𝑖𝐴𝑖𝑟𝑖

2

𝐶𝐷𝑛𝑜𝑟𝑚𝑟𝑚𝑎𝑥
 ,        (3)  160 

where ρapp is the apparent bone mineral density; Hf is the Hounsfield unit; CDi is the 161 

cortical bone density; Ai, is the area of voxel i; dx,i, dy,i, ri are the horizontal, vertical and 162 

radial distances of voxel i from the cortex centroid respectively; CDnorm is the normal 163 
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physiological density of cortical bone (1200 g/cm3); and dxmax, dymax and rmax are the 164 

maximum x, y and radial distances of a cortical bone voxel from the cortex centroid, 165 

respectively. The x- and y-axes were aligned with the minimum and maximum neutral axes, 166 

respectively, derived from the cortical bone in each cross-section. 167 

2.5 Structural properties 168 

The Young’s modulus (Ei) of cortical and trabecular bone was calculated at each voxel i in the 169 

segmented pQCT images using Eq. 4, which was derived from mechanical tests performed on 170 

small cylindrical bone specimens extracted from the tibia [11] (see also Fig. 1C). Axial and 171 

torsional rigidities (EA, GJ, respectively) and the bending rigidity about the x and y-axes (EIx and 172 

EIy, respectively) were calculated for each cross-section using Eqs. 5-8.  173 

𝐸𝑖 = 15520𝜌𝑎𝑝𝑝,𝑖
1.93         (4) 174 

𝐸𝐴 = ∑ 𝐸𝑖𝑎𝑖          (5) 175 

GJ = ∑ 𝐺𝑖(𝑥𝑖
2 + 𝑦𝑖

2)𝑎𝑖        (6) 176 

EI𝑥 = ∑ 𝐸𝑖𝑦𝑖
2𝑎𝑖 ; EI𝑦 = ∑ 𝐸𝑖𝑥𝑖

2𝑎𝑖       (7) 177 

𝑥̅ =
∑ 𝐸𝑖𝑥𝑖𝑎𝑖

∑ 𝑎𝑖
;  𝑦̅ =

∑ 𝐸𝑖𝑦𝑖𝑎𝑖

∑ 𝑎𝑖
,        (8) 178 

where Ei, Gi, ρapp,i and ai are, respectively, the Young’s modulus, shear modulus, apparent 179 

density and area of voxel i. For transverse cross-sections, Gi was taken as Ei/2.6 [12]. EA 180 

= axial rigidity, GJ = torsional rigidity, EIx and EIy are the bending rigidities about the x- 181 

and y-axes. The x- and y-axes were aligned to the minimum and maximum neutral axes, 182 

respectively, derived using both the cortical and trabecular bone in each cross-section. 𝑥̅, 183 

𝑦̅  are the coordinates of the density-weighted centroid for the cross-section, and xi, yi 184 

represent the horizontal and vertical distance between voxel i and the density-weighted 185 

centroid. 186 
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2.6 FE model properties 187 

Using Matlab, the segmented pQCT images were extruded by the 2 mm slice thickness to generate 188 

a mesh of 0.4x0.4x2 mm elements (Fig. 2A). Each element was modelled as a linear-elastic 189 

material with the respective Ei and Gi set to the values calculated above (see Section 2.5) and the 190 

mesh was re-sliced in the axial direction into 0.4 mm cubic elements (Fig. 2B). Each voxel mesh 191 

was used to create a FE model in the commercial software Abaqus (version 6.11, Simulia, Dassault 192 

Systemes, Providence, RI, USA). Although the cubic element size of 0.4 mm was too large to 193 

capture the topology of individual trabeculae, which for the distal tibia vary between 0.10 to 0.15 194 

mm [35,36], previous FE models of the femur that represented cortical and trabecular bone with a 195 

continuum of elements that incorporated edge lengths greater than 1.5 mm were found to predict 196 

experimental bending and compressive strengths, with coefficients of determination (R2) between 197 

0.85 and 0.90 [37–39]. Hence, the continuum mesh with an element size of 0.4 mm implemented 198 

in the current study was assumed sufficient for modelling the contribution of the trabecular and 199 

cortical bone to the total stiffness of the 2 mm thick tibial cross-sections.  200 

The origin of the models was set as the density-weighted centroid (Eq. 9), the x- and y-201 

axes were aligned with the minimum and maximum neutral axes, respectively, and the z-axis was 202 

normal to the cross-section. Four load cases were considered for all FE models; axial compression, 203 

shear, torsion and bending (Figs. 3A-D). Axial compression was simulated by a 0.01 mm 204 

displacement of the superior surface towards the inferior surface. Shear was simulated by a 0.01 205 

mm displacement of the superior surface in the direction of either the x- or y-axes. Torsion was 206 

simulated by a 0.0001 radian rotation of the inferior surface about the z-axis. Bending was 207 

simulated by a 0.0001 radian rotation of the inferior surface about either the x- and y-axes (i.e., 208 

cross-section neutral axes). These idealised loading conditions would almost certainly differ from 209 
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tibial loading in vivo, where compression, shear, torsion and bending occur simultaneously [40]. 210 

Logically, however, a bone that more weakly resists an idealised load has a greater risk of 211 

fracturing for the combined load case. Indeed, this assumption has been adopted in previous micro-212 

finite element studies, where the strength of the tibia or radius was calculated for idealised axial 213 

compression, and used to assess fracture risk [31].  214 

The reaction forces and moments predicted from the simulations were divided by the 215 

respective applied displacement or rotation to determine the compressive stiffness (kcomp), shear 216 

stiffness (kshear), torsional stiffness (ktorsion) and bending stiffness (kbend) of each cross-section. 217 

Although strain-based failure criteria in FE models have been previously used to predict bone 218 

strength [21], this was not possible here because results from a mesh convergence study showed 219 

the absolute strain predictions from our FE models were unreliable for 0.4 mm cubic elements 220 

implemented in a 2 mm thick cross-section (data not shown). In all simulations, the unprescribed 221 

degrees-of-freedom of the inferior and superior surfaces were set to zero to account for the 222 

resistance of the surrounding bone.  223 

2.7 FE model verification 224 

To verify that the FE model predictions were independent of the FE mesh size, a mesh 225 

convergence analysis was performed. For the 4% and 66% sites of a representative fracture 226 

subject, the original 0.4 mm cubic elements of the FE model were resized to 0.1, 0.2 or 1.0 227 

mm (Fig. 4). The apparent density and, hence, modulus of the elements for each different 228 

mesh size was calculated at their respective centroids in Matlab using a piecewise cubic 229 

surface fitted to the density distribution of the original pQCT image. The FE model for each 230 

mesh was used to simulate the four load cases, from which the corresponding FE model 231 

properties were calculated.  232 
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The rigid boundary conditions together with the thin cross-sections would generate some 233 

stress concentrations in the FE model. However, by applying identical boundary conditions for all 234 

FE models, it was assumed that the relative differences in stiffness predicted between the control 235 

and fracture group would be consistent regardless of the cross-section thickness. To support this 236 

reasoning, three FE models of 50 mm diameter cylindrical tubes of Young’s modulus 0.15 GPa, 237 

0.16 GPa and 0.17 GPa were created that were either 2 mm or 100 mm thick (see Supplementary 238 

material Fig. 1) and used to simulate the aforementioned compression, shear, torsion and bending 239 

load cases. The relative changes in stiffness predicted as the Young’s modulus was varied were 240 

identical for each tube thickness (see Supplementary material Table 1), thus, confirming that 241 

relative differences in FE-predicted bone properties were unlikely to have been affected by cross-242 

section thickness.  243 

2.8 Statistical Analysis 244 

Significant differences between the control and fracture groups were assessed by a two-sample 245 

Kolmogorov-Smirnov test (p<0.05) which makes no assumption about the distribution of the data.  246 

To identify collinearity, variance inflation factors (VIFs) were derived from multivariate linear 247 

regressions where the predictors were based on either the pQCT properties (atot, ρtot, SSIx, SSIy and 248 

SSIpol), DXA properties (aBMD lumbar, aBMD femoral neck, aBMD total hip), structural 249 

properties (EA, GJ, EIx and EIy) or FE model properties (kcomp, kshear, ktorsion and kbend), and any 250 

unrelated property taken as the dependent variable. Age, height and weight were also included in 251 

each regression and collinearity was assumed for a VIF greater than 5.0 [41].  252 

To evaluate the relationship between fracture status and explanatory variables, a binary 253 

logistical regression was performed. The fracture status was considered a categorical variable and 254 

each predictor, the pQCT, DXA, structural and FE model properties was considered in independent 255 
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regressions, with each being adjusted for confounding variables, such as age, height and weight. 256 

Regression results were summarised by the odds ratio (OR) per standard deviation decrease in the 257 

predictor. For sets of properties found to be collinear, the property with the greatest average OR 258 

was included in the classification analysis, while the remaining collinear variables were excluded. 259 

The ability of the predictors to classify patients as controls or fracture patients was 260 

evaluated by constructing receiver operating characteristic (ROC) curves based on each logistical 261 

regression. The sensitivity (ability to correctly identify fracture group patients) and specificity 262 

(ability to correctly identify control group patients) was determined for each predictor using 263 

standard diagnostic formulae [42], with optimal values selected based on the Youden’s J statistic, 264 

which represents the maximum correct classification rate [43]. The area under the receiver 265 

operating curve (AUC) was also calculated for all predictors. All statistical analyses were 266 

performed using SPSS (version 24; SPSS Inc., Chicago, IL, USA).  267 

3 Results 268 

Descriptive characteristics of the control and fracture groups are provided in Table 1, where no 269 

significant differences were noted between the groups. The FE model verification analysis 270 

indicated that for a cubic element size of 1 mm applied to the 4% and 66% sites, the FE model 271 

properties (kcomp, kshear, ktorsion and kbend) varied considerably from their corresponding values 272 

computed with a cubic element size of 0.1 mm by -2.4 to 96.7% (Table 2). However, for smaller 273 

cubic element sizes of 0.4 and 0.2 mm, the FE model properties differed from those calculated 274 

with a cubic element size of 0.1 mm by -1.4 to -0.2%. These changes were considered minimal 275 

and verified that the FE model properties were independent of mesh size for cubic elements less 276 

than or equal to 0.4 mm. 277 
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The maximum and minimum principal stresses for each load case predicted by the FE 278 

models of a representative participant of the control group are provided for the 4% and 66% sites 279 

in Fig. 5. At the 4% site, the maximal principal stresses were confined to the thin layer of cortical 280 

bone for all load cases. In comparison, at the 66% site the maximal principal strains were located 281 

closer to the periosteum for torsion and bending, at both the endosteum for shear, and across the 282 

entire cortex for compression. The only exception to these trends was the maximum principal 283 

stress, which was largest for the trabecular bone at the 4% site and for the very low stiffness 284 

element of the medullary cavity for the 66% site. The reaction force or moment for each load case 285 

was used to calculate the compression, shear, torsion and bending stiffness for each site (Table 3). 286 

At the 4% site, all structural and FE model properties differed significantly (p<0.05) 287 

between the control and fracture groups (Table 4). Considering the pQCT variables, only ρtot 288 

differed significantly between the two groups at the 4% site (p=0.002). No variables were observed 289 

to differ significantly between the controls and fracture group at the 66% site. There was no 290 

significant difference observed between the two groups for the aBMDs derived using DXA. Box 291 

and whisker plots of key variables of each imaging modality (i.e., DXA, pQCT, structural and FE 292 

model properties) are provided in Fig. 6, which illustrates the distribution of variables between the 293 

controls and fracture group.   294 

 Based upon the linear multivariate regressions for the DXA, pQCT, structural and FE 295 

model properties, the VIFs for age, height and weight were less than 5.0 for all groups and sites 296 

(Table 5), indicating there was no collinearity between these variables and the bone properties 297 

presented in the current study. For the DXA variables of the control group, aBMD for the femoral 298 

neck and total hip each had a VIF greater than 5.0, implying collinearity between these variables. 299 

aBMD for the total hip was subsequently included in the classification analysis since it had the 300 
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greatest average OR (2.98, 95% CI: 1.24-7.13; Table 6). At the 4% site of both the control and 301 

fracture group, collinearity was observed between all properties within each of the pQCT, 302 

structural or FE model modalities (Table 5). Since ρtot, EA and kshear had the greatest OR for each 303 

modality, these were the only variables included in the correlation analysis for the pQCT, structural 304 

and FE model properties (Table 6). Similarly, for the pQCT and FE model properties at the 66% 305 

site, the respective variables were each found to be collinear, with the SSIx and ktorsion properties 306 

included in the classification analysis based upon their greater ORs. However, for the structural 307 

properties at the 66% site, only EIy and GJ were found to be collinear (Table 5). Since GJ had a 308 

greater average OR compared to EIy, it was included in the classification analysis along with the 309 

independent variables EA and EIx.  310 

Considering properties derived at the 4% site and adjusting for age, weight and height, the 311 

fracture odds increased most with a decrease in kshear (OR=16.09, 95% CI: 2.52-102.56, p=0.003) 312 

(Table 6). For variables included in the classification analysis, odds ratios that were significant 313 

(p<0.05) with a mean value greater than 5.0 were also observed for the structural property EIy and 314 

the pQCT property ρtot. At the 66% site, the odds of fracture were not significantly related to any 315 

of pQCT, structural or FE model properties included in the classification analysis. In the case of 316 

DXA, the odds ratio was significant for aBMD of the total hip (OR=2.98, 95% CI: 1.24-7.13, 317 

p=0.01).  318 

The greatest AUC was observed at the 4% site for the FE model property kshear (AUC: 0.81, 319 

95% CI: 0.69-0.94). Youden’s J statistic was greatest for this variable, indicating the optimal 320 

combination of sensitivity and specificity (78.3% and 82.6%, respectively). AUCs of a similar 321 

magnitude were observed at the 4% site for the structural property EIy (AUC: 0.80, 95% CI: 0.67-322 

0.93) and the pQCT property ρtot (AUC: 0.80, 95% CI: 0.67-0.93). The greatest AUC observed for 323 
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the DXA properties was aBMD for the total hip (AUC: 0.71, 95% CI: 0.56-0.86). The AUCs 324 

observed at the 66% site provided a poor classification between the controls and fracture group, 325 

with mean values between 0.61 and 0.65.  326 

4 Discussion 327 

In this study an FE model based on pQCT was proposed and its diagnostic ability to identify 328 

patients who had recently sustained a low trauma fracture was compared with structural properties 329 

and clinical pQCT and DXA properties. For this analysis, pQCT scans of the tibial epiphysis and 330 

diaphysis were obtained for two groups of post-menopausal women; a group who had recently 331 

sustained a low-trauma fracture at another skeletal site (fracture group) and an age-matched group 332 

with no history of tibial fracture and at the time of this study were considered to be at low risk of 333 

incurring a low-trauma fracture (control group). The properties of the intact tibia were assumed to 334 

be representative of each subject’s current skeletal health, which was hypothesised to be deficient 335 

in the fracture group.  336 

Whilst FE models based on individual bone cross-sections from pQCT imaging have been 337 

previously developed [44], to our knowledge, this is the first study to (1) use these techniques to 338 

assess fracture status in vivo and, (2) compare its diagnostic performance with existing fracture 339 

risk assessment methods. The FE model property kshear had the greatest OR (16.09; 95% CI: 2.52-340 

102.56) and AUC (0.81; 95% CI: 0.69-0.94), indicating this variable had the greatest probability 341 

to correctly differentiate the fracture group from the control group. The diagnostic characteristics 342 

were marginally lower for the structural property EA (OR: 10.51; 95% CI: 2.07-53.44) (AUC: 343 

0.80; 95% CI: 0.67-0.93) and the pQCT property ρtot (OR: 12.86; 95% CI: 2.51-65.76) (AUC: 344 

0.80; 95% CI: 0.67-0.93). For DXA, aBMD obtained for the total hip had a lower, yet still 345 
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significant, diagnostic performance (OR: 2.98; 95% CI: 1.24-7.13) (AUC: 0.71, 95% CI: 0.56-346 

0.86). The stress-strain indices used in clinical pQCT imaging had significantly reduced 347 

performance compared to the aforementioned variables, with ORs less than 2.02 and an AUC of 348 

0.65, 95% CI: 0.49-0.81. The trabecular-dominant distal tibial epiphysis yielded enhanced 349 

predictions of fracture status compared to the diaphysis. This suggests that trabecular bone 350 

properties are more sensitive than cortical bone properties for identifying fracture risk, a finding 351 

supported by others [45,46]. 352 

These findings suggest that simple pQCT measurements (ρtot) and predictions of bone 353 

stiffness obtained using FE modelling may be used to add to the diagnostic accuracy of DXA. 354 

Whilst this finding is consistent with others who compared pQCT, HR-pQCT and/or QCT to DXA 355 

in fragility and radial fracture assessment [25,47–49], it is acknowledged that DXA is not typically 356 

recommended for early postmenopausal women aged less than 60 years, unless they possess a 357 

clinical risk factor [50,51]. Although the low-trauma fractures sustained by the fracture group 358 

patients is a well-established risk factor that improves the sensitivity of fracture prediction using 359 

DXA [52], this was not the case for the control subjects, who did not present with any apparent 360 

fracture risks. Hence, a reduced fracture risk sensitivity would be expected for the controls using 361 

DXA, which would explain its reduced diagnostic accuracy compared to the other modalities 362 

considered in the current study. 363 

The classification performance obtained for the structural and FE-derived properties also 364 

support previous findings that other bone properties exist that better correlate with fracture 365 

properties compared with stress-strain indices [18]. In this study, the differences between the 366 

groups appeared best characterised by differences in the trabecular bone, which may explain the 367 

poor diagnostic performance of the stress-strain indices, since they are calculated based solely on 368 
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the density and distribution of cortical bone. This effect may have also reduced the diagnostic 369 

performance of the DXA-derived aBMD measurements, since the imaging sites have 370 

proportionally greater amounts of cortical bone compared to the tibial epiphysis. 371 

This study had limitations that are acknowledged. The generalization of the findings in this 372 

study may be limited by the low number of subjects in the control and fracture group. The number 373 

of participants was motivated by the intentions of this work, specifically to present the FE 374 

modelling framework and to examine whether the classification characteristics of this model 375 

appeared to classify fracture risk favourably, albeit for a relative small sample of subjects. In future 376 

work, we intend to re-evaluate the classification characteristics of all presented bone properties 377 

across a much larger cohort.  378 

The distribution of fracture sites across the fracture group patients was inhomogeneous, 379 

with a number of different upper or lower limb fractures observed. These fracture sites were a 380 

consequence of the recruitment of low-trauma fracture patients from a fracture liaison service, a 381 

cohort which predominately comprise peripheral fractures, as compared to the prevalence of hip 382 

and vertebral fractures typically encountered for osteoporotic fracture groups [53–55]. However, 383 

given that pQCT specifically images the peripheral skeleton, it would be suggested that the 384 

prediction of fracture risk based on FE-derived bone properties is ideal for predicting fracture risk 385 

in cohorts with increased limb fracture prevalence, as considered in the current study. When further 386 

considering the different fracture sites, it is feasible that the seven patients who sustained a low-387 

trauma lower limb fracture may have experienced bone remodelling of their intact tibia due to the 388 

loss in mobility and change in loading experienced following the injury. Compared to the bone 389 

remodelling cycle of 120-200 days [56], it is feasible that some remodelling may have taken place 390 

from post-fracture to pQCT imaging, which for these patients was on average 64.4 days (range: 391 
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30-88 days). However, there was no significant differences observed between fracture group 392 

patients with and without a lower limb fracture (Supplementary material Table 2), which would 393 

support the reasoning that any changes in bone structure due to different post-fracture tibial 394 

loadings between subjects were minor and considered unlikely to alter the findings of the current 395 

study.  396 

Another evident issue is whether the fracture status of each subject was truly related to the 397 

structural properties at two discrete locations of the intact tibia. Whilst these sites are useful for 398 

comparing differences in cortical and trabecular bone structures at a consistent location, their 399 

ability to predict skeletal fracture risk relies on the assumption of uniform structural changes 400 

throughout the body. In reality, bone loss associated with aging or osteoporosis is not uniform 401 

across the body [57,58]. By acquiring pQCT scans at other locations such as the contralateral tibia 402 

or the forearms, the extent of the inhomogeneity may be evaluated, and possibly used to improve 403 

the diagnostic performance of the methods presented in the current study. We note, however, that 404 

previous longitudinal data has shown the tibia to be a reasonable predictor for all types of fragility 405 

fractures, including vertebrae, ribs or the appendicular skeleton  [31]. 406 

A final limitation was that the loads applied in the FE model would differ from those 407 

encountered by tibiae in vivo. For example, the knee joint experiences both forces and bending 408 

moments that each change magnitude and direction during daily activities [59]. However, 409 

musculoskeletal loadings vary significantly between individuals [60–62] and obtaining these 410 

correct loading combinations for a large number of patients would not be feasible in a clinical 411 

setting. Therefore, idealising the loading conditions was the only practical option available, and 412 

adequately met the aims of our study since the classification analysis only considered differences 413 

in bone properties between the control and fracture groups.  414 
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In summary, we have demonstrated that FE models of individual pQCT cross-sections are 415 

likely to enhance diagnosis of fracture status compared to stress-strain indices used in pQCT image 416 

and aBMD measurements derived using DXA. Whilst it is feasible to apply these methods in 417 

prospective fracture risk diagnosis, caution should be exercised when generalising the findings of 418 

our study since it was cross-sectional in design and based on outcomes for a small number of 419 

relatively young subjects where DXA is known to be less sensitive for fracture risk assessment 420 

[50]. Hence, longitudinal data for a larger and, ideally, older cohort of patients are needed to 421 

confirm the outcomes based on our assessment of fracture status. Nevertheless, we would 422 

recommend caution when using pQCT properties such as SSIs for fracture risk prediction because 423 

our results suggest more accurate variables are available such as bone properties derived from FE 424 

modelling or structural analysis.  425 
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Tables 

Table 1: Descriptive characteristics of the control and fracture groups and details of fracture sites incurred prior to imaging* 

Variable 

Control group 

(N=23) 

Fracture group 

(N=23) P value 

Age (yrs) 64.8±6.8 64.4±8.3 0.593 

Height (cm) 162.3±5.5 159.2±8.9 0.096 

Weight (kg) 68.1±14.7 66.2±10.8 0.983 

BMI (kg/cm2) 25.9±5.6 26.2±4.3 0.593 

Ltibia (cm) 35.5±1.6 33.0±3.5 0.096 

 

Fracture site1      

Contralateral tibia or fibula 0 5  

Ankle or foot 0 1  

Femur 0 1  

Humerus 0 3  

Radius 0 15  

Ltibia, tibia length; BMI, body mass index. 

*Significant differences between the groups were assessed by a two-sample Kolmogorov-Smirnov test 
1 Note: one fracture group patient sustained a fracture at both the radius and contralateral tibia, whilst another sustained both radial and 

humeral fracture.   
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Table 2: FE model variables computed for different cubic element sizes at the 4% and 66% sites of a representative control 

subject. Diff. indicates the percentage difference of each stiffness from the value computed with a cubic element size of 0.1 mm.    

Site 

Cubic 
element 
size (mm) 

kcomp   kshear  ktorsion  kbend 

Value 

(kN/mm) 

Diff. 
(%)  

Value 

(kN/mm) 

Diff. 
(%)  

Value 

(Nm/deg) 

Diff. 
(%)  

Value  

(Nm/deg) 

Diff. 
(%) 

4
%

 s
it

e
 1 1242.4 0.0  11.3 -96.7  1213.0 -1.5  67.8 -96.2 

0.4* 1256.7 1.1  345.1 1.4  1244.8 1.1  1824.4 1.4 

0.2 1245.9 0.2  341.8 0.4  1234.6 0.3  1805.5 0.3 

0.1 1242.9 N/A  340.4 N/A  1231.4 N/A  1799.8 N/A 

6
6

%
 s

it
e

 1 3814.9 0.6  1115.2 2.4  2940.3 0.0  2704.7 0.4 

0.4* 3818.7 0.7  1100.6 1.1  2957.0 0.5  2719.8 0.9 

0.2 3798.0 0.2  1092.0 0.3  2945.7 0.2  2701.7 0.2 

0.1 3791.5 N/A  1088.9 N/A  2941.0 N/A  2695.2 N/A 

kcomp, compressive stiffness; kshear, shear stiffness; ktorsion, torsional stiffness; kbend, bending stiffness. 

*Original element size of FE models.  
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Table 3: Calculation of compressive, shear, torsional and bending stiffness at the 4% and 66% sites for a representative participant of 

the control group.  

Load case 

4% site  66% site 

Reaction force 

or moment Stiffness 

 Reaction force 

or moment Stiffness 

Compression 12514.5 N 1251.5 kN/mm  38129.1 N 3812.9 kN/mm 

Shear 3430.2 N 343.0 kN/mm  10984.9 N 1098.5 kN/mm 

Torsion 7.1 Nm 1238.0 Nm/deg  16.9 Nm 2952.5 Nm/deg 

Bending 10.4 Nm 1816.9 Nm/deg  15.5 Nm 2709.5 Nm/deg 
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Table 4: DXA, pQCT, structural and FE model properties derived for the control and fracture groupsa. Values are specified where 

applicable for the 4% and 66% sites of the tibia. 

  Variable  Control Group (N=23) Fracture Group (N=23) p-value     

D
X

A
 

p
ro

p
er

ti
es

 

aBMD lumbar 

spine (mg/cm2) 

 

964.8±201.9 874.8±139.8 0.096 

 

   

aBMD femoral 

neck (mg/cm2) 

 

732.9±119.7 679.1±94.6 0.593 

 

   

aBMD total hip 

(mg/cm2) 

 

907.2±167.1 788.3±116.2 0.593 

 

    

   4% site  66% site  

Variable 

 

Control Group (N=23) Fracture Group (N=23) p-value 

 Control Group 

(N=23) Fracture Group (N=23) p-value 

p
Q

C
T

  
  

 

p
ro

p
er

ti
es

 

atot (mm2)  1132.8±184.3 1181.3±162.0 0.360  571.9±62.4 552.3±96.9 0.593 

ρtot (mg/cm3)  279.8±55.2 222.7±38.9 0.002  622.6±100.1 617.2±110.9 0.842 

SSIx (mm2)  405.5±216.8 317.2±184.9 0.195  1527.9±212.3 1377.3±289.5 0.195 

SSIy (mm2)  225.9±188.3 143.5±152.8 0.360  879.7±165.9 794.9±175.9 0.195 

SSIpol (mm2)  547.9±360.0 388.8±296.0 0.195  2128.2±330.2 1917.0±407.5 0.360 

S
tr

u
ct

u
ra

l 

p
ro

p
er

ti
es

 EA (106 N)  1.8±0.5 1.3±0.4 0.002  5.5±1.0 5.1±1.0 0.195 

GJ (N●m2)  152.9±38.6 118.2±31.9 <0.001  298.9±60.4 265.7±71.9 0.360 

EIx (N●m2)  221.5±57.5 170.9±44.1 <0.001  547.3±102.7 483.6±137.1 0.360 

EIy (N●m2)  175.5±44.8 136.1±39.5 0.006  228.3±64.6 205.7±58.8 0.593 

F
in

it
e 

el
em

en
t 

m
o

d
el

 

p
ro

p
er

ti
es

 kcomp (kN/mm)  1148.8±325.1 821.0±233.4 <0.001  3361.7±671.8 3125.6±668.0 0.195 

kshear (kN/mm)  318.2±92.6 221.8±64.9 <0.001  963.8±198.4 896.4±197.3 0.195 

ktorsion (Nm/deg)  1279.9±328.8 977.5±273.0 <0.001  2532.1±517.1 2240.4±611.5 0.360 

kbend (Nm/deg)  1871.4±484.7 1430.2±411.3 <0.001  2386.1±689.6 2144.4±621.5 0.593 

aBMD, areal bone mineral density; atot, total area; ρtot, total density; SSIx and SSIy stress-strain indices about the x- and y-axes, 

respectively; SSIpol, torsional stress-strain index, EA, axial rigidity; EIx and EIy bending rigidity about the x- and y-axes, respectively; 

GJ, torsional rigidity; kcomp, compressive stiffness; kshear, shear stiffness; ktorsion, torsional stiffness; kbend, bending stiffness. 
a Significant differences between the groups were assessed by a two-sample Kolmogorov-Smirnov test. 
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Table 5: Variance inflation factor (VIF) of DXA, pQCT, structural and FE model properties derived for the control and fracture groups. 

Values are specified where applicable for the 4% and 66% imaging sites of the tibia. 

  

 

VIF 

 

  

 Modality Variable 
 

Control Group (N=23) Fracture Group (N=23) 
 

  

D
X

A
 p

ro
p

er
ti

es
 

Age  1.4 1.2    

Height  1.6 1.4    

Weight  2.3 1.5    

aBMD lumbar 

spine 
 4.1 1.4 

 

  

aBMD femoral 

neck 
 11.0 4.0 

 

  

aBMD total hip  16.7 3.7    

 
 

 
VIF, 4% site 

 
VIF, 66% site 

Modality Variable 

 

Control Group (N=23) Fracture Group (N=23) 

 Control Group 

(N=23) Fracture Group (N=23) 

p
Q

C
T

 p
ro

p
er

ti
es

 

Age  1.9 1.6  1.6 1.4 

Height  2.2 2.1  1.9 1.9 

Weight  2.0 2.3  3.0 1.5 

atot  5.2 6.9  55.3 44.9 

ρtot  5.1 6.4  56.7 21.4 

SSIx  31.8 103.1  18.1 37.8 

SSIy  83.4 281.5  38.7 20.6 

SSIpol   143.4 671.3  101.8 77.2 

S
tr

u
ct

u
ra

l 
p

ro
p

er
ti

es
 Age  1.3 1.4  1.2 1.2 

Height  1.8 1.7  1.6 2.1 

Weight  2.3 1.5  1.7 1.2 

EA   5.6 12.9  2.9 2.7 

GJ  15.1 30.1  8.5 8.2 

EIx  9.4 32.3  2.3 2.8 

EIy  13.1 18.3  5.8 5.9 
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F
in

it
e 

el
em

en
t 

m
o

d
el

 

p
ro

p
er

ti
es

 

Age  2.9 1.4  1.3 1.3 

Height  2.3 1.7  1.6 2.3 

Weight  3.3 1.4  2.1 1.6 

kcomp 
 2298.6 441.6  5398.2 3753.6 

kshear  2301.5 419.6  5311.0 3548.2 

ktorsion 
 39.4 80.1  21.3 34.3 

kbend  35.7 56.3  21.5 18.5 

aBMD, areal bone mineral density; atot, total area; ρtot, total density; SSIx and SSIy stress-strain indices about the x- and y-axes, 

respectively; SSIpol, torsional stress-strain index, EA, axial rigidity; EIx and EIy bending rigidity about the x- and y-axes, respectively; 

GJ, torsional rigidity; kcomp, compressive stiffness; kshear, shear stiffness; ktorsion, torsional stiffness; kbend, bending stiffness. 
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Table 6: Odds ratio, sensitivity, specificity and area under curve (AUC) of receiver operative characteristic curve derived for DXA, 

pQCT, structural and FE-model propertiesa,b. Values are specified where applicable for the 4% and 66% imaging sites of the tibia.  

Imaging 

modality 

Variable  Odds ratio 

(95% CI) 

Sensitivity 

(%) 

Specificity 

(%) 

AUC (95% 

CI) 

 

    
D

X
A

 p
ro

p
er

ti
es

 

aBMD 

lumbar 

spine 

 1.77  

(0.84-3.72) 

43.48 91.30 0.64  

(0.48-0.81) 
 

    

aBMD 

femoral 

neck 

 1.65  

(0.78-3.48) 

- - -  

    

aBMD 

total hip 

 2.98  

(1.24-7.13)* 

82.61 56.52 0.71  

(0.56-0.86) 
 

    

     4%  66% 

Imaging 

modality 

Variable  Odds ratio 

(95% CI) 

Sensitivity 

(%) 

Specificity 

(%) 

AUC (95% 

CI) 

 Odds ratio Sensitivity 

(%) 

Specificity 

(%) 

AUC (95% 

CI) 

p
Q

C
T

 p
ro

p
er

ti
es

 

atot  1.97  

(0.88-4.42) 

- - -  1.07  

(0.54-2.15) 

- - - 

ρtot  12.86  

(2.51-65.76)** 

73.91 78.26 0.80  

(0.67-0.93) 

 1.05  

(0.56-1.97) 

- - - 

SSIx  1.88 

(0.82-4.29) 

- - -  2.02 

(0.80-5.08) 

82.61 47.83 0.65  

(0.49-0.81) 

SSIy  1.86  

(0.84-4.13) 

- - -  1.63  

(0.72-3.69) 

- - - 

SSIpol  1.93  

(0.85-4.37) 

- - -  1.89  

(0.79-4.51) 

- - - 

S
tr

u
ct

u
ra

l 
p

ro
p

er
ti

es
 

EA  10.51  

(2.07-53.44)** 

73.91 78.26 0.80 (0.67-

0.93) 

 1.34  

(0.62-2.91) 

39.13 91.30 0.61  

(0.44-0.77) 

GJ  6.70  

(1.62-27.74)* 

- - -  1.64  

(0.68-3.92) 

47.83 78.26 0.63  

(0.46-0.79) 

EIx  6.44  

(1.61-25.81)* 

- - -  1.72  

(0.70-4.21) 

65.22 60.87 0.63  

(0.47-0.80) 

EIy  5.78  

(1.55-21.57)** 

    1.31  

(0.62-2.77) 

- - - 
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F
in

it
e 

el
em

en
t 

m
o
d

el
 

p
ro

p
er

ti
es

 

kcomp  13.46 

(2.32-77.97)** 

- - -  1.33  

(0.61-2.87) 

- - - 

kshear  16.09 

(2.52-102.56)** 

78.26 82.61 0.81  

(0.69-0.94) 

 1.31  

(0.61-2.81) 

- - - 

ktorsion  7.34 

(1.69-31.88)** 

- - -  1.69 

(0.7-4.06) 

47.83 78.26 0.63  

(0.47-0.79) 

kbend  6.80  

(1.68-27.52)** 

- - -  1.32 

(0.62-2.80) 

- - - 

atot, total area; ρtot, total density; SSIx and SSIy, stress-strain indices about the x- and y-axes, respectively; SSIpol, torsional stress-strain 

index, EA, axial rigidity; EIx and EIy, bending rigidity about the x- and y-axes, respectively; kshear, shear stiffness; ktorsion, torsional 

stiffness. Bold text, data for variables included in the classification analysis, based on their collinearity assessment and greater odds 

ratio. 
a     Adjusted for age, height and weight.  
b

 Significance of odds ratio tested with respect to null hypothesis (i.e., classification based on chance). 

*   p<0.05 

** p<0.01
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Figure captions 

Fig. 1. Diagram of pQCT imaging sites and the mapping of apparent density (ρapp) and Young’s 

modulus. A Location of 4% and 66% sites on tibia. Ltibia, length of tibia estimated as distance from 

medial malleolus to inferior apex of patella. Representative pQCT images obtained at the 66% and 

4% sites are provided. B Contour plot of ρapp at 66% and 4% sites. C Contour plot of Young’s 

modulus at 66% and 4% sites. The origin was aligned with the density weighted centroid of each 

cross-section and the x- and y-axes were aligned with the minimum and maximum neutral axes, 

respectively.  

Fig. 2. Diagram of FE model mesh of a representative specimen at the 66% site. Contours 

corresponding to different Young’s moduli are included in each picture. A FE model mesh 

generated by a 2 mm extrusion of the pQCT image. B Inset to part A showing the rectangular 

elements. C FE model mesh after re-slicing axially. D Inset to part C showing the 0.4 mm cubic 

elements. The origin of the models was set as the density-weighted centroid (Eq. 9), the x- and y-

axes were aligned with the minimum and maximum neutral axes, respectively, and the z-axis was 

normal to the cross-section. 

Fig. 3. Diagram of the load cases applied to each cross-section. The FE mesh corresponds to a 

representative specimen at the 66% site and the contours representing different Young’s moduli 

are included in each picture. A Compression load case, corresponding to a 0.01 mm displacement. 

Red arrows applied displacement of 0.01 mm in the negative z direction. Red triangles fixed 

boundary condition applied to surface. B Shear load case. Red arrows applied a displacement of 

0.01 mm in either the positive x direction or y direction. C Torsion load case. Red arrow applied 
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rotation of 0.0001 radians about the z-axis. D Bending load case. Red arrow applied rotation of 

0.0001 radians about either the x- or y-axis.  

Fig. 4. FE model meshes corresponding to a different cubic element sizes that were used in the 

verification analysis. The FE models describe a 4% site (top row) and 66% site (bottom row) of a 

representative participant of the control group. FE models corresponded to cubic element sizes of 

1.0, 0.4, 0.2 and 0.1 mm, (A, B, C and D, respectively). Close-up views of the FE model mesh 

with a 0.1 mm cubic element size are shown for the 4% and 66% sites (E and F, respectively). 

Fig. 5: Principal stresses predicted for compression, shear, torsion and bending predicted by the 

FE model at the 4% and 66% sites of a representative control participant. A Maximum principal 

stress predicted for each load case at the 4% site. B Minimum principal stress predicted for each 

load case at the 4% site. C Maximum principal stress predicted for each load case at the 66% site. 

D Minimum principal stress predicted for each load case at the 66% site. Due to significantly 

different stresses for each load case, the contours are expressed relative to the maximum and 

minimum stresses. 

Fig. 6. Box and whisker plot of key pQCT, FE model structural and DXA properties compared 

between the controls and fracture group. Variables include DXA: aBMD total hip, areal bone 

mineral density measured for the total hip by DXA; ρtot, total density obtained by pQCT at the 4% 

site; SSIx, stress-strain index about the x-axis at the 4% site; SSIpol, polar stress-strain index at 

the 4% site; kshear, shear stiffness at the 4% site; EA, axial rigidity at the 4% site. The red line 

represents the median, the edges of the box are the 25th and 75th percentiles, and the whiskers 

extend to the maximum and minimum of the data. Red crosses indicate outliers in the data. * p< 

0.05, ** p<0.001. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 

 

 


