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Abstract
Introduction  While bone literature abounds with correlations of mechanical stiffness to mineralization, such correlations 
are reported without relating the findings to specific intracortical locations. This study reports on mapping of stiffness and 
mineralization distributions in ring-shaped cortical bone samples sliced from mid-diaphyseal bovine femur. Stiffness and 
mineralization measurements were conducted at points across the intracortical thickness along radial lines emanating from 
the inner (endosteal) surface to the outer (periosteal) surface. Measurements were taken along approximately 4 mm distance 
of cortical bone thickness.
Materials and methods  Three experimental techniques were employed: Vickers microhardness (HV), energy-dispersive X-ray 
(EDX) spectroscopy, and computed tomography (CT). Stiffness values were extracted from the Vickers microhardness tests. 
Elemental mineralization values (calcium %wt. and phosphorus %wt.) were determined from EDX data. All measurements 
were repeated on three different femur bones taken from different bovines (collected fresh from butcher).
Results  The study plots stiffness values and elemental mineralization (calcium %wt. and phosphorus %wt.) versus cortical 
thickness. Both stiffness and Ca %wt. and P %wt. are found to track and to linearly increase when plotted along the radial 
distance. The stiffness and mineralization trends collected from Vickers and EDX measurements were verified by employing 
the CT number (Hounsfield units, HU) via CT scans of the same bone samples. Data fitting via statistical methods revealed 
that all correlations were statistically significant.
Conclusion  Starting from endosteal to periosteal surfaces of mid-diaphyseal bovine femur, it was found that stiffness, min-
eralization, and HU values all exhibit increasing and correlating trends.

Keywords  Bone · Intracortical · Stiffness · Mineralization · EDX · CT · Statistical correlations

Introduction

Generically speaking, cortical bone stiffness has long been 
established to be directly proportional to bone mineral con-
tent (e.g., Boivin et al. [1], Bala et al. [2], Haider et al. [3], 

Cai et al. [4]). Hage and Hamade [5] assessed intracortical 
stiffness values via microhardness measurements in con-
junction with homogenization numerical solutions extracted 
from intracortical porosity. Mineralization wise, calcium and 
phosphate atoms are typically present in cortical bone as 
hydroxyapatite. Smaller amounts of carbon, nitrogen, oxy-
gen, magnesium, sodium, sulfur, and potassium are also 
found (e.g., Boskey and Posner [6]). Minerals and colla-
gen determine the compact bone mechanical behavior [7, 8] 
and biomechanical properties [9]. In human calcanei bone, 
positive linear correlations were found to exist between the 
degree of mineralization and both the elastic modulus and 
strength of the bone [10]. Bone strength was reported to 
increase with increasing mineralization of transiliac bone 
biopsies in osteoporotic women using alendronate [11]. 
Hansson et al. [12], correlated (R = 0.86) bone mineral con-
tent and ultimate compressive strength and found that bone 
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strength increased linearly with increasing amounts of min-
eral content. In an early study, Romanus [13] reported posi-
tive correlations between phosphorus and calcium contents 
with higher significance observed for the ultimate tensile 
strength and elastic stiffness of the distal half region of the 
left femur (of experimental dogs). Zaichick and Tzaphlidou 
[14] studied the Ca, P, and Ca/P concentrations in human 
trabecular bone and found that while Ca concentrations 
are reduced with aging, phosphorus concentrations remain 
unchanged.

An assessment of bone minerals was performed on cor-
tical bone for different animal species using synchrotron 
radiation microtomography [15]. Abnormal osteoporotic 
bones were associated with higher Ca/P gradient and it was 
concluded that Ca/P ratio depends on bone type. A follow 
up study [16] using X-ray absorptiometry and computed 
microtomography concluded that Ca/P ratio better describes 
bone properties where low values of Ca/P ratio are indica-
tive of bone loss. Mandair and Morris [17] utilized Raman 
spectroscopy to examine mineral and matrix collagen com-
ponents relative to mineral crystallinity. Using nanoindenta-
tion and micro-CT techniques, Willems et al. [18] correlated 
tissue mineralization density (TMD) to cortical and cancel-
lous bone stiffness of a mandibular condyle. Through statis-
tical analysis of experimental data, TMD was found to affect 
cancellous bone stiffness more than cortical bone stiffness.

Starting from CT scans, various works related bone stiff-
ness (isotropic [19]), transversely isotropic [20], and ortho-
tropic [21] to HU values. Cuppone et al. [22] demonstrated 
that bone stiffness increases linearly with CT number. Sch-
neider et al. [23] found an increasing trend between CT num-
ber and bone modulus of elasticity for HU values of − 25 to 
3000. Hounsfield unit values were directly related to bone 
density and elastic constants by several workers including 
Khan et al. [24], Eberle et al. [25], and Gačnik et al. [26].

While many such studies have correlated bone elastic-
ity to mineralization and CT values, to the authors’ best 
knowledge, no other work reports on relating stiffness to 
specific intracortical locations within bone geometry. The 
objective of this work is to locally correlate stiffness val-
ues to mineralization in terms of the elemental constituents 
(mainly calcium and phosphorus) at specific bone locations. 
Using samples cut from mid-diaphysis femur bovine bones, 
Vickers microhardness tests are conducted along radial lines 
emanating from the geometrical center of the bone covering 
the thickness of the cortical bone (from the interior to the 
exterior regions). Consequently, longitudinal (E11) elastic 
stiffness values are extracted from these measurements and 
plotted as function of cortical thickness. Along the same 
radial lines, bone mineral compositions are quantified using 
EDX spectroscopy measurements of calcium (%wt. Ca) and 
phosphorus (%wt. P) content. Stiffness values and elemental 
bone mineralization values are then statistically correlated as 

function of location within the cortical thickness. The same 
specimens are also CT scanned and Hounsfield units (HU) 
are determined. Linear trends of values of stiffness, bone 
mineral content, and HU values are found versus each other 
and versus radial location. Statistically verified equations 
are then developed to correlate the observed linear trends of 
stiffness values versus mineralization and HU values all as 
function of cortical thickness. All these trends were found 
to exhibit strong statistical significance.

One merit of this work is the development of simple equa-
tions to estimate femur bone mineralization and stiffness as 
function of location in the cortical thickness. These findings 
provide an insight into the mechanical behavior at various 
locations within the cortical bone. The work demonstrates 
that bone intracortical stiffness varies significantly from 
interior to exterior regions. This comprehension of bone 
properties may prove helpful during surgery procedures that 
involve placing screws to relocate bones or to close fractures. 
These equations may act as non-invasive method to check for 
bone porosity, mineralization, and stiffness at given cortical 
locations. Furthermore, correlating the CT gray values to 
stiffness and to corresponding mineral content at localized 
bone locations may potentially aid to detect localized osteo-
porotic regions.

Materials and methods

Sample preparation

Three bovine femur bones from different healthy cows (with 
a similar age of 2 years old) were obtained fresh from a 
butcher. The animals did not witness any trauma before 
slaughtering and the bones were retrieved undamaged. Slices 
were cut from the mid-diaphyseal regions using a band saw 
while being water lubricated to obtain sections that are 1 cm 
thick. These bone sections resulted in ring-shaped cortical 
bone specimens. Bone marrow and blood were removed 
by washing with brine ice water solution and subsequent 
refrigeration. The brine water was changed by increasing 
salinity through the addition of two tablespoons of salt for 
a period of 24 h. Beyond which, the cut bone samples were 
allowed to dry.

CT scanning

The ring-shaped sliced specimens were scanned using a 
Philips Brilliance iCT scanner at the American University 
of Beirut Medical Center (AUBMC). Scans utilized 256 
slices at intervals of 0.67 mm, spaced by 0.33 mm, result-
ing in voxel size of 0.32 mm3. Scanning was conducted at 
0.4 mm/rotation pitch and rotation speed of 0.4/s at volt-
age and current values of 80 kV and 80 mA, respectively. 
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The two-dimensional images were saved as DICOM (digital 
imaging and communication in medicine) files. A total of 
1255 slices were passed to MIMICS [27], a commercially 
available package for segmentation purposes (see Yassine 
et al. [28] for description of the segmentation process).

Microhardness experiments

On each quadrant of every sliced bone specimen, Vickers 
microhardness tests (similar to those performed by Hage and 
Hamade [5]) were performed in accordance with the ASTM 
E384-11e1 standard at a load of 500 gf and dwell time of 
10 s. The surfaces were lightly polished by grinding using 
silicon carbide (SiC) abrasive paper of progressively finer 
grit sizes: 600, 800, and 1200 grit. This was followed by pol-
ishing with a cloth (2400 grit SiC paper) on a rotary wheel 
at constant speed and followed by final cleaning. Using a 
Nexus 4304 microhardness tester, micro-indentation experi-
ments were performed along each radial line of the sliced 
specimens at approximately 0.5 mm increments. A typical 
sliced bone specimen is shown in Fig. 1 (top-left) with bone 
quadrants marked according to the anatomical positions (A: 
Anterior, P: Posterior, M: Medial, and L: Lateral). Shown 

in Fig. 1 (top-right), in each of the four anatomical posi-
tions, are marker lines along which Vickers indentations, 
EDX spectroscopy, and CT scans were performed. Figure 1 
(bottom-left) shows a specimen the being mounted on the 
setup, (bottom-middle) illustrates the internal and exter-
nal bone regions with respect to the center or origin of the 
bone, and (bottom-right) is a close-up image showing the 
micro-indentations.

EDX experiments

Elemental compositions of the cortical specimens was inves-
tigated utilizing energy-dispersive X-ray (EDX) analysis 
(OXFORD EDX detector by TESCAN) operated at 10 kV 
and a light beam focused at 100 μÅ. Images were captured 
using the co-mounted MIRA3 LMU scanning electron 
microscope (SEM) after applying a thin platinum coating 
via physical vapor deposition (PVD).

Statistical analysis

Utilizing SPSS®, a statistical software package from IBM, 
relationship equations of bone stiffness, mineral content, and 

Fig. 1   Typical sliced bone specimen shown: (top-left) marked ana-
tomical positions (A: Anterior, P: Posterior, M: Medial, and L: Lat-
eral), (top-right) with radial lines along which microhardness and 
EDX measurements are collected, (bottom-left) mounted on the 

Nexus 4304 microhardness testing machine, (bottom-middle) with 
cortical bone center (origin), interior, and exterior radii, and (bottom-
right) close-up image of Vickers indentations
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CT gray values as function of bone radial distance (thick-
ness), R, were developed using simple and multiple linear 
regression analysis. This statistical technique allows for 
developing relationships between two or more variables. 
Statistical metrics, namely the coefficient of determination, 
R2, p value of the t test, and the F-test (ANOVA), are used to 
determine the statistical significance of variable variations. 
Specifically, the percentage of the variation of bone stiff-
ness is explained by the variation in the predictor variables 
namely bone mineralization and HU value. All of which 
are also correlated to the variation in bone radial location 
(cortical thickness).

Results

Indentation results: stiffness versus intracortical 
thickness

Based on the unloading portion of the force versus inden-
tation depth profiles and on the corresponding indentation 
areas, longitudinal stiffness (E11: Young’s modulus in the 
bone’s 1-direction or axial direction) values were deter-
mined. The assignment of the radial location of each inden-
tation is based on an x- and y-coordinate system whose ori-
gin is the bone’s geometric center. For the various radial 

Fig. 2   Three indentation force vs. penetration depth: loading and unloading curves for three bone samples dubbed samples: 1 (a), 2 (b), and 3 (c)

Fig. 3   Longitudinal stiffness modulus E11 (GPa) vs. radial distance, R (mm); EXP: experimental results for three samples: 1 (a), 2 (b), and 3 (c)

Table 1   Stiffness modulus, %wt. Ca, and %wt. P versus R: linear trends and their statistical metrics

E11 (GPa) Bone 1 Bone 2 Bone 3 All bones

Equation E11 = 1.770R − 5.091 E11 = 1.150R + 4.616 E11 = 1.786R − 5.171 E11 = 1.537R − 1.995

p value 0.00008 0.02 0.001 0.000004
R2 0.961 0.694 0.895 0.851
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lines, the x- and y- scales reach the bone’ outer cortex at 
distances ranging of 13.5–17.5  mm (depending on the 
specimen) in 0.5-mm increments (Fig. 1 (bottom-middle)). 
Three typical indentation force vs. penetration depth plots 
with loading and unloading curves are shown in Fig. 2 cor-
responding to 3 different bone samples dubbed samples 1 
(Fig. 2a), 2 (Fig. 2b), and 3 (Fig. 2c).

Values of the modulus of elasticity were determined using 
the method proposed by Oliver and Pharr [29]. Indentions 
dimensions and areas were calculated from digital images 
by determining the number of pixels (Hage and Hamade 

[5]). Longitudinal modulus values for bone samples 1, 2, 
and 3 were found to range from 18.5 to 26, 20.1–23.8, and 
18–24.4 GPa, respectively. For all three bone samples, Fig. 3 
shows the resulting E11 values plotted versus radial distance, 
R (intracortical thickness). Since small variations are meas-
ured in the different quadrants (Hage and Hamade [30–32]), 
average stiffness values are reported in Fig. 3. The found 
aggregate average and standard deviation stiffness modulus 
values are 22.34 GPa and 1.95 GPa, respectively (Luo et al. 
[33], Erickson et al. [34], and Cuppone et al. [22]).

Fig. 4   Typical EDX elemental composition spectrums (left) and their corresponding SEM micrographs (right). Samples: 1 (top), 2 (middle), and 
3 (bottom)
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Utilizing SPSS®, equations that describe Young’s mod-
ulus, E11, values as function of radius, R, are developed. 
Table 1 lists the statistical metrics R2 and p values for each 
of the three samples and for aggregated data of all three sam-
ples. All trends are found to be statistically significant (all 
p values < 0.05 indicating statistical significance). Pooling 
all samples into one dataset (last column) yields good fits of 
stiffness modulus versus radial location.

EDX results: mineralization versus intracortical 
thickness

At several locations along the same radial lines as for HV 
measurements (Fig. 1, bottom-right), elemental EDX spec-
trums were collected and analyzed. For three samples: 1 
(top), 2 (middle), and 3 (bottom), Fig. 4 shows collected 
EDX spectrums (left) along with their corresponding SEM 
micrographs (right). The elements Ca, P, C, N, O, Na, and 

Mg were detected in appreciable quantities. For each loca-
tion and for each element detected, average elemental com-
position values were expressed as %wt. [35].

For the three bone samples, the average %wt. of each 
element was calculated for the spectrums collected at sev-
eral radial locations in the range of about 13.5–17.5 mm 
from specimen geometric center (covering a cortical radial 
distance of about 4 mm). Table 2 lists the elemental min-
eralization wt.% along the corresponding radial locations. 
Mineral-content-wise, the elemental %wt. values were found 
to be nearly identical for the four anatomical quadrants (in 
agreement with Langelier et al. [35]).

Developed using SPSS® for all mineralization elements, 
Table 3 lists linear relationships between bone mineral con-
tent and bone radius, R. Checking for statistical significance, 
only Ca %wt., P %wt., and the ratio Ca/P were found to 
have strong correlations with radial location. No statistically 
significant linear relations were found for the other detected 

Table 2   Elemental 
mineralization content (wt.%) 
and the corresponding bone 
radial locations

Radial location 
(mm)

C N O Na Mg P Ca

Bone 1
13.5 20.69 3.37 33.04 2.74 0.2 12.05 27.91
14 20.33 2.56 33.1 2.56 0.19 12.43 28.83
14.5
15 17.98 2.85 33.39 2.85 0.17 13.1 30.46
15.5
16 22.89 2.58 25.44 2.58 0.19 14.68 31.64
16.5
17 19.13 2.64 27.68 2.64 0.16 15.69 32.06
17.5
Bone 2
13.5 21.05 3.12 32.17 3.19 0.16 11.46 28.85
14 19.91 2.95 33.28 2.72 0.18 11.64 29.32
14.5
15 20.08 3.04 30.32 3.17 0.17 12.97 30.25
15.5
16 21.59 3.1 27.97 2.71 0.17 13.27 31.19
16.5
17 19.36 3.17 25.62 3.26 0.19 15.23 33.17
17.5
Bone 3
13.5 17.31 2.57 40.52 2.04 0.16 10.58 26.82
14 18.02 2.67 35.75 2.31 0.17 12.37 28.71
14.5
15 17.94 2.51 35.46 2 0.17 12.85 29.07
15.5
16 15.17 2.83 34.06 1.97 0.15 14.52 31.3
16.5
17 14.91 2.71 32.55 1.92 0.16 15.69 32.06
17.5
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elements: C, N, O, Na, and Mg as can be deduced from the 
p values. Therefore, Ca and P along with Ca/P ratios were 
retained for further consideration. Pooling mineralization 
content of all samples into one aggregate dataset (last col-
umn) yields good, statistically significant fits versus radial 
location.

CT scanning results: HU values versus intracortical 
thickness

The resulting CT scans of all bone samples were segmented 
using the software package MIMICS [27]. Figure 5 shows 
three such scans for samples 1 (top), 2 (middle), and 3 (bot-
tom) with intracortical HU variations plotted along the radial 

distance or cortical thickness [23]. Higher HU values are 
recorded at the exterior cortex (at both sides of the circum-
ference) and decrease toward the interior regions.

For bone samples 1 (top), 2 (middle), and 3 (bottom), 
Fig. 6 shows experimental points and linear fits of stiffness 
values, calcium and phosphorus %wt. content, and HU val-
ues all co-plotted versus R. Similar to Fig. 3, the plotted data 
in Fig. 6 covers intracortical thickness ranging from about 
R = 13.5–17.5 mm (dimensions from Fig. 5 are extracted to 
match the dimensions in Fig. 3). All curves and fits exhibit 
increasing trends versus location moving from the interior to 
the exterior regions across the cortical thickness indicating 
a denser and stiffer outer cortical shell.

Table 3   Bone mineralization versus radial location: linear trends and their statistical metrics

Bone 1 Bone 2 Bone 3 All bones

Ca (wt.%)
Equation Ca = 1.2165R + 11.811 Ca = 1.177R + 12.773 Ca = 1.4249R + 8.0763 Ca = 1.273R + 10.887

p value 0.004 0.003 0.007 0.000
R2 R2 = 0.954 R2 = 0.9665 R2 = 0.9383 R2 = 0.894
P (wt.%)
Equation P = 1.068R − 2.541 P = 1.0296R − 2.6335 P = 1.3487R − 7.1627 P = 1.149R– 4.112
p value 0.001 0.006 0.004 0.0000
R2 0.972 0.942 0.985 0.913
Ca/P
Equation Ca∕P = −0.082R + 3.477 Ca∕P = −0.095R + 3.816 Ca∕P = −0.123R + 4.115 Ca/P = – 0.1000R + 3.801
p value 0.025 0.014 0.011 0.0000
R2 0.854 0.898 0.915 0.713
C (wt.%)
Equation C = −0.039R + 20.7888 C = −0.168R + 22.928 C = −0.894R + 30.168 C = 0.367R + 24.628
p value 0.962 0.666 0.072 0.437
R2 0.001 0.071 0.713 0.047
N (wt.%)
Equation N = −0.141R + 4.927 N = −0.033R + 2.575 N = −0.048R + 1.929 N = – 0.020R + 3.144
p value 0.29 0.324 0.331 0.728
R2 0.345 0.316 0.308 0.01
O (wt.%)
Equation O = −2.088R + 62.065 O = −2.105R + 61.658 O = −1.845R + 63.666 N = – 2.016R + 62.463
p value 0.1 0.007 0.045 0.008
R2 0.649 0.937 0.785 0.434
Na (wt.%)
Equation Na = −0.018R + 2.945 Na = 0.027R + 2.605 Na = −0.071R + 3.123 Na = – 0.021R + 2.891
p value 0.731 0.82 0.219 0.828
R2 0.045 0.02 0.445 0.004
Mg (wt.%)
Equation Mg = −0.009R + 0.313 Mg = −0.005R + 0.095 Mg = −0.003R + 0.201 Mg = – 0.02R + 0.203
p value 0.141 0.227 0.46 0.512
R2 0.569 0.434 0.192 0.034
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Discussion

Several works (e.g., Austman et al. [36], Wirtz et al. [37]) 
have reported equations relating cortical bone stiffness to 
cortical density (or HU values). This work distinguishes 
itself by developing linear equations relating cortical bone 

stiffness to elemental mineralization content and to HU 
values. Furthermore, equations are developed to relate the 
above variables to intracortical locations within the bone.

It can be inferred from Fig. 6 and Table 3 that stiffness 
and %wt. of calcium and phosphorus all increase linearly 
with radial location (Ca/P ratio is relatively flat to slightly 
decreasing). It can also be inferred that cortical stiffness and 
mineralization values are proportional to HU values (bone 
density) in line with Khan SN et al. [21] and Yassine and 
Hamade [38].

Table  4 lists additional strong correlations (p val-
ues < 0.05 or better and large R2 values) when linearly relat-
ing stiffness to mineralization: Ca %wt., P %wt., and Ca/P. 
This suggests that increased calcium and phosphorus min-
eralization content result in increased cortical bone stiffness 
(in agreement with Boivin et al. [1] and Currey et al. [39]). 
Statistical significance is retained when all bones are pooled 
into one aggregate dataset (last column) arriving at the same 
conclusion reached for individual bone samples.

Table 5 lists linear equations relating bone stiffness to HU 
values and to intracortical location. The R2 values listed in 
the table are all greater than 85% for all individual samples 
indicating a robust correlation between bone stiffness and 
HU values. This suggests that HU as a variable explains 
at least 85% of the variation of cortical bone stiffness with 
radius. HU does not appear to be statistically significant for 
individual bone samples 2 and 3. However, when all data are 
pooled together (Table 5, last column) statistical fits become 

Fig. 5   CT scans showing the lines along which HU values are meas-
ured for samples: 1 (top), 2 (middle), and 3 (bottom)

Fig. 5   (continued)
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extremely significant (p values for HU and R are 0.001, and 
0.000001, respectively).

Table 6 lists linear equations that correlate bone stiffness 
to intracortical location and to mineralization (Ca %wt. and 
P %wt.). Reinforcing the findings from Table 4 R2 values in 
Table 6 are more significant than 84.6% for all bone sam-
ples 1, 2, and 3, again, suggesting a robust relation between 
bone stiffness and mineralization. It can be concluded that 
mineralization is a factor that greatly influences the vari-
ation of cortical bone stiffness with intracortical location. 
(Although Ca %wt. appears to be no longer significant when 
all 3 samples are pooled together, this could be an artifact 
presumably due to the high correlations between R, Ca, and 
P). The positive correlations with increasing intracortical 
thickness suggest increasing stiffness towards the outer corti-
cal shell which exhibits the highest stiffness corresponding 
to the most significant % wt. mineralization values (in line 
with Franco et al. [8], Romanus [13], Langelier et al. [35]).

Last, Table 7 lists all-in-one expressions that correlate 
stiffness versus HU values, mineralization (Ca %wt. and 
P %wt.), and intracortical thickness. All variables are now 
combined into one equation. R2 values are found to be 0.997 
and 0.925 for bones 1 and 3 (slightly smaller R2 value of 
84.9% for bone 3). As such, cortical bone stiffness is cor-
relatable, to HU, to mineralization and to radial location in 
increasing linear fashion again suggesting a stiffer and more 
mineralized cortical shell. (Anomalously, Ca %wt. does not 
appear significant when all samples are pooled together per-
haps due to the statistical occurrence given the high correla-
tions between R, Ca %wt., and P %wt.).

Summary

The main novelty of this work is the development of a 
mapping method that relates cortical stiffness and min-
eralization of cortical bone to intracortical thickness 
specifically the distance from the endosteal surface to 
the periosteal surface of mid-diaphyseal bovine femur. 
Stiffness-mineralization-HU interdependency equations 
are developed. For this purpose, cortical bone longitu-
dinal stiffness ( E

11
 ), elemental mineralization content 

(calcium %wt. and phosphorus %wt.), and HU values 
are experimentally determined using Vickers indenta-
tion, EDX spectroscopy and computed tomography (CT) 
scans, respectively. These measurements are taken along 
radial lines (dubbed radial distance, R) that emanate 
from the geometric bone center and extend to the outer 
bone cortex. Results show that stiffness values exhibit 
increasing trends with radial distance, R, suggesting that 
with increasing calcium and phosphorus mineraliza-
tion content, stiffness of cortical bone correspondingly 
increase. For further corroboration, matching and cor-
relating trends are developed for the CT-collected HU 

Fig. 6   Experimental points and linear fits of cortical bone modulus of 
elasticity values, calcium and phosphorus content, and HU values all 
plotted versus R for bone samples: 1 (top), 2 (middle), and 3 (bottom)
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values. When all data for three different bones are pooled 
together, statistical fits become extremely significant for 
the aggregate data. When tested for these correlations 
and combined variables, strong statistically significant 
correlations (as evidenced by p value and R2 metrics) are 
found. Stiffness values are related to HU values and to 
calcium %wt. and phosphorus %wt. content along the 
radial distance. Thanks to higher mineralization, these 

findings suggest that the cortex possesses higher stiffness 
and density than inner regions. The predictive capabilities 
of these developed linear equations of femur cortical bone 
stiffness in relation to mineralization and HU values may 
help medical researchers reduce invasive methods when 
characterization of bones is desirable.

Table 4   Stiffness modulus vs. mineralization: linear trends and their statistical metrics

Bone 1 Bone 2 Bone 3 All bones

E11 (GPa) versus Ca (wt. %)
 Equation E11 = −19.507 + 1.346Ca E11 = −9.776 + 1.007Ca E11 = −13.617 + 1.194Ca E11 = −12.877 + 1.133Ca

 p value 0.002 0.001 0.019 0.000
 R2 0.969 0.829 0.992 0.830

E11 (GPa) versus P (wt. %)
 Equation E11 = −0.014 + 1.555P E11 = 6.235 + 1.142P E11 = 3.749 + 1.379P E11 = 3.125 + 1.375P

 p value 0.002 0.005 0.008 0.0000
 R2 0.971 0.951 0.985 0.878

E11 (GPa) versus Ca/P
 Equation E11 = 59.934 − 17.390Ca∕P E11 = 48.814 − 11.695Ca∕P E11 = 54.002 − 14.251Ca∕P E11 = 50.134 − 12.582(Ca∕P)

 p value 0.031 0.015 0.004 0.000
 R2 0.830 0.893 0.992 0.704

Table 5   Stiffness modulus vs. 
HU and R: linear trends and 
their statistical metrics

Bone 1 Bone 2 Bone 3 All bones

Equation E11 =− 0.83–
0.002HU + 1.759R

E11 =− 8.026–
0.006HU + 1.087R

E11 =− 0.814–
0.004HU + 1.837R

E11 = 0.221–
0.002HU + 1.606R

p value (HU/R) 0.04/0.00001 0.313/0.00001 0.33/0.00001 0.001/0.000001
R2 0.905 0.85 0.913 0.0855

Table 6   Stiffness modulus vs. mineralization and R: linear trends and their statistical metrics

Bone 1 Bone 2 Bone 3 All bones

Equation E11 =− 9.991 
− 0.12R + 0.684Ca + 0.907P

E11 =− 35.73 + 1.405R + 1.85
2Ca− 1.582P

E11 ==57.361 + 0.648R− 3
.146Ca + 3.564P

E11 =

=− 2.056 + 1.802R 
− 0.062Ca− 0.4624P

p value (R/Ca/P) 0.313/0.00001/0.682 0.00001/0.00001/0.00001 0.006/0.00001/0.00001 0.0000/0.482/0.0000
R2 0.996 0.912 0.846 0.866

Table 7   Stiffness modulus vs. mineralization, HU, and R: linear trends and their statistical metrics

Bone 1 Bone 2 Bone 3 All bones

Equation E11 =8.062–
0.001HU + 0.15R + 0.611Ca + 0.76P

E11 =74.866 – 
0.008HU + 0.539R – 

3.285Ca + 3.825P

− 79.378 + 
0.019HU + 0.616R + 2.732Ca 

– 2.113P

E11 =1.750 – 
0.002HU + 1.971R – 

0.062Ca – 0.439P
p value (HU/R/Ca/P) 0.00/0.061/0.00/0.00 0.258/0.032/0.00/0.00 0.00/0.009/0.00/0.00 0.006/0.000/0.523/0.000
R2 0.997 0.849 0.925 0.870
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