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Abstract

Femur stiffness, for example axial and bending stiffness, integrates both geometric and material information of the bone, and
thus can be an effective indicator of bone strength and hip fracture risk. Femur stiffness is ideally measured from quantita-
tive computed tomography (QCT), but QCT is not recommended for routine clinical use due to the public concern about
exposure to high-dosage radiation. Dual energy X-ray absorptiometry (DXA) is currently the primary imaging modality
in clinic. However, DXA is two-dimensional and it is not clear whether DXA-estimated stiffness has adequate accuracy to
replace its QCT counterpart for clinical application. This study investigated the accuracy of femur stiffness (axial and bend-
ing) estimated from CTXA (computed tomography X-ray absorptiometry) and DXA against those directly measured from
QCT. Proximal-femur QCT and DXA from 67 subjects were acquired. For each femur, the QCT dataset was projected into
CTXA using CTXA-Hip (Mindways Software, Inc., USA). Femur stiffness at the femoral neck and intertrochanter were
then calculated from QCT, CTXA and DXA, respectively, and different elasticity-density relationships were considered in
the calculation. Pearson correlations between QCT and CTXA/DXA measured stiffness were studied. The results showed
that there were strong correlations between QCT and CTXA derived stiffness, although the correlations were affected by
the adopted elasticity-density relationship. Correlations between QCT and DXA derived stiffness were much less strong,
mainly caused by the inconsistence of femur orientation in QCT projection and in DXA positioning. Our preliminary clini-
cal study showed that femur stiffness had slightly better performance than femur geometry in discrimination of hip fracture
cases from controls.

Keywords Hip fracture risk - Cross-sectional moment of inertia (CSMI) - Femur axial and bending stiffness - Dual energy
X-ray absorptiometry (DXA) - Computed tomography X-ray absorptiometry (CTXA)

Introduction

Hip fracture is a common health risk among elderly peo-
ple worldwide [1-5]. Areal bone mineral density (BMD)
measured by dual energy X-ray absorptiometry (DXA) was
originally recommended by the World Health Organiza-
tion (WHO) as a gold standard reference for screening
osteoporosis. Later, it was found that there is a strong
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association between low BMD and fracture outcomes in
large populations [6-9]. Therefore, BMD was also adopted
as a surrogate of bone strength and used to predict fracture
risk. However, the majority of fracture cases have BMD
measurements that are in the safe scope specified by WHO
[10, 11]. The main reason is that BMD cannot fully rep-
resent bone strength, because the latter is determined by
the mechanical quality of bone and bone sizes. Although
BMD is indeed an indicator of bone strength, information
of femur geometry is missing [10]. To consider the effect
of bone geometry on fracture risk, hip structure analysis
(HSA) tool was developed [12-14] and has been applied
in clinical trials [15—17]. By conversion of heterogeneous
bone mass distribution into an equivalent homogeneous
material, bone geometric parameters such as cross-sec-
tional area (CSA) and cross-sectional moment of iner-
tia (CSMI) consider both bone mass and cross-sectional
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geometry. Clinical studies have shown that there indeed
exist associations between clinical fracture outcomes and
femoral geometry represented by cross-sectional area
(CSA) and cross-sectional moment of inertia (CSMI) [15,
16, 18]. However, the contribution of femur geometry to
hip fracture prediction over and above BMD is modest [19,
20]. CSA and CSMI were originally introduced in struc-
tural mechanics to describe the capability of a beam made
of homogeneous material to resist axial and flexural load-
ing [21]. Later, these parameters were extended to rein-
forced concrete beams, where a rebar is converted into an
equivalent amount of concrete using the ratio of rebar and
concrete Young’s modulus [22, 23]. In hip structure analy-
sis, the above methodology was adopted to consider bone
mass inhomogeneity over femur cross-section, an equiva-
lent bone thickness (or the length of X-ray path through
bone) is computed from areal BMD measured by DXA and
average physical density of bone (1.85 g/cm?) [13, 14], the
latter is the density of bone when it is fully mineralized.
The original conversion reference, i.e. Young’s modulus,
is replaced by bone mass density in hip structure analysis.
Nevertheless, extensive in vitro experimental studies have
shown that the relationship between bone Young’s modu-
lus and bone density is mostly nonlinear [24] with the
mathematical form E = ap®, where E is Young’s modulus,
p is bone density, a and b are coefficients determined by
experiments. Therefore, CSA and CSMI may not be able
to represent the actual capability of a femur to resist axial
and bending loading.

Femur stiffness considers both geometric and material
information and can be a more effective surrogate of femur
strength. Previous studies have found strong association
between bone stiffness and bone strength [25-27]. Another
important aspect of bone strength is fracture toughness [28]
which has not been considered in clinical assessment of
fracture risk. However, similar to the dilemma in the cal-
culation of femur cross-sectional geometric properties [17,
29-31], femur stiffness is also ideally computed from three-
dimensional medical images such as quantitative computed
tomography (QCT), but QCT is not recommended for rou-
tine examination due to its high radiation dosage and expen-
sive operational cost [32]. Dual energy X-ray absorptiometry
(DXA) is currently the most widely available and commonly
utilized imaging modality for clinical diagnosis of osteopo-
rosis and will probably remain so in the foreseeable future
[33]. Nevertheless, DXA is inherently two-dimensional
and does not contain complete information required for the
calculation of femur stiffness. To determine whether or not
DXA can be used to replace QCT to estimate femur stiff-
ness for clinical application, we first studied the correlations
between QCT and DXA derived femur stiffness, and then
applied DXA-estimated femur stiffness in the discrimination
of clinical hip fracture cases from controls.

Materials and methods

Based on Engineering Mechanics [21, 23], the ability of a
beam to resist axial compression/tension and flexural bend-
ing are described by its axial and bending stiffness. For a
beam made of inhomogeneous material, for example a femur
bone, the stiffness must be calculated by integration, i.e.,

Kaz/E(x,)’)dA, ng/E(x,Y));dAs

A A
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K = / E(x, y)x*dA,
A

where E(x, y) is bone local Young’s modulus located at point
(x, y) on cross-section A. K; and KZ are the bending stiff-
ness about two orthogonal axes of the cross-section. For
a homogeneous material, Young’s modulus is constant,
and Eq. (1) degenerates to the commonly used stiffness
expressions, i.e. K, = EA, KZ‘ = EI, and KZ = EIy, where
A= [ dA, I = [,y*dA,and I, = [, x*dA are, respectively,
cross-sectional area (CSA) and cross-sectional moments of
inertia (CSMI).

To study equivalence between QCT and DXA measured
stiffness in the lateral-medial plane, QCT and DXA of left-
side proximal-femur from 67 subjects (34 females and 33
males) were acquired. Statistics of the subjects are provided
in Table 1.

QCT was scanned using the CT portion of a Biograph
16 PET/CT system (Siemens Medical Solutions, Knox-
ville, TN, USA). This CT system is equivalent to a Siemens
Sensation 16. Images were acquired in spiral mode using
a 120 kVp, 175 effective mAs technique with the CARE
Dose4D option enabled. The pixel dimensions were 0.48828
(mm) X 0.48828 (mm). DXA was scanned using a clinical
Prodigy (GE Healthcare) DXA scanner with the standard
scan mode (37.0 uGy).

The femur has a non-circular cross-section and non-
uniform mass distribution in the circumferential direction.
Therefore, the femur has different bending stiffness in differ-
ent orientation. Since hip DXA is a projection of the femur in
the anteroposterior orientation, hip DXA can only be used to
estimate femur bending stiffness in the medial-lateral plane.
To compare femur stiffness derived from DXA and QCT, the
stiffness from QCT must be computed strictly in the same

Table 1 Statistics of subjects

Age (years) Height (cm) Weight (kg) Body mass
index (kg/
m?)
Mean (std) 64.5 (8.3) 168.7 (9.4) 82.8(15.6) 29.1(4.8)
Scope 50-86 124.5-185.5 55.1-126.6  21.0-42.7
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orientation that the DXA is projected. This is challenging,
because femur standard orientation in DXA scanning is dif-
ficult to maintain, and a small internal-external rotation of
the femur usually exists [34, 35]. This will affect the calcu-
lated stiffness. To eliminate the effect of inconsistent femur
orientation, commercial software QCT-Pro and CTXA-Hip
(Mindways Software Inc., Austin, USA) was used in our
study. CTXA-Hip is able to project femur QCT scans in a
specified orientation and produce a two-dimensional image
CTXA (computed tomography X-ray absorptiometry) which
is equivalent to clinical DXA [36, 37].

Femur stiffness was calculated using pixel-by-pixel
integration of Eq. (1). The key step was to compute bone
Young’s modulus, E(x, y), from pixel values. The method
used to compute femur stiffness and to study their correla-
tions is described in Fig. 1.

Calculation of femur stiffness from QCT
To calculate femur stiffness from QCT, femur QCT scans

were imported into QCT Pro, femur cross-sections at
femoral neck and intertrochanter were reconstructed and

Fig. 1 Study of correlations
between QCT and CTXA/DXA

exported in the format of DICOM (digital imaging and
communications in medicine). A sample of femoral-neck
cross-section is shown in Fig. 2a. Pixel-wise volumetric
BMD was extracted from the DICOM image using the
formula provided by Midways Software Inc.,

mg C
pv<@> = (CT=b), 2)
where ¢ = 1.073 is the field uniformity correction (FUC)
coefficient, k = 1.28 is the CT calibration slope, CT is pixel
value in the DICOM image, and b = —1024 is the CT cali-
bration intercept.

Bone Young’s modulus is obtained by an elasticity-
density relationship. A large number of elasticity-density
functions have been established by in vitro mechanical
testing of bones [24], the majority of the functions are
nonlinear. The selection of elasticity-density function defi-
nitely has effect on the calculated stiffness and probably
also on the correlations. Three mathematically representa-
tive elasticity-density relationships were considered in this
study. They are labeled, respectively, as material models
MM-I, MM-II and MM-III in the following equations:

derived femur stiffness

vBMD

Superior
Side

Inferior Side

QCT-Derived
| Femur Stiffness
] EIaStIC_Ity- CTXA-Derived Pearson
Density Femur Stiffness Correlations
Relations
> _,| DXA-Derived
Femur Stiffness

A-4

aBMD

Fig.2 a Cross-section of femoral neck exported from QCT Pro; b CTXA projected by CTXA-Hip from QCT scans; ¢ areal BMD profile at the

femoral neck extracted from CTXA
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1. Linear function (MM-I) [38]
E(GPa) = 0.573p, — 0.0094. (3a)

2. Exponential function with an exponent between 1 and 2
(MM-II) [39]

E(GPa) = 8.92p! . (3b)

3. Exponential function with an exponent larger than 2
(MM-III) [40]

E(GPa) = 2.0173p2°. (3c)

The bone tissue density (p,) in the above functions is
apparent density in the unit of gram per cubic centimeter (g/
cm?®). It was assumed that bone in compression and in ten-
sion has similar Young’s modulus [41-43]. Barak et al. [43]
demonstrated by electronic speckle pattern interferometry
(ESPI) that the tensile Young’s modulus of cortical bone is
only slightly greater than the compressive Young’s modulus.

Estimation of femur stiffness from CTXA and DXA

A sample femur CTXA is displayed in Fig. 2b, the femoral
neck cross-section marked in the figure is shown in Fig. 2a
(before projection). The projection orientation and cross-
section location of QCT scans can be precisely controlled
by CTXA-Hip. Therefore, femur stiffness computed from
QCT and CTXA are consistent. However, the computation
of femur stiffness from CTXA (or DXA) is not as straight
forward as from QCT, because CTXA and DXA are projec-
tional (two-dimensional) image and the information required
to calculate the stiffness is incomplete. Nevertheless, it is
still possible to estimate the stiffness from CTXA or DXA.
Consider a composite engineering beam consisting of rein-
forcement fibers that is intended to resist the moments shown
in Fig. 3. Based on engineering beam theory, contributions
of the fibers to resisting the moments are determined by their
distance from the neutral line, and are independent of their
horizontal location. Therefore, the fibers can be replaced by
a homogenized material that has an equivalent contribution.
A CTXA (or DXA) image can be considered as the result

Moment

of such a material homogenization in the projectional direc-
tion, and theoretically femur stiffness estimated from the
resulting CTXA can be equivalent to that derived from the
corresponding QCT scans.

Femur stiffness at a cross-section was estimated from
CTXA by the following steps. First, areal BMD profile of
the cross-section, for example the narrowest femoral neck,
was extracted from CTXA. One sample profile is shown in
Fig. 2c. Areal BMD along a projection line (e.g. line A-A
in Fig. 2) was converted to volumetric BMD using the fol-
lowing equation [44]

PA

py = 1.20% + 0.0242. )

neck

In the above equation, p, is areal or projected BMD, W,
is the width at the narrowest femoral neck. The equation was
established by linear regression of volumetric BMD meas-
ured by QCT Pro and areal BMD measured by CTXA-Hip.

Femur thickness along the projection line A—A was esti-
mated by [13, 14]

Pa

=185 ©)

Young’s modulus was calculated using Eqgs. (3a-3c) and
(4). Femur stiffness at a cross-section was integrated from
the areal BMD profile based on Eq. (1), and the integration
area (dA) was taken as the product of pixel height and the
thickness estimated by Eq. (5).

Clinical cohort for discrimination test

The ability of femur stiffness and geometric properties to
discriminate hip fracture cases from controls were tested and
compared by a clinical cohort. The cohort consisted of 393
women, including 99 prior hip fractures and 294 controls.
In the cohort selection, the following criteria were applied:
(1) women age > 65 years; (2) femoral neck T-score below
—1; and (3) no osteoporosis treatment. The clinical data of
the subjects are provided in Table 2.

Cross-Section

Actual Equivalent

Neutral Line

Reinforcement Fibers

Fig.3 Equivalent cross-section produced by material projection

@ Springer



346

Journal of Bone and Mineral Metabolism (2019) 37:342-350

Table 2 Statistics of fracture and control group

Fracture group Control group

78+9 74+12
Femoral neck T-score -24 -2.3

Age (years)

For each subject in the cohort, DXA of left hip was
acquired. Femur stiffness was calculated using the previ-
ously described equations. Femur cross-sectional geomet-
ric properties, including cross-sectional area (CSA) and
cross-sectional moment of inertia (CSMI), were calculated
from CTXA or DXA images using the formulas proposed
by Martin et al. [45], Beck et al. [13] and Yoshikawa et al.
[14].

N
CSA=h Y t, (incm?), (6a)

i=1

N
CSMI=h )y, (incm®). (6b)
i=1

In the above equations, & is the pixel height that is
determined by the imaging resolution; ¢; is the femur thick-
ness along the path A—A in Fig. 2a and it was estimated by
Eq. (5); y is the distance between the considered pixel and
the neutral axis; N is the number of pixels along a femur
cross-section in CTXA or DXA image.

The discrimination performance was assessed using
the area under the receiver operating characteristic curve
(AUC) and age-adjusted odds ratio (OR per SD decrease)
in logistic regression models.

Results

Pearson correlations between QCT and CTXA/DXA
derived femur stiffness/geometric properties are presented in
Table 3. The properties were calculated at the femoral-neck
and inter-trochanteric cross-section as shown in Fig. 2b. The
following observations can be made from the results:

1. All the correlations presented in Table 3 are statistically
significant (p <0.001).

2. Correlations between QCT and CTXA derived proper-
ties (both stiffness and geometry) are much stronger than
those between QCT and DXA.

3. The strength of correlations between QCT and CTXA/
DXA derived stiffness is affected by material models,
with the strongest correlations produced by MM-I and
the weakest by MM-III. For material model MM-I, the
stiffness and geometric properties have the same correla-
tion strengths.

Correlations and Bland—Altman plots of CTXA and QCT
derived flexural and axial stiffness at femoral neck are dis-
played in Fig. 4. The results were calculated using material
model MM-II.

Results of the discrimination test are provided in Table 4.
The results show that,

1. With material model MM-I, femur-neck stiffness and
geometric property basically had the same performance.

2. The other two material models, MM-II and MM-III,
more or less improved the performance of femur stiff-
ness. Femur-neck stiffness with MM-II had the best per-
formance in the discrimination tests.

Table 3 Pearson correlations

Cross-section Image  Stiffness with different material model Geometry* CTXA-DXA
between QCT and CTXA/DXA areal BMD*
and derived femur stiffness/ MM-I¥*  MM-II* MM-IIT*
geometry/BMD properties

Femoral neck CTXA Bending 0.95 0.93 0.91 CSMI 095 095

DXA 0.75 0.73 0.70 0.75

CTXA  Axial 0.79 0.71 0.64 CSA 0.79

DXA 0.68 0.62 0.57 0.68
Inter-trochanter CTXA  Bending  0.88 0.87 0.86 CSMI  0.88 0.94

DXA 0.73 0.70 0.67 0.73

CTXA  Axial 0.83 0.81 0.77 CSA 0.83

DXA 0.70 0.68 0.61 0.70

%p<0.001
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Fig.4 plot of CTXA and QCT derived stiffness with material model MM-II

Discussion

Correlations between areal BMD values measured from
CTXA and DXA (shown in the last column of Table 3)
were very strong and similar to those reported by Cann
et al. [37] and Khoo et al. [36]. The strong correlation is
mainly attributed to the fact that, the areal BMD is taken
as an average over a region of interest (ROI), and is thus
less sensitive to inconsistence of femur orientation caused
by femur internal-external rotation [34, 35]. Theoretically,

femur mechanical properties derived from CTXA and
DXA should be equivalent.

The large differences between QCT-CTXA and QCT-
DXA correlations in Table 3 were mainly caused by incon-
sistence orientation used in QCT and DXA computation of
the cross-sectional properties. A femur cross-section is non-
circular and has different mechanical properties in differ-
ent orientation, for example, the femoral-neck cross-section
shown in Fig. 2a has different bending stiffness about x and y
axis. A slight internal-external rotation of the femur in DXA
scanning will project the concerned cross-section in different
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Table4 AUC and age-adjusted

’ Femur-neck geometry/stiffness
OR of femur geometry/stiffness

AUC (95% CI) Age-adjusted OR (95% CI)

in discrimination test Cross-section area (CSA)

Axial stiffness (K,)
MM-I
MM-II
MM-IIT

Cross-section moment of inertia (CSMI)

Bending stiffness (K})
MM-I
MM-II
MM-IIT

Femoral neck BMD

0.723 (0.662, 0.784) 2.34(1.75,3.15)
0.723 (0.662, 0.783)
0.734 (0.672, 0.795)
0.729 (0.668, 0.789)
0.602 (0.529, 0.674)

2.35(1.76, 3.16)
2.42 (1.80, 3.26)
2.38(1.79, 3.19)
1.42 (1.08, 1.85)

0.602 (0.529, 0.674)
0.632 (0.560, 0.704)
0.617 (0.544, 0.689)

0.71 (0.650, 0.771)

1.42 (1.08, 1.85)
1.63 (1.24,2.15)
1.50 (1.16, 1.94)
2.16 (1.81,2.57)

orientation, and the actual orientation is difficult to deter-
mine. The subject has to be re-positioned in DXA and QCT
scanning. For the above reason, femur cross-sectional prop-
erties calculated from QCT and DXA are more or less from
different orientation. Orientation consistence between QCT
and CTXA is controlled and ensured by the software. This
explains why QCT-CTXA correlations are much stronger
than QCT-DXA correlations (Table 3). Reported studies
also show that correlations between QCT and DXA derived
geometric properties (CSMI and CSA) are significantly
affected by the consistence of femur orientation. In the study
conducted by Ramamurthi et al. [17], four DXA images
acquired at different angles were co-registered with the QCT
dataset to find out the most consistent orientation for the
calculation of femur geometric properties, and strong cor-
relations (r=0.93-0.95, p <0.001) were achieved. In other
similar studies [30, 31, 46], femur orientation consistence
was not strictly controlled, and the correlations were, there-
fore, much weaker and had large variations (r=0.7-0.9).
In addition to the effect of femur orientation, correla-
tions between QCT and CTXA/DXA derived femur stiffness
were also affected by bone elasticity-density relationship
(Table 3). It is not surprising that for a linear relationship
such as MM-I in Eq. (3a), the stiffness computed from QCT
and CTXA/DXA had the same correlation strength as the
geometric properties, because the relationships used in the
derivation of both stiffness and geometric properties are lin-
ear. However, with the adoption of nonlinear relationships
such as MM-II and MM-III, the strength of stiffness correla-
tions decreased, although they were still strong and statisti-
cally significant. There exist positive correlations between
the difference and mean of axial and bending stiffness, as
can be observed from the Bland—Altman plots in Fig. 4. This
phenomenon was caused by the nonlinear elasticity-density
relationship. Theoretically, for the exponential function in
Eq. (3b), the same difference in vBMD (between CTXA
estimated and QCT measured) will be amplified more with
a higher vBMD than with a lower vBMD. While a higher

@ Springer

vBMD will produce larger Young’s modulus, and conse-
quently larger axial and bending stiffness.

As shown by the results in Table 4, femur stiffness gener-
ally had equal or better performance than femur geometric
properties (CSA and CSMI) in the discrimination test. The
reason is that femur stiffness considers both bone material
and geometric properties and it is a better surrogate of bone
strength than the geometric properties. Femur stiffness com-
puted from material model MM-II had better performance
than from the other two types of relationships, which may
imply that MM-II or the similar elasticity-density relation-
ships more realistically describes bone elasticity. Relation-
ships between bone mechanical properties and bone density
are very complicated and have not been fully understood.
Although a large number of elasticity-density relationships
have been established by in vitro bone mechanical test-
ing [24, 47], it is difficult to determine which one is more
accurate than the others, because the relationships were
developed using different experimental methods and bone
specimens taken from different subjects at different ana-
tomic sites. Nevertheless, the majority of the established
relationships are in the form of exponential function with an
index between 1 and 2. However, the discrimination ability
of femur stiffness is still limited. Based on Table 4, bend-
ing stiffness (K;) had greater AUC than CSMI (p=0.03),
but both had smaller AUC than femoral neck BMD; The
AUC for axial stiffness (K,) was slightly greater than for
CSA, but the difference was not significant (p >0.2). The
primary reason is that hip fracture is jointly determined by
femur strength and impact force induced in fall [48], femur
stiffness is only a surrogate of bone strength instead of the
real strength and fall-induced impact force has not been con-
sidered yet. Second, femur stiffness estimated from DXA
is not accurate for a number of reasons. Cortical and tra-
becular bone have different mechanical properties but they
cannot be separated in a DXA image. Bone density required
by the material models in Eq. (3a—3c) is pointwise density,
but the density estimated by Eq. (4) is an average of bone
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mass along the projection path. Femur thickness estimated
by Eq. (5) is not accurate either. All of the above factors
affected the accuracy of femur stiffness estimated from
DXA.

In conclusion, femur stiffness estimated from DXA is
equivalent to those measured from QCT. DXA-derived
femur stiffness (axial and bending) has stronger association
with hip fracture than femur geometry (CSA and CSMI).
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