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ABSTRACT

The currently available clinical tools have limited accuracy in predicting hip fracture risk in individuals. We inves-
tigated the possibility of using normalized cortical bone thickness (NCBT) estimated from the patient's hip DXA
(dual energy X-ray absorptiometry) as an alternative predictor of hip fracture risk. Hip fracture risk index (HFRI)
derived from subject-specific DXA-based finite element model was used as a guideline in constructing the math-
ematical expression of NCBT. We hypothesized that if NCBT has stronger correlations with HFRI than the single
risk factors such as areal BMD (aBMD), then NCBT can be a better predictor. The hypothesis was studied using
210 clinical cases, including 60 hip fracture cases, obtained from the Manitoba Bone Mineral Density Database.
The results showed that, in general HFRI has much stronger correlations with NCBT than any of the single risk
factors; the strongest correlation was observed at the superior side of the narrowest femoral neck with
? = 0.81 (p < 0.001), which is much higher than the correlation with femoral aBMD, r* = 0.50 (p < 0.001).
The capability of aBMD, NCBT, and HFRI in discriminating the hip fracture cases from the non-fracture ones,
expressed as the area under the curve with 95% confidence interval, AUC (95% CI), is respectively
0.627 (0.593-0.657), 0.714 (0.644-0.784) and 0.839 (0.787-0.892). The short-term repeatability of aBMD,
NCBT, and HFRI, measured by the coefficient of variation (CV, %), was found to be in the range of (0.64-1.22),
(1.93-3.41), (3.10-4.16), respectively. We thus concluded that NCBT is potentially a better predictor of hip frac-

ture risk.

© 2015 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Hip fracture has become a common health problem among the el-
derly, as it has resulted in an increasingly large number of morbidity
and mortality, as well as high medical care costs (Cooper et al., 1992;
Melton, 1993; Cranney et al., 2005; Ioannidis et al., 2009; Tosteson
et al,, 2007; Papaioannou et al., 2000; Wiktorowicz et al., 2001;
Cummings and Melton, 2002). The number of hip fractures worldwide
is estimated to rise from 1.7 million in 1990 to 6.3 million in 2050
(Cranney et al., 2005). In Canada, over 30,000 hip fractures occur each
year, mostly in the elderly over the age of 65 (Papadimitropoulos
et al., 1997). Clinical studies have shown that the majority of hip frac-
tures occurred at one of the three locations, the femoral neck (37%),
the trochanter region (49%) and the femoral shaft (14%) (Michelson
et al.,, 1995). Low-trauma event and osteoporosis have been identified
as the two main causes of hip fractures (Greenspan et al., 1998). One
typical scenario of low-trauma event is a fall from a standing height
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that would not cause any severe injury to a healthy individual. Osteopo-
rosis is a bone disease characterized by reduced bone strength and in-
creased bone fragility. Osteoporosis is a so-called ‘silent’ disease, as it
may not have noticeable symptom until the first bone fracture. There-
fore, a reliable and accurate tool for diagnosing osteoporosis and for
assessing fracture risk is crucial to initialize an appropriate intervention,
for example the use of anti-osteoporosis drugs or physical therapies, to
improve bone quality and to prevent bone fracture. Areal (or projected)
bone mineral density (aBMD) extracted from the subject's hip DXA is
presently the gold standard for screening osteoporosis (Kanis et al.,
2008). FRAX (Fracture Risk Assessment Tool) is another tool available
for predicting 10-year fracture probability (RAX®: WHO Fracture Risk
Assessment Tool). The tools have been demonstrated as very valuable
in studying the epidemiology of osteoporosis (Kanis et al., 2011;
Lewiecki et al., 2011a, 2011b; Leslie et al., 2010). But they have limited
accuracy in predicting fracture risk in individual patients (Kanis et al.,
2011; Marshall et al., 1996; Stone et al., 2003; Cranney et al., 2007). Fi-
nite element analysis (FEA) has been a powerful and popular tool for
solving various engineering problems. Finite element analysis of hip
fracture based on medical images is a promising tool to improve predic-
tion of fracture risk in individuals (Koivumaki et al., 2012a, 2012b;

2352-1872/© 2015 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Naylor et al., 2013; Keyak et al., 2001a, 2001b; Luo et al.,, 2011, 2013;
Bessho et al., 2007; MacNeil and Boyd, 2008; Lotz et al., 1991;
Dickinson et al., 2010; Rhee et al., 2009; Trabelsi et al., 2011; Orwoll
et al., 2009; Cody et al., 1999, 2000; Dall'Ara et al., 2013; Lenaerts and
Van Lenthe, 2009; Testi et al., 1999; Christen et al., 2010; Langton
et al., 2009; Qian et al.,, 2009; Den Buijs and Dragomir-Daescu, 2011).
Hip fracture is resulted by the applied force exceeding its strength.
Therefore, whether or not a hip fracture would occur is jointly deter-
mined by a number of factors, including bone mechanical properties,
bone geometry and the applied force. These factors have not been prop-
erly considered in the current clinical tools. FEA is able to integrate all
factors affecting bone fracture based on the well-established mechani-
cal principles and governing equations. However, FEA has not been
adopted into routine clinical procedure mainly due to its technical com-
plexities. A lengthy training is usually required for a clinician to effec-
tively use FEA software. The objective of this study is to develop a
reliable hip fracture risk predictor that has the same or similar accuracy
as FEA, but can be easily implemented and adopted into clinic.

2. Materials and methods

The femur bone is composed of two compartments, the cortical bone
and the trabecular bone, with cortical bone making up more than 80% of
the mass (Jee, 2001). The cortical bone determines the strength of the
femur bone and thus its fracture risk. The cortical bone withstands
much greater load than the trabecular bone (Bayraktar et al., 2004),
and it is the main part in resisting axial force. In addition, the cortical
bone is formed as a shell around the trabecular bone. This structural ar-
rangement also makes the cortical bone bear the major portion of bend-
ing moment acting on the femur. Therefore, it is rational to develop a
risk predictor based on cortical bone quality in the femur. Femur bone
strength can be evaluated by its cortical thickness together with the
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bone mineral density, as the two parameters determine the axial and
the bending resistant capacity of the femur. However, the thickness of
femur cortical bone is not uniform along either the longitudinal or the
circumferential direction; it is best measured by a three-dimensional
imaging modality, for example, the quantitative computed tomography
(QCT) (Johannesdottir et al., 2014). Unfortunately, QCT has not been
adopted into the routine clinical procedure due to its high cost and radi-
ation dose. In the following, we will develop a method to estimate cor-
tical bone thickness based on DXA image. As DXA is routinely used in
osteoporosis screening and monitoring, the developed method would
the mineral density information captured in a DXA image is an amalgam
of contributions from both of the trabecular and the cortical bone,
projected along the X-ray direction. The very first question would be:
is it possible to measure cortical bone thickness from a single-view
DXA image? Fortunately, a useful feature observed from the projected
bone density profile provided a solution. The feature was observed
with the aid of the QCT Pro software, a medical image processing tool
developed by Mindways Software Inc., Austin, USA. QCT Pro can project
three-dimensional QCT scans into CTXA, a two-dimensional image that
is equivalent to clinical DXA (Khoo et al., 2009). The useful feature is il-
lustrated in Fig. 1 by a typical clinical case obtained from the Great-West
Life PET/CT Center, Winnipeg, Canada.

Fig. 1(a) shows the CTXA generated from the clinical QCT scans by
the QCT Pro software. Consider the three critical cross-sections at, re-
spectively, the narrowest femoral neck (AB), the intertrochanter (CD)
and the femoral shaft (EF), the femur cross-sections and the corre-
sponding aBMD profiles are plotted in Fig. 1(b), (c) and (d). The femur
cross-sections were dissected from the QCT scans using the QCT Pro
software; the aBMD profiles were generated from the CTXA image
using in-house developed MATLAB codes. It can be observed from the
aBMD profiles, for each cross-section there exist two distinct peaks,
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Fig. 1. (a) Hip CTXA projected from QCT scans by QCT Pro; Femur cross-section and the corresponding aBMD profile at (b) the femoral neck (AB), (c) the intertrochanter (CD), and (d) the

femoral shaft (EF).
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Fig. 2. Projection of circular composite cross-section of two densities.

each at the medial (inferior) and the lateral (superior) side respectively;
the peaks are exactly located at the projection line of the inner surfaces
of the cortical bone. These peaks can be easily identified as they are usu-
ally much higher than their neighbors. The thicknesses of the cortical
bone at the medial and the lateral side can be determined by using
the two peaks, the starting point and the ending point of the aBMD pro-
file, as illustrated in Fig. 1(b), (¢) and (d).

The above observed feature is not a coincidence. It is a common fea-
ture in the projection of any round composite cross-section with two
densities. The feature can be easily verified by projecting the composite
circular cross-section in Fig. 2 and then obtaining its aBMD profile. For
simplicity, the cortical bone and the trabecular bone have been assigned
constant densities. The aBMD profile can be easily obtained by calculat-
ing the lengths of the projection lines through the cross-section and
then multiplying them by the corresponding density. The obtained
aBMD profile is shown at the bottom of Fig. 2.

There also exist two distinct peaks in the aBMD profile as shown in
Fig. 2, but their shapes are not as smooth and round as those in Fig. 1.
The reason is that there is a jump between the densities in the compos-
ite cross-section, while the transition between cortical and trabecular
compartment in real bone is gradual and smoother.

Based on the above feature, we developed an algorithm to determine
femur cortical bone thicknesses from clinical hip DXA. The algorithm
was implemented in MATLAB codes. The MATLAB codes mainly have
the following functions: 1) to automatically locate the three cross-
sections (as shown in Fig. 1) based on provided location definitions;
2) to extract aBMD profiles over the three cross-sections; 3) for each

of the aBMD profiles, to automatically identify the two distinct peaks;
and 4) to determine the cortical bone thicknesses on the medial and
the lateral side of the three cross-sections. The algorithm was validated
using the Bone Investigation Toolkit (BIT) included in the QCT Pro soft-
ware. Femur QCT scans of 40 patients were obtained from the Great-
West Life PET/CT Center located at Winnipeg, Canada. For each patient,
the QCT scans were projected into a CTXA image; then, the cortical bone
thicknesses were determined using the MATLAB codes. The above ob-
tained thicknesses were compared with those determined by the BIT
software. In the BIT software, femur cortical thickness is determined
by the following steps. First, a threshold is selected to separate the cor-
tical bone and the trabecular bone. In our study, a threshold of
450 mg/cm> was used based on the suggestions provided in the BIT
users' manual and in the literature (MacNeil and Boyd, 2008); then,
the cross-section is equally divided into eight sectors (see Fig. 3). For
each sector an average thickness is determined. A sample BIT analysis
report is provided in Fig. 4, where cortical bone thicknesses of the
eight sectors at the intertrochanteric cross-section are listed. If the pa-
tient is properly positioned by following the clinical guidelines, Sector
3 in Fig. 3 roughly corresponds to the lateral/superior side, while Sector
7 approximately relates to the medial/inferior side of the femur.

Limited by the two-dimensional feature of CTXA or DXA image, cor-
tical thickness can only be estimated at the medial side and the lateral
side. However, the lateral/medial cortical thicknesses are useful in eval-
uating hip fracture risk. Sideways (or lateral) fall has been identified as
the most critical situation for old people to develop hip fracture
(Nankaku et al., 2005; Silva, 2007), as the hip is covered with very little
soft tissue. In a sideways fall, the bending loading is applied in the cor-
onal plane; therefore, a crack is usually initiated from either the medial
or the lateral side of the femur. A thicker cortical bone at the locations
would provide larger resistance to crack initiation. However, cortical
bone thickness alone cannot predict hip fracture accurately, as hip frac-
ture is also affected by other factors, for example, the geometric and
physical parameters of the human body. A number of hip fracture risk
factors have been identified in the previous studies (Johannesdottir
et al,, 2014; Karlamangla et al., 2004; Emaus et al., 2014; Augat et al.,
1996; Michelotti and Clark, 1999). From the mechanical point of view,
they mainly include the cortical bone thickness (CBT), aBMD, femoral
neck axial length (FNAL), neck-shaft angle (), body weight and height,
or body mass index (BMI). We studied how these risk factors affect hip
fracture using the subject-specific DXA-based finite element analysis
(FEA) (Luo et al,, 2011, 2013). The procedure of DXA-based FEA is illus-
trated in Fig. 5 and briefly described in the following. For more detailed
information, the readers are referred to references (Luo et al., 2011,
2013).

The procedure starts with a hip DXA of the concerned patient. The
proximal femur is segmented from the DXA and used in generation of
the finite element mesh. Bone mechanical properties are assigned to
the finite element model using empirical functions that relate bone elas-
ticity modulus and yield stress to bone areal BMD (Den Buijs and

(b)

Fig. 3. Determining cortical bone thicknesses using BIT. (a) narrowest femoral neck; (b) intertrochanter; (c) femoral shaft.
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Cortical Avg Cort  |Cortical Distance |Distance |Tangent Radius of
Perimeter |BMD Area Width Arc Length|Perimeter |To CM To Center |Angle Curvature |Curvature
|Sector  |(em) (mglem®) |(em?) (mm) (mm) (mm) (mm) (mm) (degrees) |(em™) (em)
1 1.96 700.5 0.827 5.28 16,68 18.14 16.79 19.27 1785 0.204 4.89
2 2.57 628.1 0.663 3.14 21.15 22.58 23.33 22.40 -16.0 0.319 3.14
3 2.94 486.4 1.054 4.17 25.38 27.00 32.40 28.89 -72.9 0.460 217
4 2.40 474.2 0.527 2.48 21.25 22.11 30.55 26.22 -132.6 0.345 290
5 2.35 4415 0.284 1.41 20.74 21.28 26.70 23.90 -176.7 0.448 223
6 2.19 542.2 0.536 2.95 18.12 19.45 20.14 20.51 144.3 0.049 20.57
7 2.94 807.8 1.354 5.39 25.07 27.78 25.34 28.69 1224 0.586 1.7
8 3.14 702.0 0.935 3.79 25.36 27.62 20.69 24.96 39.7 0.333 3.00
Sum 20.49 47826  |6.180 28.60 172.75 185.97 195.95 19485 |86.8 2.745 40.61
Average |2.56 597.8 0.772 3.57 21.59 23.25 24.49 24.36 108 0.343 5.08
Std Dev |0.41 1318 0.341 1.37 3.56 3.78 533 3.54 1324 0.165 6.33
(a) (b) (© (d)

Fig. 5. The procedure of subject-specific DXA-based FEA. (a) Femur contour segmented from the patient's hip DXA; (b) a finite element mesh generated from the contour; (c) assignment
of material properties; (d) application of loading/boundary conditions; (e) the three regions of interest (ROI) for assessing hip fracture risk; (f) fracture risk distribution.

Dragomir-Daescu, 2011). Loading and constraint conditions simulating
a sideways fall are applied to the finite element model. Stress fields
over the femur are obtained by finite element analysis. Fracture risk in-
dices (1)ro;) over the three regions of interest (ROI) are calculated based
on the definition given in Eq. (1)

Y[ ot
B i=1 A Oy
Mot = ———nN , - (1)
i:lAi

In the above equation, 1go; is the fracture risk index over an ROI, for
example, the femoral neck, intertrochanteric region, proximal shaft, as
shown in Fig. 5(e).A; (i =1, 2, ..., N) are the areas of the finite elements
encompassed in the ROL o5 and oy are, respectively, the von Mises
stress and the yield stress at the Gaussian points in element i. Bone

Table 1
Statistics of 210 clinical cases.

Parameters Mean (SD)

60 cases 150 controls
Age (years) 69.2 (3.5) 65.4(9.3)
Height (in.) 63.1(2.3) 62.7 (2.2)
Weight (Ibs.) 129.4 (29.7) 144.8 (31.4)
Femoral neck aBMD (g/cm?) 0.712 (0.059) 0.806 (0.147)
Trochanteric aBMD (g/cm?) 0.576 (0.068) 0.669 (0.168)
Total hip aBMD (g/cm?) 0.738 (0.066) 0.843 (0.179)

yield stress has been used as a failure criterion as the human proximal
femur behaves linearly elastic up to failure under physiological loading
conditions (Juszczyk et al., 2011). Although bone is a typical anisotropic
material, DXA is inherently two-dimensional and the information re-
quired for constructing anisotropic finite element model is not available
from DXA. However, Buijs et al. (Den Buijs and Dragomir-Daescu, 2011)
have demonstrated that bone strengths predicted by DXA-based FE
model have good correlation with experiment results.

To investigate the possibility and effectiveness of using femur corti-
cal bone thickness (CBT) as a predictor of hip fracture risk, 210 clinical
cases were acquired from the Manitoba Bone Mineral Density Database
in an anonymous way under a human research ethics approval. All the
subjects were scanned using Lunar Prodigy DXA scanner with a stan-
dard mode (37.0 uGy). Each DXA image was converted and saved in a
MATLAB mat-file. For each case, the acquired information includes a
DXA image, the subject's age, body height, weight, and aBMD over the
ROIs. The statistics of the clinical cases are provided in Table 1. The clin-
ical cases consist of 60 hip fracture cases and 150 non-fracture ones. In
30 of the non-fracture cases, each has an initial and a repeat DXA that
were scanned from the same subject within several days; In these
cases one should expect no change in the fracture risk.

Table 2
Average relative error (e, %) between CTXA and QCT-derived cortical bone thickness.

Femoral neck Intertrochanter Shaft All six locations
Inferior ~ Superior ~ Medial Lateral Medial Lateral
5.76 7.95 6.18 8.13 5.03 5.74 6.51
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Fig. 6. Bland-Altman plot of QCT and DXA measured cortical bone thicknesses.
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Fig. 7. Correlation between CTXA and QCT-derived cortical bone thicknesses.

Correlations between HFRI and the fracture risk factors were first
studied. For each case, a finite element model was constructed by the
previously described procedure. Fracture risk indices were calculated.
Femur geometric parameters such as the narrowest femoral neck
width and the femoral neck axial length were extracted from the DXA
images using in-house developed MATLAB codes. Correlations between
HFRI and the risk factors were then investigated using SPSS software
(IBM SPSS 22, New York, USA). From the results we found that among
all the factors, HFRI has the strongest correlation with CBT; HFRI is pos-
itively correlated to the neck-shaft angle («), the cortical bone thickness
(CBT) and the areal bone mineral density (aBMD), and negatively corre-
lated to the femoral neck axial length (FNAL) and body mass index
(BMI). These findings suggested that an effective predictor of hip frac-
ture should be constructed with CBT as the main player. Therefore, we

Table 4
Correlations between hip fracture risk index (HFRI) and normalized cortical bone thick-
ness (NCBT), (1%, p-value).

Femoral neck Inferior —0.63% (<0.001)
Superior —0.81 (<0.001)
Intertrochanter Medial —0.70 (<0.001)
Lateral —0.75 (<0.001)
Femur shaft Medial —0.60 (<0.001)
Lateral —0.67 (<0.001)

2 A negative sign indicates a negative correlation.

proposed the following normalized cortical bone thickness (NCBT) as
a new predictor of hip fracture risk

CBT x aBMD
NCBT = X FNAL x BMI ' )

It should be noted that NCBT is a dimensionless parameter. The nu-
merator is the product of cortical thickness and areal BMD, approxi-
mately representing the strength of the cortical bone at the concerned
location. The denominator is a combination of the femur geometry
and the body anthropometry, roughly representing the femoral geome-
try and the loading condition in a sideways fall. It is hypothesized that if
a stronger correlation exists between HFRI and NCBT than any of the
single risk factors, NCBT can be used as a better predictor of hip fracture
risk.

The overall discriminative values of aBMD, CBT and HFRI for hip
fracture, measured by the area under the Receiver Operating Character-
istic (ROC) curve (AUC) with 95% of confidence interval (95% CI)
(Trémollieres et al., 2010), were also calculated using SPSS. The short-
term repeatability of aBMD, CBT and HFRI, measured by the coefficient
of variation (CV, %) (Luo et al., 2013; Gluer et al., 1995), were studied
using the 30 pairs of clinical DXA.

3. Results

The difference between CTXA and QCT derived cortical thickness is
measured by the following relative error

o |tena—tocr] 3)
tocr

where terxa and tocr denote, respectively, CTXA and QCT derived cortical
thickness. The average relative errors are listed in Table 2. Bland-
Altman plot of CTXA and QCT measured cortical thicknesses is displayed
in Fig. 6. Correlation between the CTXA and QCT derived CBT is
displayed in Fig. 7. Correlations between HFRI and single risk factors
are presented in Table 3, where a negative sign indicates a negative cor-
relation. Correlations between HFRI and NCBT at the medial side and lat-
eral side of the three critical cross-sections are provided in Table 4. The
overall discriminative values of aBMD, NCBT and HFRI, expressed as
AUC (95% CI), are presented in Table 5. Mean values of aBMD, CBT,
NCBT and HFRI in the cases and controls are listed in Table 6. The rela-
tive difference in the table is defined as the ratio of the difference

Table 3
Correlations between HFRI and risk factors (2, p-value).
Fracture risk factors Cortical bone thickness Areal BMD Body mass Femoral neck axial Neck-shaft
Medial/inferior Lateral/superior index (BMI) length (FNAL) angle (@)
Femoral Neck —0.39% (<0.001) —0.68 (<0.001) —0.50 (<0.001) 0.32 (<0.001) 0.37 (<0.001) 0.34 (<0.001)
Intertrochanter —0.36 (<0.001) —0.60 (<0.001) —0.43 (<0.001) 0.27 (<0.001) 0.35 (<0.001) 0.28 (<0.001)

Femoral shaft

—0.35 (<0.001)

—0.57 (<0.001)

—022 (<0.001)

0.25 (<0.001)

033 (<0.001)

031 (<0.001)

2 A negative sign indicates a negative correlation.
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Table 5
AUC (95% CI) of aBMD, NCBT and HFRI

Table 8
Short-term repeatability (CV, %) of NCBT.

Hip fracture risk indicator AUC  95%Cl Narrowest femoral neck Intertrochanter Femoral shaft

Femoral neck BMD 0.625 0.593-0.657 Medial Lateral Medial Lateral Medial Lateral

HFRI (at femoral neck) derived from DXA-based FE model  0.839 0.787-0.892

NCBT at femoral neck Superior 0.714 0.644-0.784 327 341 259 285 1.93 238
Inferior 0.706 0.634-0.778

Table 6
Fracture risk indicators in cases and controls [Mean (SD)].

150 controls

0.712 (0.084) 0.806 (0.147)

CBT  Superior (mm)  1.881(0.292) 2.133(0.373) 126
Inferior (mm) 3.193 (0.544) 3.410(0.581) 6.6

NCBT  Superior (10~3)  0.340 (0.079) 0.433 (0.135) 24.1
( ) ( )

( ) ( )

Fracture risk indicator 60 cases Relative difference (%)

124

aBMD

Inferior (1073) 0573 (0.122) 0.687 18.1

HFRI 1.628 (0.357) 1.054 (0.456) 42.8

between the means (of the cases and the controls) to their average. The
relative difference indicates the overall ability of the parameters in
distinguishing cases from controls. Short-term variations of aBMD,
NCBT and HFRI measured by CV (%) are given in Tables 7, 8 and 9.

4. Discussions

The relative errors shown in Table 2 and Fig. 6 are in an acceptable
scope but not trivial. Differences between the CTXA and QCT derived
thicknesses may have been introduced from a number of sources in
the described method. The segmentation thresholds used in separating
the proximal femur from the surroundings in both CTXA and QCT may
have introduced nontrivial differences. The selection of a proper
segmentation threshold depends on a number of factors, for example,
scanner settings and noises, which may introduce either systematic or
random errors. The use of a slightly different threshold in the CTXA seg-
mentation would shift the contour of the femur, which would change
the locations of the starting point and ending point of the three cross-
sections, see Fig. 1(a), and thus affect the cortical bone thicknesses.
Similarly, a different segmentation threshold selected in the BIT toolkit
may have affected the cortical bone thicknesses derived from QCT. In
addition, the CBTs determined by the BIT software are average thick-
nesses of the eight sectors, while the CBTs determined from CTXA are
the thicknesses along the radiant ray in the medial-lateral direction.
As the cortical thickness is not uniform along the circumferential direc-
tion, theoretically there exists a certain difference between them. How-
ever, the strong correlation [r? = 0.98 (p < 0.001)] shown in Fig. 7 and
the Bland-Altman plot in Fig. 6 indicate that the differences between
the CTXA and QCT derived thicknesses are dominated by systematic or
procedural errors, which can be partially corrected by calibration.

As hip fracture risk indicators, one fundamental difference between
aBMD and HFRI is that, HFRI is a compound indicator that has integrated
effects from all the single indicators including aBMD. Therefore, to
investigate the effectiveness of the proposed NCBT in predicting hip
fracture, hip fracture risk measurements derived from subject-specific
DXA-based finite element models have been used as a baseline for com-
parison. Extensive researches reported in the literature, for example ref-
erences (Koivumadki et al., 2012a, 2012b; Naylor et al., 2013; Keyak et al.,

Table 7
Short-term repeatability (CV, %) of areal BMD.

2001a, 2001b; Luo et al,, 2011, 2013; Bessho et al., 2007; MacNeil and
Boyd, 2008; Lotz et al., 1991; Dickinson et al., 2010; Rhee et al., 2009;
Trabelsi et al., 2011; Orwoll et al., 2009; Cody et al., 1999, 2000;
Dall'Ara et al., 2013; Lenaerts and Van Lenthe, 2009; Testi et al., 1999;
Christen et al., 2010; Langton et al., 2009; Qian et al., 2009; Den Buijs
and Dragomir-Daescu, 2011) among many others, have demonstrated
that subject-specific finite element modeling can better predict hip
fracture risk than aBMD. By their independent research work, Langton
et al. (2009), Dall'Ara et al. (2013) and Koivumadki et al. (2012a) have
reported that femur fracture loads predicted by subject-specific
QCT-based finite element models are closely correlated with in-vitro
experimental results, with a coefficient of determination r? > 80%
(p <0.001), which is much higher than volumetric BMD, r* = 54.5%.
Although DXA-based finite element models (Luo et al., 2011, 2013;
Testi et al., 1999; Den Buijs and Dragomir-Daescu, 2011) are inherently
two-dimensional, femur stiffness and strengths predicted by the models
are also correlated with experimental data much better than aBMD
alone (Den Buijs and Dragomir-Daescu, 2011). That subject-specific fi-
nite element modeling is able to more accurately predict fracture risk
has its theoretical base. Bone fracture occurs only if the applied load ex-
ceeds the strength of the bone. Hip fracture is jointly governed by a
number of factors including the subject's body weight/height, bone
quality and bone geometry. BMD only represents bone quality. The
other factors are missing from the BMD-based fracture risk assessment
methods. This explains why BMD alone cannot predict fracture risk ac-
curately. Finite element modeling is able to consider all the mechanical
factors affecting hip fracture based on the well-established mechanical
equations. Therefore, HFRI derived from DXA-based FE model has
much higher accuracy in discriminating clinic hip fractures than BMD
alone, as demonstrated by the results in Tables 5 and 6. However, the ac-
curacy and effectiveness of finite element modeling in assessing individ-
ual hip fracture risk are closely related to the implementation, especially
how the fracture risk is defined. In the DXA-based finite element (FE)
model implemented by Naylor et al. (2013), hip fracture risk is mea-
sured by the load-strength ratio (LSR); it is a global risk measurement
defined over the whole proximal femur. The clinical study results
showed that the discriminative capacity of LSR for hip fracture
(AUC = 0.69, 95% CI = 0.64-0.73) was only slightly higher than that
of femoral BMD (AUC = 0.66, 95% CI = 0.62-0.71). In our DXA-based
FE model, fracture risk was measured by local hip fracture risk indices
(HFRI) defined over the three regions of interest (ROI), where the ma-
jority of hip fractures have been observed in clinic (Michelson et al.,
1995). The discriminative capacity of local HFRI has been considerably
improved (AUC = 0.839, 95% CI = 0.787-0.892). The local HFRI is
able to eliminate adverse effects from the overlap between the pelvis
and the femoral head in the DXA image, the stress concentration at
the location where constraints are applied, etc.

The correlations between HFRI and the single risk factors (see
Table 3) were used as a base in constructing the expression of NCBT in
Eq. (2). A larger NCBT or a lower HFRI represents a lower hip fracture

Table 9
Short-term repeatability (CV, %) of HFRI.

Femoral neck Trochanteric region Proximal femur

Femoral neck Intertrochanteric Femoral shaft

1.22 0.85 0.64

3.10 3.94 4.16
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Table 10
Correlations between femoral neck axis length (FNAL) and femur width (r?, p-value).

Subtrochanteric
width

0.17 (<0.001)

Intertrochanteric
width

0.14 (<0.001)

Femoral neck
width

032 (<0.001)

Femoral neck axis length

risk. Therefore, all the factors having negative correlation with HFRI are
put in the numerator of Eq. (2), while the rest of the factors are in the
denominator. The obtained results also confirmed our hypothesis, if
NCBT has a stronger correlation with HFRI than aBMD, NCBT is a better
indicator of hip fracture risk. The AUC values in Table 5 and the mean
values in Table 6 showed that HERI has the highest accuracy in discrim-
inating hip fracture, followed by NCBT and then aBMD. By comparing
the correlations in Table 4 with those in Table 3, it can be found that
in general NCBT has a much stronger correlation with the HFRI than
any of the single risk factors including aBMD. The highest correlation oc-
curred at the superior side of the narrowest femoral neck, probably due
to the special loading condition and the small CBT there, with a determi-
nation coefficient of * = 0.81 (p < 0.001), which is much higher than
aBMD, r? = 0.50 (p < 0.001). NCBT is also a compound predictor, but
it only considers the effects of single risk factors in an approximate
way based on the correlations revealed by DXA-based finite element
simulations. This explains why in discriminating clinical fracture cases
(see Tables 5 and 6), HFRI performed the best, followed by NCBT and
then aBMD. In the definition of NCBT, see Eq. (2), the product of CBT
and aBMD represents the bone quality; BMI approximately character-
izes the loading conditions in a lateral fall (Karlamangla et al., 2004);
the femoral neck axial length (FNAL) and the neck-shaft angle («) are
related to the femur geometry. Although the femur width may also be
considered as a risk factor, results from the correlation studies (see
Table 10) showed that femur widths at the three cross-sections are pos-
itively correlated to FNAL. Therefore, the effect of femur width on hip
fracture risk has been partially represented by FNAL.

The results in Tables 7, 8 and 9 show that aBMD has the best short-
term repeatability, followed by NCBT and then HFRI, they are in a re-
versed order of their discriminative capacity. As a general rule, a com-
pound parameter usually has lower short-term repeatability than
those of the single factors involved. As can be seen from the definition
of NCBT in Eq. (2), the short-term repeatability of NCBT is affected by
those of the cortical bone thickness (CBT), areal BMD (aBMD), neck-
shaft angle («), femoral neck axial length (FNAL), and body mass
index (BMI). In the DXA-based FE modeling, even more factors are in-
volved beside those in the NCBT, for example bone mass distribution
and finite element mesh density. Therefore, HFRI derived from DXA-
based FE model has an even lower short-term repeatability. If both dis-
criminative capacity and short-term repeatability are taken into consid-
eration, NBCT may be an ideal predictor for hip fracture risk.

NCBT can be conveniently integrated into the current clinical proce-
dure with the existing infrastructures in osteoporosis clinic. Among the
five parameters required for calculating NCBT, the aBMD and the BMI
are already available from the current DXA report; the neck-shaft
angle, the CBT and the FNAL can be easily measured from the patient's
hip DXA by the computer codes developed in this study.

5. Conclusion

With a clinical hip DXA (scanned in the anterior-posterior direc-
tion), femur CBT can be estimated from the aBMD profile of the
concerned cross-section at the medial (inferior) side and the lateral
(superior) side. The accuracy of DXA-derived CBT has been validated
by the BIT toolkit included in the QCT Pro software. The validation re-
sults showed that there indeed exist some non-trivial differences be-
tween the QCT and the DXA-derived CBT. However, the differences
are dominated by procedural errors, and thus can be reduced by a

calibration procedure. Based on correlations revealed by subject-
specific DXA-based FE simulations, a more effective risk predictor,
NCBT, has been proposed. Study results using clinical cases showed
that NCBT has better discriminative capacity of hip fracture than
aBMD, and better short-term repeatability than HFRI. It can be easily
adopted into a clinical environment. Therefore, it may be an ideal pre-
dictor of hip fracture risk.
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