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Abstract

Summary We reviewed the experimental and clinical evidence that hip bone strength estimated by BMD and/or finite element
analysis (FEA) reflects the actual strength of the proximal femur and is associated with hip fracture risk and its changes upon
treatment.

Introduction The risk of hip fractures increases exponentially with age due to a progressive loss of bone mass, deterioration of
bone structure, and increased incidence of falls. Areal bone mineral density (aBMD), measured by dual-energy X-ray absorp-
tiometry (DXA), is the most used surrogate marker of bone strength. However, age-related declines in bone strength exceed those
of aBMD, and the majority of fractures occur in those who are not identified as osteoporotic by BMD testing. With hip fracture
incidence increasing worldwide, the development of accurate methods to estimate bone strength in vivo would be very useful to
predict the risk of hip fracture and to monitor the effects of osteoporosis therapies.

Methods We reviewed experimental and clinical evidence regarding the association between aBMD and/orCT-finite element
analysis (FEA) estimated femoral strength and hip fracture risk as well as their changes with treatment.

Results Femoral aBMD and bone strength estimates by CT-FEA explain a large proportion of femoral strength ex vivo and
predict hip fracture risk in vivo. Changes in femoral aBMD are strongly associated with anti-fracture efficacy of osteoporosis
treatments, though comparable data for FEA are currently not available.

Conclusions Hip aBMD and estimated femoral strength are good predictors of fracture risk and could potentially be used as
surrogate endpoints for fracture in clinical trials. Further improvements of FEA may be achieved by incorporating trabecular
orientations, enhanced cortical modeling, effects of aging on bone tissue ductility, and multiple sideway fall loading conditions.
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Epidemiology of hip fractures

Globally 9 million fragility fractures were estimated to occur
in the year 2000, including 1.6 million hip fractures [1]. The
number of hip fractures worldwide is estimated to increase 3
to 4-fold by 2050 [2, 3]. Those who suffer a hip fracture
exhibit marked reductions in mobility, independence, quality
of life, and survival. Moreover, hip fractures represent the
highest burden of osteoporosis on health care systems and
costs [4]. The life-time risk of a hip fracture at the age of 50
years is in the order of 3 to 23% in men and women, with wide
variations worldwide [5—8]. Following a hip fracture, the risk
of suffering another hip fracture is increased 2-fold in women
and 3-fold in men [9], with rates up to 5% within 1 year and
10% within 10 years, whereas the rates of another peripheral
fragility fracture are approximately 7% at 1 year and up to
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28% at 10 years [10, 11]. Yet, secondary fracture prevention
after a hip fracture is prescribed in only 10 to 40% of these
patients [12, 13]. In this context, the development and the
implementation of coordinated-based systems for secondary
fracture prevention, as for example Fracture Liaison Services
(FLS) and Capture the Fracture® from the International
Osteoporosis Foundation (IOF), is beneficial to ensure appro-
priate care of fracture patients [14—16].

This exponential increase in hip fracture risk with aging is
the result of a progressive loss of bone mass and structural and
material deterioration of trabecular and cortical bone com-
bined with other non-skeletal disorders leading to more fre-
quent falls. Areal bone mineral density (aBMD) as measured
by dual-energy X-ray absorptiometry (DXA) is the most com-
monly used surrogate of bone strength, and low aBMD is
strongly associated with increased fracture risk in untreated
patients [17]. However age-related changes in bone micro-
structure, including trabecular thinning and loss of connectiv-
ity, and specifically regarding the hip, asymmetrical cortical
thinning [18] and increased cortical porosity [19], lead to a
greater loss of estimated bone strength than aBMD [20].

The relationship between changes in aBMD and fracture
risk reduction during osteoporosis therapies has, through evi-
dence from individual studies [21] as well as the meta-analysis
from the FNIH Bone Quality Study, indicated that improve-
ments in hip aBMD with treatment are strongly associated
with reductions in fracture risk, particularly for hip fractures
[22, 23]. Therefore, the development of accurate methods to
estimate bone strength in vivo could improve our ability to
predict hip fracture risk and monitor the effects of interven-
tions designed to reduce fractures.

Here, we review the experimental and clinical evidence
that hip bone strength estimated by BMD and/or finite element
analysis (FEA) reflects the actual strength of the proximal
femur and is associated with hip fracture risk and its changes
upon treatment.

Associations between experimentally
measured femoral strength and areal BMD
or FEA-estimated strength

There is extensive evidence from human cadaveric studies that
hip aBMD and FEA estimates of femoral strength correlate
strongly with ex vivo strength of the proximal femur in both
stance and fall configurations. The stance configuration cor-
responds to the single-leg stance phase of walking, whereas
the fall configuration mimics a sideway fall with impact to the
greater trochanter.

In stance configuration, femoral strength ranges from 2 to
16 kN and is consistently lower in women than in men [24,
25]. In the stance loading configuration, most fractures are of
cervical type (Table 1). In comparison, femoral strength in the
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fall configuration is approximately half of that in the stance
configuration, ranging from 1 to 10 kN (Table 1). Further,
femoral strength is sensitive to the loading rate and loading
direction, increasing by 18% when the loading rate increases
from 120 to 6000 mm/min and decreasing by approximately
25% when increasing the angle in the transverse plane from 0
to 30° [37]. In the fall loading configuration, fractures are
more balanced between cervical and trochanteric types, thus
corresponding better to the clinical observations. Interestingly,
a larger proportion of intertrochanteric fractures occur with
lower hip strength [39, 51]. The strength of femurs from old
donors (mean age of 74 + 7 years) is approximately 50%
lower than those from young donors (mean age 32 + 13)
[36]. Assuming perfect symmetry between left and right fem-
ora, the precision error of the femoral strength testing in the
fall configuration is approximately 15% [52]. Since real hip
fractures do not occur at constant displacement or load rates as
applied in standard testing machines, recent studies have used
a drop tower to produce more realistic hip fractures ex vivo
[47, 49]. Unfortunately, these tests seem to be less reproduc-
ible, as small differences in the loading protocol lead to large
differences in the outcome variables [47].

Surrogates of hip strength: densitometric
and structural variables

Multiple surrogates of in vitro bone strength have been ex-
plored over the past decades, starting with bone mineral con-
tent (BMC), aBMD, or volumetric (v) BMD obtained by
DXA and quantitative computed tomography (QCT), respec-
tively. Geometrical variables such as the cross-sectional area
(CSA) or neck length have also been examined, as has DXA-
based hip structure analyses (HSA) [26].

In the stance configuration, various DXA-aBMD measures
from the proximal femur are strongly associated with femoral
strength (R? = 0.51 to 0.66, Tables 2 and 3). A few studies report
that the prediction of femoral strength can be improved by com-
bining aBMD with femoral geometry assessed by hip structural
analysis (HSA) (R? increases from 0.63 to 0.79) [26] and with
incorporation of tissue level material properties assessed by
microindentation (R increases from 0.57 to 0.78) [57]. CT-
based integral vBMD is also strongly associated with femoral
strength (R* = 0.55 to 0.64). The multiplicative combination of
integral vBMD with CSA increases the correlation from R* =
0.61 to 0.82 [59]. The association between BMC and femoral
strength is more variable, with R? between 0.45 and 0.79.

In the fall configuration, DXA-aBMD is more strongly
associated with femoral strength than in the stance con-
figuration, with R* values ranging from 0.61 to 0.94
(Tables 2 and 3). This is also the case in a direct compar-
ison of fall vs stance loading within the same donors
(using contralateral femurs), where DXA-aBMD delivers
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Table 1 Ex vivo hip strength: stance and sideway fall configurations

Sample size and sex distribution Age

Rate [mm/min] Config [°] Strength [kKN] Loc [% cervical fracture] Reference

11F* + 11M 3490 5 sta 0
22 - 13 sta 24
24F* 84 +£10 60 sta 0
34M* 81+9 60 sta 0
23F + 28M 21-93 13 sta 25
10F + 8M 52-92 30 sta 20
7F + 13M 48-92 10 sta 12
6F + 5M 30090 0.5 sta 20
1F + 11M 51-83 120 sta 8
24F + 16M 47-100 13 sta 25
19F + 17M 46-96 5 sta 20
4F + 6M 74+7 6000 fa 80, 15
4F + 6M 74+7 120 fa 80, 15
10F 32+ 13 6000 fa 80, 15
11 Elderly 6000 fa 80, 0
11 Elderly 6000 fa 80, 15
11 Elderly 6000 fa 80, 30
28F + 36M 69 +15 840 fa 80, 15
10F + 8M 52-92 30 fa 60, 20
77F* + 63M 80.5 396 fa 80, 15
17F + 10M 73 £13 6000 fa 80, 15
6F + 6M 72-93 6000 fa 80, 15
48F + 25M 55-98 6000 fa 80, 15
13F + 5SM 51-93 6000 fa 80, 15
41F* + 20M 55-100 396 fa 80, 15
19F + 17M 4696 5 fa 60, 0
15F + 5SM 77+13 120 fa 80, 15
37F + 28M 67+14 120 fa 80, 15
15F + 2M 77 £11 Free fall fa 80, 15
8F + 3M 59-84  930-2970 fa 80, 15
10F + 4M 72-95  Free fall fa 80, 15
24F + 16M 82+12 13 fa 80, 15
50F + 26M 74+9 6000 fa 80, 15
128F + 69M 69 +14 300 fa 80, 15
6000 fa 80, 30
42,000 fa 70, 15
fa 70, 30

2-13.5 95 Beck et al., 1990 [26]
4.94-16.15 - Smith et al., 1992 [27]
225+£0.88 — Lochmiiller et al., 1998 [24]
3.79 £1.06 - Lochmiiller et al., 1998 [24]
9.55+£3.20 87 Cody et al., 1999 [28]
3.2-15.0 100 Keyak et al., 2001 [29, 30]
5.3-14.5 100 Kukla et al., 2002 [31]
545+1.02 100 Bessho et al., 2007 [32]
6.32-16.04 100 Cristofolini et al., 2007 [33]
887+£332 - Duchemin et al., 2008 [34]
871+293 78 Dall’Ara et al., 2013 [35]
413+£1.62 56 Courtney et al., 1994 [36]
350+1.38 - Courtney et al., 1994 [36]
7.87+1.50 67 Courtney et al., 1994 [36]
405+£090 - Pinilla et al., 1996 [37]
3.82+091 - Pinilla et al., 1996 [37]
3.06+0.89 - Pinilla et al., 1996 [37]
398+ 1.6 41 Cheng et al., 1997 [38]
231127 37 Keyak et al., 2001 [29, 30]
2.62-4.57 63 Pulkkinen et al., 2006 [39]
434+191 23 Manske et al., 2009 [40]
4.03+£037 50 de Bakker et al., 2009 [41]
3.57+1.82 Roberts et al., 2010 [42]
1.41-6.18 44 Dragomir-Daescu et al., 2011 [43]
353+1.07 - Koivuméki et al., 2012 [44]
3.12+1.14 78 Dall’Ara et al., 2013 [35]
~13-44 - Nishiyama et al., 2013 [45]
3.15+1.15 25 Gebauer et al., 2014 [46]
1.41-3.72 - Gilchrist et al., 2014 [47]
318+ 146 27 Zani et al., 2015 [48]
336+1.25 - Varga et al., 2016 [49]
248+121 - Pottecher et al., 2016 [50]
358+148 24 Johannesdottir et al., 2017 [25]
~0.8-10 46 Dragomir-Daescu et al., 2018 [51]

Config, stance (sta) or fall (fa) with angle of applied force with respect to the femoral shaft in the neck-shaft plane; Loc, the fraction of cervical versus

trochanteric fractures
*Bones were fixed

R* = 0.66 for stance and R* = 0.80 for the fall loading
configuration [35]. In an initial study, CT-based vBMD
was strongly correlated with femoral strength (R* =
0.87) [58], but notably this strong association could be
reproduced in later studies or by the combination of
vBMD and CSA [59].

Overall, DXA-based hip aBMD ex vivo is a good pre-
dictor of femoral strength in stance and to an even higher

extent in the sideway fall configurations [39]. However,
the predictive equations depend significantly on sex and
age, leading to a global correlation coefficient of R? =
0.78 in the fall configuration [51]. There is no added
value in using CT-based variables and the inclusion of
geometrical variables improves the predictions rather
moderately.
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Table 2  Prediction of ex vivo hip strength in the stance and fall configurations: densitometric variables alone (no FEA data available)

Sample size and sex distribution Age Loading configuration Variables R’ Reference

54F + TM 67-80 Stance FN BMC 0.79 Dalen et al., 1976 [53]
9F + 9M 32-83 Stance vBMD 0.66 Leichter et al., 1982 [54]
4F + 4M 62-92 Stance HU 0.64 Esses et al., 1989 [55]
11F + 11M 3490 Stance FN aBMD 0.63 Beck et al., 1990 [26]
11F + 11M 34-90 Stance FN aBMD + HSA 0.79 Beck et al., 1990 [26]

22 - Stance vBMD 0.55 Smith et al., 1992 [27]
24F + 34M 57-100 Stance FN BMC 0.45 Lochmiiller et al., 1998 [24]
7F + 13M 48-92 Stance tot hip aBMD 0.62 Kukla et al., 2002 [31]
7F + 13M 48-92 Stance troch aBMD 0.66 Kukla et al., 2002 [31]
7F + 13M 48-92 Stance FN aBMD 0.51 Kukla et al., 2002 [31]
14F + 17M 29-91 Stance FN aBMD 0.55 Link et al., 2003 [56]
28F 57-97 Stance aBMD 0.57 Abraham et al., 2015 [57]
28F 57-97 Stance aBMD + pind 0.78 Abraham et al., 2015 [57]
SF+ 7™M 53-81 Sideway fall vBMD 0.87 Lotz and Hayes, 1990 [58]
4F + 6M 73.8+7.1 Sideway fall FN aBMD 0.72 Courtney et al., 1994 [36]
4F + 6M 73.8+7.1 Sideway fall CSA 0.77 Courtney et al., 1994 [36]
33 Elderly Sideway fall tot hip aBMD 0.69 Pinilla et al., 1996 [37]
28F + 36M 69 £15 Sideway fall troch aBMD 0.88 Cheng et al., 1997 [38]
28F + 36M 69 + 15 Sideway fall troch CoA 0.83 Cheng et al., 1997 [38]
17F + 10M 73+13 Sideway fall FN aBMD 0.64 Manske et al., 2009 [40]
17F + 10M 73+£13 Sideway fall FN CoA 0.69 Manske et al., 2009 [40]
48F + 25M 74+9 Sideway fall FN aBMD 0.70 Roberts et al., 2010 [42]
37F + 28M 67+ 14 Sideway fall troch aBMD 0.54 Gebauer et al., 2014 [46]
37F + 28M 67+ 14 Sideway fall tot hip vBMD 0.30 Gebauer et al., 2014 [46]
15F + 2M 77+ 11 Sideway fall tot hip aBMD 0.39 Gilchrist et al., 2014 [47]
19F + IM 7710 Sideway fall tot hip aBMD 0.94 Gilchrist et al., 2014 [47]

BMD, bone mineral density; BMC, bone mineral content; HAS, hip structure analysis; HU, Hounsfield units; FN, femoral neck; troch, trochanter; v,
volumetric; a, areal; pind, microindentation; CSA, cross-sectional area; CoA, cortical area by CT; tot, total

Surrogates of hip strength: finite element
analysis

In contrast to densitometric variables, finite element analysis
(FEA) integrates the bone geometry, and heterogeneous distri-
bution of bone density, using first equilibrium principles to
directly compute mechanical variables such as stiffness, ulti-
mate load, and energy to failure for a given load configuration
[70]. Such computations may be done on a simplified 2D pro-
jection by using DXA images (DXA-FEA) [71, 72] or on a full
3D geometry by using either QCT data (CT-FEA) [28, 59, 73]
or 2D-3D reconstructions from DXA images [74, 75]. In the
common approaches, the geometry of the femur is divided into
finite elements that form a mesh. The material properties of the
bone tissue are determined by using the vBMD in the neigh-
borhood of each element and validated using in vitro tests to
achieve a reasonable correspondence between experimental
and computational strength. Precision of stiffness using linear
CT-FEA of'the hip in stance is reported to by 1.85% [76], which
is about twice the typical precision of 1% reported for densito-
metric variables such as vBMD. For DXA-FEA, the precision
is in the range of 5-7% for several fracture risk indices [71].
The strength of the association between ex vivo femoral
strength and CT-based FEA (R* = 0.75-0.96) is consistently
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higher than that obtained by densitometric variables (Table 3),
and appears to improve with the resolution of the underlying
QCT image [68]. The application of the FE approach on 2D
DXA images provided coefficients of determination higher than
those of aBMD for stance configuration (R* = 0.74 versus R* =
0.66), but similar to those of aBMD for the fall configuration (R2
= 0.77 versus R* = 0.80). The predictions of hip strength
achieved with 2D DXA-based FEA remain inferior to the ones
of 3D CT-based FEA [77]. In a precision study, it was shown
that 2D FE methods based on DXA suffer from a significant
variability due to positioning of the patient during the examina-
tion [71]. A recent development attempts to build 3D FE models
from standard radiographs [66]. Although the strategy appears
attractive, the first results were not fully convincing with a co-
efficient of determination of R* = 0.64, but much better than
those of aBMD (R? = 0.24), which may indicate inconsistencies
in the experimental boundary conditions. The ongoing research
on 2D-3D reconstruction of the proximal femur from DXA
images may open new perspectives in this field [75, 78].
Opverall, the prediction error for hip strength by FEA evalu-
ated ex vivo remains between 10 and 20% [79], similar to the
one for aBMD [80]. Unlike aBMD, FEA can predict ex vivo
hip strength in stance and fall similarly [67]. It remains unclear
whether accounting for tissue age in FE modeling could
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Table 3 Prediction of hip strength ex vivo: densitometry and FEA

Sample size and sex distribution Age Loading configuration Variables R? Reference

10F + 8M 52-92 Stance neck vBMD 0.61 Keyak et al., 1998 [59]

10F + 8M 52-92 Stance lin FE 0.75 Keyak et al., 1998 [59]

10F + 8M 52-92 Fall vBMD x CSA 0.82 Keyak et al., 1998 [59]

10F + 8M 52-92 Fall lin FE 0.90 Keyak et al., 1998 [59]

10F + 8M 52-92 Stance nonlin FE 0.93 Keyak et al., 2001 [29, 30]
23F + 28M 21-93 Stance aBMD 0.57 Cody et al., 1999 [28]

23F + 28M 21-93 Stance lin FE 0.84 Cody et al., 1999 [28]

6F + 5M 30-90 Stance nonlin FE 0.96 Bessho et al., 2007 [32]

24F + 16M 47-100 Stance lin FE 0.87 Duchemin et al., 2008 [34]

9 74-91 Stance lin FE 0.94 Pithioux et al., 2011 [60]

13F + 5SM 51-93 Fall aBMD 0.78 Dragomir-Daescu et al., 2011 [43]
13F + SM 51-93 Fall nonlin FE 0.85 Dragomir-Daescu et al., 2011 [43]
41F + 20M 55-100 Fall nonlin FE 0.87 Koivumaki et al., 2012 [44]
19F + 17M 46-96 Stance aBMD 0.66 Dall’Ara et al., 2013 [35]

19F + 17M 46-96 Stance nonlin FE 0.80 Dall’Ara et al., 2013 [35]

19F + 17M 46-96 Stance nonlin FE 0.87 Luisier et al., 2014 [62]

19F + 17M 46-96 Fall aBMD 0.80 Dall’Ara et al., 2013 [61]

19F + 17M 46-96 Fall nonlin FE 0.85 Dall’Ara et al., 2013 [61]

19F + 17M 46-96 Fall nonlin FE 0.86 Luisier et al., 2014 [62]

15F + SM 77+ 13 Fall lin FE 0.81 Nishiyama et al., 2013 [45]

7F + 3M 32-100 Stance nonlin FE 0.94 Hambli and Allaoui, 2013 [63]
10F + 8M 52-92 Stance 2D FE 0.80 Langton et al., 2009 [64]

7 55-95 Fall lin FE 0.35 Enns-Bray et al., 2014 [65]

28 - Stance aBMD 0.24 Thevenot et al., 2014 [66]

28 - Stance 2D-3D FE 0.64 Thevenot et al., 2014 [66]

1F + 6M 71-83 Stance lin FE 0.54 Schileo et al., 2014 [67]

6F + IM 62-84 Fall lin FE 0.77 Schileo et al., 2014 [67]

7F + ™™ 62-84 Both lin FE 0.89 Schileo et al., 2014 [67]

8F + 4M 62-93 Fall aBMD 0.61 Nawathe et al., 2014 [68]

8F + 4M 62-93 Fall nonlin uFE 0.94 Nawathe et al., 2014 [68]

14F + IM 50-96 Fall explicit FE ns Ariza et al., 2015 [69]

10F + 4M 72-95 Fall nonlin FE 0.84 Varga et al., 2016 [49]

24F + 16M 82+12 Fall troch aBMD 0.80 Pottecher et al., 2016 [50]

24F + 16M 82+ 12 Fall troch BMC 0.79 Pottecher et al., 2016 [50]

24F + 16M 82+ 12 Fall lin FE 0.83 Pottecher et al., 2016 [50]

50F + 26M 74+9 Fall tot aBMD 0.74 Johannesdottir et al., 2017 [25]
50F + 26M 74+£9 Fall tot CoV 0.74 Johannesdottir et al., 2017 [25]
50F + 26M 74+9 Fall nonlin FE 0.79 Johannesdottir et al., 2017 [25]

BMD, bone mineral density; BMC, bone mineral content; v, volumetric; a, areal; /in, linear; nonlin, nonlinear; FE, finite element; CSA, cross-sectional

area; CoV, cortical volume; troch, trochanter; fot, total

improve these predictions. Of interest, FEA is also able to pre-
dict fracture location (e.g., cervical versus trochanteric) with
reasonable to excellent accuracy (61 to 100%) [79].

In summary, ex vivo biomechanical tests provide robust
measures of femoral strength in clinically relevant loading con-
ditions. Validation of surrogate measures of femoral strength
derived from non-invasive imaging strength shows that where-
as DXA-based aBMD is strongly associated with femoral
strength, 3D QCT-based FEA consistently provides slightly
better predictions of ex vivo femoral strength than densitomet-
ric or other structural variables. DXA-based 2D-FEA estimates
of bone strength provide similar associations with femoral
strength as aBMD, but suffer somewhat from higher precision
errors. Though still being developed, 2D-3D densitometric re-
construction of the proximal femur from DXA images followed

by FEA should be investigated further to determine whether it
can overcome the current limitations of aBMD.

Clinical studies: prediction of hip fracture
by FEA

CT- and DXA-based FEA of the proximal femur have been
evaluated in a number of prospective studies, demonstrating sig-
nificant associations with hip fracture risk, sometimes indepen-
dently of aBMD (Table 4). Generally the associations between
femoral strength and hip fracture are as strong if not stronger than
those reported for aBMD, though only one study was able to
demonstrate statistically significantly stronger predictive power
for hip fractures by CT-FEA compared to aBMD in women [84].
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Table 4 Summary of selected studies using aBMD or QCT-based FE for the prediction of hip fracture in humans

Study name

Study population

Number of
incident hip
fractures

Techniques

HR or odds ratio for incident

hip fracture (and 95%
confidence intervals)

Reference

Nested case-control
study design

SOF

MrOs

AGES Reykjavik

FOCUS

Manitoba BMD
Registry

728 women
> 775 years of age
4 years of follow-up

2609 women

> 67 years of age
12.8 years follow-up
250 men

> 65 years of age
5.6 years follow-up

608 women and 440 men
> 65 years of age
5 years follow-up

2690 women and 1248 men
> 65 years of age

13,978 women
and men
> 50 years of age

182

668

40

171

1959

268

DXA-based FE

DXA-based FE

QCT-based FE

QCT-based FE

QCT-based FE

DXA-based FE to
calculate
site-specific FRI

TH aBMD: 1.8 (1.5-2.1)

FN aBMD: 2.1 (1.7-2.6)

Strength: 2.2 (1.8-2.8)

Strength**: 1.7 (1.2-2.4)

Load-to-strength ratio: 1.8
(1.5-2.1)

Load-to-strength ratio**: 1.4
(1.1-1.7)

TH aBMD: 1.9 (1.7-2.1)¢

FN aBMD: 2.0 (1.8-2.3)¢

Strength: 2.2 (2.0-2.5)¢

TH aBMD: 4.4 (2.1-9.1)*

Strength: 6.5 (2.3-18.3)*

Load-to-strength ratio: 4.3
(2.5-7.4)*

Women®

TH aBMD: 2.6 (1.8-3.8)

FN aBMD: 2.7 (1.8-4.0)

Strength: 4.3 (2.6-7.4)

Load-to-strength ratio: 2.3
(1.8-3.0)

Men*

TH aBMD: 2.8 (1.9-4.1)

FN aBMD: 4.0 (2.6-6.1)

Strength: 3.7 (2.4-5.7)

Load-to-strength ratio: 2.6
(1.9-3.5)

Women®

DXA-based hip aBMD: 2.1
(1.7-2.5)

CT-derived hip aBMD: 2.1
(1.8-2.5)

Strength: 2.8 (2.2-3.5)

Men®

DXA-based hip aBMD: 2.5
(2.0-3.2)

CT-derived hip aBMD: 2.8
(2.1-3.8)

Strength: 2.8 (2.1-3.7)

FRI femoral neck***: 1.9
(1.7-2.2)

Naylor et al., 2013
[81]

Yang et al., 2014
(721

Orwoll et al., 2009
[82]

Kopperdahl et al.,
2014 [83]

Adams et al., 2018
[84]

Leslie et al., 2019
[85]

TH, total hip; FN, femoral neck; BMI, body mass index; HR, hazard ratio; DXA, dual X-ray absorptiometry; FE, finite element; QC7, quantitative

computed tomography; FRI, fracture risk indices
*Adjusted for age, BMI, and left

**Adjusted for FN aBMD

*##* Adjusted for age and sex

€ Adjusted for age and BMI

° Adjusted for age, race/ethnicity, and BMI

Predictive power for hip fracture of CT-based
FE approaches

The ability of CT-FEA femoral strength to predict hip fracture

was first reported in the MrOs Study, a population-based cohort
study of osteoporosis in men. In 2009, Orwoll et al. [82] used a
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case-cohort design in 250 men, 40 of whom had suffered an
incident hip fracture during a follow-up time of 5.6 years. In
this study, bone strength (defined as ultimate failure load) was
selected as the primary predictor variable but other FE-based
measures were also tested, specifically the load-to-strength ra-
tio. This ratio considers the notion that impacting loads during a
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fall are related to height and weight, as well as the energy-
attenuation by trochanteric soft tissues [86]. Theoretically, a
load-to-strength ratio of greater than one would indicate a high
risk of fracture. In the MrOs analysis, all standardized hazard
ratios (sHR) were adjusted for age, BMI, and clinic center.
aBMD was associated with hip fracture, with a standardized
hazard ratio (sHR) of 4.4 (95% CI 2.1-9.1). Notably, FEA-
based femoral strength showed a numerically higher sHR of
6.5 (95% CI 2.3-18.3). However, the difference compared to
aBMD did not achieve statistical significance, potentially due
to limited statistical power. The load-to-strength ratio showed a
sHR =4.3 (2.5-7.4), i.e., not better than aBMD, but was limited
by use of a uniform soft tissue thickness value for all subjects.
The second prospective study investigating ability of CT-FEA
to predict hip fracture was conducted in the AGES Reykjavik
cohort. Fifty-one men and 77 women suffered hip fractures dur-
ing a follow-up period of 47 years and 97 men and 152 women
were selected as controls. Four loading conditions were studied:
single-limb stance, stimulating loading from falls onto the pos-
terolateral, posterior, and lateral aspects of the greater trochanter.
Analyzing FE-based bone strength under different loading con-
ditions, Keyak et al. reported age-related declines in femoral
strength, along with lower bone strength in subjects with frac-
tures [87]. Unfortunately, this study did not report hazard ratios.
Kopperdahl et al. reported strong associations between
femoral strength from CT-FEA and hip fracture risk prediction
in the AGES cohort, both for men and women [83]. The ra-
tionale for gender-specific analyses relates to differences in
body size and BMD reference data which may lead to differ-
ent threshold considered for male and female patients at high
risk of fracture. Following a case-control study design, they
analyzed 1110 women and men over age 65 years followed for
5 years with 171 incident hip fractures. The risk ratios for men
were similar to those reported from the MrOs study: the age-
and BMI-adjusted sRR for CT-FEA-based femoral strength
was 3.7 (95% CI 2.4-5.7), numerically in between sRRs for
aBMD of the femoral neck and the total hip (Table 4) with no
statistically significant differences. Of note, aBMD was not
measured by DXA but calculated from QCT data [88].
Again, the load-to-strength ratio did not perform as well as
failure load, though use of a constant soft tissue thickness may
have obscured important subject-specific differences in the
fall loading estimates. The association between CT-FEA fem-
oral strength and hip fracture was slightly stronger in women
than men, with SRR =4.3 (95% CI 2.6-7.4). The associations
were numerically higher than those observed for DXA-aBMD
of'the femoral neck [SRR = 2.7 (95% CI1 1.8-4.0)] and the total
hip [sRR =2.6 (95% CI 1.8-3.8)] but did not reach statistical
significance. However, in a reclassification analysis for wom-
en, the combination of FEA-based strength and aBMD results
showed better fracture prediction compared to aBMD alone.
The most recent and largest study investigating FEA predic-
tion of hip fracture to date is the Fracture, Osteoporosis, and CT

Utilization Study (FOCUS) published by Adams et al. in 2018
[84]. In this retrospective case-cohort study preexisting,
anonymized clinical data from electronic health records were
analyzed to predict incident hip fracture. The study included
men and women 65 or older who had a prior abdomen or pelvis
CT scan, a DXA within 3 years of the CT, and no prior hip
fracture. CT scans of the abdomen or pelvis had been acquired
on 80 different CT scanners, for various reasons unrelated to the
assessment of osteoporosis. Since a calibration phantom had
not been scanned along with the patient, an internal calibration
procedure based on contrast between air and hip fat was per-
formed to transform CT numbers into bone density results [89].
FEA was performed following the same approach used in the
MrOs study [82], and in the analysis of the AGES Reykjavik
study published by Kopperdahl et al. [83]. Comparing the 1959
cases with an incident hip fracture to their non-fractured con-
trols (n = 1979), FEA-based bone strength showed the stron-
gest association with hip fracture, with an SRR = 2.8 (95% CI
2.2-3.5) for women and, almost identical, SRR = 2.8 (95% CI
2.1-3.7) for men. Interestingly, as in the AGEs study data re-
ported previously by Kopperdahl et al., the associations of
DXA-based aBMD data of the proximal femur (lowest T-
score of the femoral neck and the total hip) and hip fracture
were stronger for men at SRR = 2.5 (95% CI 2.0-3.2) than for
women at SRR = 2.1 (95% CI 1.7-2.5), and thus the difference
in performance between FE-based bone strength and DXA-
based aBMD was statistically significant for women but not
for men. This study is important for several reasons. First of
all, for the first time, a statistically significant advantage of CT-
based FE analysis of bone strength compared to the current
clinical standard method of DXA of the proximal femur was
demonstrated, even if only for women at this stage. This com-
plements earlier study results by Wang et al. [90] reported from
the MrOS study for CT-FEA assessment of vertebral strength
which reported superior performance in the prediction of inci-
dent vertebral fractures for FE-based bone strength compared
to DXA-based aBMD of the spine. Second, from a practical
point of view, superior fracture prediction by CT was achieved
without simultaneous CT calibration for bone densitometry.
This permits retrospective or concomitant analysis of CT scans
covering the proximal femur ordered for reasons other than
osteoporosis. Thus, information on osteoporotic fracture risk
and identification of patients at high risk of fracture is feasible
without additional radiation exposure. Some aspects need to be
considered though. Most importantly, the use of contrast agents
not only leads to bias in the measured data (that perhaps can in
part be adjusted for) but this bias also reduced the predictive
power to a small extent. Still, contrast enhanced CT examina-
tions were shown to be predictive of hip fracture but, from the
data presented by Adams et al, it appears that such CT exam-
inations may not show an advantage over DXA with regard to
risk prediction. Other issues remain to be investigated, includ-
ing the choice of the CT scanning protocol with regard to slice
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thickness (slice thickness above 3 mm may be disadvanta-
geous) and X-ray energy and choice of reconstruction kernel
(Adams et al.’s data limited to 120 kVp and standard recon-
struction kernels). Also, the impacts of the type of calibration
(internal as in the study by Adams et al. or asynchronous or
simultaneous) remain to be investigated. Nevertheless, this
groundbreaking study provided strong evidence in support of
the use of clinical CT scans for skeletal health assessments.

FEA provides other advantages beyond improved fracture
prediction. In the context of fracture risk assessment, the inter-
pretation of strength is more intuitive and clinically relevant than
areal density or T-scores. Failure load levels of the femur can be
calculated for specific loading configurations and be compared
with estimated forces for likely fall settings. It has been proposed
that femoral strength values of 3000 N and 3500 N might reflect
a critical level of “fragile bone strength” for women and men,
respectively [83]. Patients for whom FEA indicates failure loads
below this level might be the ones with high risk for fracture.
Indeed, data calculated from the MrOs study [82] demonstrate
that only few patients with failure loads below 3500 N did not
experience a hip fracture. Such a threshold might be the FEA
equivalent of the DXA-aBMD T-score level of — 2.5 used for
definition of osteoporosis and could be used to initiate treatment.
Whether a combination of both criteria (i.e., aBMD and FEA
strength) would further improve the sensitivity and specificity for
identification of those at highest risk for fracture remains to be
investigated, with some results already provided in the study of
Adamis et al. [84].

The ability to calculate femoral strength for different fall sce-
narios represents an advantage of FEA but also complicates the
application. Keyak et al. calculated strength levels for three dif-
ferent fall configurations [87]. As can be seen in Fig. 1, strength
levels are higher in men compared to women, and higher in
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Fig. 1 Quantitative computer tomography (QCT) and finite element
(FE)-based hip fracture risk prediction, adapted from Keyak et al. [87]
for falls on the lateral (FL), posterolateral (FPL), and postero (FP) loading
direction and Kopperdahl et al. [83] for sideway falls (using an FE meth-
od that differed from that used by Keyak et al. which makes it difficult to
compare the data of the two studies)
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controls compared to those with hip fracture. Femoral strength
was highest for falls in a lateral direction, followed by falls in a
posterolateral loading, and lowest (i.e., weakest, highest risk) for
posterior loading. For comparison, the loading scenario of a side-
way fall calculated by Kopperdahl [83] is also shown. The rank-
ing within each group is the same, but there is substantial overlap
between the loading scenarios. In practice, one does not know in
which direction the patient is likely to fall, although some age-
related patterns of typical falls have been reported. Elderly sub-
jects tend to fall backwards, leading to posterior loading, whereas
younger subjects move faster and thus experience falls more
directed towards a forward direction. One interesting concept
has been proposed by Bessho et al. [32]. These authors suggested
to calculate strength for a variety of loading conditions to identify
the patient-specific weakest scenario, i.e., the loading directions
under which the proximal femur is most vulnerable to fracture.
Indeed, a small case-control study (22 postmenopausal women
with recent hip fracture compared to 33 non-fracture controls)
used CT-FEA to compute femoral strength for a variety of side-
way fall loading conditions and found that the “weakest” femoral
strength tended to discriminate hip fracture cases from controls
than femoral strength from the standard sideway fall configura-
tion [91]. Potentially, application of this approach might lead to
improved predictive power, a hypothesis to be tested in prospec-
tive studies.

Predictive power for hip fracture
of DXA-based FE approaches

Several DXA-based structural engineering models of the
proximal femur have been developed to assess bone strength
and their association with hip fracture risk, though few have
been tested in prospective studies.

The ability of 2D FE models generated from the segmented
BMD map extracted from DXA scans to predict hip fracture
was reported in two prospective studies. The first one was a
nested case-control study of 728 elderly community-dwelling
women (mean age 82 years), including 182 with subsequent
hip fracture, selected from a large, single-center study investi-
gating the effect of clodronate on fracture risk. Baseline DXA
scans of the hip were used to determine femoral bone strength
and load-to-strength ratio, which both predicted hip fracture
independently of femoral neck (FN) aBMD (adjusted OR 1.7,
95% CI 1.2-2.4 and 1.4, 95% CI 1.1-1.7, respectively).
However, the magnitude of the improvement of fracture dis-
crimination was marginal compared to FN aBMD (area under
the curve FN aBMD alone 0.66, FN aBMD + femoral bone
strength 0.67, FN aBMD + load-to-strength ratio 0.68). DXA-
based FE femoral strength was also able to discriminate inci-
dent hip fracture cases from controls independently of prior
fractures including morphometric fractures, and of FRAX score
(without BMD) [81]. A larger prospective case-cohort from the
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Study of Osteoporotic Fractures study included 2314 women
including 668 with incident hip fracture which occurred during
a mean follow-up of 12.8 = 5.7 years. In analyses adjusted for
age and BMI, estimated femoral strength from 2D FE analysis
of DXA scans was a strong predictor of hip fracture (HR 2.21,
95% CI 1.95-2.50). Its ability to discriminate women with and
without fracture were significantly better than those of total hip
aBMD and FRAX, but as in the previous study not better than
FN aBMD [72]. It should be noted that strong correlations were
observed between FE-estimated femoral strength and aBMD
(0.81 and 0.83 for total hip and FN aBMD, respectively), which
may explain the lack of improvement of fracture discrimination
compared to aBMD. Another software tool that automatically
performs FEA on DXA hip scans to generate site-specific (fem-
oral neck, intertrochanteric, and subtrochanteric) fracture risk
indices (FRIs) that reflect the likelihood of hip fracture from a
sideway fall was tested in the Manitoba BMD Registry. Cross-
sectional data showed that FRIs were able to stratify prior hip
fracture risk independent of aBMD and FRAX score [92].
However, a longitudinal analysis of incident fracture discrimi-
nation determined by c-statistics in this registry showed that
FRI tended to be slightly lower than femoral neck aBMD T-
score and FRAX score [85].

Since these two-dimensional approaches ignore variations of
geometry, bone density, and impact force in the anterior-posterior
direction, DXA-based 3D modeling of the proximal femur, gen-
erated from the two-dimensional DXA scans, has been devel-
oped to generate three-dimensional FE models [64, 75, 93]. A
cross-sectional case-control study of 62 hip fracture cases and 49
non-fracture controls showed that DXA-based 3D FE models of
proximal femur was able to discriminate hip fracture cases versus
controls, to a higher extent than aBMD or vBMD measured at
the same femoral region of interest [94]. The performance of
DXA-based 3D modeling and FE simulations in terms of fracture
risk prediction requires additional testing in prospective studies.

Effects of osteoporosis drugs on bone mass,
FEA, and bone strength in preclinical studies

As part of regulatory submissions prior to approval of a new
therapeutic agent, preclinical studies are required to demon-
strate the safety of the treatment. Safety is assessed via com-
prehensive toxicity studies and by demonstrating a normal
relationship between bone mass or density and biomechanical
outcomes, which is interpreted to indicate that the treatment
maintains normal bone “quality.” Preclinical studies that em-
ploy non-human primates may be particularly useful when
trying to establish that bone strength estimates from CT-
based FEA following pharmacologic intervention are valid
and clinically meaningful. However, we found no published
monkey studies comparing the effects of drugs on hip FEA vs
actual strength. The only FEA studies reporting the

relationship between in vivo estimated strength and ex vivo
experimental strength are those by Lee et al (vertebrae,
denosumab) [95] and Cabal et al (radius, odanacatib) [96].

Preclinical studies have employed ovariectomized baboons
(alendronate [97, 98]), rhesus monkeys (zoledronic acid [99],
PTH (1-84) [100], odanacatib [96, 101, 102]), and cynomolgus
monkeys (teriparatide [103, 104], ibandronate [105-107],
denosumab [95, 98, 108], romosozumab [109], and
abaloparatide [110]). Treatment durations ranged from 6 to 24
months. Depending on the study, outcomes included in vivo
bone density measurements by DXA, pQCT, and/or HR-
pQCT, along with ex vivo assessment of bone strength via
mechanical testing of the vertebral body, femoral neck, femoral
diaphysis, vertebral trabecular cores, and/or cortical beam spec-
imens. Without exception, bone mass and bone mechanical
properties were either maintained or increased by the treat-
ments, and in all cases the expected bone mass to bone strength
relationship was preserved, inferring no deficits in bone quality
due to the treatment.

Focusing specifically on femoral strength, osteoporosis treat-
ments have had either no effect or led to increased biomechanical
properties of the femoral neck and/or the femoral diaphysis in
ovariectomized non-human primates (Table 5). Specifically, the
bisphosphonates alendronate and ibandronate had no effect on
femoral neck strength but maintained a normal association be-
tween bone mass and bone strength. In comparison, denosumab
led to increased femoral neck mechanical properties, with no
effect on estimated cortical bone material properties at the femo-
ral diaphysis. Treatment of OVX cynomolgus monkeys with
denosumab (25 or 50 mg/kg/month) for 16 months led to in-
creased stiffness of the femoral diaphysis (at both doses) and
higher femoral neck stiffness in the higher dose denosumab
group, while maintaining the expected bone mass vs. bone
strength relationship [97].

Considering anabolic therapies, treatment of OVX cyno-
molgus monkeys for 18 months with teriparatide (1 or 5
ng/kg/day) led to higher femoral neck peak load versus
vehicle-treated monkeys in both of the teriparatide-treated
groups. Treatment of OVX rhesus monkeys for 16 months
with PTH (1-84) at 5, 10, or 25 pg/kg/day revealed no differ-
ences among groups in femoral neck stiffness or peak load,
but a higher work to failures in the 10- and 25 pg/kg/day
groups when compared to vehicle-treated monkeys. In a study
of the PTH analog abaloparatide, 9 to 18 years old cynomol-
gus monkeys were subjected to ovariectomy or sham surgery
[110]. After 9 months without treatment, the OVX groups
were treated with daily s.c. injections or either vehicle or
abaloparatide (0.2, 1, or 5 pug/kg/day). There were no differ-
ences in femoral diaphysis or femoral neck biomechanical
properties between groups, but abaloparatide maintained nor-
mal bone mass versus bone strength relationships for both the
femoral neck and femoral diaphysis, consistent with mainte-
nance of bone quality following abaloparatide treatment. In a
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Table 5 Summary of selected non-human primate studies with osteoporosis drug treatment and mechanical testing outcomes
Drug Animal Treatment duration Femoral diaphysis Femoral neck Maintained Reference
model and dose testing testing normal bone
mass vs. bone
strength
relationship?
Alendronate OovVX 24 months No differences among No differences among Yes Balena et al.,
baboon VEH, 0.05 or 0.25 mg/kg ~ groups groups 1993 [97]
every 2 weeks
Zoledronic OVX rhesus 17 months Not reported Not reported Not reported  Binkley et al.,
acid VEH, 0.5, 2.5, or 12.5 1998 [99]
ug/kg/week
Ibandronate OVX 16 months Not reported No differences among Yes Smith et al.,
cynomol- VEH, 10, 30, or 150 groups 2003 [106]
gus pg/kg/month
monkey
Denosumab OVX 16 months Stiffhess higher in both FN stiffness higher in 50 Yes Ominsky et al.,
cynomol- VEH, 25 or 50 denosumab groups vs mg/kg 2011 [111]
gus mg/kg/month VEH; no differences in dose group vs VEH; no
monkey estimated material difference in 25 mg/kg
properties dose group
Teriparatide OovVX 18 months Not reported FN failure load higher in Yes Sato et al.,
cynomol- VEH, 1 or 5 ug/kg/day PTH-treated (both doses) 2004 [112]
gus vs VEH
monkey
PTH (1-84) OVX rhesus 16 months Not reported No difference in FN stiffness Yes Fox et al., 2007
monkey VEH, 5, 10, or 25 or peak load; higher FN [100]
ng/kg/day work to failure in 10 and
25 ng/kg vs VEH
Abaloparatide OVX 16 months No differences in No differences between Yes Doyle et al.,
cynomol- VEH,0.2,1,0r5 structural groups 2018 [110]
gus ng/kg/day or estimated material
monkey properties
Romosozumab OVX 12 months Peak load and stiffhess FN peak load, stiffness, and Yes Ominsky et al.,
cynomol- VEH, 3 or 30 mg/kg higher in 30 mg/kg vs energy to failure higher in 2017 [109]
gus VEH,; no difference in 30 mg/kg vs VEH
monkey estimated material

properties

OVX, ovariectomy; VEH, vehicle; FN, femoral neck

study of the monoclonal antibody to sclerostin, romosozumab
[109], cynomolgus monkeys were subjected to ovariectomy,
left untreated for 4 months and then assigned to treatment with
vehicle, 3 mg/kg, or 30 mg/kg romosozumab for 12 months.
Romosozumab treatment led to increased aBMD at the prox-
imal femur, changes that translated into significant increases
in bone strength in the high dose group in the femur diaphysis
and femoral neck. The normal bone mass versus bone strength
relationship was maintained in all groups, and there were no
changes in estimated material properties at cortical bone sites.

Collectively these preclinical studies confirm that the ex-
pected bone mass to bone strength relationship is maintained
for all currently approved osteoporosis therapies. This obser-
vation suggests that the empirical relationships between bone
density and bone material properties used in the estimation of
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bone strength by finite element analysis should be valid for
both untreated individuals and those who have received phar-
macologic treatment for osteoporosis.

Effects of osteoporosis treatment on FEA
estimates of bone strength in clinical trials

The relationship between treatment-induced changes in
aBMD and fracture risk has been controversial, with analyses
from individual trials reporting that only small proportions of
vertebral fracture risk reduction are explained by changes in
spine aBMD while other analyses finding that the majority of
the reduction in non-vertebral fracture risk is explained by
increases in hip aBMD [21, 113-115]. The inconsistency in
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these estimates is in part attributable to differences in method-
ology for estimating the proportion of treatment effect ex-
plained by changes in aBBMD and/or wide confidence intervals
in these estimates in trials with small changes in aBMD.
However, a recent meta-analysis of published data from 38
placebo-controlled trials demonstrated a strong, significant
association between the treatment-induced changes in
aBMD and vertebral and hip fracture risk, with larger aBBMD
gains associated with greater fracture reduction [23].

The well-known disparity between large changes in spine
BMD associated with sodium fluoride therapy and an observed
increase in fracture risk was a major factor in regulatory agencies
not accepting changes in BMD as a surrogate for fracture risk.
Although failure of fluoride treatment to improve bone strength
commensurate with BMD change was predicted by preclinical
studies [116], currently, approval of new drugs for treatment of

osteoporosis still requires demonstration of fracture risk reduc-
tion in clinical studies of patients with osteoporosis.

Given their strong association with in vitro strength, CT-
based estimates of bone strength via FEA may be useful for
predicting the anti-fracture efficacy of osteoporosis therapies.
Accordingly, changes in FEA estimates of strength in response
to treatment with osteoporosis drugs have been evaluated in
several small clinical studies or subsets of patients from large
clinical trials [117—125]. Summaries of the results of such stud-
ies are presented in Table 6.

Most of the studies used a voxel-based method FEA [125]
while other methodologies were used in some European-
based trials [118, 119, 124]. In one study, different FEA
methods were used to estimate hip and vertebral bone strength
in the same set of QCT scans from a single study, providing
highly comparable results [121, 124]. Altogether, the studies

Table 6 Summary of changes in FEA estimates of strength in response to treatment with osteoporosis drugs in small clinical studies or subsets of

patients from large clinical trials

Drug Patients Number of  Duration Skeletal site  Avg. Baseline BMD ([T- Avg. Baseline  Change from Reference
Patients (months) score] or g/cmz) (Newtons) baseline
FEA BMD
Teriparatide PMOP 28 18 VERT LS 0.754 4351 21.0% Keaveny et al.,
Alendronate 25 0.757 4592 3.7% 2007 [126]
PTH 1-84 PMOP 72 12 HIP TH 0.748 2500-2600 2.1% Keaveny et al.,
Alendronate 42 0.759 3.6% 2008 [120]
Combined 37 0.789 25%
Ibandronate po PMOP 47 12 HIP TH 0.748 2410 2% (est) Lewiecki et al.,
Placebo 46 0.759 2528 -3.9% (est) 2009 [122]
giandéonate po 47 VERT LS 0.789 4195 4% (est)
acedo 46 0.786 4017 -3.1% (est)
Teriparatide PMOP 44 24 VERT LS 0.72 4333 28.1% Graeff et al.,
2009 [119]
Teriparatide PMOP 27 18 HIP TH 0.75 1930 5.4% Keaveny et al.,
Alendronate 21 0.73 2020 0.9% 2012 [127]
Odanacatib LBMD 109 24 HIP TH [-1.3] 3176 3.6% (est) Brixen et al.,
Placebo 105 [-1.3] 3191 -2% (est) 2013 [117]
I?ldanicatlb 109 VERT LS [-1.7] 3667 9.3% (est)
acebo 105 [-1.9] 3685 -5% (est)
Denosumab PMOP 51 36 HIP TH [-1.7] 2512 8.3% Keaveny et al.,
Placebo 48 [-2.0] 2273 -5.6% 2014 [121]
[]?lenots)umab 51 VERT LS [-2.8] 2879 18.2%
acedo 48 [-2.8] 2841 42%
Denosumab PMOP 51 36 HIP TH [-1.7] 2311 5.2% Zysset et al.,
Placebo 47 [-2.0] 2107 -1.9% 2015 [124]
Denosumab 51 VERT LS [-2.8] 3070 17.4%
Placebo
47 [-2.8] 2996 -3.3%
Romosozumab LBMD 9 12 HIP TH NA NA 3.6% Keaveny et al.,
Teriparatide 19 -0.7% 2017 [128]
Placebo 18 -0.1%

FEA, finite element analysis; PMOP, postmenopausal osteoporosis; LBMD, low bone mineral density; BMD, bone mineral density; VERT, vertebra; TH,
total hip; LS, lumbar spine; (est), changes from baseline estimated from figure in paper to match the reported change vs placebo; NA, not available
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included treatment groups ranging in size from 3 to 109 sub-
jects and followed patients for 6 to 36 months. Comparisons
were made with placebo, another osteoporosis treatment or
both.

Estimates of bone strength decreased modestly in each of
the placebo groups. Increases in hip strength were observed
with bisphosphonates and denosumab, but the changes were
smaller than the changes in vertebral strength. The changes in
hip strength in response to anabolic therapies were small and
somewhat inconsistent. In the few studies in which treatment
responses were reported at multiple time points, increases in
FEA estimates of strength were greater during the first several
months of therapy than during the second or third year of
treatment. FEA changes upon stopping therapy have not been
evaluated in any study.

Positive but modest associations between changes in FEA
strength and aBMD changes were reported, with stronger cor-
relations observed with changes in vBMD measurements. No
study or collection of studies was large enough to describe the
relationship between changes in estimates of strength and
fracture risk reduction.

These studies document that osteoporosis therapies do
have a positive impact on vertebral and femoral strength,
consistent with the beneficial effects of treatment on frac-
ture risk, suggesting that FEA could be of value in mon-
itoring responses to osteoporosis therapies. Whether
changes in FEA estimates of strength are better predictors
of the effects of treatment on fracture incidence than are
changes in aBMD remains to be determined. To know this
will require collection of CT scans in many patients in
large fracture endpoint trials. Unfortunately, few if any
such fracture endpoint studies are on the horizon. One
promising prospect is the recent validation of DXA-
derived FEA analysis [77]. Such a technique might allow
the analysis of the large storehouse of DXA scans collect-
ed in the many previous clinical fracture endpoint studies.

Conclusions and perspective

Bone mineral density explains a large proportion of the femoral
strength, as demonstrated both ex vivo in human cadaveric and
monkey samples, and in vivo by the inverse relationship be-
tween aBMD and fracture risk. Estimation of hip strength by
CT-based FEA is also strongly correlated with ex vivo femoral
strength, and in vivo CT-derived estimations of bone strength
are as good or better than aBMD to predict fracture risk.
Additional studies are needed to determine the optimal approach
for FEA-based bone strength assessments, including exploration
of hip strength using various loading configurations/directions
and then considering the weakest estimate as the femoral
strength, and by considering individual impact loads based on
anthropometric variables. Further areas for possible
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improvement of current FEA approaches to predict femoral
strength and hip fracture include the incorporation of trabecular
orientation, improved definition and modeling of the cortex and
consideration of age-related changes in bone tissue ductility.

Importantly, changes in aBMD in response to a variety of
osteoporosis drugs are strongly correlated with breaking strength
in animal models, as commonly evaluated at the mid-shaft fe-
mur (although rarely at the hip), and changes in aBMD from
clinical trials explain a substantial proportion of the reduction in
hip fracture risk. Although the effects of osteoporosis drugs on
FEA-derived hip strength have been evaluated for most drugs,
due to the relatively small sample size for these studies, changes
in hip strength by CT-FEA have not been correlated with frac-
ture risk reduction. For this purpose, a (very) large clinical trial
comparing the effects of various drugs on changes in BMD and
structure at the hip evaluated by CT and hip fracture incidence
would be necessary—which is unlikely to ever be conducted.

Thus, due to the observations that both hip aBMD and
FEA-estimated femoral strength are good predictors of frac-
ture risk, they are excellent candidates to replace fracture end-
points in clinical trials. Whereas a large body of data are avail-
able to test whether aBMD could be validated as a surrogate
endpoint for fractures in future clinical trials [22], unfortunate-
ly FEA strength assessments were conducted in a relatively
small subset of subjects in clinical trials. Nevertheless, con-
sidering the evidence that bone strength from FEA is well
correlated to ex vivo strength and predicts fracture risk, there
is no reason to believe that this correlation should not exist in
treated patients. Ultimately, validation of hip aBMD or FEA-
derived hip strength as a surrogate endpoint for fracture could
lead to shorter and less expensive clinical trials in the near
future, thereby spurring innovation and prompting the devel-
opment of new drugs and procedures which might otherwise
not be investigated due the high cost of conducting a clinical
trial with fracture outcomes.
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