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Purpose: To determine the feasibility of using finite element analysis 
applied to 3-T magnetic resonance (MR) images of prox-
imal femur microarchitecture for detection of lower bone 
strength in subjects with fragility fractures compared with 
control subjects without fractures.

Materials and 
Methods:

This prospective study was institutional review board ap-
proved and HIPAA compliant. Written informed consent 
was obtained. Postmenopausal women with (n = 22) and 
without (n = 22) fragility fractures were matched for age 
and body mass index. All subjects underwent standard du-
al-energy x-ray absorptiometry. Images of proximal femur 
microarchitecture were obtained by using a high-spatial-
resolution three-dimensional fast low-angle shot sequence 
at 3 T. Finite element analysis was applied to compute elas-
tic modulus as a measure of strength in the femoral head 
and neck, Ward triangle, greater trochanter, and inter-
trochanteric region. The Mann-Whitney test was used to 
compare bone mineral density T scores and elastic moduli 
between the groups. The relationship (R2) between elastic 
moduli and bone mineral density T scores was assessed.

Results: Patients with fractures showed lower elastic modulus 
than did control subjects in all proximal femur regions  
(femoral head, 8.51–8.73 GPa vs 9.32–9.67 GPa; P = .04; 
femoral neck, 3.11–3.72 GPa vs 4.39–4.82 GPa; P = .04; 
Ward triangle, 1.85–2.21 GPa vs 3.98–4.13 GPa; P = .04; 
intertrochanteric region, 1.62–2.18 GPa vs 3.86–4.47 
GPa; P = .006–.007; greater trochanter, 0.65–1.21 GPa vs 
1.96–2.62 GPa; P = .01–.02), but no differences in bone 
mineral density T scores. There were weak relationships 
between elastic moduli and bone mineral density T scores 
in patients with fractures (R2 = 0.25–0.31, P = .02–.04), 
but not in control subjects.

Conclusion: Finite element analysis applied to high-spatial-resolution 
3-T MR images of proximal femur microarchitecture can 
allow detection of lower elastic modulus, a marker of bone 
strength, in subjects with fragility fractures compared 
with control subjects. MR assessment of proximal femur 
strength may provide information about bone quality that 
is not provided by dual-energy x-ray absorptiometry.
q RSNA, 2014
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methods, including high-spatial-reso-
lution peripheral quantitative (HR-pQ) 
computed tomography (CT) (13–15) 
and high-spatial-resolution magnetic 
resonance (MR) imaging (16–18). Pre-
viously, studies of bone microarchitec-
ture were performed invasively with il-
iac crest biopsy (19,20). HR-pQ CT and 
high-spatial-resolution MR imaging have 
allowed noninvasive study of the micro-
structural determinants of fracture risk 
in vivo (21–23). However, HR-pQ CT 
and high-spatial-resolution MR imaging 
have been performed only in the distal 
extremities (14,15,22,24,25) and not in 
the hip, which is one of the most impor-
tant fracture sites and a standard BMD 
assessment site. This is because HR-pQ 
CT scanners have small imaging bores 
that can fit only the ankle or wrist and 
because signal-to-noise ratio limitations 
arise when MR imaging of deeper anat-
omy such as the hip is performed.

In parallel with the development of 
these imaging technologies, the field 
of bone biomechanics has progressed 
beyond measurement of structural 

contributors to bone strength indepen-
dent of BMD. Results of cadaveric stud-
ies (6–8) have shown that the addition 
of structural parameters to BMD im-
proves the prediction of bone strength 
and failure load, with r2 values as high 
as 0.94. The importance of bone mi-
croarchitecture is also highlighted by 
its inclusion in the World Health Or-
ganization definition of osteoporosis 
(1,2). Despite the strong correlation of 
BMD with bone strength in specimen 
studies, DXA poorly discriminates 
between subjects without and those 
with fragility fractures because there 
is a large overlap in the BMD values 
of subjects in these two groups (9,10). 
Furthermore, most women who expe-
rience hip fractures do not meet the 
BMD criterion for a diagnosis of osteo-
porosis (BMD T score ,22.5) and are 
classified as having slightly low (BMD 
T score .22.5) or normal BMD (BMD 
T score .21.0) (11,12). Because an 
important goal of an imaging test for 
osteoporosis is to determine which 
individuals with bone fragility are at 
high risk for fracture, a better bone 
strength assessment technique would 
allow detection and treatment of such 
patients with a bone-strengthening 
agent before they experience fracture.

During the past 15 years, one of the 
most clinically important developments 
in bone assessment technology has 
been the arrival of in vivo three-dimen-
sional bone microarchitecture imaging 

Osteoporosis is a “systemic skele-
tal disease characterized by low 
bone mass and microarchitec-

tural deterioration of bone tissue, with 
a consequent increase in bone fragility 
and susceptibility to fracture” (1,2). 
In the United States, 2 million fragil-
ity fractures occur per year, resulting 
in $17 billion in direct annual costs for 
fracture care (3). The standard-of-care 
test for diagnosis of osteoporosis, du-
al-energy x-ray absorptiometry (DXA) 
for estimation of areal bone mineral 
density (BMD) in the proximal femur 
and spine (4), is useful because BMD 
reflects bone mass and correlates with 
a higher risk of all types of fragility 
fractures (eg, spine, distal radius, hip) 
(5). In addition, mechanical testing of 
proximal femur specimens has shown 
that DXA results can explain up to 74% 
of the variance in bone strength (6–8). 
However, DXA estimation of BMD still 
has limitations as a clinical tool to as-
sess bone strength in vivo.

First, because DXA is a low-res-
olution, two-dimensional projection 
imaging technique, it cannot account 
accurately for bone size, geometry, or 
microarchitecture, which are critical 

Implications for Patient Care

 n Finite element analysis of high-
spatial-resolution 3-T MR images 
of the proximal femur could be 
used as a tool to assess the ef-
fects of microarchitectural 
changes (to evaluate disease or 
response to therapy) on proximal 
femur strength.

 n MR imaging computation of 
markers of bone strength could 
be used as an adjunct clinical 
care tool for detection of skeletal 
fragility and assessment of 
fracture risk, which would help 
physicians make treatment 
decisions.

Advances in Knowledge

 n Finite element analysis applied to 
high-spatial-resolution 3-T MR 
images of proximal femur micro-
architecture can show lower elas-
tic modulus, a marker of bone 
strength, in patients with fragility 
fractures compared with control 
subjects with similar bone min-
eral density T scores.

 n There is only a weak relationship 
between elastic modulus com-
puted with MR imaging and bone 
mineral density T score com-
puted with dual-energy x-ray 
absorptiometry, which suggests 
that the high-spatial-resolution 
MR imaging test of proximal 
femur strength provides informa-
tion about bone quality that is 
not provided by dual-energy x-ray 
absorptiometry, the current clin-
ical standard for assessment of 
fracture risk.
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or gastrointestinal disorders that may 
affect the skeleton; corticosteroid use; 
Paget disease; multiple myeloma; or 
metastatic bone disease.

DXA Scanning
All subjects underwent DXA scanning 
performed with a densitometer (QDR 
2000; Hologic, Waltham, Mass) by us-
ing established methods to compute 
BMD T scores for the femoral neck, 
total hip, and the lumbar spine (35).

MR Imaging
Within 30 days of the DXA scan, we 
imaged the same hip (nonfractured hip 
in the two subjects with proximal fe-
mur fracture) of all subjects in feet-first 
supine position with a 3-T MR imager 
(Skyra; Siemens, Erlangen, Germany) 
by using a 26-element radiofrequency 
coil setup (three rows of six elements 
from the Siemens commercial flexible 
array coil, two rows of four elements 
from the Siemens commercial spine 
coil) to detect the MR signal (36). Data 
from individual coil elements were 
combined by using the sum-of-squares 
method. Multichannel arrays are known 
to provide higher signal-to-noise ratios, 
which can be used to decrease image 
voxel size (ie, increase spatial resolu-
tion of the image) and improve image 
quality (37,38). We acquired high-spa-
tial-resolution images of bone micro-
architecture of the entire proximal fe-
mur in a slightly oblique coronal plane 
parallel to the femoral neck by using 
a three-dimensional fast low-angle 
shot sequence (repetition time msec/
echo time msec, 31/4.92; flip angle, 

postmenopausal women with clini-
cal osteoporosis. Osteoporosis was 
defined as the presence of a fragility 
fracture that was radiographically con-
firmed (low-energy fracture due to a 
fall from a standing height; median 
time since fracture, 45.5 months; in-
terquartile range (IQR), 66 months; 
25th percentile, 12 months; and 75th 
percentile, 78 months), rather than 
confirmed by using the DXA criterion, 
because DXA has low sensitivity and 
specificity for the detection of bone 
fragility in patients at risk for fracture 
(9,10,12). There were 13 subjects with 
one fracture, seven subjects with two 
fractures, and two subjects with three 
fractures. The sites of the fractures 
were the spine (n = 16), distal radius 
(n = 8), proximal humerus (n = 3), 
foot or ankle (n = 3), proximal femur 
(n = 2), and sacrum (n = 1). We also 
recruited 22 postmenopausal women 
without fractures as control subjects. 
The characteristics of the patients with 
fractures and control subjects are list-
ed in Table 1. There were no significant 
differences between fracture and con-
trol groups with regard to age, height, 
weight, body mass index, and bisphos-
phonate use. Because most subjects 
with a history of fragility fracture were 
using bisphosphonates, we felt that it 
was also necessary to include subjects 
in the control group who were being 
treated with a bisphosphonate. We 
excluded from the fracture group and 
the control group any subjects with 
a history of confounding factors that 
also affect bone strength such as en-
docrinologic, metabolic, nutritional, 

parameters of bone as a result of the 
application of a longstanding mechani-
cal engineering method, finite element 
analysis (FEA), to images of bone 
microarchitecture (26–28). By using 
a three-dimensional imaging data-
set as input, FEA can account for the 
geometry, shape, and microarchitec-
ture of bone and provides output met-
rics of bone mechanical competence or 
strength (eg, elastic modulus). Because 
osteoporosis is a disease of low bone 
strength, the ability to quantify markers 
of bone strength noninvasively in vivo 
may improve the detection of patients 
with skeletal fragility who are at risk 
for fracture (29–32).

The purpose of this study was to 
determine the feasibility of applying 
FEA to in vivo high-spatial-resolution 
3-T MR images of proximal femur tra-
becular microarchitecture for detection 
of lower elastic modulus, a marker of 
bone strength, in subjects with clinically 
defined osteoporosis compared with 
control subjects. We chose to evaluate 
the proximal femur because it is a stan-
dard site for BMD assessment and an 
important site of fragility fracture, rich 
in trabecular bone. As secondary objec-
tives, we also compared differences in 
BMD T scores between groups, and we 
examined whether bone strength mea-
surement with MR imaging provides 
information about bone quality that is 
not provided by DXA by assessing the 
relationships between elastic moduli 
computed with MR imaging and BMD 
T scores.

Materials and Methods

Subject Recruitment
This prospective study, which was 
conducted from November 13, 2012 
to May 9, 2013, had institutional re-
view board approval and complied 
with Health Insurance Portability and 
Accountability Act guidelines. We ob-
tained written informed consent from 
all subjects. We used a similar case-
control study design as that used by 
other groups (13,33,34). From the 
osteoporosis center at our institu-
tion, we recruited 22 consecutive 

Table 1

Summary of Demographic Characteristics of the Patients with Fractures and Control 
Subjects

Characteristic Patients with Fractures Control Subjects P Value

Age (y) 68 (10) 63 (7) .08
Height (m) 1.55 (0.096) 1.58 (0.082) .98
Weight (kg) 57.1 (15.8) 53.7 (9.85) .86
Body mass index (kg/m2) 20.4 (5.56) 21.9 (3.78) .61
Bisphosphonate use (n) 16 13 .34

Note.—Unless otherwise indicated, data are medians, with IQR in parentheses. To assess differences between groups, we used 
the Mann-Whitney test and x2 test (bisphosphonate use only).
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approximately corresponded to the di-
rections of primary external force dur-
ing a sideways fall, backward fall, and 
standing, respectively. The nodes on 
the four faces of the VOI lateral to the 
compressive direction were constrained 
to lateral displacements to mimic in situ 
boundary conditions. The finite element 
system was solved by minimizing the to-
tal strain energy of the linear system 
(42,47). Finally, the elastic moduli were 
estimated as the ratio of resulting stress 
along the compression direction to the 
applied strain. The computation time 

of 0.3 for bone (45), we set the Young 
modulus of each element to be linearly 
proportional to the bone volume frac-
tion value such that the Young mod-
ulus in gigapascals was 15 times the 
bone volume fraction for all elements 
(42,46,47). Compressive uniaxial load-
ing was simulated in the linear elastic 
regime to compute the elastic moduli 
separately along the superoinferior 
(ESI), medial-lateral (EML), and antero-
posterior (EAP) directions by applying 
1% strain on the opposite faces of the 
cuboid VOIs (42,48). These three axes 

25°; matrix, 512 3 512; field of view, 
120 mm; in-plane voxel size, 0.234 3 
0.234 mm; section thickness, 1.5 mm; 
number of coronal sections, 60; acqui-
sition time, 25 minutes 30 seconds; 
bandwidth, 200 Hz/pixel) similar to 
that used in prior studies performed 
at peripheral skeletal sites (39,40).

Selection of Volumes of Interest and 
Generation of Bone Volume Fraction Maps
Figure 1 illustrates the workflow for 
computing elastic moduli from high-
spatial-resolution in vivo MR images 
of the proximal femur. First, the gray-
scale values of the images were lin-
early scaled to include the range of 
0%–100%, with minimum and maxi-
mum values of pure marrow and bone 
intensity in the femur, respectively. 
This approach allowed us to account 
for both partial volume effects and red 
marrow, which may have different sig-
nal intensity than does fatty marrow. 
We referred to the resulting three-di-
mensional array representing the frac-
tional occupancy of bone at each voxel 
location as the bone-volume fraction 
map. Next, a radiologist (G.C., with 3 
years of experience as a musculoskel-
etal radiologist and 8 years of experi-
ence in bone microarchitecture imaging 
and analysis techniques) selected five 
trabecular VOIs in the proximal femur: 
the head, the intertrochanteric region, 
the neck, the greater trochanter, and 
Ward triangle (Fig 1). All VOIs were 10 
mm3, with the exception of the VOI in 
the Ward triangle, which was slightly 
smaller (8 mm3) to fit in the proxi-
mal femur and include only trabecular 
bone. These VOI sizes were chosen to 
obtain sufficient coverage in the sites of 
interest while accommodating subjects 
with smaller proximal femurs.

Performance of FEA
We performed FEA in the linear elastic 
regime to compute the elastic moduli 
for each VOI (41–44). In brief, each 
voxel in the bone volume fraction map 
was converted into a hexahedral finite 
element with dimensions correspond-
ing to the voxel size. Assuming an em-
pirically determined isotropic tissue 
modulus of 15 GPa and a Poisson ratio 

Figure 1

Figure 1: Image analysis workflow. A, After a bone-volume fraction map was generated from high-spatial-
resolution MR images of the proximal femur, five volumes of interest (VOIs) were selected. All were 10 mm3, 
with the exception of Ward triangle, which was selected as 8 mm3 to fit in the trabecular bone compartment. 
B, FEA was performed on each VOI by simulating compressive loading along three principle axes.
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the elastic modulus was 53.8% (21.41 
divided by 2.62) to 66.8% (21.31 divided 
by 1.96) lower in patients with fractures 
than in control subjects (ESI and EAP, both 
P = .01; EML, P = .02).

51.2% (22.29 divided by 4.47) to 58.8% 
(22.31 divided by 3.93) lower in patients 
with fractures than in control subjects 
(ESI and EAP, both P = .006; EML, P = 
.007). Finally, in the greater trochanter, 

for each simulation was approximately 
4 seconds.

Statistical Analysis
We performed the statistical analyses 
by using standard software (SPSS; v.20 
IBM, Somers, NY). Because the data 
were not normally distributed by the 
Shapiro-Wilk test, we assessed dif-
ferences between groups by using the 
nonparametric Mann-Whitney test. To 
assess the relationship between elastic 
moduli and BMD T score, we used the 
nonparametric Spearman test. The re-
sults were reported as median values 
with IQRs. A P value less than .05 was 
considered to indicate a statistically sig-
nificant difference.

Results

Comparison of Proximal Femur Elastic 
Moduli
Figures 2 and 3 show representative 
high-spatial-resolution 3-T MR images 
of proximal femur microarchitecture 
and a volume-rendered bone volume 
fraction map in a patient with fragil-
ity fracture and a control subject. In-
dividual trabeculae can be seen on the 
images, which demonstrate microar-
chitectural deterioration in the patient 
with fracture compared with the con-
trol subject.

Compared with the control sub-
jects, the patients with fractures dem-
onstrated lower elastic moduli in all five 
regions of the proximal femur (Table 2).  
In the femoral head, the elastic modu-
lus was 8.7% (20.81 divided by 9.32) 
to 9.7% (20.94 divided by 9.67) lower 
in patients with fractures than in control 
subjects (ESI and EAP, both P = .04; EML, 
P = .06). In the femoral neck, the elas-
tic modulus was 22.8% (21.1 divided by 
4.82) to 29.2% (21.28 divided by 4.39) 
lower in patients with fractures than in 
control subjects (ESI and EAP, both P = 
.04; EML, P = .05). In the Ward triangle, 
the elastic modulus was 46.5% (21.92 
divided by 4.13) to 53.5% (22.13 divided 
by 3.98) lower in patients with fractures 
than in control subjects (ESI and EAP, both 
P = .04; EML, P = .08). In the intertro-
chanteric region, the elastic modulus was 

Figure 2

Figure 2: Representative coronal high-spatial-resolution 3-T MR images of proximal femur microarchi-
tecture in a subject with osteoporotic fracture (left panel) and a control subject (right panel). Trabeculae 
are hypointense linear foci. There is deterioration in trabecular microarchitecture in the fracture subject 
compared with the control subject.

Figure 3

Figure 3: Volume-rendered bone volume fraction maps (BVF) in a subject with osteoporotic fracture (left 
panel) and a control subject (right panel). The subject with fracture shows lower regional bone volume and 
deterioration in trabecular microarchitecture compared with the control subject.
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of bone strength, in subjects with clin-
ically defined osteoporosis compared 
with matched control subjects without 
fracture with similar BMD T scores. The 
mechanical properties of proximal femur 
microarchitecture in human subjects 
in vivo have not been well established 
in the literature. In addition, we found 
that there was only a weak correlation 
between proximal femur elastic mod-
uli and BMD T scores in subjects with 
fracture. Overall, the results suggest that 
high-spatial-resolution MR imaging of 
proximal femur microarchitecture com-
bined with FEA provides information 
about bone quality that is not completely 
provided by DXA and may have value in 
addition to DXA as a means to detect 
skeletal fragility and assess fracture 
risk in vivo. Because osteoporosis is a 
disease of compromised bone strength, 
the ability of FEA to noninvasively pro-
vide an additional, quantitative marker 
of bone strength in vivo without the use 
of ionizing radiation in a critically impor-
tant osteoporotic fracture location such 
as the hip could have important future 
implications for both osteoporosis re-
search and clinical care. In addition to its 
use as a tool to study the effects of mi-
croachitectural adaptations on proximal 
femur strength (in patients with disease 
or after intervention), this method also 
could be adapted as an additional clini-
cal care tool to assess patients’ risk of 
fracture and to determine whether ther-
apy should be initiated (23).

Although there have been many im-
aging studies of bone microarchitecture 
in the distal tibia and distal radius, only 
one group has published research arti-
cles (49,50) describing the feasibility of 
imaging proximal femur structure and 
microarchitecture in vivo. The high-spa-
tial-resolution MR imaging of the femur 
was performed with a 3-T imager used 
for routine clinical imaging. The main 
reason why in vivo MR imaging of prox-
imal femur microarchitecture has been 
challenging is because the proximal fe-
mur is deeper in location (5–8 cm from 
the skin surface and/or radiofrequency 
coil placed on the patient) compared 
with the distal radius or distal tibia (, 2 
cm from the skin surface and/or radio-
frequency coil). Because signal-to-noise 

between elastic moduli and BMD T 
scores. In the control group, there 
was no significant correlation identi-
fied between the elastic modulus (mea-
sured at any location in the proximal 
femur) and BMD T score (measured at 
the total hip, femoral neck, or lumbar 
spine) (P . .21 for all, Table 4). In the 
fracture group, weak correlations were 
identified between femoral neck BMD 
T score and the elastic modulus mea-
sured in the (a) femoral neck (EAP, P 
, .05, R2 = 0.28), (b) intertrochanteric 
region (EAP, P , .05, R2 = 0.25), and 
(c) greater trochanter (ESI, P , .05, R2 
= 0.27; EML, P , .05, R2 = 0.27; EAP, P 
, .05, R2 = 0.31) (Table 5).

Discussion

We have applied FEA to 3-T MR images 
of proximal femur microarchitecture 
and have shown the feasibility of detect-
ing decreased elastic modulus, a marker 

Comparison of BMD T Scores

There were no significant differences in 
BMD T scores between patients with 
fractures and control subjects (P . 
.25 for all, Table 3). In patients with 
fractures and control subjects, the me-
dian femoral neck BMD T scores were 
22.4 (IQR, 0.5) and 22.5 (IQR, 0.7), 
respectively. The median total hip BMD 
T scores in patients with fractures and 
control subjects were 22.1 (IQR, 0.5) 
and 22.3 (IQR, 0.8), respectively. Fi-
nally, the median spine BMD T scores 
in patients with fractures and control 
subjects were 22.8 (IQR, 1.6) and 
22.5 (IQR, 1.2), respectively.

Relationship between Elastic Moduli and 
BMD T Scores

To determine whether the information 
provided by high-spatial-resolution MR 
imaging overlapped with that provided 
by DXA, we assessed the relationship 

Table 2

Comparison of Proximal Femur Elastic Modulus in Patients with Fracture and Control 
Subjects

Location and Elastic  
Modulus Patients with Fractures Control Subjects P Value Difference* 

Femoral head
 ESI 8.51 (2.21) 9.32 (2.65) .04† 28.7
 EML 8.44 (2.39) 9.34 (2.83) .06 29.6
 EAP 8.73 (2.37) 9.67 (2.38) .04† 29.7
Femoral neck
 ESI 3.11 (2.73) 4.39 (3.33) .04† 229.2
 EML 3.16 (2.90) 4.30 (2.82) .05 226.5
 EAP 3.72 (2.52) 4.82 (2.73) .04† 222.8
Ward triangle
 ESI 1.85 (3.16) 3.98 (3.65) .04† 253.5
 EML 2.01 (3.19) 3.93 (3.90) .08 248.9
 EAP 2.21 (3.06) 4.13 (2.96) .04† 246.5
Intertrochanteric region
 ESI 1.62 (2.08) 3.93 (3.40) .006† 258.8
 EML 1.81 (2.11) 3.86 (3.26) .007† 253.1
 EAP 2.18 (2.14) 4.47 (2.78) .006† 251.2
Greater trochanter
 ESI 0.65 (1.72) 1.96 (3.42) .01† 266.8
 EML 0.78 (2.05) 2.30 (3.62) .02† 266.1
 EAP 1.21 (2.39) 2.62 (3.32) .01† 253.8

Note.—Unless otherwise indicated, data are median gigapascals, with IQR in parentheses

* Data are percentage of difference between results of patients with fractures and those of control subjects.
† Denotes statistically significant difference.
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to compute, but unlike elastic modulus 
derived from FEA, they do not account 
for differences in shape, geometry, and 
spatial arrangement and distribution of 
bone tissue and trabeculae. These fac-
tors have all been shown to critically 
influence bone mechanical strength 
(19,55–58). For example, when a given 
amount of bone is arranged as thick, 
disconnected trabeculae, it is less me-
chanically competent than when ar-
ranged as numerous thin, intercon-
nected trabeculae (19,58). As another 
example, the Euler theorem states that 
the strength of a column (or a trabec-
ula in our case) is inversely related to 
the square of its effective length (55). 
Therefore, a column that is twice as 
long as another can only sustain 25% 
of the load that the other column (with 
an identical diameter) can sustain, 
even though it has twice the mass. In 
the future, we hope to compare the 
performance of FEA results with other 
microarchitectural parameters for dis-
tinguishing patients with fractures and 
control subjects and for the assessment 
of fracture risk.

The lack of a difference in BMD 
T scores between the patients with 
fractures and control subjects is not 
necessarily surprising. Previous large 
population studies have shown that 
there is a large overlap or even no dif-
ference in the BMDs of subjects with 
and without fragility fractures (10,59). 
On the basis of the median values, ap-
proximately 50% of the subjects with 
fragility fractures in our study did not 
even meet the DXA criterion for a di-
agnosis of osteoporosis (BMD T score 
,22.5). This is also consistent with 
the data from large population studies 
(12,60) and illustrates a shortcoming 
of BMD as a marker of bone strength. 
In ex vivo histomorphometric studies 
(19,61), the decreased bone strength 
of subjects with osteoporosis has been 
attributed to decreased bone volume 
fraction, trabecular number, thick-
ness, connectivity, and a conversion of 
trabecular plates to rods. FEA can ac-
count for these changes in the spatial 
distribution and arrangement of bone 
and allow researchers finally to mon-
itor one of the most important bone 

knee (51,52), brain (38,53), and heart 
(54). The 26-element receive coil setup 
allowed depiction of individual trabec-
ulae in the proximal femur. There was 
no noticeable motion artifact on the 
images, despite the relatively long im-
aging time; this is probably because the 
hip is much less mobile than the distal 
extremity (distal radius or distal tibia).

Because osteoporosis is a disease 
of compromised bone strength, FEA is 
appealing because it provides metrics 
of bone strength as output. Parame-
ters such as bone volume divided by 
total volume and BMD, which essen-
tially reflect bone mass, may be easier 

ratio decreases rapidly as the distance 
between the anatomic structure of in-
terest and radiofrequency coil increases 
(37), the signal-to-noise ratio and res-
olution achievable at the proximal fe-
mur are lower than those achievable at 
the distal radius or tibia. To overcome 
these signal-to-noise ratio limitations, 
we used a 26-element receive coil to 
perform MR imaging of the hip (com-
pared with a standard four- to eight–el-
ement receive setup typically used for 
MR imaging of the hip). The use of a 
greater number of receive elements to 
provide higher signal-to-noise ratio has 
been demonstrated previously in the 

Table 3

Comparison of BMD T Scores in Patients with Fractures and Control Subjects

Location Patients with Fractures Control Subjects P Value

Femoral neck 22.4 (0.5) 22.5 (0.7) 0.73
Total hip 22.1 (0.5) 22.3 (0.8) 0.63
Spine 22.8 (1.6) 22.5 (1.2) 0.26

Note.—Unless otherwise indicated, data are median BMD T scores, with IQR in parentheses.

Table 4

Relationship between Proximal Femur Elastic Modulus and BMD T Score in Control 
Subjects

Location and Elastic  
Modulus

Femoral Neck Total Hip Spine

R2 P Value R2 P Value R2 P Value

Femoral head
 ESI 0.0023 .85 0.006 .74 0.014 .59
 EML 0.0074 .73 0.013 .64 0.017 .64
 EAP 0.0068 .74 0.0067 .73 0.013 .61
Femoral neck
 ESI 0.028 .51 0.019 .56 0.029 .45
 EML 0.012 .67 0.005 .75 0.032 .42
 EAP 0.0049 .78 0.0024 .84 0.029 .45
Ward triangle
 ESI 0.018 .59 0.001 .99 0.032 .42
 EML 0.019 .58 0.012 .96 0.036 .40
 EAP 0.002 .83 0.006 .75 0.029 .45
Intertrochanteric region
 ESI 0.0053 .77 0.0053 .76 0.0096 .66
 EML 0.0039 .80 0.01 .67 0.0088 .68
 EAP 0.0065 .75 0.014 .62 0.0096 .66
Greater trochanter
 ESI 0.017 .61 0.031 .45 0.072 .23
 EML 0.026 .52 0.024 .51 0.073 .22
 EAP 0.002 .85 0.062 .28 0.075 .22
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Our results were consistent with this 
hypothesis. We also assessed elastic 
modulus with simulated loading along 
the three principal axes (superior-infe-
rior, medial-lateral, and anterior-pos-
terior). We felt that this was necessary 
because we hypothesized that subjects 
with osteoporosis have decreased me-
chanical competence in the proximal 
femur compared with that of control 
subjects, regardless of how the bones 
are loaded. Our results were also con-
sistent with this hypothesis; however, 
there was only a trend toward signif-
icance for EML in the femoral head, 
femoral neck, and Ward triangle. Fi-
nally, as an incidental observation, in 
both the patients with fractures and 
the control subjects, elastic moduli 
measured in the femoral neck, Ward 
triangle, intertrochanteric region, and 
greater trochanter were all three- to 
fivefold lower than those measured in 
the femoral head (P , .05). This may 
explain why fragility fractures in the 
femoral neck, Ward triangle, intertro-
chanteric region, and greater trochan-
ter are much more commonly seen in 
the clinical or emergency setting than 
are fractures of the femoral head.

We examined the relationship be-
tween the MR imaging and DXA re-
sults because a strong correlation be-
tween these results would suggest that 
DXA can provide the same mechanical 
property information provided by MR 
imaging (ie, that the examinations pro-
vide similar information about bone 
quality). However, there were no sig-
nificant relationships between elastic 
moduli and BMD T scores in the con-
trol group, and there were only weak 
relationships between elastic moduli 
and BMD T scores in the patients 
with fractures. These results suggest 
that the bone strength information 
provided with MR imaging is different 
from the bone strength information 
provided with DXA. This is probably 
because DXA, as a low-resolution two-
dimensional planar projection tech-
nique, cannot measure properties of 
bone, such as its microarchitecture, 
size, and geometry, which are known 
critical contributors to bone strength 
that can be accounted for with FEA.

MR imaging with that of clinical CT. 
Finally, because each FEA simulation 
required only 4 seconds and was per-
formed on a desktop computer, this 
method could be used in real time for 
clinical applications after the analysis 
is streamlined. Therefore, this method 
has the potential to be implemented 
widely as a research or clinical tool 
to study osteoporosis. Recent poten-
tial applications of FEA have been de-
scribed for use in the distal extremities 
to assess the mechanical consequences 
of microarchitectural changes either in 
patients with chronic disease (eg, af-
ter renal transplantation) (28) or in re-
sponse to pharmacologic interventions 
(43,62).

We assessed elastic modulus in dif-
ferent regions in the proximal femur 
because we hypothesized that if oste-
oporosis is indeed a “systemic skeletal 
disease” (per the World Health Orga-
nization disease definition [1]), then 
the elastic moduli in all of these loca-
tions should be lower than correspond-
ing elastic moduli in the control group. 

properties that is altered in patients 
with osteoporosis: its mechanical 
competence.

The FEA solver used in our study 
has been validated at other skele-
tal locations (41,42). We extended 
its application to the proximal femur 
and demonstrated the ability to de-
tect decreased proximal femur elas-
tic modulus in patients with fractures 
compared with control subjects with 
similar BMD T scores. This provides 
evidence that MR imaging may have 
added value as a tool to assess poor 
bone quality in human subjects in 
vivo. Our imaging was performed with 
a clinical 3-T MR imager by using a 
product sequence (three-dimensional 
fast low-angle shot), and the FEA was 
performed on a desktop computer; all 
of these are commercially available. 
Because clinical CT of the hip (includ-
ing FEA of hip CT scans) also has been 
shown to provide information about 
fracture risk beyond DXA (31,32), in 
the future, we hope to compare the 
performance of high-spatial-resolution 

Table 5

Relationship between Elastic Modulus and BMD T Score in Patients with Fractures

Location and Elastic  
Modulus

Femoral Neck Total Hip Spine

R2 P Value R2 P Value R2 P Value

Femoral head
 ESI 0.10 .23 0.0092 .71 0.048 .35
 EML 0.083 .28 0.0066 .75 0.062 .29
 EAP 0.12 .19 0.0072 .75 0.073 .25
Femoral neck
 ESI 0.22 .06 0.029 .49 0.033 .43
 EML 0.21 .06 0.025 .53 0.033 .42
 EAP 0.28 .03* 0.036 .45 0.025 .49
Ward triangle
 ESI 0.17 .10 0.13 .15 0.048 .33
 EML 0.16 .11 0.11 .18 0.052 .32
 EAP 0.17 .10 0.11 .17 0.053 .32
Intertrochanteric region
 ESI 0.19 .08 0.062 .32 0.0014 .87
 EML 0.22 .06 0.063 .31 0.000081 .97
 EAP 0.25 .04* 0.063 .32 0.0029 .82
Greater trochanter
 ESI 0.27 .03* 0.16 .10 0.0067 .72
 EML 0.27 .03* 0.17 .09 0.012 .63
 EAP 0.31 .02* 0.16 .10 0.017 .57

* Denotes statistically significant difference.
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Purpose: To describe a nonlinear finite element analysis method 
by using magnetic resonance (MR) images for the assess-
ment of the mechanical competence of the hip and to 
demonstrate the reproducibility of the tool.

Materials and 
Methods:

This prospective study received institutional review board 
approval and fully complied with HIPAA regulations for 
patient data. Written informed consent was obtained from 
all subjects. A nonlinear finite element analysis method 
was developed to estimate mechanical parameters that re-
late to hip fracture resistance by using MR images. Twen-
ty-three women (mean age 6 standard deviation, 61.7 
years 6 13.8) were recruited from a single osteoporosis 
center. To thoroughly assess the reproducibility of the fi-
nite element method, three separate analyses were per-
formed: a test-retest reproducibility analysis, where each 
of the first 13 subjects underwent MR imaging on three 
separate occasions to determine longitudinal variability, 
and an intra- and interoperator reproducibility analysis, 
where a single examination was performed in each of the 
next 10 subjects and four operators independently per-
formed the analysis two times in each of the subjects. Re-
producibility of parameters that reflect fracture resistance 
was assessed by using the intraclass correlation coefficient 
and the coefficient of variation.

Results: For test-retest reproducibility analysis and inter- and in-
traoperator analyses for proximal femur stiffness, yield 
strain, yield load, ultimate strain, ultimate load, resilience, 
and toughness in both stance and sideways-fall loading 
configurations each had an individual median coefficient 
of variation of less than 10%. Additionally, all measures 
had an intraclass correlation coefficient higher than 0.99.

Conclusion: This experiment demonstrates that the finite element 
analysis model can consistently and reliably provide 
fracture risk information on correctly segmented bone 
images.

q RSNA, 2016
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during which written informed consent 
was obtained from all subjects. For re-
producibility testing, we recruited 23 
subjects from the Osteoporosis Center 
at our institution (20 postmenopausal 
women and three premenopausal 
women; mean age 6 standard devi-
ation, 61.7 years 6 13.8; mean body 
mass index, 20.9 kg/m2 6 2.1; mean 
lumbar spine T score, 22.7 6 0.9; 
mean femoral neck T score, 22.5 6 1). 
We excluded subjects with a history of 
osteoarthritis, inflammatory arthritis, 
bone cancer, or Paget disease. Nine of 
the 23 subjects were taking or had pre-
viously taken oral bisphosphonate. For 
a case study, we recruited two addi-
tional individuals: a 56-year-old woman 
who did not have a history of hip or 
spine fracture and had a DXA hip T 
score of 22.5 with a diagnosis of os-
teoporosis and a 28-year-old man who 
sustained a left hip fracture and had a 
DXA hip T score of 21.2 and no diag-
nosis of osteoporosis.

Study Design
To thoroughly assess the reproducibility 
of the FEA method and analysis, this 
study involved three separate analyses: 
(a) a test-retest reproducibility analysis, 
in which each of the first 13 subjects 

(FEA) models were developed and ap-
plied to computed tomographic (CT) 
images of skeletal structures to nonin-
vasively estimate patient bone strength 
(11–13). However, CT-based FEA 
models are typically based on bone 
macrostructure, rather than more de-
tailed bone microstructure (14). While 
advancements have been achieved in 
CT–based FEA by using section di-
mensions in the order of millimeters, 
especially in the vertebra (15), we fo-
cused on the proximal femur, which is 
the site of most osteoporosis fractures 
(8). Recently, in vivo imaging of bone 
microstructure was achieved via mag-
netic resonance (MR) imaging (16,17), 
followed by the application of subre-
gional linear FEA to MR images of 
bone microstructure (18).

There is a need to take the next 
step forward in the fields of in vivo 
bone imaging and hip fracture risk as-
sessment by incorporating an individ-
ual’s microstructural anatomy into the 
strength assessment. The purpose of 
our study was to describe a nonlinear 
FEA method by using MR images for 
the assessment of the mechanical com-
petence of the hip and to demonstrate 
the reproducibility of the tool.

Materials and Methods

Subject Recruitment
Our prospective study received institu-
tional review board approval and fully 
complied with all Health Insurance Por-
tability and Accountability Act regula-
tions for patient data. Our study was 
conducted between 2014 and 2016, 
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Advances in Knowledge

 n A method was developed and ap-
plied to assess patient-specific 
fracture properties of the entire 
proximal femur as a whole by 
using microstructural MR im-
aging and nonlinear finite ele-
ment analysis.

 n The reproducibility of parameters 
relating to the mechanical com-
petence of the proximal femur 
was demonstrated under loading 
conditions that mimicked falling 
onto the hip or standing.

Implication for Patient Care

 n Our approach would allow for the 
noninvasive assessment of hip 
fracture resistance in human sub-
jects without exposing the pelvic 
regions to ionizing radiation; the 
strong reproducibility of the esti-
mated mechanical parameters 
suggests that this tool would be 
suitable for tracking hip fracture 
risk and the response to treat-
ment longitudinally.

The World Health Organization 
defines osteoporosis as a disease 
of reduced bone strength and in-

creased fracture risk due to low bone 
mass and microstructural deterioration 
(1). Hip fractures in particular have the 
most devastating consequences, with 
a mortality rate as high as 24% in the 
1st year after fracture (2,3). The stan-
dard-of-care test used to diagnose os-
teoporosis is dual x-ray absorptiometry 
(DXA) estimation of areal bone mineral 
density in the hip and spine (1). In vivo, 
lower bone mineral density correlates 
with higher fracture risk (1,4). How-
ever, DXA cannot demonstrate many 
properties of bone that contribute to 
bone strength (5,6). While advance-
ments in DXA processing have greatly 
improved the technique by accounting 
for volumetric differences (7), in vivo 
it is susceptible to measurement er-
ror from overlying soft-tissue calcifica-
tions and not taking bone architecture 
into account (5,6). Most notably, DXA 
alone cannot be used to identify most 
of the individuals who are at risk for 
fracture. Specifically, more than 50% 
of those who sustain fragility fractures, 
including hip fractures, do not have low 
enough bone mineral density to meet 
DXA criteria for an osteoporosis diag-
nosis (8,9). These patients could have 
benefitted from existing osteoporosis 
medications, which are capable of re-
ducing fracture risk by approximately 
50% (10).

In response to the clinical need for 
a more sensitive tool for fracture risk 
assessment, finite element analysis 
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intensity assigned a value of 15 GPa for 
bone tissue (21,23). The Poisson ratio 
was set at 0.3 for each model. Nonlin-
ear FEA was used, as it has been shown 
to enable more accurate assessment of 
hip strength relative to linear analysis 
(12). The finite element software was 
developed by using C++, similar to 
the approach described in the studies 
of Magland et al and Rajapakse et al 
(20,21).

Estimations of hip strength were 
performed by conducting simulations 
on finite element models with two dif-
ferent loading conditions that mimic 
forces sustained by the femur. The 
first simulation was performed in a 
“sideways-fall” orientation to mimic the 
most common direction of hip fracture 
injuries (Fig 1a). This aimed to mimic 
displacement to the acetabular contact 
region of the femoral head while con-
straining the greater trochanter oppo-
site the loaded surface of the femoral 
head. While most procedures in the 
literature involve the use of a generic 
shape to apply displacement to the 
femoral head, we instead segmented 
the bones of the pelvis and applied this 
shape in a patient-specific manner to 
more accurately demonstrate the indi-
vidual differences in skeletal architec-
ture. Other boundary conditions at the 
greater trochanter and shaft are simi-
lar to other established methods (24). 
As the displacements increase, the 
reaction force at the femoral head will 
initially increase, reach a peak point 
that indicates fracture (ie, MR imaging–
derived strength), and finally decrease 
(Fig 1b). This mechanical behavior can 
be simulated in a finite element model 
of the hip by using a tissue-level kernel 
defined by a hyperbolic secant with het-
erogeneous isotropic tissue modulus, 
yield strength, and postyield properties 
used to describe a nonlinear stress-
strain relationship at each bone voxel. 
Another simulation was performed to 
mimic loading conditions similar to 
“standing” orientation. Strain maps cre-
ated with FEA were rendered in three 
dimensions by using the Digital Imag-
ing and Communications in Medicine 
image viewer OsiriX (Pixmeo, Geneva, 
Switzerland).

imaging a total of three times (twice 
in one day, with repositioning between 
examinations, and once 1 week later). 
The group of 10 subjects who partic-
ipated in the inter- and intraoperator 
section of the study and the two par-
ticipants selected for a case study each 
underwent imaging one time on differ-
ent days.

Preprocessing of Images
The periosteal border of the whole 
proximal femur and the acetabulum 
was segmented on all MR images by 
using freely available Firevoxel software 
(https://wp.nyu.edu/firevoxel/). After  
segmentation of three-dimensional im-
age data sets, the gray-scale values of 
the images were linearly scaled to cover 
the range from 0% to 100%, with pure 
marrow and bone intensity having mini-
mum and maximum values, respectively 
(20,21). This approach allows us to ac-
count for both partial volume effects 
and the presence of red marrow, which 
may have different signal intensity than 
fatty marrow. We refer to the resulting 
three-dimensional array that represents 
the fractional occupancy of bone at 
each voxel location as the bone volume 
fraction map.

Development and Implementation of 
Nonlinear FEA Solver
Estimating femur strength from the 
bone volume fraction maps was per-
formed by generating a microlevel fi-
nite element model of each femur. This 
technique involves the creation of a 
finite-element mesh, which represents 
each voxel in the segmented bone vol-
ume fraction map with an equally sized 
linear hexahedral finite element (0.234 
3 0.234 3 1.5-mm dimensions). Since 
there are currently no unique quanti-
tative criteria to identify the fracture 
point on a simulated stress-strain curve 
at each finite element, we used post-
yield behavior of bone assumed to be-
have as an elastic-plastic failure theory 
similar to that described in the study 
of Betten (22). The tissue modulus of 
elasticity for each element was set pro-
portionally to the gray-scale intensity 
range established by the bone volume 
fraction map (0%–100%), with 100% 

underwent imaging on three separate 
occasions to determine longitudinal 
variability; (b) an interoperator repro-
ducibility analysis, where four opera-
tors independently analyzed identical 
image sets from the next 10 subjects 
and results were compared between 
operators for consistency; and (c) an 
intraoperator reproducibility analysis, 
where the four operators indepen-
dently analyzed the same images from 
the same 10 participants two times, 2 
weeks apart, and results were com-
pared within operators. Authors A.H., 
A.R., S.V., and R.M. performed the 
analysis and had varying levels of ex-
perience (1–5 years of experience as a 
medical student, expert rater, orthope-
dic surgery resident, and undergradu-
ate student, respectively). Additionally, 
a case study was performed to demon-
strate the ability of the finite element 
method to demonstrate differences in 
bone strength between a patient with a 
fracture (MR imaging performed on the 
hip contralateral to the fracture) and a 
patient with osteoporosis but without 
fracture.

MR Imaging
The nondominant hip of all subjects 
was imaged with a 3-T whole-body MR 
imaging unit (Skyra; Siemens, Erlan-
gen, Germany) by using a 26-element 
receive-coil setup (18 elements from a 
body matrix coil anteriorly and eight el-
ements from a spine coil posteriorly). 
The coil was wrapped and secured 
around the hip. We used a three-di-
mensional fast low-angle shot sequence 
with the following parameters: repe-
tition time (msec)/echo time (msec), 
37/4.92; voxel dimensions, 0.234 3 
0.234 mm; section thickness, 1.5 mm; 
60 coronal sections; bandwidth, 200 Hz 
per pixel; parallel acceleration (gener-
alized autocalibrating partially parallel 
acquisition) factor of two; and acquisi-
tion time, 15 minutes 18 seconds. Res-
olution was confirmed previously and 
was slightly lower than the dimensions 
stated in our previous work (19), and 
field inhomogeneity across the field of 
view was negligible. The 13 subjects 
who participated in the test-retest 
portion of this study each underwent 
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were higher than 0.99, indicating a high 
degree of consistency and reproducibil-
ity between operators. A high degree 
of similarity in local strains sustained 
by the femur was observed between im-
ages processed by different operators 
(Fig E1 [online]), while showing clear 
differences in mechanical competence 
between subjects (Fig E2 [online]).

Intraoperator Segmentation 
Reproducibility
The median CVs for proximal femur 
stiffness, yield strain, yield load, ulti-
mate strain, ultimate load, resilience, 
and toughness for both loading config-

consistency and reproducibility between 
examinations. Individual results showed 
a high degree of consistency in local 
strains sustained by the femur within 
subjects between examinations (Fig 2),  
while showing high variability in me-
chanical competence between subjects 
(Fig 3).

Interoperator Reproducibility
The median CVs for proximal femur 
stiffness, yield strain, yield load, ulti-
mate strain, ultimate load, resilience, 
and toughness for both loading config-
urations were all below 9% (Table 2). 
The ICCs for all bone strength measures 

Statistical Analysis
Intersession and intersubject variances 
associated with bone toughness, resil-
ience, stiffness, ultimate load and strain, 
and yield load and strain were assessed, 
with these parameters being extracted 
automatically from the generated force-
strain curves by using a specially de-
signed computer script. The variance 
component estimates were used to 
compute the intraclass correlation coef-
ficient (ICC) and the coefficient of varia-
tion (CV) as measures of reproducibility.

Results

A representative MR image, strain map, 
and force-displacement curve from a 
subject are shown in Figure 1. There is 
high strain within the greater trochan-
ter and the femoral neck, which are the 
most common sites of hip fracture in 
the setting of a sideways fall.

Test-Retest Reproducibility
The median CVs for proximal femur 
stiffness, yield strain, yield load, ulti-
mate strain, ultimate load, resilience, 
and toughness for both loading config-
urations were all below 8% (Table 1). 
The ICCs for all measures were higher 
than 0.99, indicating a high degree of 

Figure 1

Figure 1: (a) Diagram of boundary conditions for the sideways-fall and standing orientations demonstrates the direction of applied force and the side restrictions. 
(b) Stress-strain (or force-displacement) curve allows several measures of bone strength to be calculated. Bone stiffness is defined as the tangent to the initial point 
of the force–displacement curve (red line). The yield point is defined on the curve as the point at which plastic deformation begins to occur, obtained by using the 
0.2% offset rule. Resilience is defined as the area under the curve up to the yield point. The ultimate point is defined as the point of maximum force. Toughness is 
defined as the area under the curve until the ultimate point.

Table 1

CV for the Test-Retest Study

Parameter Sideways-Fall Loading Configuration (%) Standing Loading Configuration (%)

Stiffness 3.16 (2.62–5.15) 3.61 (2.82–5.33)
Yield strain 0.67 (0.27–0.96) 0.47 (0.36–0.56)
Yield stress 4.07 (2.71–5.96) 3.78 (3.20–5.14)
Ultimate strain 2.55 (1.27–4.40) 3.20 (2.35–5.27)
Ultimate stress 5.38 (3.13–6.25) 3.98 (2.96–5.42)
Resilience 7.47 (6.58–9.45) 7.96 (4.12–10.38)
Toughness 5.38 (3.13–6.25) 3.98 (2.96–5.42)

Note.—Data are CVs, reported as medians with interquartile ranges in parentheses. Data were acquired in 13 patients who 
underwent three repeat imaging examinations each.
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Discussion

We described the development and ap-
plication of a nonlinear finite element 
approach to compute whole femur 
strength under two realistic loading 
conditions based on images of bone mi-
crostructure of the hip obtained in vivo. 
Our approach accounts for the contri-
bution of an individual’s own bone mi-
crostructure within the proximal femur 
on the whole femur strength. Since 
osteoporosis is ultimately a disease 
of reduced bone strength due to both 
low bone mass and deterioration in 
bone microstructure, a test that per-
mits noninvasive estimation of bone 
strength and accounts for alterations in 

Figure 2

Figure 2: Example strain maps of (a–c) standing and (d–f) sideways-fall orientations. As part of the test-retest reproducibility experiment, all six strain maps are 
from the same individual, a 63-year-old man, and show a high degree of reproducibility over short time periods.

urations were all below 5% (Table 3).  
The ICCs for all measures were higher 
than 0.99, indicating a high degree of 
intraoperator consistency and repro-
ducibility. Strain maps generated from 
the same images with repeat analysis 
at different times showed consistency 
in strain distribution across the femur 
(Fig E3 [online]).

Fracture versus Nonfracture Identification
As a case study, one participant who 
received a diagnosis of osteoporo-
sis with DXA but who did not have a 
history of bone fractures and another 
subject who sustained a hip fracture 
but did not meet the diagnosis crite-
ria for osteoporosis with DXA both 

underwent identical MR imaging ex-
aminations and nonlinear FEA pro-
cedures on the right proximal femur. 
Despite being almost 3 decades older 
and having been classified as osteopo-
rotic according to DXA findings, the 
subject without fracture showed supe-
rior mechanical competence with our 
approach, compared with the patient 
with fracture who received a diagno-
sis of not being osteoporotic accord-
ing to DXA—with 9% greater ultimate 
strength in the standing configuration 
(12.54 kN vs 11.51 kN, respectively) 
and 25% greater ultimate strength in 
the sideways-fall configuration (10.96 
kN vs 8.80 kN, respectively) (Fig 4,  
Fig E4 [online]).
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bone microstructure is highly desired. 
Additionally, we showed the high mea-
surement reproducibility of the non-
linear finite element method, both for 
MR imaging examinations performed 
on the same day and on different days 
and for MR images segmented by the 
same user and by different users. The 
measurement reproducibility is within 
a range suitable for clinical cross-sec-
tional studies of disease states or lon-
gitudinal studies of disease progression 
or treatment response. We also showed 
in a case study the potential of our ap-
proach to allow identification of patients 
at risk for hip fracture compared with 
the current clinical standard of DXA.

Our work bridges the previous tech-
nology gap that was separating the in 
vitro and in vivo realms of noninvasive 
bone strength assessment. Specifically, 
in the in vitro setting, nonlinear FEA 
has been applied to images of proximal 
femur microstructure obtained with 
micro-CT (25). In the in vivo setting, 
nonlinear FEA has been applied to im-
ages of proximal femur macrostructure 
(obtained with clinical CT) (26) or to 
images of distal radius and/or tibia 
microstructure (obtained with thin-
section peripheral quantitative CT or 
MR imaging) (13) but never to images 
of proximal femur microstructure. The 
reason why nonlinear FEA applied to 
images of proximal femur microstruc-
ture is important is because nonlinear 
models are considered more accurate 
than linear models, and finite element 
modeling based on bone microstructure 
is more accurate than finite element 
methods based only on bone macro-
structure (12).

The biomechanics approach used 
for our study provides a unique ad-
vantage when paired with the in vivo 
MR images of bone microstructure that 
were not available previously. We have 
developed a model that accounts for 
bone microstructure in a highly detailed 
manner while maintaining a quick and 
inexpensive analysis process that does 
not require specialized, costly com-
puter equipment. This would allow for 
the future dissemination of both the im-
aging process and finite element mod-
eling code to apply as a useful clinical 

Figure 3

Figure 3: Graphs show the response of bone to applied strain in (a) a horizontal sideways-fall position 
and (b) a vertical standing position. Each individual underwent imaging and analysis in triplicate, and the 
results were averaged. The strongest, weakest, and median cases from the total group of 13 individuals are 
displayed on each graph with standard error.

Table 2

CV for Interoperator Reproducibility

Parameter Sideways-Fall Loading Configuration (%) Standing Loading Configuration (%)

Stiffness 6.17 (4.98–8.93) 4.69 (4.15–5.13)
Yield strain 0.64 (0.43–1.28) 0.33 (0.23–0.47)
Yield stress 5.96 (4.89–8.57) 4.89 (3.99–5.18)
Ultimate strain 3.71 (3.16–6.44) 4.55 (3.03–7.39)
Ultimate stress 5.28 (4.70–8.36) 4.52 (3.87–5.08)
Resilience 6.09 (5.00–7.47) 5.06 (4.43–5.85)
Toughness 8.36 (6.37–10.42) 8.10 (6.18–10.88)

Note.—Data are CVs, reported as medians with interquartile ranges in parentheses. Data were acquired in 10 patients; four 
operators performed two repeat segmentations per patient.

Table 3

CV for Intraoperator Reproducibility

Parameter Sideways-Fall Loading Configuration (%) Standing Loading Configuration (%)

Stiffness 3.73 (1.82–6.24) 3.30 (1.83–4.30)
Yield strain 0.23 (0.14–0.65) 0.20 (0.05–0.32)
Yield stress 3.69 (1.82–5.80) 3.34 (1.94–4.57)
Ultimate strain 1.59 (1.07–3.66) 1.79 (0.00–3.14)
Ultimate stress 3.54 (1.76–5.55) 3.17 (1.94–4.65)
Resilience 2.90 (1.61–6.15) 3.32 (1.79–5.90)
Toughness 4.96 (2.51–8.38) 3.62 (2.11–7.17)

Note.—Data are CVs, reported as medians with interquartile ranges in parentheses. Data were acquired in 10 patients; four 
operators performed two repeat segmentations per patient.
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Our FEA model can be favorably com-
pared with one described by Drag-
omir-Daescu et al, which required 1 
week to perform analysis on a model 
with approximately 2 million elements 
(27); our model involved 3–4 million 
elements, and analysis could be com-
pleted within 30 minutes on a powerful 
desktop computer.

Additionally, the case study per-
formed between the patient with 
fracture and the patient without 
fracture suggests that finite element 
measures may provide additional useful 
information about fracture risk beyond 
traditional DXA T scores. The subject 
who had not received a diagnosis of os-
teoporosis still sustained a hip fracture 
not long before the MR imaging exami-
nation. In comparison, the subject who 
received a diagnosis of osteoporosis ac-
cording to a low DXA hip T score had 
not sustained any fracture. Our finite el-
ement model showed that the “healthy” 
patient according to DXA was still at a 
higher risk of fracture (in the hip that 
had not been fractured) than the pa-
tient who received a diagnosis of oste-
oporosis with DXA. This ability to pro-
vide useful additional information about 
bone quality and fracture risk could al-
low clinicians to more accurately assess 
fracture risk in patients than if we used 
DXA alone. Future research should fo-
cus on the development of a compre-
hensive metric of bone fracture risk 
that includes FEA modeling, as well as 
successful existing techniques (28).

Potential limitations of our study in-
clude the careful oversight by an expe-
rienced musculoskeletal radiologist and 
other research staff to quality check 
MR measurements and train the oper-
ators for image segmentation. While 
such attention to reproducibility likely 
improved the consistency of our results, 
future studies could also include reliable 
and experienced investigators to quality 
check images before analysis. The de-
velopment of best practice guidelines to 
support investigators in future studies 
is important. Another limitation of our 
study is that we did not calibrate the 
strain values on strain maps in terms of 
percentage of microstrain. Strain maps 
are designed to be purely illustrative of 

bone strength measures between oper-
ators and across patient visits is within 
a range that would be suitable for 
continuation of the method in a larger 
longitudinal cohort to reliably track 
changes in bone structure over time 
and in response to interventions and 
treatments. Until now, there has been 
no practical method for finite element 
modeling of the whole proximal femur 
that takes account of bone microstruc-
ture and is also not heavily dependent 
on outsized levels of computing power. 

tool for diagnostic studies and also for 
longitudinal studies of bone strength 
and fracture prediction in larger popu-
lations. The flexible application of the 
model to multiple orientations provides 
a more comprehensive tool to deter-
mine fracture risk and guide potential 
interventions.

The demonstration of reliable and 
consistent measures of bone strength 
gained from this study sets the stage for 
future clinical cross-sectional and lon-
gitudinal studies. The reproducibility of 

Figure 4

Figure 4: Strain map comparison between (a, c) a 56-year-old woman who received a diagnosis of 
osteoporosis and (b, d) a “healthy” 28-year-old man with a DXA total hip T score well short of the criterion 
for osteoporosis (criterion of 21.2). The comparatively reduced trabecular bone volume can be seen at 
visual inspection in the patient with osteoporosis (a and c); however, this patient never fractured her hip, 
whereas the patient on b and d sustained a hip fracture (in the contralateral femur). Regular DXA results 
led to classification of the patient on a and c as having a higher risk for fracture; however, the strain map 
clearly shows the “healthy” patient on b and d to be more susceptible to fracture.
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how greater strain can be visually rep-
resented and how accurate quantifica-
tion of the relationship between voxel 
intensity and absolute strain value is 
not possible.

In conclusion, we have described 
a nonlinear FEA method by using MR 
images for the assessment of mechani-
cal competence of the hip and demon-
strated the reproducibility of the tool. 
Our experiment demonstrates that the 
FEA model can consistently and reli-
ably provide fracture risk information 
on correctly segmented bone images. 
Future clinical trials could include a 
much larger cohort of postmenopausal 
women to test the relevance of our 
technique in monitoring disease pro-
gression and treatment effectiveness.
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Purpose: To investigate whether assessment of bone strength with 
quantitative computed tomography (CT) in combination with 
dual-energy x-ray absorptiometry (DXA) is cost-effective as 
a screening tool for osteoporosis in postmenopausal women.

Materials and 
Methods:

A state-transition microsimulation model of osteoporosis for 
postmenopausal women aged 55 years or older was devel-
oped with a lifetime horizon and U.S. societal perspective. 
All model inputs were derived from published literature. 
Three strategies were compared: no screening, DXA with T 
score–dependent rescreening intervals, and a combination 
of DXA and quantitative CT with different intervals (3, 5, 
and 10 years) at different screening initiation ages (55–65 
years). Oral bisphosphonate therapy was started if DXA hip 
T scores were less than or equal to 22.5, 10-year risk for 
hip fracture was greater than 3% (World Health Organiza-
tion Fracture Risk Assessment Tool score, or FRAX), 10-
year risk for major osteoporotic fracture was greater than 
20% (FRAX), quantitative CT femur bone strength was less 
than 3000 N, or occurrence of first fracture (eg, hip, ver-
tebral body, wrist). Outcome measures were incremental 
cost-effectiveness ratios (ICERs) in 2015 U.S. dollars per 
quality-adjusted life year (QALY) gained and number of 
fragility fractures. Probabilistic sensitivity analysis was also 
performed.

Results: The most cost-effective strategy was combined DXA and 
quantitative CT screening starting at age 55 with quantitative 
CT screening every 5 years (ICER, $2000 per QALY). With 
this strategy, 12.8% of postmenopausal women sustained hip 
fractures in their remaining life (no screening, 18.7%; DXA 
screening, 15.8%). The corresponding percentages of verte-
bral fractures for DXA and quantitative CT with a 5-year in-
terval, was 7.5%; no screening, 11.1%; DXA screening, 9%; 
for wrist fractures, 14%, 17.8%, and 16.4%, respectively; for 
other fractures, 22.6%, 30.8%, and 27.3%, respectively. In 
probabilistic sensitivity analysis, DXA and quantitative CT at 
age 55 years with quantitative CT screening every 5 years was 
the best strategy in more than 90% of all 1000 simulations (for 
thresholds of $50 000 per QALY and $100 000 per QALY).

Conclusion: Combined assessment of bone strength and bone mineral 
density is a cost-effective strategy for osteoporosis screen-
ing in postmenopausal women and has the potential to pre-
vent a substantial number of fragility fractures.

q RSNA, 2017
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with healthy women, without differ-
ences in T scores (9). Therefore, bone 
strength testing provides information 
not captured at DXA. Because execut-
ing a prospective fracture prediction 
study is expensive and requires exten-
sive resources, it would be useful to 
know whether bone strength testing 
has the potential to be cost-effective, 
considering the higher costs of CT-
based bone strength testing compared 
with those of DXA. We hypothesized 
that bone strength testing would be 
cost-effective as a screening tool. The 
purpose of our study was to inves-
tigate whether assessment of bone 
strength with quantitative CT in com-
bination with DXA is cost-effective as 
a screening tool for osteoporosis in 
postmenopausal women.

Materials and Methods

We conducted a cost-utility analysis to 
compare different screening strategies 
for osteoporosis by using a societal per-
spective with direct and indirect costs 
and a lifetime horizon.

Model Structure
We developed a state transition micro-
simulation model of osteoporosis by 

The major limitation of DXA is 
that its use for detection of increased 
fracture risk is poor in the majority 
of individuals (5). Most patients with 
fragility fractures do not meet the 
DXA criterion for osteoporosis (ie, T 
score . 22.5) (6,7). DXA is a low-
resolution two-dimensional technique 
that does not completely capture im-
paired bone strength in patients with 
osteoporosis. Modalities that allow as-
sessment of bone strength are quan-
titative computed tomography (CT) 
and magnetic resonance (MR) imag-
ing (8,9). A bone strength estimate 
is computed from bone images with a 
method called finite element analysis 
(10). The three-dimensional images of 
a patient’s bone are transformed into a 
three-dimensional model consisting of 
multiple voxels. Each voxel is assigned 
a material property (cortex, trabecu-
lae) on the basis of imaging charac-
teristics in that voxel. This results in a 
three-dimensional model of the bone 
that simulates the material strength of 
the trabeculae and cortex. Virtual me-
chanical testing of this three-dimen-
sional model simulates and quantifies 
the force (bone strength) needed to 
fracture the model (10). There are 
only a few published studies in which 
the ability of bone strength assess-
ment and DXA to predict incidents 
of osteoporotic fracture are exam-
ined. Bone strength testing improves 
vertebral fracture risk assessment 
in elderly men when compared with 
DXA (11). Low bone strength also 
is associated with an increased risk 
of hip and vertebral fractures, simi-
lar to the DXA-based thresholds for 
BMD for osteoporosis (12). Postmen-
opausal women with hip fractures 
show lower bone strength compared 
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Advances in Knowledge

 n Bone strength testing with quan-
titative CT in addition to dual-
energy x-ray absorptiometry 
(DXA) for determination of bone 
mineral density could be a 
cost-effective strategy for osteo-
porosis screening in postmeno-
pausal women.

 n The lifetime risk for hip fracture 
of 55-year-old postmenopausal 
women in our model was sub-
stantially lower (12.8%) when a 
combined DXA and quantitative 
CT bone strength screening pro-
tocol was used compared with 
that when women did not un-
dergo screening (18.7%).

 n The most cost-effective strategy 
in our model was combined DXA 
and quantitative CT screening 
starting at age 55 years, with 
quantitative CT rescreening every 
5 years.

 n Increasing the costs of the quan-
titative CT bone strength test 
had little effect on the cost-effec-
tiveness results of bone strength 
screening.

Implication for Patient Care

 n The combined assessment of 
bone strength and bone mineral 
density in postmenopausal 
women has the potential to be a 
cost-effective strategy for osteo-
porosis screening and may pre-
vent a substantial number of fra-
gility fractures.

Osteoporosis is a major public 
health problem that results in 
high societal costs and physical 

impairment. The main clinical out-
come of osteoporosis is fracture due 
to low bone mass and deterioration 
in bone microarchitecture (1). In the 
United States, more than 2 million 
fractures each year are attributed to 
osteoporosis, and the direct annual 
costs are estimated at greater than 
$17 billion (2). The lifetime risk for 
hip fracture in a 50-year-old white 
woman is 16% (3), and the mortal-
ity rates in the first 3 months after 
hip fracture increase five- to eightfold 
(4). Given the aging population, the 
number of fractures and costs to so-
ciety are only expected to rise (2). 
Osteoporosis is operationally defined, 
in the absence of fragility fracture, 
as low bone mineral density (BMD) 
at dual-energy x-ray absorptiometry 
(DXA) (T score  22.5).
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transitioned to a postfracture state af-
ter an acute fracture, or died.

We derived transition probabilities 
between health states from published 
literature (Tables 1,2). All-causes mor-
tality of women in the general popula-
tion was derived from U.S. life tables 
(41). The risk of dying after a hip 
fracture was age dependent and in-
creased during the 1st year after the 
fracture (27). After the 1st year, the 
relative risk of dying decreased but 
remained higher than the background 
mortality (4). After a hip fracture, 20% 
of individuals required placement in 
nursing facilities for their remaining 
lifetime (35). We limited the maximum 
number of hip fractures for each indi-
vidual to two (once on each side). Only 

10-year risk for hip fracture and other 
major osteoporotic fracture for each 
individual on the basis of the number 
of assigned risk factors (factors, 0–6) 
and the BMD T score of the femoral 
neck (13).

The cohort transitioned through 
different health states in 3-month 
cycles for their remaining lifespan. 
The health states were no fracture, 
hip fracture, post–hip fracture, clini-
cal vertebral fracture, wrist fracture, 
other fracture (humerus, ribs, dis-
tal femur, tibia), post–all nonhip 
fractures, and death (Fig 1). In the 
first cycle, all individuals started 
in the no fracture state. In each cy-
cle they either stayed healthy (no 
fracture state), sustained a fracture, 

using modeling software (TreeAge Pro 
Health Care 2015; TreeAge Software, 
Williamstown, Mass). We simulated a 
hypothetical cohort of 1 million post-
menopausal women. We randomly as-
signed six risk factors (absent or pre-
sent) used in the paper chart version 
of the World Health Organization’s 
fracture risk assessment tool (FRAX) 
(13) to each individual on the basis 
of reported age-dependent prevalence 
(previous fracture [14], fractured hip 
in a parent [14,15]), current smoking 
[16], use of glucocorticoids [15], rheu-
matoid arthritis [17], and consump-
tion of three or more units of alcohol 
per day [15]). The model included a 
simulation of the U.S. Caucasian paper 
chart of the FRAX tool to calculate the 

Figure 1

Figure 1: State transition diagram. In the first cycle all individuals started in no fracture state. In each cycle they either stayed healthy  
(no fracture state), sustained an acute fracture, transitioned to postfracture state after acute fracture, or died (and therefore exited the model). 
Acute other fractures comprised those of the humerus, ribs, distal femur, and tibia.
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35% of all occurring vertebral compres-
sion fractures were considered clini-
cally apparent (34). Individuals could 
only sustain a maximum of one fracture 
type in each 3-month cycle.

Screening Strategies
We compared three types of screen-
ing strategies: no screening, DXA and 
FRAX, and combined DXA and quan-
titative CT (DXA/quantitative CT) and 
FRAX; each with screening initiation 
at ages 55, 60, and 65 years. FRAX 
risks were recalculated on the occasion 
of every DXA scan with all strategies. 
DXA rescreening intervals depended on 
the most current T score from the last 
DXA scan: every 15 years for women 
with normal BMD or mild osteopenia 
(T score . 21.5), every 5 years for 
those with moderate osteopenia (T 
score, 21.50 to 21.99), and every year 
for those with advanced osteopenia 
(T score, 2.00 to 22.49) (42). In the 
combined DXA/quantitative CT strat-
egies, all individuals were first screened 
with DXA and FRAX. We added bone 
strength testing (quantitative CT) at 
fixed intervals (3, 5, and 10 years) in 
individuals with T scores greater than 
22.5 who were not assigned for treat-
ment on the basis of the FRAX tool. 
We defined a femoral bone strength of 
less than 3000 N as low bone strength 
on the basis of the work of Keaveny 
et al (10). In all strategies, individuals 
assigned for treatment on the basis of 
DXA, FRAX tool, or quantitative CT or 
after any fracture were exempted from 
further screening, because they would 
be treated under current osteoporosis 
treatment guidelines. Overall, this re-
sulted in a total of 15 different screen-
ing strategies.

Bone Parameters
Table 2 provides the parameters we 
used to simulate bone quality. We as-
signed a BMD and a bone strength 
value to each individual at the start of 
the simulation, drawn from a normal 
distribution for that specific start age 
(36). During each cycle we simulated 
BMD and bone strength changes for 
each woman on the basis of her start 
value, current age, and whether the 

Table 1

Model Parameters

PSA

Variable* Base Case Data Distribution Data

Prevalence of clinical risk factors (%)

 Previous fracture (14)
  Age 55–64 years 7.6 Uniform (6.6, 8.7)
  Age 65–74 years 16.3 Uniform (14.3, 18.5)
  Age  75 years 29.4 Uniform (26.1, 32.9)
 Parent hip fracture (14,15) (%) 16 Uniform (14.5, 17.3)
 Current smoking (16) (%)
  Age 55–64 years 15.2 Uniform 6 3†

  Age  65 years 7.5 Uniform 6 3†

 Glucocorticoids (15) (%) 3 Uniform 6 1†

 Rheumatoid arthritis (17) (%) 0.98 Uniform (0.9, 1.07)
 Alcohol, three or more units per day (15) (%) 1 Uniform (0.5, 2)†

Direct costs ($)‡

 DXA (18) 41.68 Normal 6 5
 Quantitative CT plus $100 for bone strength  

analysis (18)
214.63 Normal 6 27

 Doctor visit (18) 73.3 Normal 6 9
 Alendronate (per y) (19) 76 Gamma 6 29
 Hip fracture (20) 25 758 Gamma 6 9659
 Clinical vertebral fracture (20) 10 535 Gamma 6 3951
 Wrist fracture (20) 5719 Gamma 6 2145
 Other fracture (20) 7014 Gamma 6 2630
 Nursing home (per y) (21) 80 300 Gamma 6 30 113
Indirect costs ($)§

 Age younger than 65 years
  Hip fracture (22–24) 7405 Uniform (3703–11108)
  Clinical vertebral fracture (22–24) 3149 Uniform (1575–4724)
  Wrist fracture (22–24) 2041 Uniform (1021–3062)
  Other fracture (22–24) 2682 Uniform (1341–4023)
 Age 65 years or older
  Hip fracture (22–24) 1219 Uniform (610–1829)
  Clinical vertebral fracture (22–24) 518 Uniform (259–777)
  Wrist fracture (22–24) 336 Uniform (168–504)
  Other fracture (22–24) 442 Uniform (221–663)
Relative risks
 Prior hip fracture (25) 1.56 Log-normal (1.23, 1.98)
 Prior nonhip fracture (25) 1.74 Log-normal (1.57, 1.92)
 Primary prevention
  Hip fracture (26) 0.79 Log-normal (0.44, 1.44)
  Vertebral fracture (osteoporosis) (26) 0.55 Log-normal (0.38, 0.80)
  Vertebral fracture (osteopenia) (26)|| 0.82 Log-normal (0.33, 2.07)
  Wrist fracture (26) 1.19 Log-normal (0.87, 1.62)
  Other fracture (26) 0.89 Log-normal (0.76, 1.04)
 Secondary prevention
  Hip fracture (26) 0.47 Log-normal (0.26, 0.85)
  Vertebral fracture (26) 0.55 Log-normal (0.43, 0.69)
  Wrist fracture (26) 0.5 Log-normal (0.34, 1.73)
  Other fracture (26) 0.77 Log-normal (0.64, 0.92)
 Death in 1st year after hip fracture (27)# 
  Age 57 years 14.5 Gamma ± 10

Table 1 (continues)
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strength, previous fracture, and pri-
mary or secondary prevention (Tables 
1, 2). We used reported fracture rates 
in women for each fracture site for age 
groups 55–59, 60–64, 65–69, 70–74, 
75–79, 80–84, and greater than or 
equal to 85 years (base risk of the gen-
eral population) (2,44). We multiplied 
that base risk by a T score factor de-
rived from relative risks below certain 
T score thresholds for hip fractures 
compared with that of the general pop-
ulation (Table 2) (36). These relative 
risks were further modified on the ba-
sis of bone strength by multiplying the 
relative risk by a bone strength factor 
(Table 2). The relative risk of fracture 
was increased if an individual had a 
prior hip or nonhip fracture on the ba-
sis of data from a meta-analysis (25). 
We applied relative risks for primary or 
secondary prevention of osteoporotic 
fractures for each fracture site, which 
were derived from a Cochrane data-
base systematic review (26).

Direct Costs
We used reported direct fracture costs 
for each fracture type (Table 1). These 
direct fracture costs accounted for 
surgery, hospital stay, and rehabilita-
tion. We projected all costs in 2015 
U.S. dollars, according to data from 
the U.S. Department of Labor and the 
U.S. Consumer Price Index for medical 
care for all urban consumers (45). We 
used 2015 Medicare reimbursement 
rates for DXA, quantitative CT, and 
physician office visits (18). For quanti-
tative CT costs, we used the costs for 
a CT scan of the hip. For postprocess-
ing of the images and bone strength 
analysis, we added $100. We assumed 
that there were physician office visits 
on the occasions of screening exami-
nations and once each quarter in the 
primary prevention scenario (if the 
patient was adherent to the treat-
ment) or after a first fracture. For sub-
jects receiving treatment, we applied 
the costs of the generic oral form of 
alendronate (19). For individuals in a 
nursing home, we applied the median 
2015 costs of nursing home care in the 
United States for a semiprivate room, 
on the basis of 365 days of care (21).

first fracture was sustained. Alendronate 
was given in 5-year cycles (ie, 5 years 
of treatment and a 5-year drug holiday) 
(43). Individuals’ BMD and bone strength 
slowly improved during treatment and 
slowly decreased during drug holidays 
(Table 2). We assumed an adherence to 
alendronate of 50% in the primary pre-
vention scenario and complete adherence 
after the first fracture.

Fracture Risk
In each cycle, we calculated the risk for 
each fracture site on the basis of these 
parameters: location, age, T score, bone 

individual was receiving therapy or not 
or was on a drug holiday. T scores for 
the model were calculated on the basis 
of each individual’s current BMD.

Treatment
The model included initiation of oral 
bisphosphonate (alendronate) treatment 
in these scenarios: (a) DXA with T score 
of less than or equal to 22.5; (b) 10-year 
risk for hip fracture of greater than 3% 
with the FRAX tool; (c) 10-year risk for 
major osteoporotic fracture of greater 
than 20% with the FRAX tool, low bone 
strength at quantitative CT or after the 

PSA

Variable* Base Case Data Distribution Data

Prevalence of clinical risk factors (%)

  Age 72 years 5.2 Gamma ± 10
  Age 80+ years 2.5 Gamma ± 10
 Death after 1st year after hip fracture (4) 1.78 Log-normal (1.33, 2.39)
Utilities#

 Base effectiveness in fracture-free health  
state (28)

  Age 55 years 0.837 Triangular ± 10
  Age 65 years 0.811 Triangular ± 10
  Age 75 years 0.771 Triangular ± 10
  Age 85 years 0.724 Triangular ± 10
 Utility modifier
  Hip fracture (29) 0.792 Triangular ± 10
  Clinical vertebral fracture (29) 0.626 Triangular ± 10
  Wrist fracture (29)** 0.977 Triangular ± 10
  Other fracture (29) 0.867 Triangular ± 10

  1st year after hip fracture (30) 0.797 Triangular ± 10
  Subsequent years after hip fracture (31) 0.9 Triangular ± 10
  After nonhip fracture (29,32)** 0.93 Triangular ± 10
  Nursing home placement (31) 0.4 Triangular ± 10
Others‡

 Clinical vertebral fractures (33) (%) 35 Beta 6 0.13
 Fracture modifier 1 Gamma 6 0.10
 Probability to end up in nursing home (34) (%) 20 Beta 6 0.08
 Adherence to alendronate (35) (%) 50 Beta 6 0.19

Note.—Unless otherwise indicated, data in parentheses are 95% confidence intervals. CTP code for doctor visit, 99213; DXA, 
77080; for quantitative CT, 77078; for bone strength analysis, 76377. PSA = probabilistic sensitivity analysis.

* Data in parentheses are reference numbers.
† Indicates an assumption.
‡ Base case data are means and PSA data are standard deviations.
§ Data in parentheses are the range.
|| No data for hip, others, wrist fracture for osteopenia.
# Base case data are means and PSA data are standard deviation percentage of the mean.

** Capped at maximum value of 1.

Table 1 (continued)

Model Parameters
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To calculate indirect costs, we used 
reported estimates on days unable to 
work for each fracture type (hip, 127 
days; vertebrae, 54 days; others, 46 
days; and wrist, 35 days) (22). We 
used annual averages (2013) of me-
dian weekly earnings for full-time and 
part-time working women in the United 
States, adjusted for that age group’s 
workforce participation (55–64 years 
and  65 years) (23,24). We applied 
indirect costs as onetime costs for each 
fracture event. We projected all indi-
rect costs in 2015 U.S. dollars.

Utilities
We used quality-adjusted life years 
(QALYs) to calculate the effectiveness 
of our strategies. We assigned an age-
dependent base effectiveness in the no 
fracture health state on the basis of 
representative U.S. values for health-
related quality-of-life scores (28). Each 
fracture state and postfracture state 
comprised a utility modifier with which 
the base value was multiplied in that cy-
cle (Table 1). Nursing home placement 
was associated with a substantial dis-
utility as reported in a systematic re-
view for utilities in osteoporosis-related 
health conditions (31).

Model Validation
We tested the external validity of our 
model by using a 65-year-old cohort of 
postmenopausal women who had not 
undergone screening. We compared 
the predicted fracture rates according 
to our model with reported fracture 
rates from independent studies not 
used for model inputs.

Main Analysis
We calculated incremental cost-ef-
fectiveness ratios (ICERs) for each 
strategy on the basis of the base case 
variables provided in Tables 1 and 2. 
We excluded strategies that were more 
costly but less effective than an alter-
native strategy (absolute dominance). 
We ruled out strategies if they were 
less costly than an alternative but had 
a higher ICER (weak dominance). We 
tracked all fracture events in the model 
and compared the number of fractures 
from the most cost-effective screening 

Table 2

Bone Mineral Density and Bone Strength Parameter

Variable* Base Case Data

PSA

Distribution Data

BMD

 Mean BMD at start (g/cm2) (36)†

  Age 25 years 0.86 Normal 6 0.12
  Age 55 years 0.71 Normal 6 0.12
  Age 65 years 0.682 Normal 6 0.114
  Age 75 years 0.618 Normal 6 0.099
 BMD loss per year without treatment (37) (%) 
  Age 50 years 0.109 Triangular 6 10
  Age 65 years 0.368 Triangular 6 10
  Age 70 years 0.471 Triangular 6 10
  Age 75 years 0.559 Triangular 6 10
  Age 80 years 0.647 Triangular 6 10
  Age 85 years 0.824 Triangular 6 10
 BMD increase per year with therapy (38) (%) 0.95 Gamma 6 0.356
 BMD loss per year during drug holiday (39) (%) 0.34 Gamma 6 0.127
 Relative risk for fracture based on hip T score  

(36) (T score factor)‡

  At age 65 years
   23.5 3.385 Triangular 6 10
   23 2.308 Triangular 6 10
   22.5 1.462 Triangular 6 10
   22 1 Triangular 6 10
   21 0.423 Triangular 6 10
  At age 75 years
   23.5 2.186 Triangular 6 10
   23 1.465 Triangular 6 10
   22.5 0.93 Triangular 6 10
   22 0.628 Triangular 6 10
   21 0.279 Triangular 6 10
Bone strength
 Mean bone strength at start (10) (N) (7240 – 60.7 3 age) Normal 6 600

 Bone strength loss per year without therapy (10) (%)‡

  Age 45 years 1.3 Triangular 6 10
  Age 55 years 1.5 Triangular 6 10
  Age 65 years 1.75 Triangular 6 10
  Age 75 years 2.2 Triangular 6 10
  Age 85 years 2.8 Triangular 6 10
 Bone strength gain per year under therapy (40) (%) 4 Gamma 6 0.375
 Relative risk for fracture based on bone strength  

(bone strength factor)‡§

  100 2 Triangular 6 10
  1000 1.6 Triangular 6 10
  2000 1.4 Triangular 6 10
  3000 1.2 Triangular 6 10
  3800 1 Triangular 6 10
  5000 0.75 Triangular 6 10
  8000 0.6 Triangular 6 10

Note.—Unless otherwise indicated, base case data are means and PSA data are the standard deviations.

* Data in parentheses are reference numbers.
† Standard deviation is age dependent.
‡ Base case data are means, and the PSA data are the standard deviation as percentage of the mean.
§ Indicates an assumption.
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these 1000 runs, the model was used 
to draw random data points for each 
variable according to the distributions 
provided in Tables 1 and 2 to address 
overall uncertainty of the model.

Results

Main Analysis
Model validation, as shown in Table 3, al-
lowed us to proceed with the analyses. 
The most cost-effective screening strat-
egy was combined DXA/quantitative CT 
with screening initiation at age 55 and 
a quantitative CT screening interval of 
5 years (Tables 4, 5; Fig 2). The total 
number of fractures with that strategy 
was substantially lower compared with 
that with DXA and that with no screening 
(Table 5). With no screening at age 55, 
18.7% of individuals in our cohort sus-
tained a hip fracture during the remain-
der of their life. DXA screening starting 
at age 55 years reduced that percentage 
to 15.8%, while the most cost-effective 
strategy (DXA/quantitative CT at age 
55 years, with a quantitative CT interval 
of 5 years) reduced the lifetime risk to 
12.8%. The corresponding percentages 
of individuals starting screening at age 55 

effectiveness from 0% (undiscounted) 
to 5% (46). We performed threshold 
analyses for major parameters to test 
the potential effect on our model re-
sults. The sensitivity analysis was per-
formed by varying the following param-
eters for a population in which screening 
was initiated at age 55 years, because 
this was the preferred age to start any 
screening: adherence rate, 40%–100%; 
overall fracture rate, 50%–200%; costs 
for DXA, $1–$50; for quantitative CT, 
$100–$1000; and for hip fracture treat-
ment, $10 000–$50 000; utility modifier 
for hip fractures, 0.6–0.9 and for verte-
bral fractures, 0.6–0.9. We calculated the 
net monetary benefits for each strategy 
for willingness-to-pay values of $50 000 
and $100 000. Net monetary benefit was 
calculated by converting QALYs into U.S. 
dollars and then subtracting the costs for 
each strategy. This resulted in the net 
monetary benefit for that specific strat-
egy. The threshold for each parameter 
that resulted in a change in the preferred 
strategy based on net monetary benefits 
was calculated.

PSA Protocol
In PSA, we ran the model 1000 times 
with 100 000 individuals. In each of 

strategy with currently used scenarios 
(no screening and DXA screening). In 
our base case scenario we used 3% 
annual discounting of costs and ef-
fectiveness as suggested by the U.S. 
Panel on Cost-Effectiveness in Health 
and Medicine (46). Strategies with 
costs of $50 000 per QALY were con-
sidered very cost-effective and those of 
$50 000–$100 000 per QALY were con-
sidered cost-effective.

Sensitivity Analyses
We performed deterministic and PSA to 
address the effects of parameter uncer-
tainty on model results. In two separate 
analyses, we increased and decreased 
the overall fracture risk for all fracture 
types by a factor of two (worst and best 
case scenario). In a third analysis, we 
removed the bone strength factor, ne-
glecting the effect of bone strength on 
fracture risk. We used one-way sensi-
tivity analyses to assess different levels 
of medication adherence (40%, 70%, 
100%) and linearly increasing quantita-
tive CT costs (including postprocessing) 
of $215, $340 (hip MR imaging, current  
procedural terminology code 73721), 
$460, $580, and $700. We also var-
ied the annual discounting of costs and 

Figure 2

Figure 2: Graph shows costs (in U.S. dollars) and effectiveness (QALY) of each strategy for main analysis. All strategies above the connect-
ing lines were more expensive and/or less effective and were therefore excluded and not incorporated in Table 4. DXA/quantitative CT (QCT) 
age 60–quantitative CT interval 10 years square is obscured by the DXA/quantitative CT age 60–quantitative CT interval 5 years because the 
squares are in the same position on the graph.
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$53 400 per QALY) (Table 6). The un-
discounted results are also shown in 
Table 6.

The cost-effectiveness of the tested 
strategies was most sensitive to treat-
ment adherence (at a willingness-to-pay 
of $50 000 and $100 000) and the cost 
for quantitative CT (only at willingness-
to-pay of $50 000). Specifically, the 
preferred rescreening interval changed 
from 3 years to 10 years when the treat-
ment adherence rate was increased to 
higher than 74.3% on the basis of net 
monetary benefits. Also, at a cost of 
more than $900, the quantitative CT 
bone strength test rescreening interval 
of 10 years was preferred over a 3-year 
interval. The model results were not 
sensitive to overall fracture rate, DXA 
costs, hip fracture costs, or utilities for 
hip and vertebral fractures (Appendix 
E1 [online]).

was the most cost-effective strategy 
($12 800 per QALY, data not shown). 
With adherence of 100%, DXA/quanti-
tative CT at age 55 years with a 5-year 
interval was very cost-effective ($2600 
per QALY) and DXA/quantitative CT 
at age 55 with a 3-year interval was 
cost-effective ($75 900 per QALY [data 
not shown]).

Increasing quantitative CT costs had 
little effect on the results. With quan-
titative CT costs of $215–$700, DXA/
quantitative CT at age 55 years with a 
5-year interval was the most cost-effec-
tive strategy (only data for quantitative 
CT costs of $700 are shown in Table 
6). With 5% annual discounting, DXA/
quantitative CT at age 55 years with a 
5-year interval was very cost-effective 
(ICER, $4800 per QALY) and DXA/
quantitative CT at age 55 years with a 
3-year interval was cost-effective (ICER, 

years for vertebral fractures were 11.1% 
for no screening, 9% for DXA screening, 
and 7.5% for DXA/quantitative CT with 
a 5-year interval, for other fractures, 
30.8%, 27.3%, and 22.6%, respectively; 
and for wrist fractures, 17.8%, 16.4%, 
and 14%, respectively.

Sensitivity Analyses
The DXA/quantitative CT strategies at 
age 55 years remained the most cost-ef-
fective screening strategies for assess-
ment of those with increased or de-
creased overall fracture risks (Table 6).  
In the analysis for decreased fracture 
risk, the best interval for quantitative 
CT rescreening after DXA/quantitative 
CT at age 55 was every 5 years. With 
increased fracture risk, the 3-year in-
terval was very cost-effective, with 
a cost of $440 per QALY, while the 
5-year interval was not cost-effective, 
with a cost of $205 400 per QALY. 
When the bone strength factor (the ef-
fect of bone strength on fracture risk) 
was not considered, DXA/quantitative 
CT at age 55 years with a 5-year in-
terval remained the most cost-effective 
strategy (Table 6).

With treatment adherence of 70%, 
DXA/quantitative CT at age 55 years 
with a 3-year interval was the most 
cost-effective strategy (Table 6). With 
adherence lower than that in the base 
case (40% adherence), DXA/quantita-
tive CT at age 55 with a 5-year interval 

Table 4

Results of Main Analysis (Base Case) 

Strategy Age (y) Interval (y)* Cost QALY ICER

DXA/quantitative CT 65 5 17 570 10.80 NA
DXA/quantitative CT 65 10 17 580 10.83 200
DXA 55 NA 18 860 14.08 400
DXA/quantitative CT 55 5 19 490 14.40 2000

Note.—Screening strategies not shown were excluded because of absolute or weak dominance. The included strategies were 
cost-saving compared with strategies not shown. NA = not applicable.

* Interval indicates the time between quantitative CT examinations.
† ICER = Cost in U.S. dollars per QALY gained.

Table 5

Results of Base Case Analysis Fractures and Mortality

Variable
DXA/Quantitative CT at  
Age 55, Interval 5 years DXA at Age 55

No Screening  
at Age 55

Total no. of fractures 657 000 (100) 793 700 (100) 935 600 (100)
 Hip fractures 131 800 (20) 163 000 (21) 196 200 (21)
 Vertebral fractures 80 900 (12) 96 500 (12) 121 500 (13)
 Other fractures 289 000 (44) 352 700 (44) 417 400 (45)
 Wrist fractures 155 300 (24) 181 500 (23) 200 500 (21)
Mortality, mean age at death (y)* 84.8 6 8.5 84.6 6 8.4 84.6 6 8.4 

Note.—Data are number of fractures, with percentage in parentheses. Fractures for the most cost-effective screening strategy 
(DXA and quantitative CT at age 55, with a CT interval of 5 years) compared with current guidelines (DXA and FRAX) and no 
screening for the same starting age. Mortality was lower for the DXA/quantitative CT screening strategy due to a reduction in hip 
fractures and their associated risks of death.

* Data are means 6 standard deviation.

Table 3

Model Validation

Age 65, No Screening
Model 
Precast Literature

Life expectancy (y) 19.6 20.5 (16)
Hip fractures
 Lifetime 19 18–20 (47,48)
 By age 90 years 16.3 16.3 (49)
Wrist fractures by  

age 85 years
15.6 14.5 (50)*

Vertebral fractures  
by age 90 years

10.2 12.3 (50)†

Note.—Unless otherwise indicated, data are per- 
centages, with the references in parentheses.

* By age 85 for women between 60–69 years.
† After 20 years for women between 60–69 years.
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of 1000). At the $100 000 per QALY 
threshold, results were similar: The 
best strategy was DXA/quantitative CT 
at age 55 with a 5-year interval in 92% 
(920 of 1000) of iterations, followed 
by DXA (4.4%, 44 of 1000) and DXA/
quantitative CT at age 55 with a 3-year 
interval (3.6%, 36 of 1000).

Discussion

Our model showed that the addition of 
bone strength testing to currently ex-
isting DXA screening recommendations 
for postmenopausal women would be 
cost-saving compared with no screen-
ing (ie, total cost of screening, prophy-
laxis, and treatment would be lower 
compared with no screening) and very 
cost-effective compared with DXA and 
use of the FRAX tool screening. The 
3-year and 5-year quantitative CT re-
screening intervals were cost-effective 
for the combined DXA/quantitative 
CT strategies, depending on the differ-
ent parameters used in our sensitivity 
analysis. In general, screening initiation 
at age 55 years was more cost-effec-
tive compared with screening initiation 
at a later age. The overall most favor-
able screening strategy was combined 
DXA/quantitative CT at age 55 years 
with a 5-year screening interval. With 
this strategy, the number of fragility 
fractures and the associated morbidity 
and mortality were substantially re-
duced. Therefore, bone strength testing 
could provide a cost-effective tool to 
add to current osteoporosis screening 
programs in postmenopausal women.

Osteoporosis is characterized by 
low bone mass and microarchitectural 
deterioration of bone tissue, which to-
gether cause reduced bone strength 
(1). DXA assessment of areal BMD 
does not completely capture bone 
strength in mechanical testing studies. 
Therefore, bone strength testing could 
provide important missing information 
to improve clinicians’ ability to assess 
fracture risk (51). We acknowledge 
that bone strength testing is not widely 
available and is limited mostly to large 
medical centers or research groups. 
However, U.S. Food and Drug Adminis-
tration–approved bone strength testing 

was the most cost-effective strategy, 
at the $50 000 per QALY threshold in 
90.4% (904 of 1000) of iterations, fol-
lowed by DXA at age 55 (5.4%, 54 of 
1000) and DXA/quantitative CT at age 
55 with a 3-year interval (4.2%, 42 

PSA Results
DXA/quantitative CT at age 55 with a 
5-year interval was the most cost-effec-
tive strategy (as in our main analysis) 
(Table 6). DXA/quantitative CT at age 
55 with a screening interval of 5 years 

Table 6

Results of Sensitivity Analyses

Strategy Start Age (y) Interval (y)* Cost ($) QALYs ICER†

50% fracture rate
 DXA 65 NA 10 770 10.88 NA
 DXA 55 NA 11 290 14.31 150
 DXA/quantitative CT 55 10 12 390 14.53 5100
 DXA/quantitative CT 55 5 13 060 14.58 11 500
200% fracture rate
 DXA/quantitative CT 65 3 29 050 10.59 NA
 DXA/quantitative CT 55 3 30 600 14.08 440
 DXA/quantitative CT 55 5 30 960 14.08 205 400
Bone strength factor = 1
 DXA 65 NA 14 070 10.79 NA
 DXA 55 NA 14 350 14.22 80
 DXA/quantitative CT 55 5 16 320 14.51 6800
70% adherence
 DXA/quantitative CT 65 5 17 150 10.82 NA
 DXA 60 NA 17 830 12.46 420
 DXA 55 NA 18 580 14.12 450
 DXA/quantitative CT 55 10 19 040 14.37 1900
 DXA/quantitative CT 55 5 19 300 14.42 5500
 DXA/quantitative CT 55 3 19 520 14.43 20 400
Quantitative CT costs $700
 DXA 65 NA 18 260 10.72 NA
 DXA 60 NA 18 460 12.42 120
 DXA 55 NA 18 720 14.09 150
 DXA/quantitative CT 55 10 19 930 14.33 5000
 DXA/quantitative CT 55 5 20 360 14.40 5800
0% discounting (undiscounted)
 DXA/quantitative CT 65 5 27 500 14.68 NA
 DXA/quantitative CT 60 5 30 490 17.78 960
 DXA/quantitative CT 55 3 34 740 21.65 1100
 DXA/quantitative CT 55 5 34 790 21.68 1950
5% discounting
 DXA 55 NA 13 290 11.31 NA
 DXA/quantitative CT 55 10 13 880 11.45 4400
 DXA/quantitative CT 55 5 14 070 11.49 4800
 DXA/quantitative CT 55 3 14 350 11.49 53 400
PSA
 DXA/quantitative CT 65 5 21 980 10.7 NA
 DXA/quantitative CT 55 5 23 980 13.31 560

Note.—Screening strategies not shown in this Table were ruled out because of absolute or weak dominance. Bone strength 
factor = 1 means that the effect of bone strength on fracture risk was neglected. Results for PSA are the average of all 1000 
simulations. NA = not applicable.

* Interval indicates the time between quantitative CT examinations. DXA intervals were T score dependent.
† ICER = cost in U.S. dollars per QALY gained.
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evidence in the literature regarding bone 
strength and fracture prediction is small 
compared with that for DXA. Therefore, 
we had to calculate fracture risk of other 
anatomic locations (ie, spine, wrist, 
others) on the basis of bone strength 
values measured at the hip. In a simi-
lar way, we only used hip T scores to 
assess fracture risk at other anatomic 
locations. However, hip T scores do have 
predictive value for fractures at other 
locations (58). We did not incorporate 
adverse effects from alendronate treat-
ment into our model. In a randomized, 
double-blind trial (59), alendronate 
did not result in a substantially higher 
number of adverse effects in the upper 
gastrointestinal tract when compared 
with placebo. Our model inputs consist-
ed mostly of data from American white 
women and the model is specific to U.S. 
health care. Finally, we did not include 
the potential effects of ionizing radia-
tion on the model. However, the risks 
of radiation-induced cancers have been 
shown to be minimal in the age range 
for our study (60). The lifetime risk of 
death from radiation-induced cancer 
for a single abdominal CT examination 
(radiation of approximately 10 mSv) at 
age 55 years or older is estimated to be 
less than 0.01% (61). However, quanti-
tative CT of the hip has a lower radi-
ation dose (approximately 2.5–3 mSv) 
(62), and therefore, is presumed to have 
a lower risk of death from radiation-in-
duced cancer. As stated previously, bone 
strength also can be computed with MR 
imaging as a radiation-free alternative 
to quantitative CT. In conclusion, the 
combined assessment of bone strength 
and BMD for osteoporosis in postmeno-
pausal women has the potential to be a 
cost-effective screening strategy and to 
prevent a substantial number of fragility 
fractures.
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This should be addressed in future iter-
ations of the model.

We used quantitative CT in our 
model, because much more literature 
was available on bone strength derived 
with quantitative CT than that derived 
with MR imaging (55). However, bone 
strength also can be assessed with MR 
imaging without the use of ionizing 
radiation (9). Although MR imaging 
of the hip is more expensive than CT 
of the hip, we showed that increasing 
costs for bone strength testing had only 
a minor effect on cost-effectiveness. 
Therefore, we consider bone strength 
testing with MR imaging as a poten-
tial alternative to testing with quanti-
tative CT. Although MR imaging does 
not provide BMD information, that in-
formation is already provided at DXA. 
Of note, textural analysis of the femur 
on pelvic radiographs is another option 
for assessment of fracture risk and is 
better for prediction of fragility fracture 
compared with DXA (56). In a recent 
cadaver study (57), investigators com-
pared finite element–based quantitative 
CT (as used in our model) with DXA, 
radiography, and CT-based bone mea-
surement for femur fracture prediction. 
That study showed that quantitative CT 
was the best method for prediction of 
failure load (57).

Our model had limitations. We as-
signed start values for BMD and bone 
strength to each individual separately. 
The proportion of our cohort with 
low BMD and low bone strength was 
constant due to the normal distribution 
of both parameters. However, because 
the model assigned both values inde-
pendently in each simulation, the over-
lap between these two proportions 
could change. Therefore, the number 
of individuals identified for treatment 
may have changed between different 
analyses. However, this uncertainty was 
addressed in the PSA. We modeled per-
fect test properties for the DXA and 
quantitative CT tests, meaning that both 
tests exactly measured the simulated 
BMD and bone strength, respectively. 
Another limitation was the assump-
tion of the bone strength factor. How-
ever, this assumption was tested in the 
sensitivity analyses. Also, the body of 

is available (VirtuOst; O.N. Diagnos-
tics, Berkeley, Calif). In our study, we 
did not vary the cutoff values for treat-
ment initiation (ie, T scores, bone 
strength, FRAX score) in the sensitivity 
analyses. However, the cutoff value for 
low femoral bone strength (, 3000 N) 
was defined in the study by Keaveny et 
al (10) for women and men. The cutoff 
was derived from results of a prospec-
tive study in elderly men in which all 
patients with new hip fractures had a 
femoral bone strength of less than 2900 
N (52).

Authors of previous studies have 
used similar state-transition model 
structures, assessing multiple differ-
ent screening strategies at different 
ages (53). Although they did not find 
one strategy that clearly outperformed 
others, they also found that screening 
initiation at age 55 years was cost-ef-
fective. The National Osteoporosis 
Foundation, the American Congress of 
Obstetricians and Gynecologists, and 
the U.S. Preventive Services Task Force 
recommend osteoporosis screening for 
women age 65 years and older and in 
postmenopausal women with increased 
risk (eg, those with clinical risk factors) 
(54).

In other cost-effectiveness studies, 
DXA screening strategies consisted of 
fixed rescreening intervals (49). Au-
thors of other studies looked at the 
time interval in which 10% of postmen-
opausal women with normal to mild, 
moderate, or advanced osteopenia 
developed osteoporosis by conducting 
competing risk analyses in 4957 post-
menopausal women with no osteoporo-
sis at baseline and follow-up of up to 
15 years (43). We based the flexible 
DXA screening intervals on those in 
that study, which was a strength of our 
model. However, we did not investigate 
more aggressive DXA screening inter-
vals and treatment strategies. Further 
strengths of our model were the inclu-
sion of the FRAX tool, the patient-level 
simulation of bone strength, and the 
addition of a bone strength test. The re-
screening interval of our bone strength 
test was fixed. Personalized screening 
intervals based on bone strength may 
result in even higher cost-effectiveness. 
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