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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.

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 * standard deviation, 61.7
years * 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.

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.

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

©RSNA, 2016

Online supplemental material is available for this article.
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he 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

Advances in Knowledge

® 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.

B 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.

(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,

Implication for Patient Care

B Qur 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.

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 * standard devi-
ation, 61.7 years = 13.8; mean body
mass index, 20.9 kg/m? = 2.1; mean
lumbar spine T score, —2.7 = 0.9;
mean femoral neck T score, —2.5 £ 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 —2.5 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 —1.2 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
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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 X
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

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
X 0.234 X 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%

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).
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(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.

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.

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

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

Ultimate strain
Ultimate stress
Resilience
Toughness

5.38 (3.13-6.25
7.47 (6.58-9.45

)
)
)
2.55 (1.27-4.40)
)
)
5.38 (3.13-6.25)

( )

( )
3.78 (3.20-5.14)
3.20 (2.35-5.27)
3.98 (2.96-5.42)
7.96 (4.12-10.38)
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.

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,
and toughness for both loading config-
urations were all below 9% (Table 2).
The ICCs for all bone strength measures

resilience,

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-

Radiology: \olume 283: Number 3—June 2017 = radiology.rsna.org
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Figure 2

d.
Figure 2:

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

e

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.

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]).

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
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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.

w -

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
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Figure 4

C.

d.

Figure 4:  Strain map comparison between (a, ¢) 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 —1.2). 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 ¢ 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.

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

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.

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
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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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