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Abstract

Hip fracture prevention approaches like prophylactic augmentation devices have
been proposed to strengthen the femur and prevent hip fracture in a fall scenario.
The aim of this study was to validate the finite element model (FEM) of specimens
augmented by prophylactic intramedullary nailing in a simulated sideways fall impact
against ex vivo experimental data. A dynamic inertia-driven sideways fall simulator
was used to test six cadaveric specimens (3 females, 3 males, age 63-83 years)
prophylactically implanted with an intramedullary nailing system used to augment
the femur. Impact force measurements, pelvic deformation, effective pelvic stiffness,
and fracture outcomes were compared between the ex vivo experiments and the
FEMs. The FEMs over-predicted the effective pelvic stiffness for most specimens
and showed variability in terms of under- and over-predicting peak impact force and
pelvis compression depending on the specimen. A significant correlation was found
for time to peak impact force when comparing ex vivo and FEM data. No femoral
fractures were found in the ex vivo experiments, but two specimens sustained pelvic
fractures. These two pelvis fractures were correctly identified by the FEMs, but the
FEMs made three additional false-positive fracture identifications. These validation
results highlight current limitations of these sideways fall impact models specific to
the inclusion of an orthopaedic implant. These FEMs present a conservative strategy
for fracture prediction in future applications. Further evaluation of the modelling
approaches used for the bone-implant interface is recommended for modelling
augmented specimens, alongside the importance of maintaining well-controlled

experimental conditions.
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1 | INTRODUCTION

Hip fractures in the elderly are severe injuries and almost always
require hospitalisation and surgery.! Most geriatric hip fractures
are caused by sideways falls?> and are associated with long-term
disability® and excess mortality compared to an age-matched
population.*> In Europe alone, approximately 610,000 hip frac-
tures were sustained in the year 2010, and this number is expected
to increase to 814,000 per year by in the year 2025.* Additionally,
along with the increased incidence of hip fractures, the associated
costs are expected to increase significantly due to an aging
population® and an increased life expectancy.®! A mainstay of
current hip fracture prevention methods is pharmacological
intervention, which demonstrates reduced fracture risk in some
populations’; however, a meta-analysis has found that these
treatments have limited cost-effectiveness in contrast to their high
rates of prescription.®? Although hip protectors can attenuate the
impact force in sideways falls to some extent, low compliance rates
limit their efficacy.'® However, another study has shown that hip
protectors could be cost-effective in long-term care facilities and
geriatric wards.!* Thus, alternative methods for preventing hip
fractures have been proposed, such as the use of prophylactic
femoral augmentation.*2-** For example, reinforcing the already-
fractured femoral neck has been shown to reduce reoperation risks
and rates of secondary fracture.'® Surgical prophylaxis strategies
have also demonstrated cost-effectiveness in elderly patients with
high fracture risk.*®

The aim of prophylactic femoral augmentation is to strengthen
a vulnerable femur enough to prevent its fracture in a sideways

fall. To this end, various implants”’20

and bone cement injection
patterns?1~27 have been proposed. In these studies, the strength of
augmented femurs was measured by loading either the femurs or
computational models of the femurs to failure in a standard sideways
fall. The loading condition employed in a quasi-static laboratory
model used a material test machine.?82? One of the major drawbacks
of this approach is that the specimens are loaded to the point of
fracture regardless of whether the required force to fracture was
higher than could plausibly arise from a sideways fall. Another limi-
tation of these approaches is that the quasi-static test setup does not
typically represent surrounding tissues such as the pelvis and soft
tissue (i.e. skin, muscle, fat) adequately. This omission has a major
effect on the results because it has been previously shown that the
surrounding tissues absorb up to 95% of the impact energy during a
sideways fall.30-33

To address these shortcomings, we developed a dynamic inertia-
driven sideways fall simulator in our laboratory.>* The simulator was
built to incorporate cadaveric pelvises with both proximal femurs,
joint capsules, and surrounding ligaments. The cadaveric specimen is
embedded in a soft tissue (ST) surrogate to represent fat, skin, and
muscle, and the test setup includes a metal leg assembly of body-
appropriate mass that rotates around a foot point to follow an
inverted-pendulum motion in the sideways fall. Finite element

models (FEMs) of the fall simulator have been developed and
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validated in past work, showing close agreement for parameters
such as peak impact force, effective pelvic stiffness, and fracture
production.®®

Although the validated FEMs of the fall simulator have been
subsequently used in an in silico study that examined the prophy-
lactic augmentation effect of different orthopaedic implants,
assuming a linear elastic response of the pelvis,®¢ the FEMs have not
yet been validated (compared for accuracy) with experimental data of
this type. The ultimate goal of validating FEMs is to ensure that their
use in assessing patient-specific orthopaedic treatments and medical
devices is safe, effective, and can improve patient outcomes. To this
end, it is essential to quantify the level of agreement between the
augmented FEMs and their corresponding experiments to identify
potential uncertainties in either model. This furthers their application
in providing supporting evidence for clinical development by offering
the opportunity for in silico evaluation of interventions over a
broader population.®”-38

Of the three prophylactic augmentation strategies that were
evaluated in the previous in silico study,?® the Gamma3® Trochan-
teric Nail fracture fixation system (Stryker, Kalamazoo, Michigan,
USA) applied with off-label use as a prophylactic was the most
effective at increasing the load-bearing capacity of the femurs.
Therefore, the aim of this study is to incorporate a reporting
checklist®? to validate the FEMs of specimens augmented with this
implant in the sideways fall simulator, by direct comparison with
experimental data. To achieve this, impact force measurements,
pelvic deformation, effective pelvic stiffness, and fracture outcomes

were compared between the ex vivo experiments and the FEMs.

2 | METHODS
2.1 | Fall experiments

Six fresh-frozen post-mortem human specimens (Table 1) containing all
tissues between the navel and mid-femur, were acquired from a tissue
bank (ScienceCare, Phoenix, AZ, USA). Donors or a next of kin had given
written or electronic consent to the donation and institutional ethics
approval was gained before experimental work (University of British
Columbia Clinical Research Certificate H19-03349).

The methods for specimen dissection and preparation have been
previously described.3?

A fellowship-trained orthopaedic surgeon implanted the left
femur of all specimens with a Gamma3® Trochanteric Nail and lag
screw using standard clinical protocols and instrumentation under
fluoroscopy guidance. Of note, the prophylactic implantation applied
in this study is an off-label use of this device. All nails had a neck-
shaft angle of 125° and were 180 mm long. Distal reaming diameters
and lag screw lengths matched specimen anatomy (Table 2).

Due to concerns of creating stress concentrations on the distal
femoral shaft, the distal locking screw was not implanted in any
of the specimens. However, preliminary FEM results indicated that
the presence of the distal locking screw had a negligible effect on the
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TABLE 1 Specimen information. H5050 and H1405 had normal bone density at the left hip, while the other specimens were osteoporotic.
Specimen H1388 H1393 H1398 H1405 H1407 H5050 Average + SD
Sex (M/F) F F M M F M
Age (years) 63 81 83 73 76 81 76+7
Height (m) 1.73 1.52 1.80 1.80 1.73 1.70 1.71+10.2
Body mass (kg) 43.7 61.3 50.8 90 40.4 60.8 57.9+17.9
BMI (kg/m?) 14.6 26.4 15.7 27.7 13.5 21.0 19.9+6.2
ST on greater trochanter (mm) 111 37.0 13.0 31.8 11.5 10.1 19.1+12.0
Hip aBMD (g/cm?) 0.479 0.462 0.614 0.993 0.416 1.013 0.674 +0.269

TABLE 2 Specimen and corresponding distal reaming diameter
and length of lag screw.
Distal reaming Lag screw

Specimen diameter (mm) length (mm)

H1388 12.0 85

H1393 12.0 80

H1398 14.0 105

H1405 15.5 95

H1407 15.5 100

H5050 14.0 85

predicted outcome of the sideways fall. In addition, one study
describes that implanting the distal locking screw is not required
when fixing stable fractures clinically.*® The prophylactic application
of this implant presents an environment comparable to a stable
fracture, which would not warrant the use of the distal locking screw
for intramedullary (IM) nailing. The positioning and configuration of
the implant was established for each specimen according to this
device's recommended surgical technique (for fracture fixation),
geometric constraints of the femur, and the surgical expertise of a
practicing fellowship-trained trauma surgeon. Exact placement
depended on specimen characteristics (such as cortex density and
femoral head-shaft angle) but was captured using CT imaging. Device
insertion was conducted with the intention to avoid iatrogenic
trauma, additional stress concentrations, or any further damage to
the femoral structures beyond necessary to achieve implantation.
The soft tissue surrogate preparation, specimen alignment, and
fall test were conducted using the same protocol as in the previous
study (Figure 1A).3* Briefly, donated ex vivo human specimens are
dissected to the entire pelvis with femurs, leaving joint capsules,
cartilage, and ligaments intact. Both femurs are cut to 175 below the
greater trochanter and are aligned and embedded with PMMA
(polymethyl methyl acrylate) in square tubes that attach to metal leg
constructs. Before testing, specimens are cast in a subject-specific
mould of 20 weight & ballistic gelatin, the geometry of which is
derived from a databased of scanned body sapes and assigned based

on sex and BMI. During the fall test, specimens are guided in an
inverted pendulum motion before free-falling onto the impact sur-
face. As in previous experiments,>>* the impact force of the drop
was measured using a modified six-axis force plate (FP4000-15,
Bertec Corporation, Columbus, OH, USA) at a sampling frequency of
10,000 Hz. Two high-speed cameras (Phantom v9, Vision Research,
Wayne, NJ, USA) were used to track eight pelvis markers and six soft
tissue markers (passive spherical markers, 4 mm diameter; CTMark,
Suremark®, Simi Valley, CA, USA) during impact at a sampling fre-
quency of 5000 Hz, exposure time of 100 us, and resolution of
0.3 mm/pixel. The target impact velocity of the fall experiments is
3m/s,>* which was established to correspond with real-world fall
speeds.*! The exact fall velocity and directional components for each
experiment was calculated using position data from two infra-red-
emitting markers on the impacted leg (Optotrak Certus, Northern
Digital Inc., Ontario, Canada).

All specimens but two had both femurs cut to 175 mm, which
was the length used in our previous study with unaugmented
femurs.3! The left femur of specimens H1393 and H1388 was cut to
215mm (Figure 1B), as they were potted in PMMA before the
decision to omit implantation of the distal locking screw was made.
The fall simulator was modified accordingly to accommodate the
different lengths for the left femur. This involved shortening the
impacting leg thigh piece while keeping the mass, mass moment of
inertia, and other structures of the system consistent. These changes

were reflected in the corresponding FEMs.

2.2 | FEMs

Clinical-resolution computed tomography (CT) images (scanning
protocol: 120 kVp, 200 mAs, voxel size: 0.78 mm x 0.78 mm x 0.3 mm)
of the specimens were used to obtain the geometries of each
specimen's femurs and pelvis before implantation. CAD models of
the nail and lag screw were created using direct measurements made
with a caliper. Fine features such as the lag screw threads were not
included in the models and this geometry was modelled as a simple
cylinder to reduce high computational costs associated with such

geometries. The material used for the implant was a titanium model
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that was used for the same device in a previous study,
Young's modulus of 110 GPa and a Poisson's ratio of 0.3. An elastic
material model (MAT_ELASTIC) was used for the implant as the force
magnitudes expected from a standing height fall were not expected
to cause plastic deformations in the implant. The masses of the
implant models were within 3% of the masses of the physical
implants.

The gap between the bone and the distal end of the IM nail was
made in accordance with the distal reaming diameters used during
implantation (Table 2). The interface between the bone and the lag
screw threads was a tied contact. The remainder of the bone-to-
implant gaps were made in accordance with methods used in the
previous implant FEMs.2® The contact between the lag screw and IM
nail in the FEM was modelled as a tied contact. All other contact pairs
between the bone and implant were modelled as frictionless, with
the separation and sliding of contacting surfaces allowed. Since
the coefficients of friction between the bone and the IM nail and
unthreaded section of the lag screw are unknown, may not be
constant during the impact, and are difficult to determine, setting
these surfaces as frictionless provides a more conservative esti-
mation of the contact behaviour. In real-life scenarios, there would
likely be some friction between the bone and the implants, and thus
there would be less movement between the surfaces than predicted
by the model.

Specimens were also CT scanned postimplantation with the same
parameters as above. The implant and left femur from this CT scan
were segmented, and segmentation masks were used to determine
the positioning of each implant within the femur (Figure 1B). As in the
previous FEM study,® the nodes on the implant models were aligned

H1388 H1405

(A) Sideways fall simulator and (B) FEM representation of left femur bones and lengths for two specimens augmented by IM

along the long axes of the implants to allow for the movement
between the implants and also at the bone-implant interface. The
material mapping of the augmented femur was conducted using the
CT images of the unaugmented femur to avoid error from artifacts
caused by the presence of the metal implant in the augmented CT
scans. The meshed femur with the implant was then incorporated
into the FEM of the rest of the specimen and the fall simulator.

A detailed description of the FEM methodology for un-
augmented specimens has been previously published.*° Similarly
to the pelvis and femurs, the implant structures were modelled with
tetrahedral elements with an average edge length of 3 mm. Mesh
convergence for the impacting femur has been demonstrated in a
past study.*®> The mesh size, density-modulus relationships, and
material models for bone were assumed to be valid for the present
FEMs as well. In this study, the contact at the interface of the soft
tissue surrogate and force plate surface (ballistic gel and a plastic
sheet coated with KY Jelly) was modelled with a friction coefficient of
0.27, as was measured experimentally using an inclined plate appa-
ratus. The following boundary conditions were assumed to be con-
stant for all experiments: fixed translational degrees of freedom at
the foot point of the impacted leg, gravity (9.81 m/s?) in the global X-
direction, and friction neglected for metal-to-metal contact and
femoral heads to acetabular cartilage contact.

Simulations with three different material property configurations
were run for each specimen. Nonlinear simulations (FEMSs,on.in)
accounted for yield and post-yield behaviour in the bone tissue,**
and these fracture outcomes were compared directly to the ex vivo
data. Linear simulations (FEMsy;,), in which the bone materials did

t 44

not have a yield poin were also run. These simulations were run
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in the previous validation study of unaugmented specimens® to
provide an estimate of the impact kinetics of the subject-specific
impacts in the absence of bone failure. The last set of simulations
were the elastic pelvis simulations (FEMs,), which had linear elastic
properties in the pelvis and nonlinear properties in both femurs.
The FEMs,,, were run to put the results of the present study in a
similar context to previously published studies that used such
configurations.3¢-37+4°

Per the published reporting checklist®® for validating FEMs in
orthopaedic biomechanics applications, features of the simulation
model that have already been presented include: geometry/image
acquisition, material properties,*® element type, mesh density char-
acteristics (edge length), degrees of freedom, contact and boundary
conditions, and convergence. Explicit simulations were pre-processed
in ANSA software (BETA CAE Systems, Michigan, USA) and solved
using LS-DYNA software (Ansys Inc., Pennsylvania, USA) using
12-16 cores on a remote computing platform. Increment size was
0.2 ms timesteps. The coordinate system was defined using digitised
points on the surface of the experimental force plate, as in previously
published methods.** For the validation process, experimental results
are provided, put into the context of the literature, and uncertainty
quantified in terms of root mean squared error (RMSE) and mean
error, as discussed next. The four-eyes principle®® was achieved

through the collaborative nature of this work.

2.3 | Data analysis

Peak impact force (Fmax), time to peak force (trmax), and impulse to
peak force (Impgmax) Were derived for the FEMs from the contact
forces between the soft tissue and force plate for comparison to
force plate data from the experiments. Fragility ratio (FR) values were
calculated as in previous studies®>3¢ to quantify the ratio between
peak forces in FEMsy;, and FEMSs, o.;in. Previously, FR thresholds of
1.3 and 1.4 were found to differentiate femur from non-femur
fracture outcomes for impact surface and femur forces, respectively,

.

for 11 unaugmented specimens.®® In the experiments, an orthopaedic
surgeon (PG) assessed fracture outcomes after post-fall removal of
the cadaveric bones from the surrogate soft tissue. In the FEMs, a
strain-based criteria using the first and third principal engineering
strains (LS-DYNA history variables #18 and #20 for MAT_83) at 2 ms
after the peak impact force was used to determine fracture. Strain
thresholds for tensile and compressive failure of both trabecular and
cortical bone and fracture definition have been described previously
(cortical: +0.140, —0.295; trabecular: +0.070, -0.100).3¢*¢*” Fracture
status was classified as femoral (indicative of hip fracture), pelvic
fracture, or non-fracture.

In the ex vivo experiments, the distance between lower ring
markers LR1 and LR2 (Figure 2) were tracked over time using the
high-speed camera data for each specimen to determine the pelvic
compression at 80% of the peak experimental impact force (C g rgo%)-
The anatomical placements of LR1 and LR2 were on the lateral ring,
directly above the centre of the acetabula.*®3! In addition, the
effective pelvis stiffness (a bulk measurement) in the direction of the
fall (kepor) Was also used as a validation metric.®® To calculate the
kspor, the impact force between 500N and the peak force was
plotted against the x-coordinate of the soft tissue marker over the
contralateral greater trochanter dstix (Figure 2). The slope of the
linear regression of this plot was calculated to be the effective pelvic
stiffness, to provide a representation of the stiffness of the system as
a whole, similarly to methods used previously.3>4®

Validation metrics included the RMSE, mean absolute error, and
maximum absolute error, which were calculated for parameters F,.y,
temaxs IMPEmax: CLr 0% and Kspor. r? values were calculated from the
statistically significant linear regressions between each parameter's
ex vivo and FEM,q.in Value. RMSE values (Equation 1) for each
outcome parameter value (v) were calculated using the below
equation for the number of specimens with corresponding data

available (n).

r
|

RMSE = \/ Z(VFEMHO,-,,“n = Vex vivo)2 (1)

n

2L 2L

FIGURE 2 FEM of sideways fall simulator. Markers LR1 and LR2 on the pelvic ring represent the markers that were tracked to determine
pelvic compression. The marker dst1 x represents the soft tissue marker over the contralateral greater trochanter.
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3 | RESULTS

RMSE values were relatively low (below 15% of the highest corre-
sponding experimental value) for Frax trmax, and Impgmax (Table 3).
CLrrso% showed a high RMSE relative to the individually measured
experimental values as did kspor, with the highest RMSE out of all
parameters. The RMSE, mean absolute error, and maximum absolute
error of parameters derived from impact force measurements (Fpax,
trmaxs and IMpemax) were all between 11.28% and 24.4% of the
maximum respective quantities in the ex vivo experiments. For all
specimens, kspor Was consistently overestimated by the FEMs,on-jin
whereas all other parameters varied in being over- or under-
estimated by the FEMs,,on.in (Figure 3), depending on the specimen.
The only significant correlation between FEMs,,o,.in and ex vivo data
was for tgmay, With an r? value of 0.97.

Comparing the impact forces between the FEMs (Figure 4A), the
peak forces were lowest for simulations with failure mechanisms
modelled in the femur and pelvis (FEMs, onin), followed by simula-
tions that only modelled failure in the femur (FEMs,,), and highest
for simulations that did not model bone failure (FEMsy;,). In all six
specimens, the ex vivo peak forces most closely followed trends for
FEMS, on-iin- Due to operator error in the experiments, the force trace
for H1407 was collected at 1000 Hz and there was no force trace
collected for H5050.

C.r had a notably higher magnitude in the ex vivo experiment
than in the FEMs, on.in in H1388 and H1393 (Figure 4B), which are
the two specimens exhibiting pelvic fractures in the ex vivo experi-
ments. C, g 0% Values were relatively similar between all specimens;

however, pelvic compression continued to increase well beyond this

TABLE 3 Validation metrics for the listed outcome parameters.
The values given in parentheses are the corresponding value's
percentage of the maximum measured value in the ex vivo data.

Maximum
absolute error

Mean absolute
RMSE error

Frnax (KN) 0.761 (13.4%) 0.64 (11.2%) 1.26 (22.2%)

tEmax (MS) 0.54 (13.9%) 2.36 (12.8%) 3.89 (21.0%)

IMPEmax (Ns) 13.8 (14.5%) 11.3 (11.8%) 23.3 (24.4%)

Cirrsox (Mm)  1.34(39.7%)  0.46 (33.2%) 0.99 (72.4%)

kspor (N/mm) 140 (68.6%) 121.2 (59.4%) 192.6 (94.4%)

Research®

point in the ex vivo data, and drastically so for H1393 and H1388.
When comparing trends between FEMs, the C g was highest for
FEMSpon-iin, followed by FEMsj;,, and lowest for FEMs,,,. C, g data was
unavailable for H1398 after 10.2 ms as the marker was obscured by
soft tissue surrogate in the high-speed video data. The FEMson-iin
consistently underestimated dst1x and overestimated kspor in com-
parison to the ex vivo data (Figure 3, Figure 4C). The kspor value
predicted by FEMSs,o.in Was at times close to double (H1388,
H1405) or even triple (H1398) the magnitude of the value calculated
from experimental ex vivo data.

In the ex vivo experiments, no signs of intertrochanteric or femoral
neck fractures were observed in any of the specimens. Specimen H1393
sustained a lateral compression fracture at the left pubic body and
ischial ramus, and a 12.5 mm stable fracture on the left pubic ramus was
observed in specimen H1388 (Figure 5). For FEMs, on.iin, Pelvic fracture
was accurately predicted in both H1393 and H1388 (true-positives).
Similar to findings from ex vivo experiments, no fracture was predicted
in H5050 (true-negative). In contrast to the lack of any visible damage
found experimentally, FEMs, o.in pPredicted three false-positives where
strain thresholds were violated: pelvic fractures in H1405 and H1407
and a femoral fracture (isolated greater trochanter) in H1398. The
sensitivity and specificity of these FEMSs,..in for fracture prediction
were calculated to be 1.00 and 0.25, respectively.

FR values (Figure 6) did not accurately correspond to predicted
fracture status using previously described threshold values for dif-
ferentiating femoral fracture and non-femoral fracture.® Overall, all
FR values were below their respective femur fracture thresholds
except for H1407 in femur force FR and H1398 in impact force FR.
Volumetric strain values of the IM nailing system were below 0.2%
(yield for Titanium is approximately 0.5%) indicating that all defor-
mations occurred in the linear range throughout the course of the fall

impact.

4 | DISCUSSION

The aim of this study was to use ex vivo data to validate the FEMs of
corresponding specimens augmented by prophylactic IM nailing in a
sideways fall simulator. Force-derived parameters (Fimax trmax, and
IMprmax) showed moderate to good prediction accuracy between
the ex vivo experiments and the FEMs,gn.jin in terms of RMSE.
Experimental values for Cirrgo% Were not accurately predicted by

6 Fmax (KN) 25 trmax (Ms) 100 IMpemax (Ns) . 20 Cr, Fgo (Mm) 400 Kspor (rUmm)
L [
. 80 «= e « °
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FEMS, on-iin and kspor Was consistently overestimated by our models.
However, the mean absolute error for Cig ggo% Was 0.46 mm, which is
similar in magnitude to both the resolution of our cameras and the
reconstruction error associated with this method.>* Differences in
Cirrsoxw between FEMs,on5in and the experiments for H1398,
H1405, and H5050 were within the magnitude of this error. The
FEMSs, on-iin could accurately predict fracture status in four out of six
specimens, with no false-negative fracture identifications.

The overestimated kspor in our FEMs indicates that the
specimen in the FEM is behaving more stiffly than the ex vivo
experiments. Assuming an impact without failure of any structures,
it would then follow that the F,., is also overestimated or that
temax 1S underestimated, causing the strains in the bone to be
higher in magnitude or occur over a shorter timespan. This corre-
sponds to the FEM prediction of a femoral and pelvic fracture in
H1398 and H1407, respectively, which are both false-positive
identifications. Although there was no visual observation of gross
damage in the form of displaced fracture fragments found for
these specimens ex vivo, it may be that there is plastic damage or
other permanent deformation of the bone structures at the loca-
tions predicted by the FEM (potentially internal damage limited to
the cancellous bone without cortical failure seen on visual
inspection or CT). In contrast, an enhanced modelling method for
the cortical shell at the surfaces of the femur and pelvis may not
predict high surfaces strains in the FEMs (as is occurring in the
false positive identifications), and better correspond with visual

observation of the ex vivo bone surfaces.

For fracture prediction, our FEMs,,o.;in showed a high sensitivity
for fracture prediction and a lower specificity of 0.25; of note, both
values should be interpreted with caution due to the low sample size
of this study. Despite the three apparent false-positive identifica-
tions, all fractures that were found experimentally were identified
and correctly classified by FEMs, on.jin. Although three non-fractures
were incorrectly classified as fractures (two in the pelvis and one in
the femur), this method provides a conservative model that can offer
insights for making relative comparisons between interventions. In
this study, FR values for specimens without fractures and with pelvic
fractures were overlapping (Figure 6), which is in agreement with past
applications of this metric.3®

When comparing to a past validation of these FEMs conducted
for unaugmented native pelvis-femur specimens,® the RMSE values
found here were generally higher on a scale of 2-4 times. This
reduction in accuracy when modelling augmented femurs may be due
to inaccuracies in the modelling of the Gamma Nail implant, the bone-
implant interface, or inaccuracies associated with running the ex vivo
experiments. There was moderate tearing of the soft tissue surrogate
gelin H1398 that resulted in the partial loss of C i data and may have
led to experimental-FEM inconsistencies as these tears were not
modelled in silico. However, other specimens with mild to moderate
gel tearing (H1393, H1405) showed better agreement in validation
outcomes, suggesting that, overall, effects of gel discontinuity may be
negligible for some parameters up until the time of peak force. This
would be because tearing in H1398 was present before test initia-
tion, whereas for H1393 and H1405, gel tearing did not appear to
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specimen ex vivo (augmented) FEM (augmented)
H1388
H1393
pelvis

H1398 none observed

H1405 none observed

H1407 none observed

H5050 none observed none observed

FIGURE 5 Fracture outcomes from ex vivo experiments and FEMs,o.in. Red and blue colours in the right column denote elements whose
strain values exceeded thresholds for tension and compression respectively. Green specimen shading indicates a true-negative or true-positive
classification by the FEM and red specimen shading indicates a false-positive classification.

become more severe until after peak force, as confirmed by high-
speed video. It is likely that the outcome parameter most affected by
a potential loss of rigid contact between the bone and soft tissue
(from gel tearing) is kspor, Which is reflected in the corresponding
high RMSE values.

With respect to the higher stiffnesses observed in our FEMs
compared to experimental values, it may be that a fully bonded
contact at the interface of the screw threads and bone does not
adequately represent the ex vivo situation. This would be particu-
larly relevant for osteoporotic patients, where achieving sufficient
orthopaedic screw purchase is generally less successful due to the
increased porosity in the trabecular bone,*’ lowering local stiff-
nesses. Gap size between the implant and adjacent bone may
change in the clinical scenario due to repositioning from surgical
error, which is a valid concern when it comes to prophylactic aug-
mentation.>® A combination of larger-than-modelled bone-implant
spacing and the presence of porous bone adjacent to the implant
may have contributed to a higher stiffness in our FEMs than
observed experimentally; particularly because the material model

used for bone in the FEMs is a foam material with no representation
of empty space.

Other approaches found in the literature for validating FEMs of
specimens with prophylactic augmentation are limited to work with
cement injections, reporting error in yield load predictions of 15.6%°*
and 20.3%,%¢ which are higher than but comparable to our value of
11.2% error for peak impact force. Other attempts to validate bone
with implanted hardware extend to quasi-static loading of hemi
pelvises,>? total knee arthroplasties,>® or hip arthroplasty stems in the
femur.>* Results of these studies generally showed high accuracies
but tested bone-only specimens without adequate representation of
soft tissue structures, or application of inertial loading. Our applica-
tion of the fall simulator adds complexity to the method (and likely
variability to our results), but both of these aspects are paramount to
produce a representation of injurious loading that has improved
biofidelity with the in vivo situation.>>>¢

As in all ex vivo and FEM studies, this study has some limitations.
Although useful for visualising agreement, r? as a metric has long-
demonstrated limitations to its application in terms of precisely
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FIGURE 6 FR values calculated using surface impact force and femur force. Fracture outcomes provided are those predicted by FEMs, on-in.
The dashed vertical line indicates previously described thresholds for differentiating between femoral fracture and non-femoral fracture.3?

representing correlations®” and, due to the small sample size used
here, should be interpreted with caution in its implications for tpnax. It
was discovered that the digitisation probe used to characterise the
initial positioning of the specimen and fall simulator was improperly
calibrated for specimens H1393 and H1388. Although this mis-
calibration was corrected for to the extent possible, it may have
contributed to the lack of agreement between the experiments and
FEMs in these tests. The relatively large femur element size does not
allow our model to capture the potential presence of stress con-
centrations around the implant. The relatively small number of
specimens tested makes it difficult to draw definitive conclusions
from the results. Limitations of the fall simulator have been outlined in a
previous study,>! some of which include the absence of muscle acti-
vation and subject-specific soft tissue properties, the effect of the upper
body, and the lack of compliance in the leg constructs. Finally, despite it
being the most relevant scenario for hip fracture in the elderly,*® only
one fall alignment and impact velocity were applied in this study.

The context of use for this model was to generate a basic under-
standing of hip fracture mechanics and prevention. It is low risk, as no

application to clinical practice is directly targeted, but the model has high
influence, as it would likely be used without further experimental testing.
The outcome of this validation is a comparison to experimental values
with mixed results. Further model development and validation would be

needed to establish increased model credibility.

5 | CONCLUSION

This study compared the impact response and fracture outcomes of
ex vivo cadaveric specimens with femurs augmented by IM nailing in
a sideways fall with corresponding FEM predictions. Compared to
previous FEM studies of unaugmented specimens tested using the
sideways fall simulator, the presented FEMs, . i» tended to over-
predict effective pelvic stiffness and showed higher variability in
accurately reporting experimental F.., and C g values. However,
FEMSs,on-in demonstrated moderate accuracy at predicting trmax
IMPrmax, @nd kspor When a fracture fixation device was used to

prophylactically augment the femur. No femoral fractures were
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observed for the six ex vivo tests, and the trend for a false-positive
identification of fracture in the FEMs,,o,,_;in supports the use of similar
models to provide conservative estimates when comparing inter-
ventions in other studies. Overall, these results suggest that these
FEMs are a reasonable approach for predicting fall experiment out-
comes of augmented specimens, but demonstrate variations possibly
linked to repeatability issues with running the ex vivo experiments or
accurately representing the orthopaedic implant component within
bone in the FEMs. Maintaining well-controlled experimental condi-
tions (i.e., the soft tissue shape) is of priority in future testing. The
further development of various aspects of modelling approaches,
particularly concerning modelling of the bone-implant interface under
loading, should be considered to improve the overall accuracy of the

FEMs for modelling fall scenarios with augmented specimens.
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