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ABSTRACT

The risk of hip fracture of a patient due to a fall can be described from a mechanical perspective as the capacity of the femur to withstand the force that it experiences
in the event of a fall. So far, impact forces acting on the lateral aspect of the pelvic region and femur strength have been investigated separately. This study used
inertia-driven cadaveric impact experiments that mimic falls to the side from standing in order to evaluate the subject-specific force applied to the hip during impact
and the fracture outcome in the same experimental model. Eleven fresh-frozen pelvis-femur constructs (6 female, 5 male, age = 77 years (SD = 13 years),
BMI = 22.8 kg/m? (SD = 7.8 kg/m?), total hip aBMD = 0.734 g/cm? (SD = 0.149 g/cm?)), were embedded into soft tissue surrogate material that matched subject-
specific mass and body shape. The specimens were attached to metallic lower-limb constructions with subject-specific masses and subjected to an inverted pendulum
motion. Impact forces were recorded with a 6-axis force plate at 10,000 Hz and three dimensional deflections in the pelvic region were tracked with two high-speed
cameras at 5000 Hz. Of the 11 specimens, 5 femur fractures and 3 pelvis fractures were observed. Three specimens did not fracture. aBMD alone did not reliably
separate femur fractures from non-fractures. However, a mechanical risk ratio, which was calculated as the impact force divided by aBMD, classified specimens
reliably into femur fractures and non-fractures. Single degree of freedom models, based on specimen kinetics, were able to predict subject-specific peak impact forces
(RMSE = 2.55% for non-fractures). This study provides direct evidence relating subject-specific impact forces and subject-specific strength estimates and improves

the assessment of the mechanical risk of hip fracture for a specific femur/pelvis combination in a sideways fall.

1. Introduction

Hip fracture poses a serious health threat to the elderly. It is con-
sidered the most devastating of osteoporotic fractures with severe
consequences on morbidity, mental health, and an increased risk of
mortality [1-3]. In the European Union alone, 610,000 new hip frac-
tures were registered in 2010 and are expected to reach 810,000 frac-
tures per year by 2025. By then, the direct medical cost associated with
this type of fracture will be 25.3 billion euros per year [4]. Epidemio-
logical evidence suggests that the majority of hip fractures are the result
of a fall from standing or lower height with subsequent impact on the
greater trochanter (GT) [5]. While falls in the elderly are frequent [6,7],
only about 1-5% of falls result in a fracture [8-10]. Therefore, one
might wonder what sets these patients or falls apart from others that do
not lead to fracture. Current clinical diagnostic tools, derived from dual
energy X-ray absorptiometry (DXA), rely on areal bone mineral density
(aBMD) measurements to evaluate bone fragility and the subsequent
risk of fracture. Other tools like the Fracture Risk Assessment Tool
(FRAX) also consider lifestyle factors and patient anthropometry.

Unfortunately, both of these tools have demonstrated limited sensitivity
in terms of identifying patients at risk [11-15]. Bone strength derived
with image-based finite element analysis (FEA) was demonstrated to be
superior to aBMD in terms of the prediction of ex-vivo measured femoral
strength in a sideways fall loading configuration [16-19]. However,
when these models have been generated from image data acquired at
baseline and used to quantify hip fracture risk in clinical cohorts over a
given follow-up period, these models have provided no improvement
beyond aBMD [20-27]. Only when these models were generated based
on image data gathered post-fracture did these models demonstrated
significantly higher AUC derived from receiver operator characteristic
analysis [28-30]. The models in these studies either neglected the effect
of patient-specific impact force that is transferred to the femur as the
result of a fall, or predicted the impact force with simplified analytical
models. A recent study that uses patient-specific single degree of
freedom spring mass models (sSDOF models) demonstrated that patient-
specific impact loads may influence the hip fracture risk [31]. Input
information for these type of models is difficult to obtain because
controlled fall experiments with volunteers are challenging and limited
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to low-energy impacts that do not pose any risk of fracture [32,33].
Another approach entails working with human volunteers and simu-
lating falls onto soft protective surfaces that reduce the force acting on
the volunteers [31,34]. To predict forces at impact conditions re-
presentative of a fall from standing, these models rely on extrapolation
far beyond the force range for which they were validated
[25,31,33,35,36]. Ex vivo models using post-mortem human tissue
allow for testing of human femurs up to injurious load levels. However,
state-of-the-art impact models that have modelled a fall to the side ei-
ther did not consider the compliant structures (overlying soft tissue and
the compliant pelvis) around the femur [19] or considered surrogate
models for the pelvis and soft tissues, but did not model patient-specific
impact loads [37]. Other cadaveric side-impact models, which con-
sidered full pelvis-femur constructs, used impact boundary conditions
that were representative of vehicle side impact collisions rather than
sideways falls, and generated pelvic fractures but no femoral fractures
[38-41]. All of these cadaveric studies impacted rigid masses onto
stationary specimens as opposed to dropping the specimen from height
with an impact at the greater trochanter, which is more representative
of a person falling.

In the present study we used our recently-published cadaveric in-
verted pendulum protocol to simulate sideways falls [42]. This protocol
models the lower extremities of the human body up to the navel ac-
cording to subject-specific anthropometrics. We used this protocol to
systematically investigate the mechanical response of the human body
undergoing impact to the hip due to a fall. The protocol focuses on the
influence of impact energy, soft tissue mass and geometry, pelvic
compliance, and bone mineral density on the mechanical response of
the pelvic region. We hypothesised that due to the non-linearity of the
system's force-displacement response and the limited soft tissue de-
formation over the greater trochanter, the effective pelvic stiffness de-
rived from these experiments would be considerably higher than ef-
fective pelvic stiffness values derived from less severe loading
conditions with volunteers. Secondly, we hypothesised that subject-
specific impact simulations representative of a fall from standing would
result in femur fractures and non-fracture outcomes that cannot be
explained by bone mineral density alone. Finally, we hypothesised that
a mechanical hip fracture risk assessment which includes both the
impact force and aBMD would be superior to hip fracture risk assess-
ment based on aBMD alone.

2. Materials and methods
2.1. Experimental testing

This study was approved by the University of British Columbia
Clinical Research Ethics Board (Study ID H06-70337). Experiments and
specimen preparation were carried out at two UBC research centres:
The centre for Hip Health and Mobility and the International
Collaboration On Repair Discoveries (ICORD). Specimen preparation
and experiments were conducted according to the protocol published in
Fleps et al. [42]. In short, 11 fresh-frozen post-mortem human speci-
mens including all tissues between the navel and mid-femur were ac-
quired from a tissue bank (ScienceCare, Phoenix, AZ, USA) (Table 1).

Table 1
Specimen information.

N=11 Unit Average (STD) Range

Age [years] 77.1 (13.4) 54-94
Height [m] 1.69 (0.08) 1.56-1.82
Body mass [kgl 64.3 (18.4) 40.8-99.8
BMI [kg/m?] 22.7 (7.8) 14.8-40.2
Tstor [mm] 26 (21) 7-73
Total hip aBMD [g/cmz] 0.735 (0.149) 0.559-1.129
T-score [] —-1.6 (1.3) —-3.1-1.8
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Donors or a next to kin had given written or electronic consent to the
donation.

The pelvis-femur constructs were dissected. Muscles were meticu-
lously stripped while bone, cartilage, joint capsules, and ligaments were
kept intact. Mechanical connectors were attached to the distal femurs
and the base of sacrum. The specimens were embedded in 20 wt%
ballistic gelatin to simulate soft tissues with subject-specific shapes and
masses in a controlled manner. The mechanical properties of the bal-
listic gelatin lay within the properties of muscle and adipose tissue
tested in compression [43-45]. The soft tissue contours were matched
from a surface scan database (SizeUSA, [TC]? Labs, Apex, NY, USA)
using body mass, body height, the maximum distance between both
greater trochanters, and the target soft tissue thickness over the greater
trochanter (Tstgr). Tst,gr Was calculated as a function of BMI [46,47].
The embedded specimens were attached to metallic lower limb con-
structions comprising the lower femur, knee angle, entire tibia, and
ankle. The surrogate lower extremities were weighted to subject-spe-
cific masses, but leg length and alignment angles remained fixed such
that a greater trochanter height of 0.76 m in a flexed leg position re-
sulted (Fig. 1). The alignment of the impacted femur was controlled so
the femur would impact with the neck axis aligned in a vertical plane.
Details on specimen alignment are reported in the study that describes
the protocol [42].

Specimens were guided with rollers attached to each leg and the
pelvis to constrain the fall motion to an inertia-driven single degree of
freedom inverted pendulum motion. Our study focuses on the influence
of subject anthropometric on the impact kinetics, therefore all speci-
mens were released from the same height and with the same greater
trochanter height to create impacts with a reproducible impact velocity.
Constraints were released prior to impact as the rollers slipped of cut
guidance surfaces. Only the translational constraints of the ipsilateral
foot point were maintained, creating a minimally constrained impact at
the hip that allowed for ipsilateral leg rotation, pelvic rotation, and
contralateral leg motion.

Clinical resolution quantitative computed tomography scans (qCT)
were obtained for each specimen (120kVp, 200 mAs, voxel size:
0.78 mm X 0.78 mm X 0.3mm) before it was embedded in the soft
tissue surrogate material that represented muscle, skin, and adipose
tissue. A hydroxyapatite calibration phantom (QC1, Scanco Medical,
Briittisellen, Switzerland) was scanned with each specimen for linking
greyscale values to bone density. QCT base aBMD measurements were
obtained using a commercial tool (QCT Pro, Mindways Software, Inc.,
Austin, Texas). QCT based aBMD values have been shown to be highly
correlated to DXA based aBMD measurements [48,49].

2.2. Data collection

The force at the impact surface was measured with a modified six-
axis force plate (FP4000-15, Bertec Corporation, Columbus, OH, USA),
collecting at a sampling rate of 10,000 Hz. A total of 14 spherical
markers (CTMark (4 mm), Suremark®, Simi Valley, CA, USA) placed on
the surface of the pelvis and soft tissue surrogate (Fig. 1) were tracked
in 3D at a frame rate of 5000 Hz with a stereo camera system (Phantom
v12, Vision Research, Wayne, NJ, USA). Marker tracking had an ac-
curacy of 0.07 mm, 0.08 mm, and 0.44mm in the global x, y and z
directions, respectively. A third high-speed camera (Phantom v9, Vision
Research, frame rate 200 Hz) and a digital camera (frame rate of 50 Hz)
were used to capture the overall pendulum motion and impact. Direct
linear transformation [50] with a static calibration cage was used to
reconstruct 3D coordinates. Two active infrared-emitting markers with
a sampling frequency of 300 Hz, fixed to the impacted leg, were used to
track the impacted leg over time. The impact velocity (vim,) was de-
termined by calculating a rigid body motion using the two active
markers and the translationally fixed foot point. The impact velocity
was defined as the velocity at the time of first contact of the specimen
with the impact surface (F > 20N). Two-dimensional X-ray images
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Fig. 1. Inverted pendulum setup with specimen H1401 ready for testing. The image in the top right shows the marker that was used for the evaluation of the effective
pelvic stiffness. The graph indicates the linear regression that was calculated in the range from 500 N to peak force, which are indicated with a red and a green cross,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

were taken with a mobile X-ray unit (Mobile 100-15, General Electrics,
Boston, MA, USA) prior and post testing for fracture evaluation.

2.3. Data analysis

Fracture outcome was assessed by an orthopaedic surgeon (PG)
based on planar radiographs and specimen dissections after testing. The
soft tissue thickness over the greater trochanter was measured based on
digitized surface points of the soft tissue and femur after embedding the
specimens in the soft tissue surrogate. This measurement was verified
by measuring the thickness of the soft tissue over the greater trochanter
with a ruler during dissection of the soft tissue surrogate material after
testing. The time from first contact with the force plate to peak load
(tz,,,) was derived from the impact response. The angular momentum
(Prop) for each impact was calculated as the product of the mass moment
of inertia around the rotation axis (Iz) and the rotational velocity (w) of
the pendulum at first contact of the specimen with the force plate (eq.
1). The rotational mass moment of inertia was determined based on
detailed CAD models of each specimen. The torque impulse (T) up to
peak force was calculated by integrating the impulse response and
multiplying it with the distance from the centre of rotation at the foot
point to the centre of pressure on the force plate (rgr) (Eq. (2)).

Prot = Iz (€H)

T= ‘/:j:”“" F () sdtorgy @

The pelvic compression (C;gr) was evaluated by tracking the change
in distance between marker pair LR1 and LR2 (Fig. 1). Maximum pelvic
compression Cirmax and pelvic compression at 80% of peak force
Crr(Fgoo) were quantified.

In order to compare to existing impact models for simulating side-
ways falls loading, we calculated the effective pelvic stiffness of the
pelvic region based on the impact force as a function of the

contralateral soft tissue deflection. This force-deflection response was
reported to be non-linear for impact experiments with volunteers
[32,51]. However, single degree of freedom (sDOF) models with a
linear spring stiffness showed lower errors in predicted peak forces
when compared to impact experiments with volunteers than models
that used a non-linear spring stiffness [32]. Furthermore, our recent
computational study indicated that large amounts of the initial kinetic
energy remains kinetic energy at the time of peak force, which is not
captured by a sDOF model comprised of a spring and mass only.
Lacking the information for a more complex spring-mass model, which
might capture the non-linear force deflection characteristic and the
energy balance in the system, we derived a linear effective stiffness
values (k) for comparison to existing literature. k was calculated by
fitting a linear regression model to the impact force as a function of the
contralateral soft tissue marker motion perpendicular to the impact
surface (dsrix), in the force interval from 500N to peak force. This
method is analogue to the effective pelvic stiffness determined from low
drop height experiments with volunteers [32]. These models will
hereafter be referred to as model 1 (k.,;). The interval from 500N to
peak force was selected to avoid bias due to inertial effects at first
contact with the impact surface.

A second model, hereafter referred to as model 2 (k.,»), modelled
the effective pelvic stiffness as a function of Tgrsr. This dependency
was determined with linear regression between the inverse of the ef-
fective pelvic stiffness (1/km1) and Tgrsr. No damping was considered
for models 1 and 2.

For comparison with existing impact models, sDOF models from
literature were implemented that used input information from testing
with volunteers at less severe conditions. Based on data presented in
Robinovitch et al. [33] an effective pelvic stiffness (k) and damping (b)
as a function of soft tissue thickness were calculated and implemented.
Based on Laing et al. [32], a single effective stiffness was implemented.
For Sarvi et al. [52], a linear fit for k and b with BMI was calculated

Table 2

sDOF parameters [31-33,52].
Study k [N/mm] Range k [N/mm] b [Ns/m] Range b [Ns/m]
Robinovitch et al. (1991) 1 0.00759 + Tap s7+0.00085 13.9-73.9 340 340

i X ; .

Laing et al. (2010) (k1st) 20.9 20.9 0 0
Sarvi et al., 2014 k = 6.86-BMI — 75 26.5-200.8 b = 87.1-BMI — 1306 0-2195.4
Luo et al. (2014) k= —7.9-BMI + 270 0-153.1 b = 47 -BMI — 460 235.6-1429.4
Present study (model 1) km1 58.5-483.9 0 0
Present study (model 2) km2 (Tgr,st) 54.1-371.3 0 0
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based on their published values. These relationships were then used to
calculate k and b values for the specimens tested in our study.

For Luo et al. [31], the published relationship between k and BMI
and b and BMI was implemented (Table 2). The effective mass for each
specimen was calculated for the translational sDOF model to match the
rotational energy of the ex vivo experiment (Eq. (3)).
meﬁc = I—Zz

Fet 3
rg is the distance from the rotational centre at the foot point to the
impact point at the greater trochanter. The impact velocity of the
greater trochanter was used for the sDOF model. The differential
equation of motion (Eq. (4)) was then solved considering the gravita-
tional force (Fg), calculated as the product of the gravitational constant
(g) times the effective mass, as an external force. An initial displace-
ment X, = 0 and an initial velocity X, = v;,,, that was derived from the
experimental data, were imposed onto the system. The velocity vV, is
the product of the angular velocity of the pendulum setup and the
distance from the rotational point at the foot to the greater trochanter
impact point. The maximum force (Fpeax) acting onto the mass was then
calculated as the maximum of the combination of spring force and
dashpot force (Eq. (5)).

miX+bx+kx=meg=F 4)

Fpeak = max(bx + k x)

)

Fpeak,m2, calculated with model 2, was used to predict the impact
force that each specimen would have had to sustain in order not to
fracture. aBMD, which is found to be highly correlated with femoral
strength in cadaver studies [53-55], was used as a surrogate measure of
femoral strength. The mechanical risk ratio (MRR, Eq. (6)), which is the
ratio between Fpeai,m2 and aBMD, was used as a predictor of the me-
chanical risk of fracture.

F, in kN
Mechanical risk ratio (MRR) = beak.ma | |

i int_
total hip aBMD [mcm2] )
Similar ratios had been proposed for the evaluation of fracture risk
[56], however no experimental data was available to test the potential
of these metrics.

3. Results

Of the 11 specimens that were tested, five fractured the proximal
femur, four fractured the pubic ramus close to the pubic symphysis and
the ischial ramus, and three specimen did not fracture (Fig. 2). Spe-
cimen H1389 fractured first the femur and then the pelvis. According to
AO classification, the femur fractures were two neck fractures, one sub-
capital and one basi-cervical, and three intertrochanteric fractures.
Four pelvic fractures were observed, all of which were shear fractures at
the pubic ramus close to the pubic symphysis. The ischial ramus on the
same side was also damaged but did not fail catastrophically.

3.1. Impulse response

Specimens impacted the force plate with a reproducible greater
trochanter velocity of 3.07 m/s (SD = 0.06 m/s). Peak impact forces
between 2947 N and 7601 N were recorded. For one male specimen
(H1401) the force was not recorded due to an operator error. A non-
linear impulse response up to peak force was observed for all specimens
(Fig. 3). Specimens that fractured the femur had a characteristic sharp
drop in peak force right after fracture, followed by a second loading
peak. Specimens that fractured the pelvis demonstrated less sponta-
neous unloading and did not exhibit a secondary loading peak. The time
to peak force was strongly correlated with soft tissue thickness over the
greater trochanter (R* = 0.963, Fig. 4 left). A strong correlation was
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also found between the time to peak force and the fraction of angular
momentum that was represented by the torque impulse to peak force
(R? = 0.891, Fig. 4 right).

Male specimens had a higher pelvic stiffness compared to female
specimens at 80% peak force (Fig. 5) (non-parametric Mann-Whitney
Test, p = 0.38). Corresponding results were found for Ciy at peak force
and the maximum lateral ring compression (Cirmax). Table 3 sum-
marized the fall outcomes and the obtained metrics for the ex vivo ex-
periments.

3.2. sDOF-based force prediction

The characteristic of the force over contralateral soft tissue marker
deflection (dsr1) in the X direction was non-linear (Fig. 6) and de-
pendent on specimen anthropometrics. Qualitatively, a stronger non-
linearity was observed for specimens with thinner trochanteric soft
tissue thickness compared to specimens with thicker trochanteric soft
tissue thickness. Larger deflections were measured for specimens with
thicker greater trochanter soft tissue compared to specimens with
thinner trochanteric soft tissue. (Fig. 6, left) The calculated effective
pelvic stiffness (k1) ranged between 58.5N/mm to 483.9 N/mm and
decreased with soft tissue thickness (Fig. 7). The inverse of the effective
pelvic stiffness (1/k,,1) and the greater trochanter soft tissue thickness
were highly correlated (R? = 0.94). The resulting linear regression
model was used to calculated k,,». The effective mass was calculated to
be 38.1% (SD 2.1%) of body weight. For specimens that did not fracture
(H1391, H1395, H1402), a good agreement between the experimental
measured peak forces and the peak force predicted by the sDOF models
was found. The root mean square errors (RMSE) for these 3 specimens
were 3.9% and 6.8% for model 1 and model 2, respectively. For spe-
cimens that experienced a fracture, similar peak forces or over pre-
dictions were observed (Fig. 8). Literature-based models under-
estimated the peak force for the non-fracture specimens (Fig. 7) and
frequently predicted lower forces than the experimentally measured
forces for specimens that fractured (Fig. 8). Details on sDOF model
implementations and impact kinetics can be found in the supplemen-
tary material.

Peak forces predicted by model 1 and sDOF models based on
Robinovitch et al. were strongly correlated but statistically significantly
different in magnitide (R% = 0.88, p < 0.001). Weak correlation and
statistically significant differences were found for peak forces predicted
by model 1 and sDOF models based on Laing et al. (R*= 0.06,
p < 0.001), Sarvi et al. (R>=0.19, p=0.018), and Luo et al.
(R? =0.18, p = 0.002). Peak forces between model 1 and model 2 were
highly correlated and not statistically significantly different (R* = 0.91,
p = 0.374). Details on the implemented sDOF models, force-time
characteristics and force-displacement characteristics are provided in
supplementary material (S2_sDOF_models).

No threshold for total hip aBMD, trochanteric aBMD, and femoral
neck aBMD alone could be found which would allow for a separation of
femur fractures from non-fracture outcomes (Fig. 9 left). Impact energy
was a poor predictor of peak force and fracture outcome. Greater tro-
chanter soft tissue thickness alone was also not predictive of fracture
outcome. The mechanical risk ratio (MRR) separated femur fractures
and non-fractures reliably (Fig. 9, right). Separations were also ob-
served for alternative MRRs that were calculated with femoral neck
aBMD and trochanteric aBMD, as well as when using k,,; for the sDOF
models. No clear separation for pelvic fractures was observed. MRRs
calculated based on peak forces predicted with the effective pelvic
stiffness that was derived from Robinovitch et al. also separated femur
fractures from non-fractures, but resulted in much lower values due
much lower predicted peak force values.

4. Discussion

The goal of this study was to investigate the kinetics of subject-
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Fig. 2. Fracture outcomes for all 5 femoral fractures (top) and a schematic illustration of the observed pelvic fractures with a close up of specimen H1392 (bottom).
Specimen H1394 fractured the contralateral superior and inferior ramus (marked in yellow). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

specific impacts that are representative of a fall to the side from
standing height. We hypothesised that impacts up to higher force
magnitudes will result in higher effective pelvic stiffness values and
found them to be 2-5 times higher in our study compared to effective
pelvic stiffness values that were reported based on less severe impact
conditions [31-33,52]. Furthermore, we hypothesised that, using this
protocol, we would observe both femur fractures and non-fracture
outcomes and found this to be the case. However, we also observed
pelvis fractures, which are a common fall-related injury in the elderly
and are thus clinically relevant and part of the spectrum of injuries we
should have expected [13,57,58]. Finally, we hypothesised that, when

simulating subject-specific falls, a metric that considers the impact force
and aBMD would be superior at predicting femur fractures and non-
fracture outcomes compared to aBMD alone. The MRR separated the 5
femur fractures from the 3 non-fracture outcomes, while aBMD alone
was unable to separate femur fracture from non-fracture outcomes. This
demonstrates how incorporating accurate impact force predictions
could improve screening for hip fracture risk.

The force-displacement response of the system under impact was
non-linear. Moreover, the kinetics showed a strong dependency on the
thickness of soft tissue over the impacted greater trochanter. This is
reflected in clinical studies, which report that low BMI, which is
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Fig. 3. Impulse response for non-fractures (left), femoral fractures (middle) and pelvic fractures (right).
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Fig. 4. (left) Relationship between time to peak force and greater trochanter soft tissue thickness and (right) the fraction of initial angular momentum that is
represented in the measured torque impulse over time to peak force. Fracture outcomes are indicated by colours: femur fractures (red), pelvis fractures (blue), no
fracture (green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. 80% peak force versus lateral ring compression of the pelvis at 80% peak
force (Crr(Fgoo)). Fracture outcomes are indicated by colours: femur fractures
(red), pelvis fractures (blue), no fracture (green). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

correlated with low trochanteric soft tissue thickness, is a factor for
increased fracture risk [59,60]. 94% of the variation in the effective
pelvic stiffness derived from the experiments was explained by tro-
chanteric soft tissue thickness, underlining the high importance of soft
tissue compared to the stiffness of harder tissues like the femur or the
pelvis.

Table 3
Summary of experimental results.

The observed femur and pelvis fractures are comparable to fractures
that have been observed clinically as the result of a fall [57,61-64]. The
mixture of fracture and non-fracture outcomes allows for direct vali-
dation of metrics that can be used for fracture risk assessment. Fur-
thermore, the experiment demonstrates that, even under severe impact
conditions, some subjects might not fracture their femur. Together with
different fall scenarios, these experiments might help to explain why
only 1-5% of falls result in fractures even though the energy absorption
of the femur (< 20J) is much lower than the energy related to typical
falls (62-169J in this study) [8,17,37,65,66]. The high prevalence of
pelvis fractures in female specimens over pelvis fractures in male spe-
cimens is representative of the clinical incidence. Epidemiological stu-
dies reported about 5 times more pelvic fractures in women than in men
[13,57,58]. However, the high ratio of femur fractures in male speci-
mens to femur fractures in female specimens is atypical. Epidemiolo-
gical studies report an about three times higher incidence of femoral
fractures in women than in men [2,13], which might be due to a
combination of low specimen number, fall alignment, and absence of
muscle activation in our model. Compared to other published impact
models, our ex vivo experiments are the first to generate femur frac-
tures, pelvis fractures, and non-fracture outcomes as the result of si-
mulated sideways fall. Previous sideways fall impact models in-
corporating the pelvis had failed to create femoral fractures and did not
use subject-specific impact conditions [38-40]. Studies that resulted in
femoral fractures [19,37] used generic impact conditions for all speci-
mens and did not produce any non-injurious impacts. All of these im-
pact simulations used inverted boundary conditions with a stationary

Frnax tepeak Cpg,max Crr(F80%) Km1 Mefr Fracture type
[N] [ms] [mm] [mm] [N/mm] [kel
H1389 2947 6.8 17.8 0.8 199.8 16.8 Femoral neck (basi-cervical) and ipsilateral rami
H1390 6131 8.9 13.0 1.4 163.9 19.0 Ipsilateral rami
H1391 5641 16.6 2.5 1.8 134.7 22.3 -
H1392 4907 14 17.0 1.6 91.9 23.9 Ipsilateral rami
H1394 4958 24.4 16.6 2.5 136.8 28.7 Contralateral rami
H1395 4910 28.8 1.7 0.9 58.5 35.2 -
H1397 5242 4 0.8 0.5 483.9 18.1 Intertrochanteric
H1399 5043 6.8 1.8 0.7 405.8 24.2 Intertrochanteric
H1401 - - 4.1 - - 19.8 Intertrochanteric
H1402 7601 7.8 1.0 0.6 210.0 25.1 -
H1406 7132 11.6 1.2 0.9 143.0 34.1 Femoral neck (sub-capital)
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Fig. 6. Force over deflection in x-direction of marker ST1 for non-fracture outcomes (left), femoral fractures (middle), and pelvic fractures (right). The black lines

show the spring characteristic for each specimen that was derived for model 1.

specimen and all but one [37] used rigid impact masses dropped onto
the greater trochanter covered with a generic foam soft tissue surro-
gates. In comparison, our improved boundary conditions and subject-
specific impact modelling resulted in the full spectrum of typical in-
juries that are related to falls with impact to the greater trochanter. The
combination of fracture and non-fractures further allows for the vali-
dation of tools to predict fractures under conditions that are close to
reality but still controlled.

We found that models with input information that was based on less
severe impact conditions predicted lower impact forces than we found
in our study. sDOF models by Robinovitch et al. [33], based on data
which was used to create a relationship between the effective pelvic
stiffness and the thickness of soft tissue over the greater trochanter,
resulted in highly correlated predicted peak forces. However, force
magnitudes were statistically significantly lower when compared to
forces predicted by our model, resulting in predicted forces that would
not suggest fracture in any specimen. This indicates that, if load pre-
dictions based on sDOF models are to be compared to femoral strength
estimates, these sDOF models require input parameters that are de-
pendent on trochanteric soft tissue thickness and impact velocity. Other
models that were based on impact from low height resulted in very low
peak force correlations with respect to our model and an under-
estimation of peak forces. The effective pelvic stiffness derived from our
impacts was about 5 times larger than the stiffness derived from im-
pacts from no height or very low height [32,33]. Compared to impacts
from increased height onto a protective foam pad, the effective pelvic
stiffness values calculated in the present study are about two times
higher. Therefore, predicting impact force by using effective pelvic
stiffness derived from low load levels can lead to systematic errors. A
more complex model that considers the non-linearity of the force-

500— 8000
H1397
H1399
400 - | 3 4
Uk = 0.00109 + T o x0.000229 6000
T 300} =
£ £
a0z )\ § 4000
E 200} .8 - -4
= H1406 =
2o H1391
100} g 2000
H1392
H1394
0 i 1 1
0 20 40 60 80 0
Tstet

deflection characteristic, as well as the complex energy balance in the
system [67] could allow for a model that is predictive of sideways fall
impact forces for impacts from low height and from standing. This is
also highlighted by the ratio between torque impulse and angular
momentum (Fig. 4), which showed that thinner trochanteric soft tissue
thickness is associated with a smaller part of the initial angular mo-
mentum being transferred to the torque impulse, when comparing to
bigger subjects. This is contradictory to system damping, which was
found to be higher for subjects with thicker trochanteric soft tissue
thickness in studies that simulated impacts with volunteers from low
height.

The mechanical risk ratio that we calculated based on the estimated
impact force and total hip aBMD was superior in terms of separating
femur fractures from non-fracture outcomes. Peak forces predicted by
model 2 were chosen because only the experimental peak forces of
specimens that do not fracture reflect the force that acts onto the human
body as a result of a simulated fall. Peak forces measured in specimens
that fractured are determined by the strength of the failing structure.
Therefore, the measured impact force underestimates the force that
would have acted on the specimen had it not fractured. Since we used
the experimental results to derive k> the accuracy of predictions for
independent fall simulations is unclear. As expected, the sDOF models
that used k;,» generally predict higher impact forces than the experi-
mentally measured impact forces, except for one specimen. This high-
lights the importance of considering the patient-specific force that is
applied to the human body as a result of a fall and the strength of the
femur when attempting to estimate the potential for a particular fall
resulting in a fracture. Subject-specific sDOF impact models should
consider subject-specific effective body masses, subject-specific impact
velocities based on body height [68], and subject-specific effective

Il experiment
[ present study (k m1)

present study (kmz)

|| ¥ Robinovitch et al, 1991
Laing et al, 2010

Sarvi et al, 2014

Luo et al, 2014

B

H1391 H1395 H1402

Fig. 7. sDOF models: (left) Calculated effective pelvic stiffness over soft tissue thickness. A linear fit was done for the effective pelvic compliance 1/k.,; as a function
of Tsr,gr (R? = 0.94); (right) calculated peak forces for non-fracture outcomes with comparison to implemented sDOF models from literature [31-33,52].
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Fig. 8. Comparison of all measured peak forces with peak forces predicted by sDOF models for the current study and implemented models from literature [31-33,52].

pelvic stiffness values based on trochanteric soft tissue thickness and
impact velocity. Femoral strength could be estimated based on femur
aBMD or image-based finite element models [23,69,70]. In real life
falls, other factors can influence the severity of an impact. Differences
in reaction to imbalance, reaction time, and overall ability to “break a
fall” will also play an important role for fracture risk assessment. These
factors are not captured by the MRR and should be included based on
other patient-specific information. The calculated MRR also did not
separate pelvis fractures from non-fractures reliably. This suggests that
aBMD might be a site-specific predictor of strength and other strength
predictors are necessary to predict sideways fall-related pelvis fractures.

A limitation of our study is that a surrogate system was used, which
only approximates the human body under impact and is not equivalent
to a volunteer impacting onto a hard surface. More specifically, we
neglected the influence of muscle activation and subject-specific tissue
properties, the effect of the upper body, and considered overly rigid
lower limbs. The strengths of the system are that impacts were con-
trolled and subject-specific with reproducible alignment and impact
velocity. The alignment of the pelvis and the femur with respect to the
ground are especially important parameters to control in order to make
falls comparable. Moreover, the tested body shape and soft tissue
characteristics were controlled and known. This reduced bias when
investigating parameters related to soft tissue shape and bones. A severe
fall with the knee and the iliac crest impacting well after peak force was
reached were modelled. The impact velocity (3.1 m/s) was close to the
mean impact velocity that was reported for fall experiments with young
volunteers (3.0 m/s) [71]. Furthermore, the increased effective pelvic

10000
Hig01 11399 - 1402
8000 o o
H1406
a
2 6000| H1392 HI389 O py3gp
o o ©
E H1391
E: H1394 ©
u_g' 4000 H1395
2000
0
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Total hip aBMD [g/cm?]

stiffness is supported logically. To build up an impact force of e.g
5000 N in a stiff male pelvis based on Robinovitch et al. (k = 50 N/
mm), a deformation of 100 mm would be necessary. This is not feasible
considering the amount of soft tissue over both greater trochanters,
which would only amount to about 30 mm (2 X 15mm). Pelvic de-
formations were recorded to be small (< 5mm) in specimens that did
not fracture the pelvis and typical femur deformation before fracture
are low (< 4mm) [17,72]. Consequently, the stiffness of the pelvic
region needs to be much higher when loaded to high forces. Another
limitation is that only one impact alignment and greater trochanter
impact velocity was tested in this study to allow for better control and
interpretation of the overall system and clearer conclusions to be drawn
on the influence of soft tissue shape on the impact kinetics. In real life
falls, patients might have a predisposition to fall more often or impact
with higher or lower impact velocities. They might also have a pre-
ferred direction towards which they will try to guide the fall. These
factors could not be considered in this study. The strengths of the
system are the controlled conditions and that the hip could be loaded
up to injurious force levels to investigate the impact kinetics at velo-
cities that represent a severe fall, which is not ethical, even with young
volunteers, due to the risk of injury.

5. Conclusion

This study provides direct evidence of the influence of various
subject anthropometrics on the force experienced during sideways fall
impact. The simulated impact showed subject-specific differences in

10000
w1401 o 02?
8000 H1402 H::1397 o °
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Fig. 9. (left) Predicted peak force versus total hip aBMD; (right) Predicted peak force versus mechanical risk ratio (MRR). Female specimens are marked with circles,
male specimens with squares. The colours indicate impacts that resulted in a femur fracture (red), pelvis fracture (blue), or no fracture (green). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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impact kinetics and resulted in clinically relevant femur fractures,
pelvic fractures, and non-fractures. The described impact model pro-
vides an extension to impact models based on low height impact with
volunteers and will provide valuable input to predict subject-specific
impact forces at conditions that are representative of a fall from
standing. The mechanical hip fracture risk assessment based on impact
force and femur BMD was superior in separating femur fracture and
non-fractures compared to femur aBMD alone. This result clearly points
the way forward for improved screening for hip fracture risk.

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.bone.2019.05.004.
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