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ABSTRACT

This study assessed: (i) how the magnitude and direction of principal strains vary for
different sideways fall loading directions; (ii) how the principal strains for a sideways
fall differ from physiological loading directions; (iii) the fracture mechanism during a
sideways fall. Eleven human femurs were instrumented with 16 triaxial strain gauges
each. The femurs were non-destructively subjected to: (a) six loading configurations
covering the range of physiological loading directions; (b) twelve configurations
simulating sideways falls. The femurs were eventually fractured in a sideways fall
configuration while high-speed cameras recorded the event. When the same force
magnitude was applied, strains were significantly larger in a sideways fall than for
physiological loading directions (principal compressive strain was 70% larger in a
sideways fall). Also the compressive-to-tensile strain ratio was different: for
physiological loading the largest compressive strain was only 30% larger than the
largest tensile strain; but for the sideways fall, compressive strains were twice as large
as the tensile strains. Principal strains during a sideways fall were nearly
perpendicular to the direction of principal strains for physiological loading. In the
most critical regions (medial part of the head-neck) the direction of principal strain
varied by less than 9° between the different physiological loading conditions, whereas
it varied by up to 17° between the sideways fall loading conditions. This was
associated with a specific fracture mechanism during sideways fall, where failure
initiated on the superior-lateral side (compression) followed by later failure of the

medially (tension), often exhibiting a two-peak force-displacement curve.

Keywords: hip fractures, sideways fall, physiological loading, strain distribution,

direction of principal strain, structural optimization
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1. INTRODUCTION

Hip fractures represent a social burden causing more disability than any other type of
fragility fractures (Cummings and Melton,2002; Rockwood et al.,1991; WHO,2007).
The vast majority of hip fractures (nearly 90%) is a consequence of falls
(Greenspan et al.,1994; Hayes et al.,1993). Therefore, understanding the
mechanical response of the proximal femur to such overloading conditions is of

fundamental importance.

There is a general agreement on the mechanism leading to fractures during falls: in
most cases, the subject falls on his/her side, impacting the ground with the posterior-
lateral side of the hip. Consequently, a force more or less perpendicular to the long
axis of the femur (Laing and Robinovitch,2010; Nankaku et al.,2005) is delivered to
the greater trochanter through the soft tissues. Several works experimentally
investigated (e.g. (Courtney et al.,1995; Eckstein et al.,2004;
Lochmuller et al.,2003; Manske et al.,2008)) the strength of the human femur for a
sideways fall loading conditions, starting from the ‘50s (Backman, 1957). It has been
demonstrated (Keyak,2000) that the strength of the femur in sustaining the loads
arising from a sideways fall is significantly lower than from physiological loading
conditions (such as stance or walking). It is known (Pinilla et al.,1996) that this
strength i1s highly influenced by the impact direction. However, a complete
understanding of the mechanical response of the human femur to this accidental

overloading condition is still lacking.

As falling itself is an unpredictable event, the direction of this force is unpredictable
and can vary significantly between different falls. The first in vitro simulation of

sideways fall loading of the femur is due to Backman (Backman, 1957): the femur was
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internally rotated by 15°, and adducted by 10°. This loading configuration was
replicated by others (e.g.: (Courtney et al.,1995;  Eckstein et al.,2004;
Lochmuller et al.,2003; Manske et al.,2008)), without a specific demonstration of
the relevance of this (or any other) loading direction. The sensitivity of the failure load
to the direction of the applied force has been assessed in vitro (Pinilla et al.,1996).

Unfortunately, in that study the strain distribution was not investigated.

The strain distribution in the proximal femur has been extensively investigated in vitro,
but mainly under simulated single-leg-stance (Cristofolini, 1997,
Cristofolini et al.,2010; Cristofolini et al.,2009; Fung,1980; Huiskes et al.,1981).
The strain distribution in the femur for a simulated fall was first measured by
(Lotz et al.,1991); however, the sample size and the tested conditions were limited
(one femur, with 9 strain gauges, subjected to one loading configuration: internally
rotated by 30° and adducted by 30°). More recently, a combined experimental-
numerical study was based on three femurs prepared with 16 triaxial strain gauges
(Grassi et al.,2012).  Recent  studies  with  digital 1image  correlation
(Gilchrist et al.,2014; Helgason et al.,2014) again simulated a single fall loading
configuration (15° internal rotation, 10° adduction). A numerical study
(Majumder et al.,2009) analyzed the sensitivity of the strain distribution to the

direction of the applied forces but still on a single specimen.

The fracture mechanism has recently been elucidated for para-physiological loads by
means of high-speed videos (Cristofolini et al.,2007) and other high-speed techniques
for fracture assessment (Juszczyk et al.,2010; Juszczyk et al.,2013;
Juszezyk et al.,2011). The fracture mechanism during a sideways falls was
investigated in vitro with high-speed cameras (de Bakker et al.,2009). However, in

this study the strain distribution was not investigated. To the authors’ knowledge a

0.
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systematic investigation of the mechanical response (including the magnitude and
alignment of tensile and compressive strains) of the proximal femur to sideways fall
loading conditions, and its variability with respect to different but plausible loading

directions, has never been presented.

The aim of the present work was to analyze the mechanical behaviour of the proximal
femur for the non-physiologic loading condition occurring in sideways falls, by means
of experimental tests on human femurs. More specifically, this study assessed how the
magnitude and direction of principal strains varied for a range of physiological and
sideways fall loading directions, and investigated the fracture mechanism during

sideways fall.
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2. MATERIALS AND METHODS

2.1 Overview

Human femurs were instrumented with strain gauges, and tested non-destructively in
different loading configurations that replicated: (i) a range of physiological loading
directions; (ii) a range of possible loading directions during a sideways fall. Each
specimen was eventually tested to failure in a sideways fall configuration while high-

speed videos were acquired.

2.2 Preparation of test specimens

Eleven fresh-frozen femurs (Table 1) from eight donors who did not suffer from
cancer or musculoskeletal pathologies (other than osteoporosis) were obtained through

an ethically-approved international donation program (http://www.iiam.org/). Bone

quality and lack of defects were verified through Dual-energy X-ray absorptiometry
(DXA: Eclipse, Norland Co., USA), and computed tomography scanning (CT: Hi-
Speed, General Electric, USA). The femurs were wrapped in cloths soaked with
physiological solution during the whole procedure to avoid dehydration, and stored at -
20°C when not in use. Biomechanical length (BL) and diameter of the head (HD)
were measured as in (Cristofolini et al.,2009). An anatomical reference frame was
marked on each femur (Cristofolini,2012). After resecting the condyles, the distal end
of each specimen was embedded in acrylic bone cement in an aluminum pot (100-mm

deep) so that 33% of the biomechanical length was free (Fig. 1).

2.3 Strain measurements

Each femur was instrumented with triaxial-stacked strain gauges at 16 locations as in

(Zani et al.,2014) (Fig. 1). The area for strain measurement was prepared following


http://www.iiam.org/
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an established procedure for wet cadaveric specimens (Cristofolini et al.,2010;
Viceconti et al.,1992). Both 0.8-mm grid (C2A-06-031WW-350, Vishay Micro-
Measurement, Pennsylvania, USA) and 2-mm grid (KFW-2-120-D17-11 L5M2S,
Kiowa Electronic Instruments, Tokyo, Japan) were used, depending on the space
available. To prevent bone surface heating, a grid excitation of 0.5 V was selected.
During both non-destructive and destructive tests, strains were sampled at 2 kHz using
a multi-channel data logger (System 6000, Vishay Micro-Measurement, USA),
synchronously with the signals from the testing machine. To prevent aliasing, and
eliminate mechanical and electrical noise, all signals were low-pass filtered with six-

pole Butterworth filter (cut-off: 50 Hz).

2.4 In vitro non-destructive test: physiological loading

A single force was applied by the testing machine (Mod. 8502, Instron, Canton, MA,
USA) to the femoral head along different directions. Six loading configurations (LCs)
were evaluated (Cristofolini et al.,2009) (Fig. 2). LC1-4 corresponded to the extreme
angles of the resultant force acting at the hip joint in the frontal and sagittal planes
during different physiological motor tasks (Bergmann et al.,2001). LCS is frequently
used in the literature and replicates a simplified single-leg-stance
(Lochmiiller et al.,2002) in which the force was parallel to the femoral diaphysis.
LC6 has been proposed to reproduce spontaneous fractures (Cristofolini et al.,2007):
an angle of 8° in the frontal plane has been shown to induce the highest stresses in the
proximal femoral metaphysis (Taddei et al.,2006). A force of 0.75 of the donor’s
body weight (BW) was applied for all loading configurations to prevent bone damage.
The actuator speed (displacement control, linear ramp) was tuned for each specimen

based on preliminary tests, so that full-load was reached in 0.2 seconds. This is the
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typical  timescale @ of  physiological ~and  para-physiological  loading
(Bergmann et al.,2004), and has been proposed for in vitro testing
(Cristofolini et al.,2010; Cristofolini et al.,2009; Raftopoulos et al.,1993).  The
full-load position was held for 0.2 seconds before unloading. Each configuration was
repeated six times on each specimen, with a recovery time of 5 minutes between

repetitions to ensure the absence of any residual strains (Cristofolini et al.,2010).

2.5 In vitro non-destructive test: sideways fall

A validated setup (Zani et al.,2014) allowed testing the same specimen with different
loading directions, while avoiding any over-constraint by means of low-friction
bearings (Fig. 3). A force was applied by the actuator of the testing machine to the
femoral head while the specimen was constrained distally (free to tilt in a vertical
plane, medial side up). The greater trochanter rested on a sliding flat support. To
reduce the risk of local crushing, the head and trochanter were protected with custom-

machined aluminum spherical caps fixed with bone cement.

Three values were selected for the internal rotation (0°, 15°, 30°), and four for the
adduction angle (0°, 10°, 20°, 30°). All 12 combinations (4x3 full-factorial scheme)
were applied to all specimens, including the classical configuration: 15° internal

rotation, 10° adduction (Backman, 1957).

Similar to the physiological loading configurations, a force of 0.75 BW was applied to
the femoral head in 0.2 seconds (position control, linear ramp, with a suitable
specimen-dependent actuator speed); full-load position was held for 0.2 seconds before

unloading. Each configuration was repeated six times, with a recovery of 5 minutes.
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2.6 In vitro destructive test: sideways fall loading

To supplement the strain distributions measured non-destructively, the femurs were
eventually tested to failure. Consistent with the literature (Backman, 1957),
destructive tests were conducted at 15° internal rotation — 10° adduction with a single
monotonic ramp up to macroscopic failure. A study on volunteers has shown that the
force peak is reached in a time of the order of 0.1 seconds (Laing and
Robinovitch,2010). The optimal actuator speed to achieve fracture in approximately
0.1 seconds was estimated for each specimen, based on the non-destructive testing
(scaling to an estimated failure strain of -10000 and +7000 microstrain
(Bayraktar et al.,2004)). This resulted in an actuator speed between 15 and 50
mm/second. (Table 2) This is within the published range (2-100 mm/sec
(Bouxsein et al.,1999; Pinilla et al.,1996)). All specimens eventually fractured in
0.09-0.17 seconds. This is slower than with drop-tower loading (average impact speed
114 mm/second; peak speed 3 m/second; failure in 0.02 seconds
(Gilchrist et al.,2014)). Similar to the non-destructive testing, all signals (including

strain gauges) were recorded at 2 kHz.

To fully document the mode of failure, the destructive tests were video-recorded using
high-speed cameras (Fastcam SA1, SA3, or SA4 - depending on the test session -
Photron, San Diego, CA, USA) at 10000-15000 frames per second, with a typical pixel
size of 0.1-0.2 mm, following an established procedure (Cristofolini et al.,2007) (Fig.
3). The camera and two mirrors allowed recording three views of the specimen in the
same frame. Three high-intensity light sources (1000W + 300W + 300W) were used,

allowing optimal image sharpness due to short shutter times and high aperture setting.
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2.7 Statistical methods

The Peirce criterion was applied to exclude outliers (Ross,2003). First, for each
specimen, each loading configuration and each strain gauge, outliers were checked
among repetitions: approximately 2.5% of the data was excluded. Repeatability (intra-
specimen variability) was good: for the physiological loading the Coefficient of
Variation between test repetitions was on average 0.4% (0.7% in the worst specimen);
for the sideways fall, it was on average 0.5% (1.7% in the worst specimen). To obtain
a single output for each strain gauge and each specimen, the average over six
repetitions was calculated for the principal strains (g, €,), and the angle (0,) of the
principal strain. Finally, the Peirce criterion was applied among the 11 specimens:

none of them was excluded.

The significance of variations of principal strains between loading configurations was
assessed with Repeated-Measures ANOVA with one factor (LC1-LC6) for the
physiological loading configurations, and with two factors (internal-rotation and

adduction angles) for the simulated sideways fall.

To assess the effect of the different loading configurations on the direction of principal
strains, the angle (0;,) measured for the different loading configurations was referred to
the value found (for the same specimen and same strain gauge) for the physiological
loading at 8° in the frontal plane (LC6). As the angle of principal strain does not
follow a normal distribution, the Kruskal-Wallis non-parametric test was applied
separately for the physiological configurations, for the internal rotation, and the

adduction angles of the sideways fall.

Statistical analyses were performed with StatView-5.0.1 (SAS-Institute, Cary, NC,

USA).
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3. RESULTS

3.1 Magnitude of principal strains

For the physiological loading configurations, the largest tensile strains were observed
on the superior-lateral side, while compression dominated in the medial side. Peak
compressive strains (maximum: -1102 microstrain) were larger than the tensile ones
(maximum: +911 microstrain) in absolute value. Large variations of principal strains
were observed between the six configurations (Fig. 4). In the head and neck region,
such differences were generally highly significant (ANOVA, p<0.05) for the
maximum tensile strain, but generally not for the compressive one. Only the medial

side made an exception, as most differences were not significant.

With a simulated sideways fall, tension dominated on the medial side, compression on
the superior-lateral side (Fig. 5). The largest absolute values were found in the head-
neck region. Peak compressive strains (up to -1284 microstrain) were larger than the
tensile ones (maximum: +680 microstrain) in absolute value. The variations of
principal strains in relation to the internal rotation angle were large (significant at
several locations in the head and neck region, ANOVA p<0.05, Fig. 5). Conversely,
the adduction angle had generally a smaller effect, which was significant mainly on the

medial and lateral sides (ANOVA p>0.05, Fig. 5).

3.2 Direction of principal strains

For the physiological loading, the direction of principal strains varied very little
between the six configurations (Fig. 6): less than 18° in the most stressed parts (medial

and superior-lateral sides of the head-neck region, Kruskal-Wallis p>0.5). The largest
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rotations of the principal strain were observed for the most tilted loading

configurations (LC1,LC4).

With a simulated sideways fall, the direction of principal strain was nearly
perpendicular to that during physiological loading at all strain measurement locations
(Fig. 7). The direction of principal strain varied less in the head-neck region (range
23° over the 12 sideways fall loading directions) than in the distal region (where the
strain magnitude was significantly lower). The internal rotation angle had a large
effect on the direction of principal strains (significant at most locations in the head-
neck region, Kruskal-Wallis, p<0.05, Fig. 7). Conversely, the adduction angle had
generally a smaller effect (not significant in the entire head-neck region, Kruskal-
Wallis, p>0.5, Fig. 7), except in regions where the strain magnitude was small (e.g.

gauges A3, P3).

More details about the angle (6,) of the principal strain are reported in the

supplementary material <LINK>.

3.3 Fracture mechanism

The peak force recorded during the destructive tests ranged 1170-6525 N (1.57-7.31
BW, Table 2). Seven specimens exhibited a two-phase failure (Fig. 8): failure started
on the superior-lateral side of the head-neck region (compression), but complete failure
was achieved several milliseconds later, with cracking of the inferior-medial side
(tension). Similar failure patterns were observed for femurs from the same pair.
However, four specimens failed due to crushing of the greater trochanter (with no

proper neck fracture), which is different from the clinically-observable inter-

-10 -
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trochanteric fractures. The force-displacement curves and the high-speed videos are

available as supplementary material <LINK>.

The trend of strain over time was highly-linear up to failure in all specimens (Fig. 9).
During the destructive test, some strain gauges failed prior to femur fracture, either due
to excessive deformation of the grid material, or to local fracture of the underlying
bone. The largest tensile strains during the destructive tests were always found in the
medial gauges of the head-neck region (4000+5000 microstrain at the force peak). The
largest compressive strains were always in the head-neck region, but location varied

between femurs (-6000+ -8000 microstrain at the force peak).
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4. DISCUSSION

The aim of this study was to investigate in detail the strain distribution in the proximal
femur during a sideways fall. Therefore, we assessed how the magnitude and direction
of principal strains varied for a range of possible sideways fall loading directions, and
we compared them to those recorded during simulated physiological loading. Direct
comparisons between the two types of loading were possible as the same 11 femurs
were tested in both conditions. To elucidate how the strain distribution affects the
mode of failure, we also investigated the fracture mechanism during sideways fall by
means of high-speed video. Tension and compression were reversed in a simulated
sideways fall compared to physiological loading; the ratio between compressive and
tensile strain magnitudes was considerably higher for a sideways fall than for

physiological loading.

Our study has shown that the largest strains during a sideways fall are localized in the
head-neck region (Fig. 5), which is where fracture eventually occurs (Fig. 8).
Increasing the internal rotation in the range 0-30°, and increasing the adduction angle
in the range 0-30° caused a significant strain increase in this region. Such a loading
direction can be associated with a postero-lateral fall, with the lower limb adducted
and flexed (Majumder et al.,2009; Nankaku et al.,2005; van den

Kroonenberg et al.,1995; van den Kroonenberg et al.,1996)

If a material has different behaviour in tension/compression, failure will occur either in
the tensile/compressive area, depending on where the applied stress exceeds the
tensile/compressive strength. Bone tissue is 40% stronger in compression than in
tension (-10000 versus +7000 microstrain (Bayraktar et al.,2004)).  For the
physiological loading configurations, the largest compressive strain (gauge MN: -752

microstrain, average of 11 specimens) was only 30% larger in absolute value than the

-12-
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largest tensile strain (LH: +509 microstrain). This could explain why fracture initiates
on the superior-lateral side (largest tension) when para-physiological loads are applied
in vitro  (Cristofolini et al.,2007;  Grassi et al.,2014;  Juszczyk et al.,2011;
Keyak et al.,2005), producing a similar fracture to what is observed for spontaneous
fractures in vivo (Grisso et al.,1991; Rockwood et al.,1991; Yang et al.,1996).
Conversely, with a simulated sideways fall, the largest compressive strain (gauge LN: -
1284 microstrain, average of 11 specimens) was twice as large as the largest tensile
strain (MN: +680 microstrain). Moreover, compressive strain (both average and peak)
in a sideways fall was larger than for a physiological loading direction for the same
force magnitude. This may explain why fracture during sideways fall initiates on the

superior-lateral side due to compression (see Fig. 8 and (de Bakker et al.,2009)).

For physiological loading, we found that the direction of the principal tensile strain
was generally aligned with the neck—diaphysis axis on the lateral side and was
perpendicular on the medial side. For a sideways fall, the direction of principal strains
was nearly perpendicular to that during physiological loading (supposedly the

condition for which the femur structure is optimized (Cristofolini, IN PRESS)).

Our results concerning the principal strains and their direction for the physiological
loading scenarios are well in agreement with a previous study on different specimens
(Cristofolini et al.,2009). The direction of principal strains varied by a relatively
small angle between physiological loading configurations. As strain measurements
were performed when the applied force was tilted to cover the cone spanned by the hip
joint resultant, this suggests that the principal strain directions vary little for most
physiological motor tasks. Hence, the state of stress in the proximal metaphysis allows
structural optimization (in terms of local tissue arrangement, and anisotropy) to face

most physiological tasks. Conversely, when a sideways fall was simulated the

-13 -
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direction of principal strain varied by a larger angle in relation to the direction of the
applied force, suggesting that the bone structure can hardly withstand such a loading
direction. For instance, in the medial side of the head and neck (gauges MH, MN, Fig.
6-7) the direction of principal strain varied by less than 9° between the different
physiological loading conditions, whereas it varied by up to 17° between the sideways

fall loading conditions.

The failure force for a sideways fall in this study ranged 1170N-6525N (median:
2796N). A recent study, where 12 femurs were tested to failure in a para-physiological
loading (Juszczyk et al.,2011), reported a higher failure force (range: 3740N-10502N,
median 6712N), although the sample had lower bone quality (median t-score: -3.31)
than the present sample (Table 1). Such a difference between the two loading
scenarios is in agreement with the literature: the strength of the femur in a sideways
fall is lower than for physiological loading by a factor between 2.16 according to an in
vitro study (Keyak,2000), 2.85 according to a FE study (Keyak et al., 2001), 3.5
according to another in vitro study (Duchemin et al., 2006), and 4.4 according to

another FE simulation (Bessho et al., 2009).

More in general, this confirms the concept of a structural optimization due to a

combination of generational evolution, and local adaptation (Cristofolini, IN PRESS).

The two-phase failure pattern we observed is in agreement with (de
Bakker et al.,2009; Gilchrist et al.,2014; Helgason et al.,2014) both in terms of
points of initiation (compressive failure starts on the superior-lateral side, followed by
tensile fracture on the medial side), and in terms of trend in the force-displacement

curves.

- 14 -
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An increase of the rotation angle from 0° to 30° was associated with a 24% decrease of
the failure force (Pinilla et al.,1996). This is compatible with our results: in the
superior-lateral neck region, the principal compressive strains were 10-12% larger at

30° than at 0° internal rotation, for the same 10° adduction angle (Fig. 5).

We should also account for some limitations of our work. Strain measurements during
sideways fall in the lateral part of the diaphysis (gauge L1) were possibly perturbed by
the presence of the aluminum cap on the greater trochanter. Furthermore, no soft
tissue was present on the greater trochanter, which provides some padding in vivo.
This is reflected by the unusual failure mechanism of the four specimens in which the

greater trochanter got crushed, despite the aluminum caps.

The specimens included in this study were biased towards the elderly and osteoporotic.
For this reason, our results might not be representative of the entire human population.
However, as fractures in most cases occur in the elderly (Cummings and Melton,2002;
Rockwood et al.,1991; WHO,2007), our sample is representative of this high-risk
class of subjects. In all cases, our study excluded donors affected by cancer or other

pathologies possibly compromising the musculoskeletal system (except osteoporosis).

We did not simulate any specific motor task for the physiological loading.
Conversely, the six load cases simulated explored the entire range of possible loading
directions during daily tasks (Bergmann et al.,2001; Cristofolini et al.,2010;

Cristofolini et al.,2009).

For the sideways fall, as no direct measurement is available concerning the direction of
the forces delivered in a real fall, we decided to explore a wide range of possible
loading directions, using a validated setup (Zani et al.,2014). We preferred a

displacement-control test, as opposed to a drop-tower system (Gilchrist et al.,2013;
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Gilchrist et al.,2014; Helgason et al.,2014) to (i) have a better control of the test
conditions, and (ii) to be able to test the same specimen repeatedly, under different
loading conditions. The actuator speed (15-50 mm/second) was slower than the
typical impact speed during fall, but it was suitable to fracture all femurs in 0.09-0.17
seconds (compared to ~0.02 seconds for drop-tower testing (Gilchrist et al.,2014;
Helgason et al.,2014)) due to the absence of soft tissues interposed. It must also be
noted that, while in a drop-tower test the actual speed and loading rate vary as a
function of the nonlinear stiffness (similar to what happens in a real fall), in our test a

constant actuator speed was imposed.

Muscle forces were not directly simulated in our study. For the physiological loading,
it has been shown that femur deflection depends also on the local action of the muscle
forces (Speirs et al.,2007). Conversely, using an FE model of a single femur, it has
been shown that small differences existed between the principal tensile strain
distributions on the surface of the head-neck region with and without muscle forces
when the same resultant force was applied at the femoral head
(Cristofolini et al.,2007). Not including the muscle forces was considered a
conservative approach in terms of predicted fracture force for the head-neck region.
This simplification does not apply to the inter-trochanteric region and the diaphysis,
where the local effect of the muscles cannot be neglected. No reliable information is
available concerning the level of contraction of the hip muscles during a real sideways

fall.

Since 4 femurs out of 11 samples were paired (Table 1), the assumption of
independent samples that underlies most statistical tests is partly compromised. As no
dedicated test is available for partly inter-dependent samples, standard parametric and

non-parametric tests were adopted.
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A full-field strain analysis was performed by (Gilchrist et al.,2014;
Helgason et al.,2014), but limited to the superior-lateral region, and for a single
loading configuration. It is worth noting that the accurate description of the strains
field in the proximal femur under a variety of loading conditions is fundamental in the
validation of finite element models that can be used for the improvement of fracture
risk prediction in clinical applications (Falcinelli et al.,2014). In our study,
measurements were available at 16 locations, sampling the entire proximal femur, and
for a variety of loading configurations. Part of the present results have already been
used as a comprehensive validation benchmark for numerical models
(Grassi et al.,2012; Schileo et al.,2014), but information on strain levels and

orientations may be further exploited to corroborate models of bone anisotropy.

In conclusion, this study has provided detailed information about the magnitude and
direction of compressive and tensile strains, and of the different compression-tension
ratio for physiological loading and for a sideways fall, which has not been
systematically studied in the past. These findings also help explain why the femur is
significantly weaker in a sideways fall, and why fracture initiates in a different region

compared to physiological loading.
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CAPTIONS TO FIGURES:

Fig. 1 - Schematic of a right femur with the position of the strain gauges: medial and
posterior views. The levels where strain gauges were placed were defined as a fraction
of the femur dimensions (biomechanical length, BL; head diameter, HD). The
placement around the head and neck of the strain gauges AH, AN, PH and PN
corresponded to the mid-thickness of the neck at the corresponding level. The
placement around the head and neck of strain gauges MH, MN, LH and LN
corresponded to the intersection of the frontal plane with the cortical surface. The
placement around the diaphysis of strain gauges Al, L1, P1, M1, A3, L3, P3 and M3

corresponded to the mid-thickness of the diaphysis at the corresponding level

Reproduced with permission (Copyright of the “Virtual Physiological Osteoporotic
Human Project — VPHOP” consortium, http://www.vphop.eu/).

Fig. 2 — Setup to simulate a range of physiological loading directions. LEFT:
Schematic of a right femur (anterior and lateral views) showing the direction of the hip
joint force for the different loading configurations: LC1 to LC4 covered the extreme
directions of the hip joint resultant force in the sagittal and frontal planes; for LC5 the
force was applied parallel to the femoral diaphysis; LC6 replicated the case used in
destructive tests (Cristofolini et al.,2009). RIGHT: Experimental set-up including the
femur specimen, the actuator of the testing machine with the system of linear bearings
to avoid transmission of horizontal forces; the femur was potted in acrylic cement
distally; interchangeable wedges were used to achieve the desired loading angles; the

applied force was measured by the load cell of the testing machine

Reproduced with permission (Copyright of the “Virtual Physiological Osteoporotic
Human Project — VPHOP” consortium, http://www.vphop.eu/).
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Fig. 3 - Setup to simulate the sideways fall loading configurations. LEFT: Overview
of the loading setup. The femur (a right specimen in this instance) was held through
its distal pot. The internal rotation angle could be adjusted distally. The adduction
angle was selected adjusting the height of the distal constraint. Thanks to a bearing,
the femur was free to tilt about the distal axis. The greater trochanter rested on a flat
support, which could slide on linear bearings. The force was applied to the femoral
head by the actuator of the testing machine through a system of linear bearings. Load
application to the greater trochanter and the femoral head was mediated by two
aluminum caps fixed with acrylic cement to avoid local crushing (Zani et al.,2014).
RIGHT: Experimental set for the destructive tests: the femur is visible under the
testing machine; the high-speed camera was mounted on a tripod, directly facing the
superior-lateral part of the neck (except for some specimens where it faced the medial
part); two mirrors (only one is visible here) were used so as to reflect the posterior and
anterior sides of the femur); the light sources are also visible (Zani et al.,2014),
(Cristofolini et al.,2007)). Two LVDTs are also visible near the proximal region of

the femur, which were part of a different study simulations(Grassi et al.,2012).

Reproduced with permission (Copyright of the “Virtual Physiological Osteoporotic
Human Project — VPHOP” consortium, http://www.vphop.eu/).

Fig. 4 - Magnitude of the maximum (g;) and minimum (g;) principal strains (in
microstrains) for the 6 different loading configurations covering the physiological
range (see Fig. 2). The bars indicate the average and standard deviation between 11
specimens. The significance of the effect of the loading configuration is reported for

each strain gauge (ANOVA test).

Reproduced with permission (Copyright of the “Virtual Physiological Osteoporotic
Human Project — VPHOP” consortium, http://www.vphop.eu/).

Fig. 5 - Magnitude of the maximum (g;) and minimum (g&;) principal strains (in
microstrains) for the 12 different loading directions explored for a sideways fall (the
internal rotation angle, INT, was tested at 0°, 15° and 30°, the adduction, ADD, was
tested at 0°, 10°, 20° and 30°, see Fig. 3). The bars indicate the average and standard
deviation between 11 specimens. The significance of the effect of the internal rotation

and adduction angles are reported for each strain gauge (ANOVA test).

Reproduced with permission (Copyright of the “Virtual Physiological Osteoporotic
Human Project — VPHOP” consortium, http://www.vphop.eu/).
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Fig. 6 — Direction of the principal strains for the 6 different loading configurations
covering the physiological range (see Fig. 2). For each strain gauge, the angle 0, of
the maximum tensile principal strain is reported in terms of counterclockwise
variations with respect to loading configuration LC6 (8° adduction), which was
assumed as a reference. An angle close to 0° indicates that the principal strain for that
loading configuration was aligned as the reference one (LC6). To enable pooling of all
specimens, the angles of the left femurs were mirrored, so that all angles are reported
as if we tested only right femurs. The bars indicate the median and standard deviation
between 11 specimens. The significance of the effect of the loading configuration is
reported for each strain gauge (Kruskal-Wallis test).

Reproduced with permission (Copyright of the “Virtual Physiological Osteoporotic
Human Project — VPHOP” consortium, http://www.vphop.eu/).

Fig. 7 — Direction of the principal strains for the 12 different loading directions
explored for a sideways fall (the internal rotation angle, INT, was tested at 0°, 15° and
30°, the adduction, ADD, was tested at 0°, 10°, 20° and 30°, see Fig. 3). For each
strain gauge, the angle 0, of the maximum tensile principal strain is reported in terms
of counterclockwise variations with respect to physiological loading configuration
LC6 (8° adduction), which was assumed as a reference. An angle close to 90°
indicates that the principal strain for that loading configuration was perpendicular to
the reference one (LC6). To enable pooling of all specimens, the angles of the left
femurs were mirrored, so that all angles are reported as if we tested only right femurs.
The bars indicate the median and standard deviation between 11 specimens. The
significance of the effect of the internal rotation and adduction angles are reported for
each strain gauge (Kruskal-Wallis test).

Reproduced with permission (Copyright of the “Virtual Physiological Osteoporotic
Human Project — VPHOP” consortium, http://www.vphop.eu/).

Fig. 8 - Typical fracture mechanism observed during a sideways fall observed with in
the high-speed videos (a left femur, specimen #5). The image in the centre of each
picture is a direct view of the femoral neck from the medial side; the ones on the left
and right are reflected images (posterior and anterior sides respectively) obtained from
the two mirrors placed next to the femur and suitably oriented (Fig. 3). Picture A
shows the femur shortly before the first signs of fracture are seen (0.6 ms before
Picture B). Picture B shows the instant when compression failure is seen on the
superior-lateral side (indicated by the yellow pointers). Picture C (0.4 ms after Picture
B) shows the final stage, when tension leads failure on medial side (indicated by the
yellow pointers). The pictures have low resolution (1 pixel = approximately 0.2 mm
on the physical specimen) because they were acquired by the high-speed camera.
Electro-conductive lines are visible on the neck surface, which were part of a different
study (Juszczyk et al.,2010; Juszczyk et al.,2013).
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Reproduced with permission (Copyright of the “Virtual Physiological Osteoporotic
Human Project — VPHOP” consortium, http://www.vphop.eu/).

Fig. 9 - Typical curves during the destructive test: the force and strains are plotted as a
function of the actuator displacement. The maximum (g;) and minimum (&;) principal
strains (in microstrains) are reported for all strain gauges. The head, neck, level 1 and
level 3 are plotted separately. Specimen #8 is reported here; the plots of the remaining
femurs are available with the supplementary material <LINK>.

Reproduced with permission (Copyright of the “Virtual Physiological Osteoporotic
Human Project — VPHOP” consortium, http://www.vphop.eu/).

-7 -


http://www.vphop.eu/
http://www.vphop.eu/

TABLES

Table 1 — Details of the specimens. In the first columns, details of the donors are
listed. Biomechanical dimensions (Cristofolini,2012; Ruff and Hayes,1983) are
reported in the 8" and 9™ columns. Bone quality is reported in the last column (T-

score of the bone density, based on the Norland DEXA scanner reference population).

DONORS' DETAILS FEMURS' DETAILS
Donor Donor Biomechanical Head
Femur Age at Height | Weight Length, BL Diameter, HD DEXA
ID Gender death Cause of death (cm) (kg) Side (mm) (mm) T-score
#1 Female 74  Respiratory failure 173 72 Left 390 40.5 0.62
#2 Female = 59 | Myocardial infarction 152 117 Right 384 45.0 -2.36
#3 Male 65  Myocardial infarction 188 95 Left 479 56.0 -0.50
Cerebrovascular accident
#4 Female 80 (cvA) 155 66 Right 384 42.2 -4.07
Cerebrovascular accident
#5 Female 80 (cvA) 155 66 Left 387 42.0 -4.05
Chronic obstructive
#6 Male 62  pulmonary disease (COPD) 173 131 Right 403 47.2 -3.74 (%)
Chronic obstructive
#7 Male 62  pulmonary disease (COPD) 173 131 Left 409 46.8 -1.22 (%)
#8 Female 84  Senile dementia 168 63 Right 418 44.2 -2.68 (*)
#9 Female 84  Senile dementia 168 63 Left 421 44.5 -1.44 (%)
Amiotrophic lateral
#10 Female 68  sclerosis 160 63 Right 418 442 -2.59 (*)
#11 Female 77  General debility 185 76 Right 411 45.8 -3.74 (%)
MEDIAN - 74 - 168 72 - 409 44.5 -2.59
SD - 9.4 - 12 28 - 27 4.1 1.56
RANGE - 59 - 84 - 152 - 188 63 - 131 - 384 - 479 40.5-56.0 |-4.07-0.62

(*) Note: For the highlighted femurs the DXA scan was not available. The DXA T-
score was obtained from CT-data: femoral neck volumetric bone mineral density
(vBMD) was calculated by manually selecting a femoral neck region corresponding to
that routinely used in DXA, and using the available CT densitometric calibration,
obtained through the European Spine Phantom. A simulated T-score was then
calculated from vBMD by applying a linear regression obtained on a different set of 20
femora, for which both vBMD from CT and T-score from DXA were available
(Taddei et al.,2014).
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Table 2 — Details of the destructive tests with a simulated sideways fall. The actuator
speed is indicated. The details of the failure event include: peak force (maximum peak
recorded during the destructive tests: in absolute terms, and as a fraction of the donors’
body weight); vertical displacement of the actuator corresponding to the force peak

(Fig. 3); time corresponding to the force peak. A description of the mode of failure is

reported.
Actuator
Actuator displacement Time to
speed Peak failure Peak failure at force peak force peak
FemurID (mm/sec) force (N) @ force (BW) (mm) (seconds) Description of failure NOTES
#1 18.0 5160 731 305 017 Two-phase inter-trochanteric
fracture
#2 325 2912 2.54 3.42 0.10 Crushing of greater trochanter
43 495 6529 701 6.69 013 Two-phase inter-trochanteric
fracture
#4 325 2799 4.32 3.33 0.10 Two-phase neck fracture
#5 15.5 2545 3.93 2.33 0.15 Two-phase neck fracture
#6 27.5 3406 2.65 2.86 0.10 Crushing of greater trochanter Very short neck
#7 30.0 2716 2.1 4.03 0.13 Crushing of greater trochanter Very short neck
#8 17.5 2167 3.51 1.84 0.10 Two-phase sub-capital fracture
49 250 2842 460 231 0.09 Two-phase inter-trochanteric
fracture
L o . Force-displacement
#10 225 2694 4.36 missing missing Crushing of greater trochanter file corrupted
#11 250 1170 157 missing missing Two-phase inter-trochanteric | Force-displacement
fracture file corrupted
MEDIAN 25.0 2799 3.93 3.05 0.10 -
SD 9.5 1464 1.85 1.43 0.03 -
RANGE 155-495 1170-6529 1.57-7.31 1.84 - 6.69 0.09-0.17 -
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