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Abstract—We hypothesize that variations of body anthro-
pometry, conjointly with the bone strength, determine the
risk of hip fracture. To test the hypothesis, we compared, in a
simulated sideways fall, the hip impact energy to the
energy needed to fracture the femur. Ten femurs from elderly
donors were tested using a novel drop-tower protocol for
replicating the hip fracture dynamics during a fall on the side.
The impact energy was varied for each femur according to
the donor’s body weight, height and soft-tissue thickness, by
adjusting the drop height and mass. The fracture pattern,
force, energy, strain in the superior femoral neck, bone
morphology and microarchitecture were evaluated. Fracture
patterns were consistent with clinically relevant hip fractures,
and the superior neck strains and timings were comparable
with the literature. The hip impact energy (11 – 95 J) and the
fracture energy (11 – 39 J) ranges overlapped and showed
comparable variance (CV = 69 and 61%, respectively). The
aBMD-based definition of osteoporosis correctly classified 7
(70%) fracture/non-fracture cases. The incorrectly classified
cases presented large impact energy variations, morphology
variations and large subcortical voids as seen in microcom-
puted tomography. In conclusion, the risk of osteoporotic
hip fracture in a sideways fall depends on both body
anthropometry and bone strength.

Keywords—Femur, Sideways fall, Fracture mechanics, Strain

analysis, High-speed testing.

INTRODUCTION

Osteoporotic fractures are a burden for the public
health costing 37 billion Euros in EU and 16 billion
Dollars in USA every year.6,24 Hip fractures occur
when the hip load generated at the hip while falling
exceeds its load bearing capacity, or strength.5 Hip
strength is a function of femur morphology, bone
mineral density (BMD) and bone architecture43,45,47

whereas the hip load experienced during a fall relates
to the dynamics of the fall, the body size and shape, the
stiffness of the hip, of its surrounding tissues and of the
floor.4,46,49 Yet, the interdependent role of hip strength
and fall dynamics in osteoporotic hip fractures is un-
clear.

According to the World Health Organization
(WHO), the diagnosis of osteoporosis and the conse-
quent clinical indication for treatment of patients at
risk of fracture is typically based on Dual-Energy X-
ray Absorptiometry (DXA) measurements of areal
Bone Mineral Density (aBMD), which represents a
surrogate of hip strength.8,26–28,51 However, the diag-
nosis of osteoporosis has shown 59% sensitivity and
75% specificity in identifying fracture from non-frac-
ture cases,8 motivating research into advanced diag-
nostic methods. For example, finite-element
calculation of hip strength, taking in input the 3D
morphology and BMD distribution of the hip from
computed tomography (CT) images, showed 6–7%
improved accuracy over corresponding aBMD mea-
surements alone.50 Other authors developed multi-
variate statistical models using a variety of parameters,
such as BMD, age, history of fragility fracture, pre-
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mature menopause, oral corticosteroid use and eth-
nicity, showing 83% sensitivity and 54% specificity.8,26

Therefore, a large fraction of people at risk of hip
fracture are currently not getting preventive fracture
treatment, while several other healthy individuals are
being treated despite their moderate risk of hip frac-
ture.

Biomechanical studies of hip fracture have most
often focused either on hip strength or fall dynamics,
separately. Several hip fracture studies used relatively
low loading rates (impact speed ranging from 15 to 50
mm/s, with test performed in material testing machi-
nes)13,52 or high-energy dynamic tests (impact speed
approximately 114 mm/s, with a drop tower driven by
gravity acceleration)16,19,23 showing that hip strength is
a function of BMD, morphology and loading rate.
Some authors suggested that the highly variable hip
bone microstructure observed in high-resolution CT
images of osteoporotic femoral heads may play an
important role in determining hip strength.2 Other
studies4,32 focused specifically on the fall dynamics,
showing that the hip load at touch down is a function
of body anthropometry (height and weight), stiffness
of the hip, the nearby soft-tissues, the pelvis and the
floor. Yet, to the best of the authors’ knowledge, only a
few studies have replicated hip fractures in vitro by
accounting for variations of body fall dynamics and
compliance of the soft tissues surrounding the hip,16–19

showing that the compliance of the soft tissues sur-
rounding the hip is an important co-factor for the risk
of fracture of the hip.19

Here, we hypothesize that variations of body
anthropometry, conjointly with the bone strength,
determine the risk of hip fracture. As such, we aimed at
comparing, in a cohort of donors, the variation in
impact energy due to differences in body anthropom-
etry, to the variation of hip fracture energy during a
simulated sideways fall. A novel drop-tower experi-
ment was developed for varying the impact energy
according to the donor anthropometry. Ten femurs
from elderly donors spanning a large range of hip
strength, body height, weight and Body Mass Index
(BMI) were tested. The impact force, displacement and
strain at the superior femoral neck were determined.
Variations of impact energy were compared to varia-
tions in fracture energy, fracture load and to factors
affecting hip strength such as aBMD, bone morphol-
ogy and bone spatial distribution. Finally, the classi-
fication of osteoporosis based on aBMD (T-score) was
compared between fracture and non-fracture cases in
the experiment. False-positive and false-negative cases
were analysed and discussed.

MATERIAL AND METHODS

Femur Specimens

Ten fresh-frozen human cadaver femurs, without
the soft-tissues, were obtained from elderly Caucasian
donors through a body donation program in USA
(Science Care, Phoenix, USA), who collected written
informed consent. Exclusion criteria included donors
younger than 45, bone cancer and interruption of the
normal ambulation for longer than one year before
death. Both genders were accepted. The range of body
height, weight and age at death were, respectively, 142–
185 cm, 32–136 kg and 56–91 years (Table 1). Speci-
mens were stored at – 20 �C at the Biomechanics and
Implants Laboratory of Flinders University (Tonsley,
South Australia, Australia) ensuring the mechanical
properties of the specimens were properly main-
tained.29 Ethics clearance was obtained from the
institutional Social and Behavioural Research Ethics
Committee (SBREC 6380).

The diaphysis of each femur was cut at 180 mm
from the top of femoral head and the soft tissues were
removed. The diaphysis was abducted by 8� and potted
55 mm deep in a cylindrical aluminium cup using
dental cement (Vertex Self Curing, Vertex-Dental, The
Netherlands). Two polished aluminium hemi-spherical
caps were fixed to the femoral head and the greater
trochanter using a 5 mm-thick layer of dental cement
to distribute the load on the bone, prevent local
crushing and minimize friction (Fig. 1). The specimens
and the hammer were painted using a white-on-black
speckle pattern.42 A white water-based homogeneous
paint was sprayed as a background over the entire
proximal femur and the hammer. A black water-based
paint was used to create random speckles 4–15 pixels in
size (1 pixel = ca. 0.05 mm), so that the speckle size
was smaller than the facet size for the Digital Image
Correlation (DIC) analysis (15–19 pixels).42

Determination of Impact Energy, Drop Mass
and Height

The drop tower mass and height were determined
using the donors anthropometry and thickness of the
soft-tissues pad surrounding the hip.7,16 The body was
simulated as a two-link 45� jack-knife model. The total
kinetic energy at touchdown was modelled as a func-
tion of the portion (seven-twentieth) of the body
weight acting on the hip and the body height according
to the equation by van den Kroonenberg et al.49:

Eb ¼
1

2
� 7

20
BW

� �
� 2:72�

ffiffiffi
h

p� �2

ð1Þ
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where BW is the patient’s body weight expressed in
kilograms, h is the body height expressed in meters and
Eb is the total energy of the impact expressed in Joules.
The energy absorbed by the soft-tissue and pelvis (Ea)
was determined as a function of the soft-tissue thick-
ness (STT) by using the relationship by Robinovitch
et al.46:

Ea ¼
�3:4þ 1:69� STTð Þ � Eb

140
ð2Þ

The soft-tissue thickness was estimated using the
donors’ BMI and a regression equation based on a
cohort of men and women (STT = 3.4 9 BMI 2

44.77) within 19–29 BMI range.7 Since the fall energy

absorbed by the soft-tissue Ea necessarily tends to Eb

as BMI increases, we assumed a fixed value of the
energy absorbed by the soft tissues for BMI greater
than 29. The energy taken by the femur (Ef) was then
the difference between the total energy generated
during the fall (Eb) and the energy absorbed by the soft
tissue (Ea). The drop height of the hammer was cal-
culated as follows:

H ¼ M=Ef

g
ð3Þ

where H is the dropping height of the hammer in
meters, g the gravity acceleration (9.81 m/s2) and M
the drop mass (7/20 BW).

TABLE 1. Donor’s anthropometry and femoral dimensions.

ID Gender Age

Body

weight

(kg)

Height

(cm)

BMI

(kg/m2)

Femoral

length

(mm)

Head

radius

(mm)

Neck

radius

(mm)

Neck

length

(mm)

Anteversion

angle (�)
Neck-shaft

angle (�)

1 F 56 116 163 44 369 18 20 56 10 137

2 F 81 78 168 28 385 18 18 37 2 40 105

3 M 63 95 185 28 N/A 26 N/A N/A N/A N/A

4 F 70 136 155 57 392 23 16 48 2 11 125

5 F 68 118 163 45 399 22 15 47 2 1 130

6 F 79 58 170 20 437 22 12 60 2 121

7 F 91 57 142 28 415 22 14 45 2 8 122

8 F 77 32 150 14 370 20 11 46 17 122

9 F 78 88 152 38 362 20 13 45 2 3 123

10 F 48 42 157 17 N/A 21 N/A N/A N/A N/A

FIGURE 1. On the left-hand side, the drop tower machine. The aluminium plate and the distal hinge joint (a), the low-friction x–y
table (b), the hammer equipped with the impact load cell (c) are displayed. On the right-hand side, a schematic representation of the
process used for determining the drop height and mass including the jack-knife model (top), the energy balance at the hip (centre)
and the schematic representation of the simulated impact on the femur (bottom).
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The Drop-Tower Experiment

The drop-tower machine (Fig. 1) consisted of a base
aluminium plate, a vertical beam and a slider mounted
on low-friction ball-bearing rails. The hammer hosted
a modular mass (5–50 kg) and was equipped with a
uniaxial piezoelectric impact load cell (KPA MNC,
Kelba, Australia). The load cell was plugged to a data
logger (cDAQ-9188, National Instruments, USA). The
specimen was fixed to the base of the drop tower ma-
chine through a hinge, which allowed the specimen to
rotate freely in the quasi-frontal plane. The specimen
diaphysis was abducted by 10� and internally rotated
by 15� with respect to the loading axis, mimicking the
average femoral pose during a fall on a side.1 The
position of the distal constraint was adjusted to align
the longitudinal axis of the impact load cell (hammer)
to the greater trochanter. The cap of the femoral head
was placed in the centre of a low-friction horizontal x–
y table.

The impact force on the greater trochanter was
recorded at 20 kHz and low pass filtered using a zero
lag 3rd-order recursive Butterworth filter (3 kHz cut-
off frequency).20 The hammer position and the supe-
rior femoral neck surface were video-recorded at
20,000 fps using two high-speed cameras (Phantom
v1212, Vision Research, USA). The drop mass was
unfastened manually. The load data and DIC acqui-
sitions were triggered using a photoelectric sensor
placed immediately above the impact region. The dis-
placement of the hammer and the strain on the supe-
rior surface of the femoral neck were measured from
the recorded high-speed cameras images with a three-
dimensional DIC algorithm (Istra4D, Dantec
Dynamics, Denmark). Before each test, DIC calibra-
tion was performed using a calibration target provided
by the manufacturer. The DIC procedure was opti-
mized and validated earlier, providing a spatial reso-
lution of 3 mm and a strain random error below 200
microstrain, using a 15–19 pixels facet size, 5 pixels
grid spacing, a 5 9 5 contour smoothing and a validity
quote of 55%.40,41

The peak force and the force at crack opening were
obtained from the load cell measurements. The impact
start time was defined as the point when the impact
force raised over 10 N and the impact end time when
the force profile reached the first minimum value after
decreasing the force below 10% of the max force. The
time at crack opening was visually identified from the
high-speed video. The position of the hammer was
tracked by the DIC, using the hammer position at
touchdown (start time) as reference for the displace-
ment measurement. The energy absorbed by the spec-
imen was calculated as the integral of the force over the

displacement. The total energy and the energy at the
time of crack opening were calculated (Fig. 2).

Clinical Classification of Fracture Risk

The hip aBMD and the corresponding T-score val-
ues were estimated from CT scans. In summary,
specimens and a densitometry calibration phantom
(QCT Pro, Mindways, USA) were scanned using a CT
scanner (Optima CT660, General Electric, USA); the
phantom comprised five dipotassium hydrogen phos-
phate (K2HPO4) samples (equivalent density range
58.88–157.13 mg cm23). The grey-levels in the CT
images were calibrated to equivalent voxel-by-voxel
bone density levels in the phantom. The hip bone mass
was calculated from the calibrated CT images, then
projected on the frontal plane. The aBMD was calcu-
lated using the bone mass and the area of the hip
projected in the frontal plane3 and then converted into
equivalent T-score values using the regression equa-
tions by Khoo et al.31 Specimens were categorized into
normal (T-score>2 1), osteopenic (2 1> T-score >
2 2.5) and osteoporotic (T-score < 2 2.5).

Microstructural Imaging

The microarchitecture of the specimens was imaged
using a high-resolution synchrotron-light micro-CT

FIGURE 2. A representative load-displacement curve
(specimen #2). The force at crack opening, the peak force,
the total fracture energy (sum of the orange and striped
portions) and the energy at crack opening (stripped portion)
are displayed.
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(SR-microCT, Australian Synchrotron, Clayton VIC,
Australia) using an earlier ad-hoc imaging protocol.36

Briefly, the X-ray projection images were acquired
using a dedicated detector (2560 9 2160 pixels) and
off-axis scanning mode, resulting in scanned and
reconstructed field of view equal to 145.7 9 145.7 9

131.4 mm at an isotropic voxel size of 0.03 mm.

Analysis of the Data

The ability of the new protocol to reproduce clini-
cally relevant hip fractures was assessed, by comparing
(1) the fracture pattern to the AO/OTA fracture clas-
sification38 and (2) the fracture mechanics (time to
fracture, force at crack opening, peak force, principal
tensile and compressive strain maps) to corresponding
published values.12,17,23,52 We also evaluated tensile,
compressive and shear strain maps at the location of
the fracture onset in the high-speed video, to ascertain
whether shear maps are a better indicator of fracture
onset location than principal tensile and compressive
strain as observed in an earlier study on fracture of
metastatic vertebrae.39

As we hypothesize that variations of body anthro-
pometry, conjointly with the bone strength, determine
the risk of hip fracture, we expect the variation of the
energy delivered to the femur while falling and the
variation of the hip fracture energy to overlap. Over
the ten specimens, the range and coefficients of varia-
tion (standard deviation/average) of the total impact
energy due to changes in body anthropometry and of
the hip fracture energy were compared.

The normality of the distributions was verified
using a Shapiro-Wilk test. Pearson’s correlation was
used to identify relationships between T-score, total
impact energy, energy delivered to the femur, hip
fracture energy and fracture load (Prism 8, GraphPad
Software, USA). Statistical significance was set to
0.05.

Specimens at high and low risk of facture were
categorized using the threshold T-score equal to 2 2.5,
below which patients are considered at high risk of hip
fracture according to the current WHO guidelines.
False-positive and false-negative cases were analysed
by comparing the impact energy and T-score. The ef-
fect of hip morphology on fracture was assessed by
comparing the lever arm between the two points of
contact on the femoral head and the greater trochan-
ter, using quasi-frontal projection images of the micro-
CT scans. The presence of large bone microstructural
defects, such as large bone voids,22 at the fracture onset
location, was ascertained in the microstructural images
by visualizing 5 mm thick quasi-frontal micro-CT sli-
ces through the fracture onset location using
Drishti software.33

RESULTS

Seven femurs out of ten fractured and displayed
pertrochanteric and subcapital fracture patterns,
according to the AO/OTA fracture classification.38

The peak force was 2984 ± 913 N (average ± standard
deviation) (Table 2). The time to fracture onset and to
peak force were 2.7 ± 0.9 ms and 4.1 ± 5.1 ms,
respectively. Fractured specimens showed local tensile
strains on the neck surface at the fracture onset loca-
tion and compressive strains over a large portion of the
superior neck exceeding 3% (Fig. 3). Of the specimens
that fractured, the strain map at the location of frac-
ture onset was available for three specimens (#1, #5,
#8), and the maximum shear strain gradient was
visually closer and more localized around the fracture
onset location than the principal strains. For the non-
fractured specimens, strain reached 0.3 – 0.5% both in
tension and compression.

The soft tissue absorbed the majority (122 ± 96 J) of
the total impact energy (172 ± 75 J) reducing the en-
ergy delivered to the femur to 50 ± 34 J. The energy
taken by the femur had a coefficient of variation of
69% (34 J/50 J), which is comparable to the coefficient
of variation of the T-score in the same cohort (CV =
65%). For the seven fractured specimens, the energy
taken by the femur at crack opening was 3.1 ± 3.2 J
(CV = 103%) and the energy to fracture the femur
was 18 ± 11 J (CV = 61%). For the three specimens
that did not fracture, the energy taken at the time of
peak force was 142 30 J. The T-score was significantly
and positively correlated to the total energy (r = 0.65,
p-value = 0.04). A positive trend was observed
between the T-score and the energy absorbed by the
soft tissues (r = 0.55, p-value = 0.10) while a negative
trend between the T-score and the fracture energy (r =
2 0.51, p-value = 0.30). No correlation was found
between the T-score and the energy delivered to the
femur (r = 2 0.13, p-value = 0.72).

The aBMD in the specimens spanned the lower
range for the Caucasian population (T-score = -2.3 ±

1.5). Specimens included six osteoporotic, three os-
teopenic and one normal femur. The presence of
osteoporosis correctly classified fracture from non-
fracture for 7 of the 10 cases. One normal specimen
(#1, T-score = 0.77) did fracture (false-negative) under
a 14 J impact energy (Eb = 244 J; Ea = 230 J; height
= 163 cm; weight = 116 kg; BMI = 44). One osteo-
penic specimen (#2, T-score =2 1.03) fractured (false-
negative) using a nominal impact energy equal to 72 J
(Eb = 168 J; Ea = 96 J; height = 168 cm; weight = 78
kg; BMI = 28). One osteoporotic specimen (#9, T-
score = 2 3.59) did not fracture (false-positive) under
11 J impact energy (Eb = 174 J; Ea = 163 J; height =
152 cm; weight = 88 kg; BMI = 38). There was a
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variable distance between the two contact points on
the femoral head with the x–y table and the greater
trochanter with the load cell across the false-negative
and false-positive cases (Fig. 4). Specimen #1, which
had a normal aBMD (T-score = 0.77), displayed a
large subcortical void at fracture onset location. No
evident signs of major subcortical voids were observed
in specimens #2 and #9.

DISCUSSION

The aim of this study was to develop a drop-tower
testing protocol for replicating the dynamics of hip
fracture in elderly adults to test the hypothesis that
variations in body anthropometry and bone strength
determine the risk of hip fracture. The variation of the
hip impact energy caused by variation of body
anthropometry was compared to that of hip fracture
energy. The experimental fracture and non-fracture
cases were analysed with respect to the classification of
fracture and non-fracture cases using the T-score
threshold (T<2 2.5, osteoporosis). We found that (a)
the novel drop-tower protocol produces clinically rel-
evant hip fractures; (b) the variation across individuals
of impact energy at the hip while falling on a side
overlaps with that of the hip fracture energy; and (c)
variation in impact energy, bone morphology and the
presence of major subcortical bone voids can limit the
ability of the classification of fracture and non-fracture
cases using only the T-score definition of osteoporosis.
As such, body anthropometry contributes to determine
the risk of hip fracture in osteoporosis. Nevertheless,

bone morphology and major subcortical bone voids
determine fracture load (strength) and energy, and
may also co-contribute to the low sensitivity and
specificity of the current clinical practice for diagnos-
ing patients at high risk of hip fracture.

The hip fracture patterns were consistent with the
AO/ATA hip fracture classification,38 and the super-
ficial neck strains and timing in the experiment were
consistent with earlier reports,17,23 confirming a real-
istic fracture dynamic in the experiment. Interestingly,
the shear strain map, when available, better indicated
the location of fracture onset than principal strain
maps, possibly indicating a different failure mecha-
nism48 than the opening in tension or crushing in
compression most often used for fracture predic-
tion.12,37 The fracture load (range 1230–3976 N) was in
the lower range of that reported in the literature (1170–
7601 N),12,17,23,52 likely because the specimens in the
present study were in the lower range of aBMD dis-
tribution in the elderly population (aBMD: 0.4–1.0
mg/cm2) compared to those reported in the afore-
mentioned studies (aBMD: 0.4–1.85 mg/cm2).12,17,23,52

Therefore, the present results apply to the part of the
population most at risk of hip fracture.

TABLE 2. Comparison between the classifications of fracture cases based on aBMD (T-score) and the observed fractures types.

ID

AO/OTA

fracture

T-

score

Fracture classifi-

cation

M

(kg)

H

(cm)

STT

(mm)

Fc

(N)

Fp

(N)

Tc

(ms)

Tp

(ms)

Eb

(J)

Ea

(J)

Ef

(J)

Ec

(J)

Efr

(J)

1 31B1.1 0.77 0 (FN) 41 4 80 2844 3489 2.9 3.8 244 230 14 3.2 11

2 31A1.2 2 1.03 0 (FN) 27 27 49 1281 3423 1.9 3.1 168 96 72 1.3 18.2

3 NF 2 1.06 1 33 29 50 – 2912 – 4.1 228 133 95 – –

4 NF 2 1.62 1 48 3 80 – 3315 – 13.4 273 257 16 – –

5 31B2.3 2 2.74 1 41 4 80 1772 2289 2.7 4.2 249 235 14 1.8 8.6

6 b 2 3 1 20 48 23 1212 1230 3.3 15.7 128 33 95 a a

7 31B1.2 2 3.09 1 20 22 51 1988 2999 2.3 3.3 104 61 43 2.8 14.5

8 31B2.2 2 3.28 1 11 56 3 110 1320 0.6 2.4 62 1 61 0.06 18.4

9 NF 2 3.59 0 (FP) 31 3 80 – 2969 – 4.4 174 163 11 – –

10 31A2.2 2 3.9 1 15 51 13 3530 3976 2.7 13.0 85 11 74 9.3 39

The correct classification of fracture cases is indicated by 1, the incorrect classification is indicated by 0 and is separated in false-negative

(FN) and false-positive (FP) cases.

Italicized physical quantities identify estimated results.

Eb, total energy; Ea, energy absorbed by the soft tissues; Ef, Ec and Efr, nominal energy taken by the femur, to open the crack and to fracture

the femur, respectively; M, drop mass; H, height of the hammer; STT, soft tissue thickness; Fc, force at the first crack opening; Fp, peak force;

Tc, time at crack opening; Tp, time to peak force; NF, non fracture cases.
aMissing data.
bNot possible to reconstruct the fracture type because of the several fragments after fracture.

FIGURE 3. High-speed camera images with strain maps
obtained by applying DIC. The fracture onset location (red
cross, first column) and the crack pattern (orange dotted
lines), the principal tensile (second column), the principal
compressive (third column) and the shear strain prior to crack
opening (fourth column). The images of specimen #6 and the
strain maps for specimen #6 and #7 are not available.

c
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The range of energy delivered to the femur (11–95 J)
overlapped with that of the hip fracture energy (8.6–39
J). Variation of body anthropometry (body weight,
height and BMI) caused a coefficient of variation of
impact energy and load over the sample (CV = 61–
103%) comparable to that of aBMD (CV = 61%).

Therefore, variation of body inertia, determined by
body anthropometry, is an important co-factor in
determining the risk of hip fracture in elderly individ-
uals. This is in agreement with earlier findings obtained
with a different setup and protocol,17 hence showing
the limit of fracture prediction based on aBMD alone.

FIGURE 4. The femur microarchitecture visualized by micro-CT (0.03 mm voxel size) shown as a 5 mm thick quasi-on a quasi-
frontal cross section for the false-negative (#1 and #2) and false-positive (#9) cases. The location of the slice is displayed (yellow
shaded region) superimposed to the high-speed images for DIC taken during the drop-tower experiment, together with the cortical
fracture onset (red cross) and pattern (orange dotted lines). The loading condition of the impact is also schematically displayed in
the microarchitectural images. The l indicates the lever arm between the impact load direction and the reaction direction, #2 had a
larger lever arm compared to #1 and #9.
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We also found that the majority of the fall energy can
be absorbed by the soft-tissues and that the total fall
energy and the energy absorbed by the soft-tissues are
correlated with the aBMD, as an epidemiological study
has shown.34 This result is in agreement with the
known negative correlation between BMI and risk of
fracture,14,21 the notion that the soft-tissue thickness
plays a fundamental role in establishing the risk of
fracture4,7,45 absorbing the largest part of the energy in
the hip region16 and the effectiveness of hip protectors
in preventing femur fractures.9,25 However, the energy
delivered to the femur was not correlated to the T-
score. As such, T-score and body anthropometry are
independent factors that, conjointly, determine the risk
of hip fracture.

There was a surprising agreement between the
ability of the T-score to predict fracture in the present
experiment (70% accuracy) and that reported in the
clinical literature (59–75%).8,11,26–28,51 Among the
three cases not correctly classified using the definition
of osteoporosis, we observed a highly variable impact
energy. Specimen (#1), showing normal aBMD, frac-
tured under a low-energy impact (14 J). An osteopenic
specimen (#2), also not considered at high risk of hip
fracture according to the definition of osteoporosis,
fractured but after being subjected to a high-energy
impact (72 J); that specimen showed no major sub-
cortical voids. The osteoporotic specimen (#9), which
was expected to fracture under a low-energy impact (11
J), did not fracture. We also observed a major sub-
cortical void (#1) and a variable moment arm (#1, #2,
#9) between the impact force on the trochanter and the
reaction force on the femoral head. Thus, these find-
ings support the notion that microstructural weak
points22,43 and hip morphology can influence the
fracture risk.15,35 Therefore, it appears that multi-fac-
torial models accounting for body anthropometry,
bone mass, bone spatial distribution and morphology
may help improving current classification techniques in
osteoporosis.

One limitation of the present study is the relatively
low number of specimens (n = 10), which may limit
the generality of our findings. For example, the small
size prevents from analysing differences in hip fracture
dynamics due to donor gender, age, bone morphology
and microstructure. More research is necessary to ad-
dress this point. It is important to note that in the
present study, the soft-tissue thicknesses were esti-
mated using a regression equation, possibly raising
concerns about how well the soft-tissue thickness was
represented for each donor. However, studying the
individual risk of fracture in each single donor was not
an aim of this study. The present study provides the
first experimental evidence of the effect of body
anthropometry on hip fracture mechanics in a cohort

of elderly people spanning the lower range of bone
density and exhibiting a large variation in body
anthropometry. We also show that the fracture and
non-fracture cases that were misclassified by the defi-
nition of osteoporosis do show specific energy, bone
morphological and microstructural features, hence,
supporting earlier (and future) studies investigating
these aspects. Another limitation resides in the single
representative loading configuration.30 The effect of
body anthropometry on the risk of hip fracture
reported here may vary for different falling scenarios.
Finally, the propensity to fall, which is a function of
neuromotor health condition44 and the related poten-
tial protective effect of muscle contraction,10,16 deter-
mines the likelihood that a fall event or fracture will
occur. The present study analysed the effect of hip
strength, in relation to its morphology, bone density
and the presence of large microstructural defects, such
as large bone voids (as seen in microcomputed
tomography), and fall dynamics (as a function of body
anthropometry) independently from the propensity to
fall. Further retrospective and prospective studies are
necessary to demonstrate the validity of the conjoint
use of body anthropometry and hip strength for fra-
gility prediction in clinics.

In conclusion, body anthropometry is an indepen-
dent co-factor in hip fracture dynamics and may help
improving fracture prediction in osteoporosis.
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faldi, and M. Viceconti. Dependence of mechanical com-
pressive strength on local variations in microarchitecture in
cancellous bone of proximal human femur. J. Biomech.
41:438–446, 2008.

44Phelan, E. A., J. E. Mahoney, J. C. Voit, and J. A. Stevens.
Assessment and management of fall risk in primary care
settings. Med. Clin. North Am. 99:281–293, 2015.

45Roberts, B. J., E. Thrall, J. A. Muller, and M. L. Bouxsein.
Comparison of hip fracture risk prediction by femoral
aBMD to experimentally measured factor of risk. Bone
46:742–746, 2010.

46Robinovitch, S. N., W. C. Hayes, and T. A. McMahon.
Prediction of femoral impact forces in falls on the hip. J.
Biomech. Eng. 113:366–374, 1991.

47Seeman, E., and P. D. Delmas. Bone quality—the material
and structural basis of bone strength and fragility. N. Engl.
J. Med. 354:2250–2261, 2006.

48Tang, T., V. Ebacher, P. Cripton, P. Guy, H. McKay, and
R. Wang. Shear deformation and fracture of human cor-
tical bone. Bone 71:25–35, 2015.

49van den Kroonenberg, A. J., W. C. Hayes, and T. A.
McMahon. Dynamic models for sideways falls from
standing height. J. Biomech. Eng. 117:309–318, 1995.

50Viceconti, M., M. Qasim, P. Bhattacharya, and X. Li. Are
CT-based finite element model predictions of femoral bone
strengthening clinically useful? Curr. Osteoporos. Rep.
16:216–223, 2018.

51WHO. Assessment of Osteoporosis at the Primary Health
Care Level. Sheffield: World Health Organization, 2007.

52Zani, L., P. Erani, L. Grassi, F. Taddei, and L. Cristofolini.
Strain distribution in the proximal Human femur during
in vitro simulated sideways fall. J. Biomech. 48:2130–2143,
2015.

Publisher’s Note Springer Nature remains neutral with re-
gard to jurisdictional claims in published maps and institu-
tional affiliations.

BIOMEDICAL
ENGINEERING 
SOCIETY

PALANCA et al.1390

https://doi.org/10.1117/12.935640
https://doi.org/10.1117/12.935640
https://doi.org/10.1142/S0219519415400047
https://doi.org/10.1142/S0219519415400047

	Body Anthropometry and Bone Strength Conjointly Determine the Risk of Hip Fracture in a Sideways Fall
	Abstract
	Introduction
	Material and Methods
	Femur Specimens
	Determination of Impact Energy, Drop Mass and Height
	The Drop-Tower Experiment
	Clinical Classification of Fracture Risk
	Microstructural Imaging
	Analysis of the Data

	Results
	Discussion
	Acknowledgements
	References




