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1 Derivation of the formulas in the Schechner publication

These fromulas have been published in the article ”A Poisson process model for hip fracture risk” by Schech-
ner et al., 2010.

The probability of k falls occurring in a specific time period (0, T ] is modelled with a Poisson process
given by

P (k falls in (0, T ]) =
e−λT (λT )k

k!

with k as the number of falls and λ as the rate parameter characterising the Poisson process. Since a fracture
event is only possible once a fall occurs, the measure of interest is the probability of at least one fall, given
by

P (k ≥ 1 fall in (0, T ]) = 1− e−λT

The probability that the assigned load is bigger than the femoral strength can be described as the conditional
probability of a fracture given as a fall and is given by pS = P (Fracture|Fall) = P (Load > Strength) and
is modelled as a random variable following a stochastic distribution. By combining the fall rate parameter
λ with the conditional probability of a fracture pS , a thinned Poisson process given by

P (Fracture in (0, T ]) = 1− e−λpsT
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2 Detailed description of the 1D mechanical model formulas

2.1 Definition of the forces in the 1D mechanical model

The forces of the mechanical model are defined as follows:

FBR = kBR ∗ (x4 − cmh− hG)

FHP = kHP ∗ (x4 − x3 − hHP )

FFemur = kFemur ∗ (x3 − x2 − hFemur)

FS0 =
fasS0

h2
ST

∗ log
( (x2 − x1)

hST

)
+ 100 ∗ fasS0

h2
ST

∗ log
( (x2 − x1)

hST

)3

FS1 =
fasS1

h2
ST

∗
(
log

( (x2 − x1)

hST

)
− log

( (x21 − x1)

hST

))
+ 100 ∗ fasS1

h2
ST

∗
(
log

( (x2 − x1)

hST

)
− log

( (x21 − x1)

hST

))3

FD1 =
fasD1

h2
ST

∗ (x′
21 − x′

1)

(x21 − x1)
+

100 ∗ fasD1

h2
ST

∗ (x′
21 − x′

1)

(x21 − x1)
∗ 3 ∗ log

( (x21 − x1)

hST

)2

FG = kG ∗ (x1 − hG)

2.2 Derivation of kBRmax and vimp velocity

The upper limit of the range of kBR was derived by equating an individual’s potential energy to the elastic
potential energy of a spring, given by

m ∗ g ∗ (cmi− cmh) = 0.5 ∗ kBR ∗ (cmi− cmh)2

with cmh = 0.53 ∗height+hG as the height of the centre of mass at the start of the fall when standing (van
den Kroonenberg, Hayes, and McMahon, 1995), and cmi = hHP + hFemur + hST + hG as the height of the
centre of mass at the start of the impact. It follows that the upper limit of the spring constant is given by
kBRmax

= −2∗m∗g
cmi−cmh .

Calculating the impact velocity vimp requires the time at impact timp, defined as the time of the hip
complex, respectively, the soft tissue, starting to touch the ground. It can be obtained by solving the
differential equation m ∗ x′′ + kBR ∗ (x − cmh) + m ∗ g = 0 with the initial conditions x(0) = cmh and
x′(0) = 0, simulating a fall from standing height without initial velocity. By setting the solution of the
differential equation to x(t) = cmi and solving for t, the time at impact timp is given by

timp =

√
m

kBR
∗ arccos

(
kBR ∗ (cmi− cmh) + g ∗m

g ∗m

)
(1)

The impact velocity vimp can be derived by differentiating the solution of the differential equation x(t) and
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solving it for t = timp, resulting in

vimp = −
√

m

kBR
∗ g ∗ sin

(√
kBR

m
∗ timp

)
(2)

2.3 Strain rate correction factor

The quasi-static strain rate was taken from Guillemot et al. (Guillemot, 1998) and defined as 5.13×10−4s−1.
The strain rate of a fall was calculated from analytically derived values and was set to 0.275s−1. Using the
relationship E ∼ ϵ̇ 0.05 presented by Peruzzi et al. (Peruzzi et al., 2021) resulted in a correction factor of
1.369. This is in line with the results of a study that compared the prediction accuracy of quasi-static finite
element analysis (FEA) for the ultimate strength and stiffness values assessed experimentally in drop tower
tests with thirteen proximal femora (Varga et al., 2016).

3 Soft tissue material model

We conducted two types of indentation experiments with 24 human excised soft tissue samples from twelve
donors to characterise its visco-elastic behaviour. Samples were collected at the University Hospital of Graz.
First, stress-relaxation experiments with different step strains (10, 25 and 40 %) and a constant loading time
of 50ms were performed. And second, quasi-static force-controlled indentation experiments with a loading
rate of 10 N/s up to 2000 N were conducted. The experimental data were fit with a standard non-linear
solid. The forces in the non-linear springs and the damper are given by

FS = slope ∗ log(1 + ε) + 100 ∗ slope ∗ log(1 + ε)3

FD = slope ∗ ε′

(1 + ε)
+ 100 ∗ slope ∗ ε′

(1 + ε)
∗ 3 ∗ log(1 + ε)2

(1 + ε)

with ε describing the relative displacement as strain. The slopes were based on a spring force amplitude
given by fas = fml ∗ π ∗ r2 with fml = 135 N as the linear force module and π ∗ r2 with r = 0.025m as the
indenter area. Hence, the two spring force amplitudes are given by

fasS0 = ginf ∗ fas
fasS1 = g1 ∗ fas

with ginf = 0.05 and g1 = 0.95. The damping force coefficient is given by

µD1 = fas ∗ g1 ∗ τ1

with τ1 = 0.025s being fixed. The three parameters ginf , g1, and fml were fitted using the stress-relaxation
data, with ginf = 1−g1. Since the quasi-static data showed a dependency of fml on the soft tissue thickness
hST , a correction factor (1/h2

ST ) was introduced.

4 CT processing and FEA

Computed tomography (CT) images were calibrated with an asynchronous calibration procedure using
monthly calibration scans containing a hydroxyapatite phantom (QRM-BDC6 from QRM GmbH, Mohren-
dorf, Germany) with six inserts covering volumetric bone mineral density (vBMD) values ranging from 0 to
800mg/cm3. Femur and pelvis bones were segmented using a model based on the nnU-Net method (Dudle
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et al., 2023). Segmentation masks and calibrated vBMD images were used as input for a bilateral version
of the vBMD pipeline described in Dudle et al.. The segmentation masks of both femurs are used to esti-
mate an implicit coordinate system of the proximal femur consisting of two intersecting axes: a neck and a
proximal shaft axis. The knowledge of the coordinate system is used to define a rigid body transformation
of the segmentation mask in voxel space. Based on the transformed mask, a voxel mesh file is written for
a load case mimicking a standardised fall to the side with the diaphysis axis inclined by 10 degrees with
respect to the ground. The voxel mesh is used in a nonlinear quasi-static finite element (FE) solver with
an elastic-perfectly plastic constitutive model. A load is applied to the femoral head. Femoral strength is
defined as the reaction force acting on the femoral head when it reaches a vertical displacement of 4% of the
vertical distance between the femoral head centre and the most lateral point of the greater trochanter in the
fall configuration.

5 Soft tissue thickness detection algorithm

The detection of the soft tissue thickness is based on the same coordinate system as used for the FEA that
is described in Section 4 (Dudle et al., 2023). Thereby, the greater trochanter is defined as the most inferior
point of the proximal femur after transforming the mask to the standardised side fall configuration (diaphysis
axis inclined by 10 degrees with respect to the ground). The soft tissue thickness was then defined as the
minimum distance between the greater trochanter and the soft tissue-air boundary.
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6 Substitution equations

To develop the substitution equations for the quantitative computed tomography (QCT) derived parameters,
linear regression models including the variables of interest were fitted. Thereby, all available data points
from the FEA analysis were included in the analysis.

6.1 Femoral height

For the substitution of femoral height hFemur, the average of both sides was calculated and regressed to
height. If only one side was available, this value was used.

Table 1 Results of linear regression model to substitute hFemur

from height

Coefficients Estimate Std Error t value Pr(> |t|)
(Intercept) -0.011805 0.004875 -2.421 0.016
height 0.045121 0.002847 15.698 <2e-16

Adjusted R-squared: 0.4348. Residual standard error:
0.004518 on 318 degrees of freedom.
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Fig. 1 Relationship between femoral height hFemur and body height
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6.2 Femoral strength

For the femoral strength SFemur, the total hip areal bone mineral density (aBMD) was regressed to the
femoral strength value of the corresponding site.

Table 2 Results of linear regression model to substitute SFemur

from total hip aBMD

Coefficients Estimate Std Error t value Pr(> |t|)
(Intercept) 8.53751 0.01389 614.83 <2e-16
log(TH aBMD) 1.56982 0.06491 24.18 <2e-16

Adjusted R-squared: 0.6554. Residual standard error: 0.1964 on
306 degrees of freedom.
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Fig. 2 Relationship between total hip aBMD and femoral strength SFemur

6



6.3 Femoral stiffness

For the femoral stiffness kFemur, the equation was derived using the FEA results of both body sides.

Table 3 Results of linear regression model to substitute kFemur

from SFemur

Coefficients Estimate Std Error t value Pr(> |t|)
(Intercept) 1.464e+05 1.903e+04 7.69 5.85e-14
SFemur 3.534e+02 4.083 86.56 <2e-16

Adjusted R-squared: 0.9238. Residual standard error: 154800
on 617 degrees of freedom.
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Fig. 3 Relationship between femoral strength SFemur and femoral stiffness kFemur
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6.4 Trochanteric soft tissue thickness

For the trochanteric soft tissue thickness, the average of both sides was regressed to body mass index (BMI)
and sex. If only one side was available, this value was used.

Table 4 Results of linear regression model to substitute
trochanteric soft tissue thickness with BMI and sex (female as
reference level)

Coefficients Estimate Std Error t value Pr(> |t|)
(Intercept) -8.481 3.830 -2.214 0.0275
BMI 2.387 0.140 17.044 <2e-16
Sex:male -19.371 1.512 -12.841 <2e-16

Adjusted R-squared: 0.5534. Residual standard error: 12.16
on 319 degrees of freedom.
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Fig. 4 Relationship between trochanteric soft tissue thickness, BMI and sex
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Abbreviations

aBMD areal bone mineral density

BMI body mass index

CT computed tomography

FE finite element

FEA finite element analysis

QCT quantitative computed tomography

vBMD volumetric bone mineral density
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