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SUMMARY
Accuracy and robustness of the algorithms used to determine
the location of centres of rotation from stereophotogrametric
data depend on their capacity to deal with the artefacts due to
soft tissue deformation (STD). When evaluating these
algorithms using a mathematical simulation approach, only
random errors have been used to corrupt marker trajectories.
This study aimed at modelling STD as a function of the hip
kinematics used for the functional determination of hip joint
centre (HJC) location. The model was determined using
photogrammetric data of markers placed on skin and on hipbone and femur pins in four intact adult cadavers. The
artefact-free pin marker trajectories were used to define the
instantaneous pose of the femur and pelvis anatomical frames.
STD was described by skin marker trajectories reconstructed
in these frames and, thereafter, modelled as a linear
combination of the hip angles. Model parameters were
estimated by minimizing the difference between measured and
estimated STDs. The root mean square value of the latter
difference (rmsd) resulted to be on average (4subjects x
8markers x 3coordinates) 1.4±1.2mm (correlation coefficient:
0.8±0.2). When estimating STD using the median value of the
coefficients obtained using all trials and a trial-specific hip
joint kinematics, the rmsd increased to 3.5±2.9mm (correlation
coefficient: 0.6±0.3). Based on this model, sets of consistent
and realistic STDs can be generated and used as a simulation
benchmark in a general validation process to assess the effect
of thigh STD on the accuracy of HJC determination.

INTRODUCTION
The accurate estimation of the hip joint centre (HJC) is
important for the description of lower limb skeletal motion
and of relevant internal loading [1]. Different algorithms have
been proposed, as associated with a functional approach,
aimed at determining the HJC as centre of rotation between
femur and hip bone [2-6]. The accuracy with which the HJC
location is estimated, using stereophotogrammetry, depends
on the quality of the reconstructed marker trajectories and, in
particular, on the artefacts caused by soft tissue deformation
(STD), i.e. the motion of the markers relative to the underlying
bone. Nevertheless, when assessing the accuracy of the abovementioned algorithms, given the lack in the literature of
reliable STD models, only random errors [2-7] have been used
to simulate corrupted marker trajectories or deformable
physical models have been built to represent proximal and
distal body segments [8].

It is known that STD can be resolved into four different
components, associated with the following phenomena: 1)
deformation of the transverse cross section of the muscle due
to contraction; 2) gravitational effects related to the body
segment orientation; 3) inertial effects, i.e. soft tissue
oscillations due to accelerations (wobbling); 4) tissue
deformation around joints caused by their movement (skin
stretching). Skin stretching can be hypothesised to be
dominant when performing the hip movements required for
the functional estimate of the HJC since the majority of the
muscles involved maintain a quasi constant contraction state
and, therefore, geometry. In addition, due to this overall
massive contraction hardly no wobbling occurs.
This study aimed at modelling STD as a function of the hip
kinematics used for the functional determination of the hip
joint centre location. The model parameters were determined
using the trajectories of markers placed on the skin and on hipbone and femur pins in four intact adult cadavers. This
experimental condition allows to isolate the skin stretching
component. This model may be used as simulation benchmark
to test algorithms for HJC estimation [9].

METHODS
Experiments were carried out on four intact adult cadavers,
three males and one female, with no detectable damages to
their hip joints. Two pins (transosseous bi-cortical) were
implanted into the femur and two (mono-cortical) into the hipbone. Each steel pin was equipped with a four marker cluster
(minimal distance between two markers: 70 mm). In addition,
8 markers were glued on the thigh skin along two longitudinal
lines in antero-lateral and antero-medial positions, using
which a proximal and a distal cluster were defined (Fig. 1).
For practical reasons, cadavers were made to lie supine on a
table. The instantaneous position in a global frame of the
markers
was
reconstructed
using
a
9-camera
stereophotogrammetric system (VICON MX - 120 frames per
second). The anatomical landmarks required to define pelvis
and femur ISB anatomical reference frames were calibrated
using a pointer equipped with a cluster of four markers. Three
trials were recorded for each subject while an operator rotated
the right femur with respect to the pelvis as much as allowed
by the table: first in the sagittal plane, then in three planes
externally rotated about the cranio-caudal axis by about 20
degrees, followed by a half circumduction (star-arc motion,
[6]).
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A cost function, f(h ), composed of the difference between
measured and modelled STD and a corrective term, which
takes into account the correlation between the experimental
and modelled time histories (rk,i), was defined:
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Thigh STDs were described, for the k-th marker and the i-th
coordinate (ak,i), measuring the displacements of the skin
markers, with respect to the position observed in a reference
instant of time, in the femur anatomical frame (AF)
constructed using the femur pin markers. Given a marker
location, the STD caused by the hip movement was modelled
as a linear combination of the relevant angles plus a constant
term (angles in radians, STD in millimetres):
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For each trial, marker data were low pass filtered using a 10 th
order Butterworth filter. The poses of hip-bone and femur pin
cluster frames were estimated using a SVD procedure. One
pin cluster was selected for each bony segment (the other was
used to check on the rigidity of the coupling between the pins
and the bones). The HJC was estimated [3,4] and used for
femur anatomical frame definition. Hip joint kinematics was
calculated according to the ISB convention.
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Figure 1: Pin clusters and skin markers configuration.
Measured (thin lines) and estimated (thick lines) STD
trajectories in the thigh AF of proximal marker 1 are shown
during the star-arc motion. Joint angles are also reported
(positive when: flexing, α; abducting, β; rotating externally, γ).
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The optimum combination of the hk,i parameters that
minimized f(hk,i) was identified using a PatternSearch
algorithm (Matlab®, Mathworks, Natick, MA). For each
parameter, intra-subject and inter-subject ranges were
computed. Median values were used to produce a generalised
STD model. Subject-specific and generalized STD models,
using subject-specific or median parameters and trial-specific
hip joint kinematics, were compared to measured STDs in
terms of root mean squared difference (rmsdk,i) and rk,i.

DISCUSSION AND CONCLUSIONS
A linear model of the thigh STD, as a function of the hip joint
kinematics, for movements aiming at HJC estimate was
proposed. Based on this model, plausible STD realizations can
be generated as a function of subject-specific hip kinematics
and a general validation simulation can be carried out to assess
the effect of the artefacts due to STD on HJC accuracy. Since
this accuracy is affected by both thigh and pelvis STDs,
further work is required to develop a pelvis STD model.

RESULTS
The model parameters presented an intra-subject range from 6
to 97% of their maximal value. Inter-subject range was
slightly higher (54÷100%). In Table 1 the median parameters
obtained over the four subjects are reported for all marker
coordinates. In Fig. 1 an example of the modelled STD is
depicted. The rmsd for the subject-specific model was on
average (4 subjects x 8 markers x 3 coordinates) 1.4±1.2mm (r
= 0.8±0.2). When estimating STD using the generalized
model, rmsd increased to 3.5±2.9mm (r = 0.6±0.3).
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Table 1 Generalised STD model parameters for proximal and distal thigh markers (Fig. 1). Location of markers (pos) is expressed
in percentage of inter-epicondyles distance S (Fig.1) for x (AP) and z (ML) and of GT to LE distance for y (V).
p1x p1y p1z
hα .11 .04 0
hβ -.32 -.30 -.19
hγ -.27 -.10 -.21
hc -3 -2
1
pos -6 136 87

p2x
.01
-.10
-.01
0
-1

p2y
.04
.02
-.01
0
36

p2z
-.01
-.01
-.04
0
60

p3x
-.04
.15
.02
-1
14

p3y
.05
-.01
.02
0
32

p3z
.01
.02
-.01
0
-40

p4x
.05
-.29
-.10
-3
-1

p4y
.07
-.13
0
-2
102

p4z
-.01
-.08
-.04
1
76

d1x
.04
-.23
-.09
-3
-7

d1y
.06
-.03
.01
-1
69

d1z
.02
-.06
-.08
0
65

d2x
-.53
.55
.53
5
31

d2y
.07
.14
-.03
-2
108

d2z
-.02
-.13
-.06
2
-37

d3x
-.18
.56
.25
0
19

d3y
.08
.02
-.02
-1
84

d3z
.01
-.01
-.02
0
-35

d4x
-.08
.35
.12
-1
12

d4y
.06
-.03
-.01
-1
58

d4z
.02
-.02
-.02
0
-38

