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ABSTRACT

The evaluation of muscle and joint forces in vivo is still a challenge. Musculo-Skeletal (musculo-
skeletal) models are used to compute forces based on movement analysis. Most of them are
built from a scaled-generic model based on cadaver measurements, which provides a low level of
personalization, or from Magnetic Resonance Images, which provide a personalized model in lying
position. This study proposed an original two steps method to access a subject-specific musculo-
skeletal model in 30 min, which is based solely on biplanar X-Rays. First, the subject-specific 3D
geometry of bones and skin envelopes were reconstructed from biplanar X-Rays radiography. Then,
2200 corresponding control points were identified between a reference model and the subject-
specific X-Rays model. Finally, the shape of 21 lower limb muscles was estimated using a non-linear
transformation between the control points in order to fit the muscle shape of the reference model
to the X-Rays model. Twelfth musculo-skeletal models were reconstructed and compared to their
reference. The muscle volume was not accurately estimated with a standard deviation (SD) ranging
from 10 to 68%. However, this method provided an accurate estimation the muscle line of action with
a SD of the length difference lower than 2% and a positioning error lower than 20 mm. The moment
arm was also well estimated with SD lower than 15% for most muscle, which was significantly better
than scaled-generic model for most muscle. This method open the way to a quick modeling method
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for gait analysis based on biplanar radiography.

1. Introduction

The evaluation of muscle and joint forces in vivo is still a
challenge; this is why musculo-skeletal models are widely
used to simulate and compute forces based on movement
analysis. Models have different levels of precision and
detail. Most of them are built from a scaled-generic model
based on cadaver measurements (Delp and Loan 1995).
Magnetic Resonance Images (MRI) are also used to adjust
bone geometry, muscle via-points or origin and insertion
points (Scheys et al. 2006). Musculo-skeletal models were
used to study the influence of joint replacements (Kia et
al. 2014) and muscle-tendon transfers (Delp et al. 1994).
Neuro-muscular pathologies such as cerebral palsy (CP)
were also widely studied (Arnold et al. 2006; Hicks et al.
2007; Scheys et al. 2011; Rezgui et al. 2013).

Authors have underlined the interest of using a
subject-specific musculo-skeletal model. Functional roles
of the muscles could be well predicted using a scaled-
generic model (Correa et al. 2011). However, the level
of detail had a major effect on the moment arm (MA)
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(Scheys et al. 2008) and on muscle force estimation. The
effects of the hip joint center location (Lenaerts et al.
2009), body segment parameters (Pillet et al. 2010;
Wesseling et al. 2014) and musculo-skeletal geometry
have been studied.

Recently, the development of the low-dose biplanar
X-Ray has provided a fast method for the reconstruc-
tion of subject-specific bones (Baudoin et al. 2008; Chaibi
et al. 2012; Quijano 2013), skin envelope and body seg-
ment parameters of the lower limb (Nérot et al. 2015).
Hausselle et al. (2012) proposed an original method to
obtain a subject-specific musculo-skeletal model of the
lower limb in the standing position by combining bi-
planar X-Ray and MRI. However, the used of MRI is
restrictive due to availability, cost and reconstruction
time.

Biplanar X-Ray based reconstruction could be a com-
promise between scaled and fully personalized musculo-
skeletal models in the standing positing. The present
study explores the level of accuracy that could be obtained
using solely low dose biplanar X-Ray.
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2. Materials and methods
2.1. Reference model in the standing position

Using both biplanar X-Rays in the standing position and
MRI in lying position, the subject-specific musculo-
skeletal model in the standing position was computed
from the method proposed by Hausselle et al. (2012).
This original method is based on a serie of rigid and
elastic transformations to register muscle data based on
3D X-Rays reconstruction. The main steps of this method
are reminded hereafter:

(1) Two perpendicular radiographies in the standing
position of the lower limb were acquired. 3D ge-
ometry in the standing position of bones (pelvis,
femurs, tibias), skin envelope (Chaibi et al. 2012;
Quijano 2013; Nérot et al. 2015) and estimation
of insertion points coordinate were assessed from
biplanar X-Ray using morphorealistic parametric
subject specific model.

(2) 3D model of muscles and skin envelope model in
lying position were manually reconstructed from
MRI using DPSO method (Jolivet et al. 2008, 2014;
Nordez et al. 2009).

(3) For both X-Ray and MRI models, corresponding
local coordinate systems of each segment were
identified based on anatomical landmarks.

(4) First, a rigid transformation was performed for
each segment. The skin envelopes of both models
were placed in the same local coordinate system.

(5) Then, in order to estimate the muscle shape in the
standing position, an elastic transformation was
applied on each muscle using control points on
skin envelope and bones (Trochu 1993).

(6) This process resulted in a musculo-skeletal model
in the standing position, which combined the 3D
models of skin envelope, muscles, bones and in-
sertion points.

The obtained 3D musculo-skeletal model of the lower
limb in the standing position was considered as the ref-
erence model.

2.2. Geometric musculo-skeletal model in the
standing position

By considering solely biplanar X-rays acquisition, a two
steps method was considered and presented in details
hereafter. First from biplanar X-Rays, 3D reconstruction
was performed for skin envelope and bones, including
location of muscle insertions. This model was further
named bone-envelope model. To estimate the muscle
shape, a reference model (bones, skin envelope, origin
and insertion points and muscles) was deformed to fit

the subject-specific bone-envelope model. All the param-
eters which refer to the geometric subject-specific bone-
envelope model were designated with a subscripted be
and all which refer to reference model with a subscripted
ref.
Step 1 Subject-specific bone-envelope model

The subject-specific bone-envelope model was
acquired from low-dose calibrated biplanar radiography
(Dubousset et al. 2005) (EOS®, EOS Imaging, Paris,
France). 3D geometry of pelvis, femurs, tibias, fibulas
and skin envelope were obtained in the global coordinate
system of the X-Ray device using reconstruction meth-
ods proposed by Chaibi et al. (2012), Quijano (2013)
and Nérot et al. (2015). Virtual Reality Modeling Lan-
guage was used to describe 3D surface of bony models.
Moreover, the coordinates of muscle origin and insertion
points were simultaneously obtained (Hausselle et al.
2012).

A local coordinate system was defined for each bone
based on anatomical landmarks identified on the 3D
surface:

e Pelvic frame: the centers of acetabular spheres and
the sacrum plateau,

e Femoral frame: the centers of condylar spheres and
the femoral head center,

e Tibial frame: the middles of the tibial plateaus and
the middle of the tibial malleoli.

The following parameters were defined:

e five regions, associated to the following bones re-
spectively, were defined and noted as Byf; and By, ;
for reference and bone-envelope models, with i =
1...5: pelvis, right and left femur, right and left
tibia.

e for each region homogeneous matrix was calculated
from the global coordinate system to their local
coordinate system and noted respectively as HM.¢;
and HMy, ;, with i = 1. .. 5 depending of the bone.

e skin envelopes were respectively noted as SE,f and
SEbe,

e origin and insertion points were respectively noted
as IPper and Py, with i = 1...42 (a single origin
and insertion points were considered on 21 mus-
cles).

Step 2 Reference model deformation

In order to fit the reference model to the subject-
specific bone-envelope model, corresponding control
points (respectively CPys, CPye) were identified in both
models by following steps (Figure 1(a)):

(1) The nodes of each skin envelope were expressed in
the local coordinate system of the associated bony
segment (Equations (1) and (2)).
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Figure 1. (a) Control points CP.r were equally distributed and computed by cutting skin envelope with planes P.;;« defined in each
bony region. (b) Muscles were cut by planes Py.¢;; « to evaluate muscle parameters: points, length and cross sectional area.

SEg Loc,i = HM;EI- ' SEref (1)
SBbe Loci = HM,); - SEpe ()

(2) Local controls points (CPgLoc,i> CPperoc,i) Were
defined on both models for each bony segment:
(a) j planes were equally distributed along the

length of the bony segment: Pret;; and Ppej j,
withj = 1...12 plane number.

(b) contours were computed at the intersection
between the planes P;; (respectively Py ; ;)
and the mesh of the skin envelope SEg 1,
(respectively SEpe; ;).

(c) on each contour a cubic spline was computed
by interpolation of k equally distributed con-
trol points CPg10c,ijk and CPpe Loc,ijik-

(3) thelocal control points CPg 1oc,ijk and CPpe Loc,ijk
were expressed in the global coordinate system to
get the final control points CP.f and CPy, (Equa-
tions (3) and (4)).

Xref,i Xg Loc,iyjk

Yiefi Yy Lociik

Zre o= HM.s,; - Zg ool (3)
ref,i g Loc,i,j,k
1 | | 1

Xbe z— _Xbe Loc,i,j,k

Yy, Ybe Loc,ijik

S| = HM - | e | )
be,i be Loc,i,j,k
1 | | 1

Moreover, in order to control the bone shape, 200
control points were added for each bone based on
the node of the WRML models. Thus, a total of
2200 control points was defined.

(4) A Non-linear kriging transformation was applied
to each muscle from CP .t to CPpe (Trochu 1993)
to deform muscles of the reference model to match
the subject-specific bone-envelope model.

Thus, an estimation of the muscle shapes of the sub-
ject was obtained resulting in a subject-specific musculo-
skeletal model of the lower limb in the standing position.

2.3. Method evaluation

Subjects described by Hausselle et al. (2012) were used:
four male volunteers with no documented muscular
pathology, gave their written consent to participate in
this protocol which was approved by the Institutional
Ethics Committee (CPP 06036, Paris, France).

The main muscles of the lower limb were considered
and divided into three groups:

e pelvic muscles: Gluteus Maximus (GIMa), Gluteus
Medius (GIMe), Gluteus Minimus (GIMi) and
Iliacus (Ilc).

e thigh muscles: Adductor Brevis (AddB), Adductor
Longus (AddL), Adductor Magnus (AddM), Biceps
Femoris Long head (BFL), Biceps Femoris Short
head (BFS), Gracilis (Gra), Rectus Femoris (RF),
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Sartorius (Sar), Semimembranous (Smem),
Semitendinous (Sten), Tensor Fascia Latae (TFL),
Vastus Intermedialis (VI), Vastus Lateralis (VL) and
Vastus Medialis (VM).

e calf muscles: Grastrocnemius Lateralis (GL),
Grastrocnemius Medialis (GM) and Soleus (Sol).

The subject-specific musculo-skeletal model in the
standing position of each subject was reconstructed
using the method described in Section 2.3. One by one,
each reference model was used to estimate the muscle
shape of the other three. Thus, 4 x 3 = 12 estimated
models were constructed. The estimated muscle shapes
were compared to their reference.

2.4. Parameters studied

To evaluate the accuracy of the method, the estimated
muscles were compared to their references. The bias
(mean) and the reliability (SD) were used to evaluate the
difference of the 24 estimated muscles for the following
parameters (Figure 1(b)):

e Volume.

e Maximum Cross Sectional Area (CSA): each muscle
was sectioned on 50 planes equally spaced along the
length of the muscle and the maximum CSA was
retained.

e Muscle length: a Line of Action (LoA) was defined
as a spline of 50 via points from the origin to the
insertion points passing through the center of each
cross section. The muscle length was computed as
the sum of the distance between via points.

e Distance between via points: RMS of the distance
between corresponding via points of both models.

e MA: the distance between the LoA and the joint
centers. The center of the hip joint was defined as
the center of the sphere fitting the femoral head and
the center of the knee joint was defined as the middle
of the centers of the spheres fitting the posterior part
of the condyles.

3. Results
3.1. Evaluation of the method

Bias (Table 1) Most muscle volumes were overestimated
with a bias between 0 and 19%, except for the gastrocne-
mius lateralis (—6%) and the adductor longus (—24%).
Muscle length was estimated with a bias of between —1
and 3%. The MA of the hip joint was over estimated
for the iliacus with a bias of 21%; however the biais was
between —2 and 6% for the other muscles. For most
muscles, the MA in knee joint was estimated with a bias
of between —10 and 7%, except for the Semitendinous

(20%). Most muscles had an over-estimated CSA, which
was positive up to 16%, except for the gastrocnemius
lateralis (—1%) and the adductor longus (—23%).

Standard Deviation (SD) (Table 1) The muscle volume
SD ranged from 10% for the vastus indermedialis to
68% for the biceps femoris long head. The muscle length
SD was lower than 12% for all muscles. The SD of MA
in hip joint ranged from 1% for the semitendinous to
77% for the iliacus. The SD of the MA in knee joint
ranged from 1% for the tensor fascia latae to 46% for
the semitendinous. The SD of the CSA ranged from 15%
for the adductor magnus and 183% for the adductor
longus.

The Rmusculo-skeletal of the via point distances ranged
from 6 £ 2 mm for the vastus intermedialis to 23 £ 18 mm
for the gastrocnemius medialis (Table 1). Most muscles
were estimated with a mean lower than 15 mm.

4, Discussion

This study proposed an original method to quickly access
a subject-specific musculo-skeletal model of the lower
limb in the standing position based on low-dose bipla-
nar X-Ray. The reconstruction time was about 30 min
vs. about 2.5 h with an MRI based method combining
MRI and X-Ray to obtain a subject-specific MS model in
the standing position (Hausselle et al. 2012). Bones and
skin envelopes were subject-specific, origin and insertion
points were estimated and muscle shapes were computed
from reference model deformation.

This original method produced an accurate estima-
tion of muscle LoA. Indeed, the LoA of thigh and calf
muscles were well estimated with a SD of the muscle
length lower than 5%. Muscles were also well positioned
with the RMS of the via point distances under 20 mm
for the majority of the muscle. The gluteus muscles were
more difficult to estimate because they are superficial,
thin and short; thus, the LoA was more influenced by
the deformation, especially the muscle length error in
percent. Otherwise, only a single LoA was considered
here, while Arnold et al. (2006), Martelli et al. (2013)
had decomposed them in several bodies. This choice
was made in order to simplify the comparison between
models. Calf muscle error was mainly due to the inser-
tion position, which was estimated, because the Achilles
tendon position was unknown. Despite that, results were
better than those provided using a scaled-generic model.
Indeed, Scheys et al. (2008) reported a length difference
of around 20% between the reference and personalized
models.

The MA was also well estimated with a SD lower
than 15% for most muscles compared to Scheys et al.
(2006) and Scheys et al. (2008), which shows a difference



Table 2. MAs in hip and knee joints computed for the proposed method and generic-scaled model compared to the method proposed

by Hausselle et al. (2012).

Proposed method

Scaled-generic model

Bias SD Bias SD

Muscle (%) (%) (%) (%)
Hip AddB* 1 27 —34 14
AddL* 1 27 —34 6
AddMm* —1 3 —28 27
BFL 0 0 —1 6
GIMa 0 9 2 14
GIMe* 6 24 -9 7
GIMi* 6 24 —25 9
Gra -2 9 -5 5
lic* 21 77 -5 32
RF* 1 8 15 19
Sar* 3 10 20 20
Smem™* 0 0 -8 6
Sten* 0 1 4 8
TFL 1 10 4 10
Knee BFL 1 4 0 12
BFS* 1 4 9 9
Gra 4 46 —8 39
RF* 1 5 —14 14
Sar* 4 9 —6 17
Smem* -8 15 16 39
Sten 20 4 7 38
TFL* 0 1 18 12
VI* 3 6 —7 7
VL 3 6 -3 20
VM —10 13 -7 7

* indicates a lower significant difference between proposed method and generic-scaled model (p < 0.05).

between the reference and personalized models of over
20% for most muscles and up to 100% for some muscles.
For most muscles, the use of a reference model including
a tendon pathway could better predict MA. Indeed, a
tendon pathway was estimated between the belly part
ends and the insertion point by a spline, which could be
different to the real one. The tendon pathway could not
segmented due to the lack of visibility on MRI for some
muscles.

The presented model must be compared with the
scaled-generic model. Table 2 summarizes the difference
of the MA in hip and knee joints computed for the pre-
sented study and for the scaled-generic model compared
to the reference model (Hausselle et al. 2012). The pro-
posed method significantly increased the accuracy of MA
computation for Adductors, GIMe, GIMi, RF, Sar, Smem
in the hip joint and BFS, RF, Sar, Smem, TFL in the knee
joint.

The muscle volume was less accurately estimated. The
non-linear deformation from the reference model to the
subject-specific musculo-skeletal model allowed an esti-
mate of muscle belly in the transverse plane. The indi-
vidual height variability of muscle belly length was not
accurately estimated. Thus, CSA was better estimated
than muscle volume (p < 0.03). The proposed method
had not taken into account subject fat thickness, this was
the main limitation. The closer the fat thickness is to

the reference model, the more accurate the estimation
is.

The choice of the reference model will affect the es-
timation of the muscle shape: if the reference model is
close to the subject, the estimation may be more accu-
rate. Generally, the reference model could be an average
subject of a large database in order to cover the largest
morphology range. In our case, we only have a database of
four subjects and by considering each one as the reference
model to estimate the other three, the sensitivity of the
reference model was investigated.

The main limitation was the number of subjects. An
increase of the database would increase the relevance
of the estimation. However, the first presented results
highlighted the good potential of the method. A fur-
ther large scale study, which includes information on
fat thickness and gait analysis, will be performed, this
should yield an improvement of the database and of the
estimation.

This study proposed a fast method for subject-specific
skeletal modeling of the lower limb in the standing posi-
tion, with a good estimation of the muscle line of action.
The bones and skin envelope were subject-specific and
most muscle parameters were more accurately estimated
than with scaling. This method open the way to a quick
modeling method for gait analysis based on biplanar
radiography.
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