Med Biol Eng Comput
DOI 10.1007/s11517-009-0466-8

ORIGINAL ARTICLE

3D-patient-specific geometry of the muscles involved in knee

motion from selected MRI images

1. Siidhoff - J. A. de Guise - A. Nordez - E. Jolivet -
D. Bonneau - V. Khoury - W. Skalli

Received: 18 December 2007/ Accepted: 12 February 2009

© International Federation for Medical and Biological Engineering 2009

Abstract Patient-specific muscle geometry is not only an
interesting clinical tool to evaluate different pathologies
and treatments, but also provides an essential input data to
more realistic musculoskeletal models. The protocol set up
in our study provided the 3D-patient-specific geometry of
the 13 main muscles involved in the knee joint motion from
a few selected magnetic resonance images (MRIs). The
contours of the muscles were identified on five to seven
MRI axial slices. A parametric-specific object was then
constructed for each muscle and deformed to fit those
contours. The 13 muscles were obtained within 1 h, with
less than 5% volume error and 5 mm point-surface error
(2RMS). From this geometry, muscle volumes and volumic
fractions of asymptomatic and anterior cruciate ligament
deficient subjects could easily be computed and compared
to previous studies. This protocol provides an interesting
precision/time trade-off to obtain patient-specific muscular
geometry.
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1 Introduction

The need for estimating precisely the patient-specific
muscle geometry is twofold. First, it represents an essential
input data for musculoskeletal models, which are often
based on scaled cadaveric measurements. The need to
individualize the geometry of those models has been
recently highlighted by several authors [3, 5, 27]. Secondly,
the patient-specific geometry (and thereby also the volume,
lever arm etc) provides an important clinical data to eval-
uate different pathologies and the outcomes of the
treatments used. For example, the morphology of the gas-
trocnemius in hemiplegic cerebral palsy patients [18], the
muscle—tendon geometry after rectus femoris tendon
transfer [4], and the quadriceps femoris muscle morphol-
ogy after anterior cruciate ligament (ACL) injury [26] have
recently been investigated. The volume of the muscles,
which can be derived from their geometry, is also clinically
relevant to assess the atrophy or hypertrophy resulting from
different pathologies, treatments, and strength training [1,
2, 15, 17, 25]. The ratio between the volume of the quad-
riceps and the hamstrings is also a useful tool to investigate
the muscular function of ACL deficient subjects [26].

To obtain the individualized 3D geometry, cross-
sectional area of the muscles can be identified on a set of
continuous axial magnetic resonance images (MRI). Semi-
automated or fully automated segmentation methods are
inefficient because muscle distinction is often difficult or
impossible to assess using currently used methods. Thus,
manual muscle contour is the most used method to obtain
muscle volume [4, 6, 10]. This method is time-consuming,
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limiting thereby its clinical application. Other authors
[7, 23] obtain the 3D-geometry by deforming a generic
object. However, with a reduced number of muscle con-
tours on MRI slices (i.e., in parallel planes), there is not
enough information to describe efficiently a non-linear
deformation in the 3D-space. This leads to inaccurate
muscle models. To improve such methods, a large number
of muscle contours has to be used to increase the geo-
metrical information that determines the deformation.

Considering the lack of a clinically usable method to
obtain patient-specific 3D geometry of the muscles at the
hip, Jolivet and colleagues [12, 13] recently developed a
method based on the deformation of a parametric specific
object (DPSO) to assess muscle geometry with a reduced
number of axial images. It consists of characterizing each
muscle contour by a parametric ellipse and interpolating
the parameters of the ellipses to build a regular surface
mesh. This approximate object and the corresponding mesh
are then deformed to fit the exact contours of the muscles
yielding subject-specific geometry using a non-isotropic
kriging algorithm [24]. This technique determines the
volumes and the shapes of the gluteus maximus, gluteus
medius, gluteus minimus, fascia lata tensor and sartorius
muscles using five to six slices with a satisfactory accuracy
(average absolute volume error of 2.4% comparing to the
volume obtained with all available slices). Jolivet et al.
[13] described this technique for the hip muscles and only
considered two different subsets of images (three to four or
five to six slices, depending on the muscles) to assess the
precision of the method. Moreover, this method was four
times faster than the method using all available slices to
generate the volume of the muscle [13].

The objective of this work was to adapt the DPSO
method and propose a protocol to get the 3D-patient-spe-
cific geometry of the 13 main muscles involved in the knee
joint motion. The selection of the necessary slices to obtain
a given accuracy and the reproducibility of the protocol are
investigated. A preliminary clinical research application
provides the volume of the muscles for ten asymptomatic
subjects and five subjects waiting for an ACL reconstruc-
tion to investigate the difference in muscle volume
distribution between these two groups.

2 Materials and methods

2.1 Subjects

Ten asymptomatic young men [29 (SD 4) years, height 177
(SD 6) cm, weight 75 (SD 8) kg and 5 young men waiting
for an ACL reconstruction 29 (SD 2) years, height 176 (SD

7) cm, weight 78 (SD 11) kg, time since ligament rupture
>11 months] consented to participate in the protocol
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previously approved by institutional ethic committees’.
Asymptomatic subjects practiced recreational sports, but
did not participate in any strength training at the time of the
study.

2.2 Magnetic resonance imaging

A Siemens Avanto 1.5 T MRI scanner was used to obtain
three series of axial images from the iliac spines to the
calcaneus (slice thickness 4 mm, gap O mm, resolution
0.78 mm x 0.78 mm). The VIBE (Volume Interpolated
GRE) sequence was chosen in order to obtain good quality
images of the muscles of the lower limb in a reasonable
time (6 min per series). An angiography radio-frequency
coil was used so as to encompass the entire lower limb.
Three hundred images were thereby acquired for each
subject.

2.3 Identification of muscles

According to previous studies [16, 19] and functional
considerations, the following 12 muscles involved in the
knee joint motion were considered: semimembranosus
(SM), semitendinosus (ST), biceps femoris long head
(BFL), biceps femoris short head (BFS), sartorius (SAR),
tensor fascia latae (TFL), gracilis (GRA), vastus lateralis
and vastus intermedius (VIL), vastus medialis (VM), rectus
femoris (RF), medial gastrocnemius (MG), and lateral
gastrocnemius (LG). VIL was in fact a combination of
vastus intermedius and vastus lateralis because they are
very difficult to distinguish from each other and they have
the same function. Using a specific software developed
by the laboratory of biomechanics (AM ParisTech), each
muscle contour was manually identified. Each muscle was
outlined on the images by manually picking points on the
outline of the muscle. A spline was computed using already
picked points. The last picked point had to be close to the
first picked point in order to get a closed contour. [13].

2.4 Reference models

To assess the error of our protocol, a reference model was
defined using a complete set of N slices for two asymp-
tomatic subjects, randomly selected. Each muscle contour
was identified on all the 300 continuous images by one
operator (12 h were required for each subject). These
contours led, for each subject, to a 3D-model of each
muscle, which was considered as the reference model (see
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Fig. 1). The error in volume was computed as the differ-
ence between the reference model and the muscle
reconstruction with the DPSO method. The error in shape
was assessed by computing the point-surface error calcu-
lated as the distance between each point of the muscle
reconstruction with the DPSO method and its projection on
the surface of the corresponding reference model. Ninety-
five percent of these distances are below the computed root
mean square (2RMS) point to surface distance error
[20, 21].

To evaluate the inter-observer reproducibility of those
reference models, one of the subjects was also reconstructed
by a second operator. The volume error between the
reconstructions of both operators remained under 17 cm®
except for LG (the difference reached 41 cm3, i.e., 24% of
the muscle volume). This represented less than 6% of the
muscle volume, except for the BFS, SAR, GRA (10%). The
reproducibility of the muscle shape was acceptable (mean
point-surface error <l mm; 2RMS <3 mm).

2.5 Assessment of the optimal number of slices

A preliminary study was performed to assess the optimal
number of slices to obtain accurate muscle geometry. A
subset of 4-22 regularly spaced slices were used to
reconstruct the muscles of the two subjects with the DPSO
method. The precision of the reconstructions was assessed
by comparing their shape (point-surface distance) and
volume to the reference models.

The volume error with respect to the volume obtained
using reference models should be decreased if the number of
slices used for the reconstruction is increased. Therefore, the
smallest number of slices providing a reconstruction with a
given threshold of n% for the volume error was determined
for subjects 1 (n/) and subject 2 (n2). The optimal number of

Fig. 1 Typical 3D-patient-specific geometry of the thigh muscles:
BF biceps femoris, SAR sartorius, TFL tensor fascia latae, VIL vastus
lateralis and intermedius, VM vastus medialis, RF rectus femoris

slice NS,pma was defined as NS, = max(nl, n2) + 1.
NS,pma 18 used for all future reconstructions performed with
the DPSO method.

2.6 Reconstruction protocol

The protocol was defined as follows: the operator identifies
the upper and the lower limits of each muscle. These limits
correspond to the slices of the musculo-tendineous junc-
tion, i.e. where the contractile tissue (muscle) becomes
fibreous (tendon). From NS, and the upper and lower
limits, a program computes the slice numbers on which
each muscle has to be identified. For each muscle, the
operator is given a list of NS¢, slices to treat. Therefore,
the 3D-geometry of each muscle is then obtained from the
NS,,i59% slices using the previously described algorithm
[12, 13]. Briefly, this algorithm could be decomposed in
three steps. (1) The NS,,,;54, muscle contours were modeled
as equivalent ellipses. The coordinates of the centroid,
local inertial coordinate systems, width, and length were
calculated for the NS,,;s¢, available ellipses. (2) Changes in
these parameters along the muscle’s principal axis were
modeled using a cubic spline interpolation to estimate
missing ellipses. Using all available and estimated ellipses,
the resulting 3D parametric object was reconstructed. (3)
The subject-specific volumic muscle reconstruction was
obtained by deforming the parametric object using a non-
isotropic algorithm [24] and the NS,,s4 available muscle
contours.

2.7 Reproducibility of muscle reconstruction
with the DPSO method

The study presented in this paragraph aimed at assessing
the inter-observer reproducibility of the muscle geometry
obtained with the DPSO method using NS, slices
(determined for each muscle). Twelve muscles of 10
asymptomatic subjects were reconstructed by two opera-
tors. The difference in shape and volume between both
reconstructions was assessed. The relative volume repro-
ducibility was defined as the absolute difference in volume
of the reconstructions, divided by the volume of the
reconstructions of the first operator. The mean difference
and the standard deviation (SD) of this relative volume
error were computed for each muscle. The interclass cor-
relation coefficient (ICC) was calculated [11]. The shape
reproducibility was assessed by computing the point-sur-
face error and 2RMS of this distance were calculated.

2.8 Preliminary clinical research application research

The 12 muscles of 5 anterior cruciate ligament deficient
(ACLD) subjects were also reconstructed by using the
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previously described protocol (with a volume threshold
equal to 5%). The volume of the muscles and the volumic
fraction (muscle volume divided by the volume of all the
muscles, as described by [9, 13]) were calculated for both
asymptomatic and ACLD subjects.

3 Results
3.1 Assessment of the optimal number of slices

The accuracy of the reconstructions (volume difference
with respect to the volume obtained using reference mod-
els) for different subsets of images of one operator is
shown in Fig. 2. The reconstruction errors of the muscles
differed among muscles when less than seven slices were
used. The optimal number of slices NS5 to obtain an
error inferior to 5%, varied from five to seven slices
depending on the muscle. When using more than seven
slices, the volume error with respect to the reference
models still diminished to finally reach 2% with 22 slices.

With more than seven slices, the point-surface error (see
Fig. 3) was less than 5 mm (2RMS). This error diminished
when even more slices were used: with 13 slices, it reached
2 mm.

The maximal difference between nl/ and n2 was one
slice. The values of NS,,54, and volume and point-surface
errors obtained for the two subjects using NS,,,;s¢, slices are
provided in Table 1.

3.2 Reproducibility of muscle reconstruction
using the DPSO method

Considering a threshold of 5%, the reconstruction of 12
muscles of a subject with a reduced set of slices took about
1 h (compared to more than 12 h when using all the slices).
The difference between the volume and shape of the
muscles reconstructed by the two operators is shown in
Table 2. The mean muscle volume, the minimal and
maximal values obtained among the ten reconstructed
subjects for the point-surface (2RMS) error are also pro-
vided. The error in reproducibility was very variable
depending on the reconstructed muscles. For example, for
BFS muscle, the relative mean error reached 10.8% among
subjects, corresponding to an absolute mean error of
11.9 cm®. The biggest absolute (29.4 cm®) and smallest
relative error (1.9%) was observed for VIL. The point-
surface errors remained in a confidence interval between
42.7 and +£6.3 mm (2RMS) for all muscles. The biggest
confidence intervals were found for the gastrocnemii
(6.3 mm for the MG and +6.1 mm for the LG). For all
muscles the ICC was >0.85.
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Fig. 2 Volume error (compared to the reference models) for the 12
reconstructed muscles in one subject (reconstructed by one operator)

3.3 Preliminary clinical research application

The boxplots of the volume and the volumic fraction of the
12 muscles of asymptomatic and ACL deficient subjects
are shown Figs. 4 and 5. The VIL muscle was the largest
muscle, with a mean volume of about 1,500 cm3, ranging
from 1,165 to 2,002 cm®. This corresponded to 36% of the
global muscular volume. The vastus medialis and rectus
femoris volume reached about 550 and 340 cm®, repre-
senting respectively about 13 and 8% of the global
muscular volume. BFL, SAR, SM, and ST contributed
5-6% of the global volume. The gastrocnemius muscles
(LG and MGQG) represented 10-12% of the muscular vol-
ume. The smallest muscles were BFS, GRA and TFL, with
a volumic fraction of <3%.

The mean volume of the VM, BFS and BFL muscles
were bigger for the ACL deficient subjects than for the
asymptomatic subjects. The opposite was observed for the
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Fig. 3 Surface error (2RMS) 10 q
for the 12 reconstructed muscles
in one subject (reconstructed by
one operator)
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Table 1 Optimal number of slices (NS,,;54) used to obtain the 3D-
geometry with a volume error <5% with respect to the volume
obtained using reference models

Muscles Optimal Volume error (%) Point-surface error (mm)

number B -

of slices Subject 1 Subject 2 Subject 1 Subject 2
BFS 8 4.17 1.56 2.40 0.90
BFL 6 1.22 1.28 1.60 1.39
RF 6 0.3 0.60 3.60 2.98
LG 6 0.74 2.01 2.40 2.26
MG 8 3.28 1.86 331 1.53
GRA 7 3.27 2.13 2.51 2.02
SAR 7 2.87 2.37 3.49 2.80
SM 6 1.29 2.18 1.81 2.57
ST 6 3.55 3.06 3.06 1.68
TFL 6 2.02 2.73 1.29 0.96
VIL 7 242 3.12 4.89 4.28
VM 7 2.89 3.35 3.92 2.85
Total 80

Volume and point-surface errors obtained using the optimal number
of slices for the two subjects

SM semimembranosus, ST semitendinosus, BFL biceps femoris long
head, BFS biceps femoris short head, SAR sartorius, TFL tensor fascia
latae, GRA gracilis, VIL vasti lateralis and intermedius, VM vastus
medialis, RF rectus femoris, MG medial gastrocnemius, and LG lateral
gastrocnemius

ST and SAR muscles. The ACL deficient subjects had a
bigger variability in muscle volume than asymptomatic
subjects. The RF and VIL volumes were similar between
populations.

4 Discussion
This study led to a clinically feasible method to reconstruct

the patient-specific-3D geometry of the 12 main muscles
involved in the knee joint motion from MRI in 1 h.

T T T T

9 10 11 12 13 14 15 16 17 18 19 20 21 22

number of slices

4.1 Identification of muscles

Some limitations had to be dealt with. First, differentiating
some of the muscles was very difficult in some parts of the
thigh or shank, as the epimysium was not always clear
enough to identify on the images. For example, the gas-
trocnemii muscles were difficult to differentiate at the mid-
thigh, and the vastus medialis was difficult to differentiate
from the vastus intermedius at the proximal part of the
thigh. Other authors have reported similar difficulties [,
14]. Moreover, the upper and lower limits were difficult to
define very accurately, as the transition from muscular to
fibrous tissue is progressive. To quantify the influence of
the subjective upper and lower limits definitions on the
reconstructions of the muscles, we looked at the residual
volume. This residual volume was comprised between the
upper limits and lower limits of two operators. Between the
two operators, these limits differed by zero to five slices,
depending on the considered muscle (mean across subjects
<2.9 slices; Table 3). This averaged residual volume ran-
ged from 0.2% (ST) to 2.1% (BFS) (Table 3), and was
small compared to the volume reproducibility between the
reconstructions of two operators. Considering the reliabil-
ity of the reference models (for most muscles the volume
error between both operators reference muscle recon-
structions represented <6% of the muscle volume), it
seemed that the threshold of 5% for the volume error with
respect to the volume obtained using reference models
represented a good trade-off between the required precision
to match the reported intra-observer variability and the
analysis time required to outline the muscles on the images.

4.2 Reference models and reproducibility
of the protocol

For the reproducibility of the reference models, we
obtained 6% of volume error between both operators
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Table 2 Difference in volume (in percent and cubic millimeter) and shape (point surface error in millimeter) between the muscles reconstructed

by two operators

BFS BFL RF LG MG GRA SAR SM ST TFL VIL VM
Volume error
Mean (%) 10.8 5.9 4.9 7.1 5.6 8.6 8.4 5.8 7.5 43 1.9 32
28D (%) 10.6 5.6 4.3 13.9 8.9 5.2 10.9 54 6.5 6.0 2.7 34
Mean (mm?>) 11,908 14,786 17,183 13,988 18,049 11,090 19,049 14,692 18,345 3,197 29,359 17,988
2SD (mm?) 11,803 17,151 17,361 32,238 37,253 7,230 25,045 12,112 15331 4,372 52,159 22,997
ICC 0.96 0.99 0.98 0.86 0.96 0.99 0.93 0.99 0.96 0.98 0.99 0.99
Mean volume (mm®) 115,126 233,962 344,366 197,148 307,404 130,589 220,440 261,791 245928 77,853 1,477,661 542,664
Point-surface error
Global 2RMS 2.7 33 34 6.1 6.3 3.1 3.6 2.8 2.7 3.1 5.6 3.7
Minimum (2RMS) 1.8 1.7 1.6 2.8 2.5 1.3 1.3 1.8 1.2 1.4 2.0 2.1
Maximum (2RMS) 3.8 5.8 7.1 10.8 14.3 6.9 7.6 4.3 35 5.6 8.4 4.8

Mean and standard deviation (SD) are computed among ten subjects, with the relative errors in volume between two reconstructions. Point-
surface errors are presented with the 2RMS of the distance for all subjects (with minimum and maximum values for the 2RMS of the distance)

SM semimembranosus, ST semitendinosus, BFL biceps femoris long head, BFS biceps femoris short head, SAR sartorius, TFL tensor fascia latae,
GRA gracilis, VIL vasti lateralis and intermedius, VM vastus medialis, RF rectus femoris, MG medial gastrocnemius, and LG lateral

gastrocnemius

Fig. 4 Volume of the muscles
(in cubic centimeter) for ten
asymptomatic (k) and five
ACLD (d) subjects. The mean
value is indicated. The lower
and upper limits of each box
represent the first and third
quartile
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reconstructions for most of the muscles (10% for the
smaller ones, 24% for the LG). These values can be mainly
explained by the difficulty to identify precisely the muscles
(especially the gastrocnemii) on the slices and are similar
to the errors reported in the literature. Jolivet et al. [13]
computed the volume of the reconstructions of hip muscles
of 30 subjects made by three operators. They reported an
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error (two standard deviations around the mean volume) of
5-12%. Eng et al. [8] reported a mean error of 9% between
the volumes of forearm muscles reconstructed by two
operators. The reproducibility of the shape of the reference
models was very good (point-surface errors within 3 mm).

The volume reproducibility was slightly inferior to the
one obtained for the reference models: mean error ranged
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Fig. 5 Volumic fraction of the
muscles (in percent of the global
volume) for ten asymptomatic
(h) and five ACLD (d) subjects.
The mean value is indicated.
The lower and upper limits of
each box represent the first and
third quartile
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Table 3 Mean and standard deviations of absolute differences in slices obtained by the two operators for the lower limit (LL) and the higher

limit (HL)

BFS BFL RF LG MG GRA SAR SM ST TEL VIL VM
LL (slices)
Mean 24 1.3 0.7 1.9 2.4 2.0 1.8 1.7 1.2 1.2 34 1.7
2SD 4.2 2.0 2.0 3.0 2.6 3.0 32 2.0 1.6 1.4 2.8 2.6
HL (slices)
Mean 1.9 2.1 1.0 1.8 2.1 1.0 2.9 1.4 0.7 1.6 2.1 1.9
2SD 3.0 2.8 1.8 24 3.8 1.8 34 1.8 1.0 2.0 32 24
Volume error (%)
Mean 2.1 0.5 0.3 1.6 14 0.7 1.6 0.7 0.2 1.9 0.7 1.2
2SD 44 0.5 0.6 2.1 2.3 0.8 1.7 1.0 0.3 2.9 0.6 24

The volume error (with respect to the volume obtained using reference models) due to the error in LL and LH is also presented in the last line as

mean and standard deviations (SD)

from 2 to 11% depending on the muscles, while standard
deviations remained below 5.3% (except for LG). As for
the reference models, larger relative volume reproducibi-
lites were found for smaller muscles like BFS, SAR, and
GRA. Considering the point-surface errors, the reproduc-
ibility of our protocol was good (global 2RMS <3 mm,
except for the gastrocnemii).

4.3 Preliminary clinical research application

The volume of the biceps femoris and SM was 10% higher
for the ACLD subjects compared to the asymptomatic

population, while the opposite was observed for the SAR
and ST. The total muscle volume of quadriceps and ham-
strings of the asymptomatic subjects in the present study
(mean of about 2,360 and 900 cm’ respectively) were
higher than those reported in the literature [14, 22, 25].
Konishi et al. obtained a mean quadriceps volume of
1,500 cm3, Williams et al. obtained mean quadriceps and
hamstrings volumes of 1,800 and 600 cm3, while Morse
et al. obtained a mean quadriceps volume of 2,040 cm’.
The smaller volume obtained by Konishi et al. can be
explained by the fact that only the 70% most distal part
of the thigh was studied because of the difficulty to
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differentiate muscles in the proximal part of the thigh. The
smallest values obtained by Williams et al. could be partly
due to the considered population (two women, seven men).
Morse et al. considered 18 young men and obtained similar
values to ours. Moreover, as opposed to those authors, we
did not observe any quadriceps atrophy for our ACLD
patients. However, more subjects need to be studied to
verify this result, the aim of this preliminary study being
mainly to highlight the potential of DPSO muscle volume
reconstruction method to analyze the entire muscle system
of lower limb.

The described method does not take into account very
local geometric deformities, as the maximal distance
between two slices reached 6 cm. A simple solution to take
such deformities into account would be to visually verify
the quality of the superimposition of the muscle model on
MRI and, if needed, add locally some manual contours to
improve the quality of the reconstruction.

Previous studies have assessed the consistent distribu-
tion of muscles at the hip [13] and in the upper limb [10].
Our study confirmed this consistency for the muscles
involved in the knee joint motion, as the volumic frac-
tions differed by less than 1% between ACLD and
asymptomatic subjects. The deviation of those fractions
was small, except for the SAR, MG and VIL muscles of
ACLD patients.

5 Conclusion

The DPSO method used in the present study provides the
entry data for patient-specific musculoskeletal models. As
the patient-specific muscle geometry is easy and fast to
obtain, this method can be applied to a wide population.
The next step will consist in integrating this muscular
geometry to the geometry of the bones, obtained for
instance through stereoradiographic acquisitions with the
low-dose EOS® system, and to motion analysis. Combin-
ing muscular geometry, force, and functional evaluations,
kinematics and kinetics, and setting up patient-specific
musculoskeletal models, will be very helpful to better
understand the complex locomotor system.
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