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Muscle-Tendon Unit Length Measurement Using 3D Ultrasound
in Passive Conditions: OpenSim Validation and Development
of Personalized Models

Hugo Guenanten'? . Maéva Retailleau' - Sylvain Dorel’ - Aurélie Sarcher' - Floren Colloud? - Antoine Nordez'*>

Abstract

This study investigated the validity of using OpenSim to measure muscle-tendon unit (MTU) length of the bi-articular
lower limb muscles in several postures (shortened, lengthened, a combination of shortened and lengthened involving both
joints, neutral and standing) using 3D freehand ultrasound (US), and to propose new personalized models. MTU length
was measured on 14 participants and 6 bi-articular muscles (semimembranosus SM, semitendinosus ST, biceps femoris BF,
rectus femoris RF, gastrocnemius medialis GM and gastrocnemius lateralis GL), considering 5 to 6 postures. MTU length
was computed using OpenSim with three different models: OS (the generic OpenSim scaled model), OS +INSER (OS with
personalized 3D US MTU insertions), OS + INSER + PATH (OS with personalized 3D US MTU insertions and path obtained
from one posture). Significant differences in MTU length were found between OS and 3D US models for RF, GM and GL
(from — 6.3 to 10.9%). Non-significant effects were reported for the hamstrings, notably for the ST (— 1.5%) and BF (- 1.9%),
while the SM just crossed the alpha level (—3.4%, p =0.049). The OS + INSER model reduced the magnitude of bias by an
average of 4% for RF, GM and GL. The OS +INSER + PATH model showed the smallest biases in length estimates, which
made them negligible and non-significant for all the MTU (i.e. <2.2%). A 3D US pipeline was developed and validated to
estimate the MTU length from a limited number of measurements. This opens up new perspectives for personalizing mus-
culoskeletal models using low-cost user-friendly devices.

Keywords Inverse kinematics - Participant-specific modeling - Bi-articular muscle - Hamstrings - Rectus femoris -
Gastrocnemii

Introduction

Associate Editor Joel Stitzel oversaw the review of this article.

Understanding muscle function during movement generation
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such as those using OpenSim or Anybody, involve scal-
ing a generic skeleton using coordinates of body mark-
ers obtained using a 3D motion capture system [6, 7].
Both approaches are based on MTU insertions derived
from cadaveric data and a linear interpolation of mus-
cle path between insertions. However, cadaveric data are
often obtained on the elderly, so the question remains of
whether these models can fit a broader range of the popu-
lation. While the mean pattern may be accurate, there is
a high probability that these models cannot adequately
describe inter-individual variability. Thus, Persad et al.
[21] reported differences of up to 22% between gracilis
MTU length assessed by dissection compared with Open-
Sim modeling. Although this analysis was only performed
for a single muscle, it highlights the need to assess the
validity of these models for measuring MTU lengths and
changes in length.

As imaging techniques can be used to assess the ana-
tomical properties of muscles, some previous studies have
already incorporated personalized MTU insertion points
from magnetic resonance imaging (MRI) measurements [2,
5, 19, 24], which improve the prediction of musculoskeletal
parameters. However, the influence of muscle trajectory has
not yet been investigated. In addition, due to the restricted
number of positions possible in MRI, this technique cannot
easily be used to study the influence of joint angles on MTU
length. 3D ultrasound (US) can be considered an alterna-
tive to overcome these limitations, having been previously
validated against MRI for the measurement of bi-articular
muscle and tendon morphology [3, 11]. However, to our
knowledge, this technique has not been used to measure
MTU length or to assess the effect of various joint angles
compared with modeling predictions.

The first aim of this study was to assess the MTU length
and change in length of the main bi-articular muscles of
the lower limb, using 3D US across various different joint
configurations (shortened, lengthened, a combination of
shortened and lengthened involving both joints, neutral and
standing), and to compare these measurements with the pre-
dicted results of a commonly used generic model in Open-
Sim [22]. We focused these analyses on the semimembra-
nosus (SM), semitendinosus (ST), biceps femoris long head
(BF), rectus femoris (RF), gastrocnemius medialis (GM) and
gastrocnemius lateralis (GL). These muscles were chosen
due to their bi-articular nature, which makes it harder to pre-
dict changes in length due to the concomitant situation (i.e.
rotation and position) of the adjacent segments (i.e. pelvis,
femur, tibia and foot) where the muscle has its proximal
and distal insertions. Considering that the OpenSim model
is accurate for a 'typical' participant, we hypothesized that
it would provide unbiased mean MTU length estimations.
However, since individuals differ from the typical participant
used to develop the model, we expected large errors for some

participants and thus that inter-individual variations would
not be correctly taken into account by the model.

The second aim was to develop participant-specific Open-
Sim models, based on 3D US measurements of insertions
and paths. It was expected that the personalization process
would greatly improve the inter-individual variation errors
compared with the generic OpenSim model.

Materials and methods
Participants

Fourteen healthy participants (8 males and 6 females,
age 26.5+3.0 years, height 174.0+10.0 cm, mass
72.4 +18.6 kg) volunteered to take part in this study and
provided informed consent prior to participation, in accord-
ance with institutional guidelines set by the Declaration of
Helsinki (World Declaration of Helsinki, 2013). Inclusion
criteria were to be older than 18 years old and to practice
a physical activity. (ranging from daily strength training to
very low weekly activity). Exclusion criteria were to have
had any lower limb surgery, recent (< 1 year) injury, or any
contraindication to the practice of physical activity. All
procedures were approved by the local Ethics Committee
(CERNI no 03122021-2).

Experimental procedure

Participants took part in one session that combined data
acquisition for musculoskeletal modeling and 3D US
imaging. They were equipped with 35 reflective mark-
ers, which were placed on the pelvis (8), right femur (9),
right tibia (8), right foot (7) and left femur (3) [23]. An
optoelectronic motion capture system (10 cameras Opti-
track Flex 13, NaturalPoint, USA) was used to measure
the 3D coordinates of the markers in space at 60 Hz. After
the Optitrack calibration process, the mean tracking error
of the markers was estimated at 0.310 mm. Participants
performed functional movements (right and left hip cir-
cumduction without pelvis motions, maximal right knee
and ankle flexions-extensions, as well as describing circles
with the knee during a static forward lunge) to assess joint
centers using the SCoRE method [9]. They also performed
a standing static trial designed to scale their anatomical
posture to the generic musculoskeletal model. Afterwards,
they were placed in 16 different static positions induc-
ing different hip, knee and ankle angles (Fig. 1). These
positions were chosen to allow the ultrasound probe to
scan the entire MTU lengths of the hamstrings, RF and
gastrocnemii, while keeping each of the markers of inter-
est visible and allowing the participant to hold the joint
angles without having to apply any force. For each MTU,
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Fig. 1. Hip, knee and ankle
joint angles in each position. HF
hip flexion, KF knee flexion,
APF ankle plantar flexion

the first position was a lying passive condition with joints
relaxed (HAM1-Ref, RF1-Ref, and GAS1-Ref). Compared
with the first position, the second was a shortening pas-
sive condition achieved by moving one joint (HAM2-KF,
RF2-HF, GAS2a-ADF and GAS2b-KF). The third position
was a lengthening passive condition achieved by moving
the other joint (HAM3-HF, RF3-KF and GAS3-ADF).

——=8

sved

~——f

S

P

) (- 4 N\
Reference / Shortening \ Lengthening || Combined Standing
HAM1-Ref HAM2-KF HAM3-HF HAM4-HF-KF HAMS-Stand
HF: 17 +7° HF: 15 +6° HF: 48 + 8° HF: 52 +10° HF: 6 +9°
KF: 6 +5° KF: 77+ 5° KF: 13£6° KF: 76 £9° KF: 4+ 6°
RF1-Ref RF2-HF RF3-KF RF4-HF-KF RF5-Stand
= “ m
HF: 15+ 6° HF: 62 +9° HF: 6 +11° HF: 67 + 13° HF: 4 +10°
KF:9+5° KF: 10+ 3° KF: 115+9° KF: 77+ 7° KF:4+7°
I
GAS1-Ref ||GAS2a-APF GAS2b-KF|| GAS3-ADF (|GAS4-KF-ADF|| GAS5-Stand

P

KF: 4 +4° KF: 8 + 3° | KF: 41 +£6° KF: 8 £ 6° KF: 49 + 5° KF:5+5°
APF: -16 £ 7° APF: -32 £ 9° :APF: -14 £ 9° APF: 8 + 6° APF: 14 +7° APF: 6 £ 5°
1
\_ AN J I\ PN Y,

<

The fourth position was a passive condition that combined

simultaneous shortening and lengthening by moving both
joints (HAM4-HF-KF, RF4-HF-KF and GAS4-KF-ADF).
The fifth position was standing upright (HAMS5-Stand,
RF5-Stand, GAS5-Stand), which was the only position
where participants had to produce a small amount of force
to keep their balance. After being placed in each position,
participants’ MTUs were scanned using 3D US.



3D Ultrasonography

All the information needed to implement the 3D US scan-
ning performed in the present study are described in detail
in the supplementary materials of a previous paper [11].
Two-dimensional B-mode US images were collected using
a US scanner (Aixplorer version 12.3, SuperSonic Imag-
ine, Aix-en-Provence, France) with a 10-2 linear probe
(40-mm field of view; Vermon, Tours, France). Image
depth was set at 6.5 cm and US images were recorded
using a video grabber (ElGato Cam Link; Corsair Compo-
nents; Fremont, CA). The situation of the probe (position
and orientation) was assessed by tracking a 3D-printed
rigid body with four markers attached to the probe, using
the Optitrack motion capture system. Data from the US
images and motion capture system were streamed and
synchronized using the open source software PlusServer
(Public software library for US imaging research; v. 2.8.0:
Kingston, Canada) [27], and recorded using the open
source software 3D Slicer (slicer.org ; v. 4.10.1; Perth,
Australia) [10, 27].

Temporal and spatial calibration were performed using
3D Slicer, as previously described [11]. All the 3D US pro-
cesses and analyses were performed by an operator expe-
rienced in the use of the US technique for the lower limb.

For each muscle, proximal and distal insertions were
identified using 2D ultrasound. For the RF, these were the
anterior inferior iliac spine and base of the patella, while
the patellar tendon was not considered because the muscu-
loskeletal model used did not consider it. For the GM and
GL, the insertions were the proximal surfaces of the lateral
and medial condyles of the femur, as well as the calcaneus
osteotendinous junction, were identified. For the proximal
insertions of the three bi-articular hamstring heads, the
ischial tuberosity was identified. The distal insertions were
also identified for each hamstring: the posteromedial corner
of the tibia (just below the joint line) for the SM, the pes
anserinus for the ST [30], and the fibular head for the BF.

Then, 3D US sweeps were performed at a constant speed
in the transverse plane. We used a copious amount of gel
between the transducer and the skin to ensure that the US
image was not distorted due to tissue compression. When the
structure of interest was not easily visible (e.g. the ischial
tuberosity in some cases), a mark was digitized directly on
a specific tracked US image to indicate the structure loca-
tion and thus aid identification within the 3D reconstruction.
Volume reconstruction was performed for each MTU, while
their length was calculated in each position using 3D Slicer
software (v. 4.10.1). The full MTU path was assessed by
calculating the centroid of muscle and tendon cross-sectional
area every 2 cm [20]. The length was then calculated as
the sum of the cumulative distances, between successive 3D
centroid points.

Five participants (age 26.2 + 1.6 years, height
181.4+6.2 cm, mass 85.2 +20.4 kg) returned on a second
day so we could examine the reliability of the reference posi-
tion for each muscle, which was done using the same process
as for the first measurements. These participants were cho-
sen for their wide range of training status. Standard errors
of the MTU length measurements were 1.1 mm, 0.7 mm,
1.3 mm, 2.4 mm, 2.6 mm and 1.5 mm, for SM, ST, BF,
RF, GM and GL, respectively. Minimal detectable change
(SEM x \/2 X 1.96), which indicates the maximum sensi-
tivity of the measurement, was 3.0 mm, 1.9 mm, 3.6 mm,
6.7 mm, 7.2 mm and 4.2 mm, for SM, ST, BF, RF, GM and
GL, respectively.

Musculoskeletal modeling

A lower limb musculoskeletal model was used in OpenSim
[22]. The hamstrings (SM, ST, and BF), RF and gastrocne-
mii (GM, GL) were modeled using muscle insertions and
path points with local coordinates that were defined in five
body frames: pelvis, femur, patella, tibia and calcaneus.
Each muscle was composed of two insertions (proximal and
distal) and one (SM, BF, GM and GL), two (RF) or three
(ST) path points. The generic model was scaled for each
participant (right side) using the standing static acquisition.
For the five bodies, the scaled coefficients through the three
axes were stored for next steps.

The inverse kinematic calculation was performed for the
right lower limb for all the 16 positions recorded during the
experimentation so that the joint angles were computed. The
‘Body Kinematics’ toolbox was used to extract the coordi-
nates of lower limb bodies (pelvis and right femur, patella,
tibia and calcaneus) for each position. The joint angles and
body orientation for each position were then considered as
the average of the angles and body orientation, respectively,
for the whole frames of acquisition.

MTU length

The MTU length was calculated for each position using 3
models: the OpenSim scaled model (OS), OpenSim imple-
mented with personalized insertions (OS + INSER) and
OpenSim implemented with personalized insertions and
MTU path (OS + INSER +PATH) (Fig. 2). The two person-
alized models were developed to better understand whether
it is more important to measure the insertion coordinates or
the MTU path. The MTU lengths for each position (Fig. 1)
were computed using the ‘Muscle Analysis’ toolbox of
OpenSim.

For the OS + INSER model, we used both the proxi-
mal and distal insertion locations measured with 3D US
in the reference position (HAM1, RF1 and GAS1). The
3D locations in the overall frame were expressed in local
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Fig. 2. Methods used to assess muscle-tendon unit length. 3D US:
3D Ultrasound is used as the reference imaging method used. OS
OpenSim generic model scaled to the participant's antropometry,
OS +INSER OpenSim scaled model with personalized MTU inser-
tions of the participant assessed by 3D US, OS+INSER+ PATH

lower limb frames that relied on the body orientations.
The coordinates of the proximal and distal insertions were
then modified in the participant-specific scaled model.
Then, a manual correction was performed to remove the
proximal and distal discontinuities that were generated
between the personalized insertions and the OpenSim
generic path. This was done using the nearest 3D US
point (to HAM1, RF1, and GAS1) to replace coordinates
of the generic path points inducing the path break. For
the OS + INSER + PATH model, the MTU insertions and
whole path that were acquired during a single 3D US
acquisition, were implemented in the musculoskeletal
model in two steps. First, the most suitable position to
perform the 3D US scan was determined for each mus-
cle group through a method presented in Supplementary
Data 1. Second, some discontinuities that were observed
when the bodies moved relative to each other were
removed because the insertions were defined in different
body frames from the path points. As an example, the RF
insertions were located in the pelvic (proximal) and tibial
(distal) frames, while the path points were located in the
frame fixed on the femur, which leads to a collision of the
proximal path points during hip flexion. To erase these
discontinuities, some proximal and distal path points were
not considered in the musculoskeletal model.

OpenSim scaled model with personalized MTU insertions and path of
the participant assessed by 3D US. *The proximal and distal path dis-
continuities were corrected using the nearest 3D US point (to HAM1,
RF1 and GAS1) to replace coordinates of the generic path points
inducing the path break.

Thus, for the OS +INSER + PATH model of the RF, the
best 3D US scan position was determined to be 'RF1'. For
the discontinuities in this model to be removed, the three
proximal and five distal path points were erased. For the
hamstrings, the optimal 3D US scan position was deter-
mined to be ' HAM4-HF-KF'. For the ST, the three last path
points were found in the tibial frames, delineating the pes
anserinus. For the SM, ST and BF, the four proximal and
two distal path points were removed to erase the disconti-
nuities. For the gastrocnemii, the best 3D US scan position
was found to be 'GAS2b-KF'. The path points between the
distal muscle-tendon junction and the distal insertion were
removed so that discontinuities within this model could be
erased while the bodies moved. These models obtained using
a single 3D US scan position, were then used to compute the
length of each MTU in all the other positions.

The MTU lengths were expressed in percent of segment
length. The body length for the RF and hamstrings was con-
sidered as the distance between hip and knee joint centers.
For the gastrocnemii, the body length was considered as the
distance between knee and ankle joint centers. The absolute
body length of each participant is given in Supplementary
Data 2.

The change in the MTU length was then computed by
subtracting the length assessed during the positions HAM?2



to HAMS, RF2 to RF5 and GAS2 to GASS from the length
assessed during the reference position of each MTU (see
Fig. 1). A positive value indicates an MTU lengthening,
while a negative value indicates an MTU shortening rela-
tive to the reference position.

Statistical analysis

Biases between 3D US and the three OpenSim models were
examined using Bland—Altman analysis and the 95% lim-
its of agreement method for each position and MTU [4].
RStudio v2022.07.2 4+ 576 software (R Development Core
Team 2011) was used to perform the statistical analyses,
with the ‘nlme’ package to implement mixed effect models.
Linear mixed effect models were used to determine signifi-
cant differences between the three OpenSim models and 3D
US (6 MTU x 6-7 positions X 3 models - random variable
'participant’). When the interaction terms were significant,
contrast analyses were computed using the Tukey method
with the ‘emmeans’ R package. Statistical significance was
set at 0.05.

Results

The main results on length are reported in Table 1 and Fig. 3,
and those on change in length measurements in Fig. 4. Addi-
tional detailed results are presented in Supplementary Data
3.

Length measurements

Non-significant effects were found for the hamstrings regard-
ing the OS model, notably for ST (— 1.5%) and BF (— 1.9%),
while the SM just crossed the alpha level (—3.4%, p=0.049)
(Fig. 3A-C). Significant differences in MTU length were
found between the OS model and 3D US for RF, GM and
GL, with biases of — 10.9%, —7.4% and — 6.3%, respectively
(Fig. 3D-F). The OS +INSER model reduced the magnitude
of biases by an average of 4% for RF, GM and GL, while
the OS +INSER + PATH model showed the smallest biases
in length estimates, which made them negligible and non-
significant for all MTU (< 2.2%). The OS + INSER + PATH
model reduced the LoA for each MTU, particularly for GM
and GL, with a decrease from 10.5% and 8.9% to 3.4% and
3.3%, respectively (Table 1).

Change in length measurements

Regarding the OS model, non-significant effects were
reported for the RF and hamstrings, notably for ST. This
latter showed the smallest bias, at 0.4%, while the highest
was found for RF, at —2.5% (p=0.683) (Fig. 4A-D). Sig-
nificant differences in MTU change in length were found
between the OS model and 3D US for GM and GL, with
biases of 1.3%, and 1.2%, respectively (Fig. 4. E, F). The
OS + INSER + PATH model showed no significant differ-
ences compared with 3D US for any of the MTUs and all
biases were < 1.7% (Table 1).

Table 1: Bland-Altman analysis

MTU OpenSim models VS 3D US Length Change in length
of each model compared to
3D Ultrasound (US) for the sM 0s -34 9.7 0049 17 7.1 0.606
zii’ﬁf;%ncﬁg‘;?imiﬁﬁ“gth 0S + INSER 6.7 1.1 <0001 —46 115 0005
OS +INSER + PATH -22 8.6 0297 -05 84 0989
ST oS -15 10.8 0705 1.4 6.6  0.829
0S +INSER -23 8.0 0293 —14 88 0819
OS +INSER + PATH 13 8.6 0751 1.7 85  0.709
BF oS -19 10.4 0539 04 50 0992
0S +INSER -20 7.1 0385 0.1 79 0.999
OS +INSER + PATH 0.7 8.1 0945 0.7 76 0943
RF 0S -109 113 <0001 -25 94  0.683
0S +INSER —64 14.5 0001 —-62 150 0016
OS +INSER + PATH 17 8.3 0744  —17 92  0.854
GM oS 74 105 <0001 1.3 36 0018
0S +INSER -34 41 <0001 -08 44 0244
OS +INSER + PATH 0.9 34 0284 05 30 0.834
GL 0S -63 89 <0001 12 33 0018
0S +INSER -25 40 <0001 -08 41 0244
OS +INSER + PATH 0.8 33 0284 03 27 0834

Datas are expressed in % of the bone segment length.

LoA 95% Limits of agreements. The p-value referred to the bias significance.



T °
£ < o o L= )
T 0o 1 A % 8 s Pl |
s LY = v iy ] &% 2 % B——t g —
? . 00,8 8 3 o0 & ——Pa 5 |
© g 3 N hd = — T T
® °  Fat%is w u 8 8 2 2 8 8 8
8 ) 2 2 S co—eemgET — 1%
L o EEE E ¥ ‘o 0o, = e rr—— X3
L ° 3 3 . I N, = = S—
3 © © & &8 & & 8 8 3
& L =T ) 5 5 DR e — = T —
< < e 5
L E R RN
= o ° oo™ - g o0 P . @ i = =Y S T T
:nlv : o8 ro— Pt m ..nlu ) { ° e 8 8 8
- T . . . e * = i
c & - ¥ DR S = L —
= LY g = £ 3 = . [ Y —— |
o S B o 3 [ ©® —8 =% o3
c g 2 c g S 3 DR e = - S—
V] © o © 8 ]
P 9 3 & & © e 8 8 %
U w w - - - P A h
& & [ e S —— -t w—
3 5 5 D = — e ~—
] B a o o Moo ———®Bx] VN
8 e - kS ) IR e . S S —
oo 8 8 g g 8 8 8
. A - - PO B -— - = re—
o L4 & .m ° oty — E3
p - S 00 o wi—@wyFs =
oo 2 < D s e o e —
L [t} L o
8 g 2 g 8 8 8 8 2 g 8 8 8 8 8 2 g 8 8 8
(ybua Apog Jo %) yibual 3y a (yBua Apog Jo %) yibusl WO 1] (yibua Apog Jo %) wbua| 1O
m L0 . et N — &w m #o—— &w m ® ooV " 2
» B——y LT — 7 g——y oo R, XS o B——y 0e# 0 ®T
2 %y, © PN w
H L | S— X %0, S L Y NN S N T A —
T L B b P, T ° o o EESET, e, I P =
3 % "
8 8 2 8 8 8 8 8 2 8 3 8 8 8 g 8 3 8
4 o PYWERL® % & o QSN % & P e = 1
£ O
£ @\ﬂ o AR T = ok £ m\H B Ly = = = oy, £ @\H O oo W
= NN 2 S % Y,
M B2 * 60 s, \d.o m « ey 60 s, \xa.o M K S0 vy
S B = % ES o @it % g Y B =)
¢ : n » : - »
= 8 8 2 8 8 8 — 8 g g g 8 8 Loos 8 e g 8 8
Doy % w8 =% (LR = s L =%, D u S e ueemERT
— %, %
5 & [ Hoge, || & & Ser@sm— ~ Dt || & 3 o o SwEE =
< 3 LU = o || 2 3 e Dl || = 2 LI
£ 0y 5 % || B T S = ° O E®
@ @
© % 8§ & 8 8 8 € & & = 8 s s 2 & 8§ & 8 s =
O (L = —i 7 J o0 @ F % m w &
o 455y X ) &%, 4
g 1,3 g S P%e A <
< So g %, S b L —— o N I
'O & 'O &
T ° S, e} T o VoFEE 9, 0 T po
[°N . - %
8 8 2 g 8 8 8 8 2 g 8 8 8 8 g 8 38 8
- e ti—=_= % B . L % 5 ¢ erwwiESE T
) % ] % ]
& ‘on BT &w.eda € 0 0 OF &w.e&w, € o 4
s o5, RN s iy % o s Gig
£ o et S, 0 EI o = Sy C S o0 WP EIES
Y = = 3 Y = ® Fy = = s F F @ Y < s s S S
8 8 2 8 8 8 8 8 2 g 8 3 8 8 2 g 8 8
(y1bua Apog Jo %) yibus| NS A (y16ua Apog Jo %) ybua| 1S [11] (y16ua Apog Jo %) wibual 48

Muscle-Tendon Unit Length Measurement Using 3D Ultrasound in Passive Conditions: OpenSim...

Fig. 3. MTU length for each model and position. *Significant difference.
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Discussion

In our study, a 3D US pipeline was developed and used
to assess the MTU length and change in length of the
main bi-articular muscles of the lower limb for 16 pas-
sive static positions. The personalized MTU insertions
and paths were used to develop an OpenSim participant-
specific musculoskeletal model. Compared with the Open-
Sim generic model, our personalized model allowed more
accurate MTU length estimation both at the group level
and in terms of inter-individual variability.

Our results invalidated our first hypothesis that the
OS model would provide unbiased mean length estima-
tion for the group of participants, since for four of the six
muscles (SM, RF, GM and GL), a significant bias was
found for the MTU length estimated using the OS model.
This result strengthens the need for the personalized mod-
els that were developed in the present study if accurate
MTU length estimates can be expected. The OS + INSER
model reduced the magnitude of bias compared with
the OpenSim model, while remaining significant. The
OS + INSER + PATH model showed non-significant dif-
ferences with experimental 3D US data, and had lower
individual errors.

The overall MTU length measurements that were per-
formed using 3D US (Supplementary Data 2) were con-
sistent with data extracted from dissections or imaging
studies. For example, an average length ranging from
42.5 to 47.9 cm was found here for the SM, ST and BF,
respectively. In a previous study, Woodley and Mercer
[28] reported similar lengths of 44 cm for each bi-articular
hamstring MTU. Regarding the gastrocnemii, we found an
average GM MTU length of 48 cm, while Habersack et al.
[13] reported a length of around 44 cm for a similar sam-
ple of participants. These differences can be explained by
the variances created using different methods. While both
these previous studies used bony landmarks and a straight
line that reduced the assessed length, we measured the
entire GM line of action.

In addition, the magnitude of differences between the
OS model and 3DUS is in line with the previous work of
Persad et al. [21], who found average biases up to 4%, as
well as high inter-individual variations up to 22% of the
OS model compared with MTU length measured during
intra-operative dissection of the gracilis MTU. For exam-
ple, in the case of the ST MTU (which is probably the
most comparable muscle to gracilis), we found an average
bias of — 1.5%, with high inter-individual variations up to
—17% depending on the position. However, it should be
noted that, on average, the OS model generally underes-
timates MTU length compared with 3D US (see Table 1).
This which was less apparent in the study of Persad et al.

[21], possibly due to the differences between the methods
used. Using 3D US, it is possible to assess MTU length
from the whole MTU path by considering muscle and ten-
don curvatures, which lead to longer MTU measurements.
In contrast, the dissection method does not take this cur-
vature into account and instead considers a straight line.
Regarding inter-individual variations in length measure-
ments, the OS model seems to be fairly consistent across
all the MTUs (LoA: 8.9% to 11.3%).

By looking at the OS model, small and non-significant
biases were found for the length, as well as change in length,
for the ST and BF. The SM crossed the alpha level for the
length assessment (p =0.049) but not for change in length
(»p=0.606). This could indicate that the OS model is able to
accurately measure the mean length and change in length of
a group of participants. However, large errors were found
for some participants, with LoA ranging from 5% to 10.8%
for hamstring MTU length and change in length, indicating
that personalization is required to better describe the inter-
individual variability. Overall, the estimate error seems to be
quite homogeneous among bi-articular MTUs, which were
basically of the same order for the RF, GM and GL (LoA of
8.9% to 11.3%), except for the case of the gastrocnemii in
the change in length measurements, which was lower (3.5%
on average). Although MTUs of the GM and GL showed
some of the lowest limits of agreement, small but significant
biases were found for their change in length using the OS
model.

Contrary to the hamstrings, the length measurements of
the RF, GM and GL were significantly biased by a large
difference between OS and 3D US (- 6.3 to — 10.9%). This
could be partly explained by the curvatures of these MTUs,
which were not taken into account in the OpenSim model.
This source of error is particularly important for the RF,
which presented the highest biases for the two positions
that involved a hip flexion (RF2-HF: — 15.8%, RF4-HF-KF:
—14% on average, and up to —24%; see Supplementary
Data 3 for detailed results). Thus, the fact that the RF path
is modeled as a straight line in the OS model should have
contributed to the higher reported biases that were induced
by the substantial hip flexion. In addition, the participant-
specific morphology, which is not finely considered during
the deformation, induced by the scaling of the model could
also explain these results. This happens especially in regard
to the inter-participant variability of MTU insertion loca-
tions and moment arms, which influence both MTU length
and change in length [8]. This type of error is intrinsic to
the linear scaling process since there is no exact relationship
between the segment dimensions and MTU length. The spe-
cificities of individuals' bone geometry could not be taken
into account either, which also contributed to the model bias.
It should be kept in mind that this kind of modeling does not
correspond to precise descriptive anatomy, but to a simple



visualization based on rough estimations of both the inser-
tion points and muscle path [26]. For instance, the change
in length of the RF was highly overestimated using OS for
the RF2-HF position. In addition, for the GAS4-KF-ADF
position, the OS model predicted a lengthening for both the
GM and GL, while the mean length was unchanged using the
3D US technique. Overall, the differences between the OS
approach and the 3D US measurements were not surprising,
especially considering that the generic OS model was estab-
lished on individuals who were male and older [22]. Taking
all these points into consideration, our results underline the
need for personalized models.

For this purpose, two levels of model personalization
were investigated in our study. The OS + INSER model
induced a decrease in the magnitude of bias in the length
measurement, by an average of 4% for the RF and gastrocne-
mii, i.e. the most biased MTU length estimations using OS.
This was not the case for the hamstrings, where the mean
improvement potential was limited since both small and non-
significant bias were found between OS and 3D US. How-
ever, in accordance with our hypothesis, inter-individual var-
iability for the measurement of MTU length was decreased
for the ST (from 10.8% to 8.0%) and BF (from 10.4% to
7.1%) with this first level of personalization, although this
was not the case for the SM.

The OS + INSER + PATH model, for which both inser-
tions and path were personalized, showed the smallest
biases in length measurements, as these became negligible
and non-significant for all MTUs (< 2.2%; p> 0.28). The
magnitude of the bias reduction was higher for the muscles
that were most biased with the OS model. Therefore, this
effect was larger for the RF and gastrocnemii (decreases
of 9.2% and 6% on average, respectively), compared with
the hamstrings (0.9% on average). This model also showed
an encouraging reduction of the inter-individual variability
error for all MTU. In the case of the gastrocnemii, the larg-
est decrease was shown, with LoA from 10.5 to 3.4% for the
GM and from 8.9 to 3.3% for the GL. The change in length
biases for all MTUs when using this model were either
smaller or equal to the biases observed in the OS model.
The gastrocnemii showed the largest decrease, from 1.3 to
0.4% on average, having shown non-significant values, as
well as slightly lower LoA compared with the OS model.

Considering that 3D US provides great improvements in
MTU length estimation, the experimental cost of such meas-
urements should be considered. This technique requires 3D
motion capture, as well as an ultrasound system, which are
classically available in biomechanics laboratories. However,
like all ultrasound methods, it requires operators to have
had rigorous training to acquire the appropriate expertise to
perform both the scanning and processing steps. The scan-
ning can be performed in the motion capture environment
with scanning positions that are relatively easy to set up

(see Fig. 1), permitting a fast scanning time of between one
to three minutes per MTU. Moreover, based on our results,
we consider that one scanning position per MTU is suffi-
cient. Although the data processing could be time consum-
ing when it involves imaging, this duration can be limited
since no significant differences were found when comparing
paths assessed every 2 cm or every 4 cm. Therefore, apart
from the experience required for the scanning, which should
not be ignored, we are convinced that the experimental cost
of 3D US is relatively low relative to the gains it could pro-
vide if accurate MTU length estimates can be obtained. It is
important to note that these data were obtained under pas-
sive conditions. While EMG was not measured to confirm
the absence of muscle activation, we are convinced that the
muscle activity was minimal in our experiments for three
reasons. (i) All conditions were resting positions maintained
without the need for participants to activate their muscles.
This was achieved by ensuring that each limb was stabi-
lized while participants were asked to relax completely. If
a joint moved during relaxation, the position was adjusted
using foam until the limb was stabilized and participant was
completely relaxed. (ii) Postures were analyzed and, there-
fore, the stretch reflex was not elicited. (iii) In a very similar
experiment [23], EMG was checked and found to be negli-
gible for all the participants.

Due to possible changes in muscle path, there remains the
question of how muscle contraction changes muscle-tendon
length. In a pilot experiment, we found that even high iso-
metric contraction levels (50% of MVC) did not influence
the muscle-tendon length measured using 3D ultrasound.
These pilot tests remain to be confirmed by further work to
extend our methods and findings to active conditions.

Two main methodological limitations should be consid-
ered to better understand the remaining sources of error in
the OS +INSER +PATH model. First, it seems necessary to
consider the measurement errors related to the inverse kin-
ematics. We chose to use the 3D US insertion points and path
from a single acquisition (Supplementary Data 1), the inverse
kinematics then being reapplied to match the other joint posi-
tions with the personalized models. Measurement errors
related to the inverse kinematics procedure have already been
identified [26] and are known to be joint-dependent. The hip
joint is often reported as a source of significant errors in both
the inverse kinematics and scaling process [16], which could
also explain some of the greater noise for the MTUs inserted
at the hip (i.e. hamstrings and RF). To better understand the
influence of inverse kinematics on MTU length estimates, we
computed the change in length for each MTU that could be
induced by a given angular error (Supplementary Data 4).
Thus, we found that an error of 4.4° at the knee would result
in a 3.7 mm change in length for the RF, but only 1.7 mm for
the gastrocnemii. In comparison, an error of 4.8° at the hip
resulted in a 5.5 mm change in length for the ST. The fact that
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the hip would be more likely to be affected by measurement
errors could partly explain the higher LoA we found for hip-
inserted MTUs compared with the gastrocnemii.

Second, imaging-related measurement errors with the 3D
US method were a further source of noise. Although the over-
all inter-day reliability, obtained on five of our participants,
was quite good, we found larger reliability errors for the ham-
strings (SEM and MDC of 2 and 6 mm) than for the other mus-
cles (SEM and MDC of 1 and 3 mm, respectively). This was
probably due to the anatomic complexity of the hamstrings
[11], which would have contributed to the increase in LoA
found for hamstring MTUs. Overall, our reliability results for
the RF and gastrocnemii were similar to those from a previous
study that used a similar method for the tendon and found a
minimal detectable change of 2 to 3 mm [20].

To conclude, muscle-tendon length of the main six bi-
articular MTUs of the lower limb was measured using 3D
US and the results compared with the predictive results of
a generic musculoskeletal model in OpenSim. This generic
model showed an overall underestimation of MTU length in
our sample. Small biases were found for the hamstrings, but
larger ones for the RF, GM and GL. Inter-individual variation
errors were found to be quite large (5 to 11%) across almost
all MTUs. The present study provides new insights about the
behavior of bi-articular MTUs at various joint angles and also
developed a 3D US pipeline that opens up new perspectives
for personalizing musculoskeletal models using low-cost user-
friendly US scanning. Our results show that the personaliza-
tion of MTU insertion points and path (OS +INSER + PATH
model) resulted in more accurate estimates of MTU length,
with a decrease at the group level and in terms of inter-indi-
vidual variability. Future studies should assess the influence
of muscle-tendon length estimates obtained with the methods
used in the present study on OpenSim movement simulations.
The OS +INSER + PATH model could be highly valuable
for future studies that involve populations that probably have
specific MTU geometries (e.g., elite athletes, obese patients,
tendon transfer patients, those with bone deformations, etc.).
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