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Abstract

Subject-specific musculoskeletal modelling is especially useful in the study of juvenile and pathological subjects. However,
such methodologies typically require a human operator to identify key landmarks from medical imaging data and are thus
affected by unavoidable variability in the parameters defined and subsequent model predictions. The aim of this study
was to thus quantify the inter- and intra-operator repeatability of a subject-specific modelling methodology developed
for the analysis of subjects with juvenile idiopathic arthritis. Three operators each created subject-specific musculoskele-
tal foot and ankle models via palpation of bony landmarks, adjustment of geometrical muscle points and definition of joint
coordinate systems. These models were then fused to a generic Arnold lower limb model for each of three modelled
patients. The repeatability of each modelling operation was found to be comparable to those previously reported for
the modelling of healthy, adult subjects. However, the inter-operator repeatability of muscle point definition was signifi-
cantly greater than intra-operator repeatability (p < 0.05) and predicted ankle joint contact forces ranged by up to 24%
and 10% of the peak force for the inter- and intra-operator analyses, respectively. Similarly, the maximum inter- and
intra-operator variations in muscle force output were 64% and 23% of peak force, respectively. Our results suggest that
subject-specific modelling is operator dependent at the foot and ankle, with the definition of muscle geometry the most
significant source of output uncertainty. The development of automated procedures to prevent the misplacement of cru-
cial muscle points should therefore be considered a particular priority for those developing subject-specific models.
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about the accuracy of outputs obtained with scaled,
generic models.” This is particularly the case when
applying such methods to juvenile or pathological sub-
jects, whose anatomy may differ significantly from the
cadavers upon which the generic models are based.'®!!
Driven by the need for more accurate model predic-
tions and facilitated by advances in medical imaging

Introduction

The use of musculoskeletal models to determine the
muscle and joint contact forces (JCFs) during gait has
long been reported.’ The sensitivity of model outputs to
experimental errors such as misplacement of stereopho-
togrammetric markers and soft tissue artefact has been
explored through probabilistic analysis.>* Similarly,
there is a significant body of evidence demonstrating

model sensitivity to the defined musculoskeletal anat-
omy with the joint coordinate systems, inertial para-
meters, muscle properties and muscle path geometries
all investigated.” ® However, the error involved in accu-
rately identifying these anatomical properties from
experimental data is less well understood. Due to varia-
bility in patient anatomy, concerns have been raised
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technology, subject-specific modelling techniques are
becoming more widely developed and adopted.'* "
One such methodology?® was developed for the study
of subjects with juvenile idiopathic arthritis (JIA), an
autoimmune disease which can cause physical function
disabilities as a result of chronic inflammation of the
synovial joint membrane. The actiology of the disease
remains unknown but it has been speculated that
altered knee and ankle joint loading®' may influence
disease progression®” and is thus a pathology that par-
ticularly warrants investigation with subject-specific
musculoskeletal models.

As part of such methodologies, analysis of clinical
imaging data allows, among other things, subject-
specific muscle paths and joint coordinate systems to
be identified and defined.* Despite efforts to automate
these procedures,”*** this is typically conducted by a
human operator and is thus liable to unavoidable inter-
and intra-operator variability in the parameters
defined.

To justify the time required for an operator to ana-
lyse subject medical images and manually modify a
model parameter, two criteria should be met: first, that
the model outputs are sensitive to its value, and second,
that it can be repeatably and reliably identified. As
such, several studies have aimed to quantify the varia-
bility and sensitivity of the parameters typically defined
as part of a subject-specific modelling approach.? =’

Martelli et al.®® reported the variation in predicted
JCFs and muscle forces after altering lower limb joint
coordinate systems in line with the inter- and intra-
operator distributions. These distributions were deter-
mined from those recorded by five operators, each
analysing computed tomography (CT) images of a sub-
ject. They found the largest impact of operator input
on JCFs to be at the ankle, with a maximum change of
0.33 times bodyweight (BW) reported. However, mus-
cle forces were found to vary more significantly, by up
to 114% of their median value. Valente et al.* per-
turbed bony landmark locations, muscle path points
and maximum muscle tensions via a Monte Carlo anal-
ysis and found them to have a greater impact on the
ankle JCFs, with relevant values ranging by up to 1.58
BW, and on muscle forces, which varied by up to 1.58
BW. Such studies are extremely useful, allowing those
developing musculoskeletal modelling approaches to
identify the subset of critical parameters that are worth
varying on a subject-specific basis.

However, the subject-specific models created as part
of both of these studies were of healthy adult subjects.
Conversely, little research has been done into the
repeatability and sensitivity of such modelling meth-
odologies when applied to juvenile or pathological sub-
jects. As such, the aim of the following study was to
investigate the inter- and intra-operator repeatability of
a subject-specific modelling methodology developed for
children with JIA. The sensitivity of the estimated ankle
JCFs and muscle forces to the operator-dependent

variation in defined muscle geometries and joint coordi-
nate systems was also investigated.

Methods
Subjects and data acquisition

The data collection was carried out by specialised clini-
cal centres as part of the MD-Paedigree project (EC
7th FP, ICT Program, CN: 600932). Three female sub-
jects with JIA were selected to take part in the study
with written informed consent obtained from all sub-
jects and/or their parents. Subject data, including the
number of affected joints, a Child Health Assessment
Questionnaire score (CHAQ)?® and a composite disease
activity score (JADAS-71),°° are shown in Table I.
Gait analysis was based on the PlugIn Gait®' and mod-
ified Oxford Foot Model (mOFM)*? marker protocols
(for detailed procedures, see Prinold et al.?’) with three
gait trials performed by each subject randomly selected
for inclusion in this study.

Two sequences of magnetic resonance imaging
(MRI) scans of the foot and distal tibia were obtained
for each subject. The first sequence was a multi-slice,
multi-echo 3D Gradient Echo (mFFE) scan in the
sagittal plane with a 1 mm slice thickness and 0.5mm
in-plane resolution. The second sequence was a 3D
short T1 inversion time inversion recovery fast field
echo scan, again in the sagittal plane. The slice thick-
ness was 2mm with a 0.6mm in-plane resolution.
Subject bony geometries were segmented from the first
MRI sequence by a single operator while the data from
the second sequence was used to define subject-specific
muscle paths.

Musculoskeletal modelling approach

A generic unilateral lower limb model of each subject
was created by scaling the geometry of the Arnold
model*® with the tools available in OpenSim.>* The
generic foot was subsequently replaced with a subject-
specific, two-segment equivalent, fused to the generic
model at the ankle joint. The process to create the

Table I. Subject data.

Subject A Subject B Subject C

Age (years) 9.5 12.9 15.9
Height (m) 1.37 1.53 1.45
Mass (kg) 40.6 64.2 50.0

BMI (kg/m?) 21.5 27.2 238
Affected joints 6 5 3
CHAQ 0 0.5 1.75
JADAS-71 13.8 - 16.4

BMI: body mass index.

CHAQ? is a measure of limitation to activities of daily living (range:
0-3; ‘3’ being most severe). JADAS-71% is a composite disease activity
score (range: 0—101; ‘101’ being most severe).
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subject-specific foot was reported in detail by Prinold
et al.,?* but is presented in brief here.

Once bony geometries of the foot and distal tibia
have been segmented from the imaging data, the pro-
cess of creating a subject-specific foot model can be bro-
ken down into four distinct phases, all of which were
performed in NMSBuilder:**

1. Virtual palpation of anatomical landmarks. Key
landmarks on the segmented bony geometries were
identified by the operator according to Van Sint
Jan.*® These landmarks were divided into segment
landmark clouds with the tibia, hindfoot, talus,
metatarsal and forefoot segments requiring 3, 4, 4,
6 and 5 landmarks to be palpated, respectively.
The 22 markers virtually palpated in this study are
a subset of those reported in Prinold et al.*® A full
list of the markers used is available as a supple-
mentary file accompanying this article.

2. Registration of generic muscle atlas. The location of
the virtually palpated landmarks was subsequently
used to register a generic atlas of muscle points*?
on to the subject-specific geometry. These served as
first estimate of the subject-specific muscle paths.
This process is not operator dependent.

3. Manual adjustment of muscle paths. All foot muscle
origin, insertion and via points were adjusted by
the operator to be consistent with the subject MRI
data. Points captured by the MRI scan in the distal
tibia were also altered resulting in a total of 74
muscle path points that had to be manually
modified.

4.  Definition of joint coordinate systems. Proximal and
distal anatomical coordinate frames were defined
for the ankle (tibia—hindfoot) and metatarsopha-
langeal (MTP) joint (hindfoot—forefoot) via palpa-
tion of bony landmarks as in Stebbins et al.*> One
exception was the ankle joint centre which was
determined by fitting a cylinder to the talar dome
with its mediolateral axis serving as the plantar/
dorsi-flexion axis.?

The combined generic lower limb and subject-
specific foot model had a total of five segments (pelvis,
femur, tibia, hindfoot, forefoot) and 13 degrees of free-
dom: six at the pelvis, three at the hip, one at the knee
(flexion/extension), two at the talocrural ankle joint
(inversion/eversion and plantar/dorsi-flexion) and one
at the hindfoot—forefoot (plantar/dorsi-flexion). A total
of 54 muscle paths were defined in each model, of
which 16 span the ankle joint.

Simulation of gait trials

Muscle forces and JCFs were determined in OpenSim
using a standard approach of inverse kinematics, fol-
lowed by static optimisation and joint reaction analy-
sis.>* Model outputs were compared against joint

angles, joint moments and muscle activation patterns

reported in the literature for level walking.’”*°

However, no attempts were made to validate the mus-
cle forces obtained with the static optimisation tool
against experimentally obtained electromyography
measures as this was beyond the scope of the study.

Coordinate actuators were defined at the pelvis while
residual actuators were employed at the hip joint only.
As a two-segment foot was defined, the single ground
reaction force (GRF) as recorded by the force platform
had to be divided between the hindfoot and forefoot
segments. This was achieved by applying the entire
measured load to the hindfoot until the centre of pres-
sure (COP) crossed the metatarsophalangeal joint, at
which point the load was applied exclusively to the
forefoot segment.*’

Operators

Following the methodology described above, a muscu-
loskeletal model of each subject was created by each of
three expert operators. One operator completed the full
subject-specific modelling approach three times for a
single subject (Subject C) such that intra-operator anal-
yses could be performed. A minimum of 48h was
allowed to pass between each intra-operator modelling
procedure.

Statistical analysis

All operator-dependent inputs and model predictions
were recorded to allow the robustness of the modelling
approach to be investigated. Appropriate statistical
tests were selected according to the purpose of the
investigation and are detailed hereafter. The level of
significance (p) was set to be 0.05 in all analyses.

The repeatability of two modelling steps, i.e. the pal-
pation of each virtual landmark and the definition of
each muscle point location, was evaluated by calculat-
ing the standard deviation (SD) of the spatial coordi-
nates defined for each point. For the analysis of
virtually palpated landmarks, each segment landmark
cloud was considered to be an independent variable.
The repeatability of the definition of the joint coordi-
nate systems was assessed by determining the variability
(SD) in the Cardan rotation required to superimpose
the proximal frame upon the distal frame for each joint
in the model.

A one-way analysis of variance was run between the
results obtained for each of the three subjects to test
whether the anatomy of the patient was a significant
factor in the repeatability of the methodology. This was
performed at each stage of the modelling process con-
sidered (virtual palpation of anatomical landmarks,
manual adjustment of muscle paths, definition of joint
coordinate systems). Where no statistically significant
inter-subject differences were observed, a comparison
of inter- and intra-operator repeatability was also per-
formed for one subject (Subject C) using a two-tailed,
paired Student’s t-test (Figure 1).
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Figure 1. Flow chart illustrating inter- and intra-operator analysis and statistical tests employed. Subjects, operators (Op), models
(Mod) and gait trials are shown. Inter- and intra-operator comparisons were performed on both model inputs and outputs.

The sensitivity of the ankle JCFs to inter- and intra-
operator modelling was assessed via calculation of the
variation in the mean vertical ankle JCF predicted for
each subject in the ground reference frame across the
three simulated gait trials. Similarly, the sensitivity of
model estimated muscle forces was investigated by
determining the mean of the maximum change in mus-
cle force output at any point during each gait trial.
This value was determined for each of six key muscles
that cross the ankle joint: soleus, gastrocnemius media-
lis, gastrocnemius lateralis, tibialis posterior, tibialis
anterior and peroneus longus, each of which to whom
ankle JCF was shown to be most sensitive in a previous
study.?® Furthermore, they are also muscles spanning
the ankle joint that have the largest physiological cross-
sectional area. All JCFs and muscle loads were normal-
ised to subject BW.

Results
Variability of model input

The maximum inter-operator SD in defined landmark
location were 2.9, 2.9 and 2.7mm for Subjects A, B
and C, respectively, with mean inter-operator repeat-
ability of all virtually palpated landmarks of
0.90 £0.60 mm. In comparison, the maximum intra-
operator SD was 2.3 mm with a mean across all land-
marks of 0.66 = 0.63 mm. All statistical tests upheld the
null hypothesis indicating virtual palpation is both
operator and subject independent.

The inter-operator repeatability of the defined mus-
cle point location (3.0 = 2.5mm) was found to be sig-
nificantly lower (p < 0.05) than intra-operator
repeatability (1.7 = 1.9mm) for Subject C. The maxi-
mum variation in the spatial dimensions of any single
muscle point was 14.3mm (extensor hallucis brevis —
via point) and 9.6 mm (flexor hallucis brevis — origin)
for the inter- and intra-operator analyses, respectively.

Mean inter-subject SDs were found to be
3.0 £ 2.9mm for Subject A, 2.7 = 2.3 mm for Subject B
and 3.0 = 2.5mm for Subject C with the maximum SD
of a single point being 17.0 mm (flexor hallucis brevis —
origin), 12.3mm (extensor digitorum longus — via
point) and 14.3mm (extensor hallucis brevis — via
point), respectively. No significant inter-subject differ-
ences were observed. Further analysis of individual
muscle points indicated that the forefoot muscle inser-
tion points (flexors and extensors digitorum and hallu-
cis) were the most repeatably identified while operators
disagreed more about the location of via points relative
to muscle origin and insertion points.

When considering the joint coordinate systems
defined in the models (Figure 2), inter-operator SDs
were found to range from 1.36° to 3.02° for the ankle
inversion/eversion axis and from 0.26° to 1.72° for the
plantar/dorsi-flexion axis. Variability at the metatarso-
phalangeal plantar/dorsi-flexion axis was greater,
2.40°-7.04°. The variance in the intra-operator joint
coordinate systems was 0.50°, 1.15° and 0.88° for the
three axes, respectively. Inter- and intra-operator
repeatability was not found to differ by a statistically
significant margin and no inter-subject effects were
observed (Table 2).

Variability of model predictions

Figure 3 shows the inter-operator variation in the verti-
cal mean ankle JCF calculated for each subject across
the three modelled gait trials. The maximum ranges
observed were 1.50BW, 0.75BW and 0.73BW for
Subjects A, B and C, respectively. The maximum intra-
operator range was found to be smaller again, 0.28 BW
for Subject C.

The average of the maximum inter-operator changes
in vertical ankle JCF observed at any point during a
gait trial was 1.55%£0.36 BW for Subject A (20% of
peak JCF), 0.77 = 0.31 BW for Subject B (16% of peak
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Table 2. Inter- and intra-operator SD (°) in joint angle definitions.

Joint Inter-operator Intra-operator
Subject A Subject B Subject C Subject C
Inv/Ev PF/DF Inv/Ev PF/DF Inv/Ev PF/DF Inv/Ev PF/DF
SD () SD () SD () SD () SD () SD () SD () SD ()
Ankle 1.36 1.64 3.02 1.72 1.36 0.26 0.50 .15
MTP - 2.40 - 7.04 - 3.37 - 0.88
SD: standard deviation; MTP: metatarsophalangeal.
Inversion/eversion (Inv/Ev) and plantar/dorsi-flexion (PF/DF) axes are shown.
Table 3. Maximum difference (Max diff) in estimated muscle force.
Muscle Inter-operator Intra-operator
Subject A Subject B Subject C Subject C
Max diff (BW) Max diff (BW) Max diff (BW) Max diff (BW)
Soleus 1.25+0.09 0.38+0.23 0.85*+0.10 0.41 =0.02
Gastrocnemius medialis 1.03 =£0.34 0.47 +0.35 0.76 £ 0.06 0.30 £ 0.02
Gastrocnemius lateralis 0.90 =051 031 =0.14 0.06 = 0.00 0.01 = 0.0l
Tibialis posterior 0.98 = 041 0.26 = 0.08 0.54 = 0.04 0.01 =0.03
Tibialis anterior .46 = 0.29 0.25 + 0.08 0.19 = 0.02 0.17 = 0.02
Peroneus longus 1.03 =0.34 0.40 = 0.25 0.22 £ 0.01 0.08 = 0.03

BW: bodyweight; SD: standard deviation.
Mean = SD across three gait trials is shown.

JCF) and 0.75 £ 0.02 BW for Subject C (12% of peak
JCF) with the maximum recorded in any individual trial
of 1.86 BW (Subject A — 24% of peak JCF). The equiv-
alent intra-operator value was smaller, 0.33 = 0.15BW
(6% of peak JCF), with a single trial maximum of
0.55BW (10% of peak JCF).

Table 3 shows the average of the maximum differ-
ence in estimated muscle force output for six key mus-
cles at any frame in the gait cycle. The muscles with the
greatest inter- and intra-operator variation were the
soleus, gastrocnemius medialis and tibialis anterior with
the differences observed in Subject A consistently larger
than with the other two models. The maximum inter-
operator difference observed in any one trial was
1.94 BW for Subject A (tibialis anterior — 64% of peak

B Operator 1
B Operator 2
M Operator 3

Ankle joint

Metatarsophalangeal
Jjoint

Figure 2. Distal segment anatomical coordinate frames
defined by each operator. Ankle and metatarsophalangeal joints
(Subject C).

force), 0.96 BW for Subject B (gastrocnemius medialis —
73% of peak force) and 0.94 BW for Subject C (soleus —
40% of peak force). The maximum change output for a
muscle force in the intra-operator analysis was 0.44 BW
in the soleus (23% of peak force).

Discussion

In this study, subject-specific models of three pathologi-
cal subjects were created such that the inter- and intra-
operator uncertainty in model parameter definition
could be estimated and the sensitivity of the ankle JCFs
and muscle forces output with the models evaluated.

8 — :
§ 7 | Subject A
) 3 Subject B
m 6 : Subject C
Q s .
- 5 i
= 4 :
= :
< 3 '
g > |
= |
g’ z

0 1

0 20 40 60 80 100
Gait (%)

Figure 3. Range of inter-operator mean vertical ankle joint
contact forces (BW) obtained across three gait trials in the
ground reference frame. Dotted line represents average
occurrence of toe-off (TO).
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The virtual palpation of bony landmarks was found
to be a repeatable operation, both intra- and inter-
operator with the mean inter- and intra-operator varia-
tion in the defined spatial dimensions of 0.90 and
0.62 mm, respectively. This compares favourably with
the value of 1.11 mm reported in a previous experimen-
tal study in which five individual operators each pal-
pated subject MRI imagery three times.* However,
separate inter- and intra-operator repeatability data
were not reported, as here.

The definition of subject-specific muscle paths was
found to be subject independent but not operator inde-
pendent. This is crucial as errors in locating muscular
attachments are the largest source of inconsistency in
musculoskeletal output.*?*? The mean variation in
muscle point location was 3.0 = 2.5mm, lower than the
5.0 mm uncertainty reported by Pal et al.,*' when deriv-
ing muscle attachment points from the measurement of
surface landmarks at the knee, and used as the level of
uncertainty in Valente et al.’s” probabilistic analysis. As
would be expected, this suggests that the repeatability
of identifying muscle paths is improved when an opera-
tor has access to medical images of the subject.

Variability in the definition of model joint coordi-
nate systems has been shown to have a minor influence
on output JCFs but a considerable impact on the pre-
dicted muscle forces.”® The mean inter-operator varia-
tion in the ankle coordinate systems was 1.2° for the
plantar/dorsi-flexion axis and 1.9° for the inversion/
eversion axis. These values are comparable to those
reported by Martelli et al.,”® 0.4° and 2.0°, respectively.
Mean variability was higher at the metatarsophalangeal
joint, 4.3°, indicating that the bony landmarks used to
identify this joint** could be less repeatably identified.

When considering model outputs, the unavoidable
variability in operator-defined subject-specific para-
meter definition had a clear effect on vertical ankle
JCFs, with a maximum inter-operator variability of
1.86 BW observed, a value equal to 24% of the peak
JCF. This is comparable with a similar study by
Valente et al.,* who reported a slightly lower variation
of 1.58 BW. However, while both studies varied the
location of muscle path points, their study altered the
location of bony landmarks and maximum muscle ten-
sions, as opposed to the joint coordinate systems as
reported here. Intra-operator variability in ankle JCF
was found to be much smaller, only 0.33 BW, indicat-
ing that subject-specific model predictions obtained by
a single operator are directly comparable. However,
these findings can only be said to be valid for vertical
ankle JCFs as shear forces have not been considered.

Consistent with previously reported studies,”> per-
turbations of model input parameters had a consider-
able impact on the predicted muscle forces. When
varying the defined joint coordinate systems, Martelli
et al.”® found muscle forces to vary by up to 114%
compared to their median value, while Valente et al.*
reported a maximum variation of 1.54 BW. These

values again compare favourably with the maximum
variation in muscle force observed in this study,
1.94 BW. Furthermore, the muscles most affected in
Valente et al.* at the ankle (soleus, gastrocnemius med-
ialis, tibialis anterior) are the same as reported here.
This indicates that it is the muscles with the larger phy-
siological cross-sectional areas and moment arms that
are most affected by uncertainty in their definition, and
that their misplacement has the greatest impact on pre-
dicted muscle forces and JCFs.!"?® Therefore, particu-
lar care should be taken when locating their bone
insertion and via points.

The estimated inter-operator JCFs and muscle loads
were considerably more varied for one subject than the
other two. Although no statistically significant inter-
subject differences in the model inputs were observed,
this subject had the highest levels of variability in the def-
inition of the muscle paths but interestingly, not in the
definition of the joint coordinate systems. This is further
evidence that it is the spatial location of muscle points
which are the greatest source of variability in the outputs
obtained with musculoskeletal models.***%* As such, the
development of appropriate techniques for their reliable
identification would be particularly advantageous and
enable appropriate muscle moment arms, muscle lines of
action and muscle-tendon lengths to be defined.

A number of limitations exist in the reported metho-
dology that should be considered when reviewing the
presented results. First, all operators based their models
on the same segmented bony geometries, a procedure
which, while sometime automated,** ** would also typi-
cally entail a further degree of inter-operator variation.
The entire modelling methodology was also only com-
pleted multiple times by a single operator and for a sin-
gle subject. While no statistically significant inter-
subject differences were observed, the intra-operator
analyses presented should therefore be interpreted with
an understanding that the inclusion of further subjects
and operators in the study could result in differing levels
of uncertainty. Furthermore, only the reported subject-
specific modelling methodology has been investigated,
and adopting an alternative modelling approach may
result in differing levels of repeatability and sensitivity.

A further limitation of the study is the use of a static
optimisation technique to estimate muscle—tendon
forces. Static optimisation assumes that muscle recruit-
ment is such that the metabolic energy expenditure
required to facilitate a movement is minimised*>*® and
this is implemented through the minimisation of an
objective function (the sum of muscle activations
squared in the case of this study). However, the gait of
pathological individuals is likely to be suboptimal with
regard to energetic efficiency, instead prioritising the
reduction of articular loading at painful joints, for
example. Caution should therefore be employed when
evaluating the outputs of the model as optimal
neuro-motor control has been assumed when simulat-
ing the motion of pathological subjects.
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Alternative methodological approaches to overcome
this limitation, such as personalizing the muscle recruit-
ment strategy using electromyographically driven mod-
elling techniques, are available in the literature.*’
However, this was not possible as EMG signals for all
muscles crossing the ankle joint would be required and
these were not collected in this study. Identification of
a ‘disease-specific’ objective function would also be a
challenging task requiring careful validation and is out-
side the scope of this investigation.

A final limitation of the reported study is the defini-
tion of generic muscle parameters in an otherwise
subject-specific foot model, and their subsequent effect
on model predictions via the force-length-velocity rela-
tionship.*® It was considered reasonable to scale opti-
mal fibre lengths and tendon slack lengths such that
their relative ratio was maintained with respect to the
total muscle-tendon length at rest. However, future
studies could determine subject-specific muscle para-
meters by employing more complex anthropometric
scaling tools.*’ Despite these limitations, it is clear that
the reported methodology allowed the stated aim of the
study to be achieved, to quantify the sensitivity of a
juvenile subject-specific musculoskeletal foot and ankle
model to the variation in operator-dependent input.

Conclusion

This study investigated the inter- and intra-operator
repeatability and sensitivity of a subject-specific mod-
elling methodology developed for the analysis of juve-
nile, pathological subjects. The findings of the study
indicate that the reported methodology exhibits com-
parable levels of repeatability and sensitivity to those
reported for modelling healthy adults.*® Inter-opera-
tor variation in the definition of muscle geometries
remains significant and has the greatest impact on
model outputs. As such, automated routines should
be developed to reduce the significance of the opera-
tor’s role and prevent the misplacement of crucial
muscle points. This will be of particular interest to
those developing musculoskeletal models of juvenile
or pathological subjects, for whom subject-specific
modelling is of the greatest importance.'®!!

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest
with respect to the research, authorship and/or publica-
tion of this article.

Funding

The author(s) disclosed receipt of the following
financial support for the research, authorship, and/or
publication of this article: This study has been sup-
ported by the European Commission (7th FP, ICT
integrated project MD-Paedigree, Contract Number
600932) and by the EPSRC (Frontier Engineering

Awards, EP/K03877X/1). Data pertaining to model
predictions and the virtual palpation of subject MRI
are available through FigShare (DOI: 10.15131/
shef.data.4286519).

References

1. Fernandez JW and Pandy MG. Integrating modelling
and experiments to assess dynamic musculoskeletal func-
tion in humans. Exp Physiol 2006; 91: 371-382.

2. Myers CA, Laz PJ, Shelburne KB, et al. A probabilistic
approach to quantify the impact of uncertainty propaga-
tion in musculoskeletal simulations. Ann Biomed Eng
2015; 43: 1098-1111.

3. El Habachi A, Moissenet F, Duprey S, et al. Global sen-
sitivity analysis of the joint kinematics during gait to the
parameters of a lower limb multi-body model. Med Biol
Eng Comput 2015; 53: 655-667.

4. Valente G, Pitto L, Testi D, et al. Are subject-specific
musculoskeletal models robust to the uncertainties in
parameter identification? PLoS ONE 2014; 9: e112625.

5. Ackland DC, Lin Y-C and Pandy MG. Sensitivity of
model predictions of muscle function to changes in
moment arms and muscle-tendon properties: a Monte-
Carlo analysis. J Biomech 2012; 45: 1463—-1471.

6. Jonkers I, Sauwen N, Lenaerts G, et al. Relation between
subject-specific hip joint loading, stress distribution in
the proximal femur and bone mineral density changes
after total hip replacement. J Biomech 2008; 41: 3405—
3413.

7. Valente G, Pitto L, Stagni R, et al. Effect of lower-limb
joint models on subject-specific musculoskeletal models
and simulations of daily motor activities. J Biomech
2015; 48: 4198-4205.

8. Bosmans L, Valente G, Wesseling M, et al. Sensitivity of
predicted muscle forces during gait to anatomical varia-
bility in musculotendon geometry. J Biomech 2015; 48:
2116-2123.

9. Scheys L, Spaepen A, Suetens P, et al. Calculated
moment-arm and muscle-tendon lengths during gait dif-
fer substantially using MR based versus rescaled generic
lower-limb musculoskeletal models. Gait Posture 2008;
28: 640-648.

10. Correa TA, Baker R, Graham HK, et al. Accuracy of
generic musculoskeletal models in predicting the func-
tional roles of muscles in human gait. J Biomech 2011;
44: 2096-2105.

11. Carbone V, van der Krogt MM, Koopman HF, et al.
Sensitivity of subject-specific models to errors in
musculo-skeletal geometry. J Biomech 2012; 45: 2476—
2480.

12. Ascani D, Mazza C, De Lollis A, et al. A procedure to
estimate the origins and the insertions of the knee liga-
ments from computed tomography images. J Biomech
2015; 48: 233-237.

13. Lenaerts G, De Groote F, Demeulenaere B, et al. Sub-
ject-specific hip geometry affects predicted hip joint con-
tact forces during gait. J Biomech 2008; 41: 1243-1252.

14. Scheys L, Van Campenhout A, Spaepen A, et al. Perso-
nalized MR-based musculoskeletal models compared to
rescaled generic models in the presence of increased
femoral anteversion: effect on hip moment arm lengths.
Gait Posture 2008; 28: 358-365.



422

Proc IMechE Part H: | Engineering in Medicine 231(5)

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Valente G, Taddei F and Jonkers I. Influence of weak hip
abductor muscles on joint contact forces during normal
walking: probabilistic modeling analysis. J Biomech 2013;
46:2186-2193.

Cleather DJ, Goodwin JE and Bull AMJ. An optimiza-
tion approach to inverse dynamics provides insight as to
the function of the biarticular muscles during vertical
jumping. Ann Biomed Eng 2011; 39: 147-160.

Delp SL, Loan JP, Hoy MG, et al. An interactive
graphics-based model of the lower extremity to study
orthopaedic surgical procedures. IEEE Trans Biomed
Eng 1990; 37: 757-767.

Heller M, Bergmann G, Deuretzbacher G, et al. Mus-
culo-skeletal loading conditions at the hip during walking
and stair climbing. J Biomech 2001; 34: 883-893.
Modenese L, Phillips AT and Bull AM. An open source
lower limb model: hip joint validation. J Biomech 2011;
44: 2185-2193.

Prinold JAI, Mazza C, Di Marco R, et al. A patient-
specific foot model for the estimate of ankle joint forces
in patients with juvenile idiopathic arthritis. Ann Biomed
Eng 2016; 44: 247-257.

Ravelli A and Martini A. Juvenile idiopathic arthritis.
Lancet 2007; 369: 767-778.

Long AR and Rouster-Stevens KA. The role of exercise
therapy in the management of juvenile idiopathic arthri-
tis. Curr Opin Rheumatol 2010; 22: 213-217.

Scheys L, Loeckx D, Spaepen A, et al. Atlas-based non-
rigid image registration to automatically define line-of-
action muscle models: a validation study. J Biomech
2009; 42: 565-572.

Durkin JL and Dowling JJ. Body segment parameter esti-
mation of the human lower leg using an elliptical model
with validation from DEXA. Ann Biomed Eng 2006; 34:
1483-1493.

Herzog W. Sensitivity of muscle force estimations to
changes in muscle input parameters using nonlinear opti-
mization approaches. J Biomech Eng 1992; 114: 267.
Xiao M and Higginson J. Sensitivity of estimated muscle
force in forward simulation of normal walking. J Appl
Biomech 2010; 26: 142-149.

Brand RA, Pedersen DR and Friederich JA. The sensitiv-
ity of muscle force predictions to changes in physiologic
cross-sectional area. J Biomech 1986; 19: 589-596.
Martelli S, Valente G, Viceconti M, et al. Sensitivity of a
subject-specific musculoskeletal model to the uncertain-
ties on the joint axes location. Comput Methods Biomech
Biomed Engin 2015; 18: 1555-1563.

Klepper S. Measures of pediatric function: the Child
Health Assessment Questionnaire (CHAQ), Juvenile
Arthritis Functional Assessment Report (JAFAR), Juve-
nile Arthritis Functional Assessment Scale (JAFAS),
Juvenile Arthritis Functional Status Index (JASI), and
Pediatric Orthopedic Surgeons of North America
(POSNA) Pediatric Musculoskeletal Functional Health
Questionnaire. Arthritis Rheum 2003; 49: S5-S14.
Consolaro A, Ruperto N, Bazso A, et al. Development
and validation of a composite disease activity score for
juvenile idiopathic arthritis. Arthritis Rheum 2009; 61:
658-666.

Vicon Motion Systems (Organisation). Plug-In Gait man-
ual. 2012, http://www.irc-web.co.jp/vicon_web/news_bn/
PIGManualverl.pdf

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Stebbins J, Harrington M, Thompson N, et al. Repeat-
ability of a model for measuring multi-segment foot kine-
matics in children. Gait Posture 2006; 23: 401-410.
Arnold EM, Ward SR, Lieber RL, et al. A model of the
lower limb for analysis of human movement. Ann Biomed
Eng 2010; 38: 269-279.

Delp SL, Anderson FC, Arnold AS, et al. OpenSim:
open-source software to create and analyze dynamic
simulations of movement. /IEEE Trans Biomed Eng 2007,
54: 1940-1950.

. Taddei F, Ansaloni M, Testi D, et al. Virtual palpation

of skeletal landmarks with multimodal display interfaces.
Med Inform Internet Med 2007; 32: 191-198.

Van Sint Jan S. Color atlas of skeletal landmark defini-
tions: guidelines for reproducible manual and virtual palpa-
tions. London: Elsevier Health Sciences, 2007, https://www.
elsevier.com/books/color-atlas-of-skeletal-landmark-def-
initions/van-sint-jan/978-0-443-10315-5

Kadaba MP, Ramakrishnan HK, Wootten ME, et al.
Repeatability of kinematic, kinetic, and electromyo-
graphic data in normal adult gait. J Orthop Res 1989; 7:
849-860.

Kadaba MP, Ramakrishnan HK and Wootten ME. Mea-
surement of lower extremity kinematics during level walk-
ing. J Orthop Res 1990; 8: 383-392.

Schwartz MH, Rozumalski A and Trost JP. The effect of
walking speed on the gait of typically developing children.
J Biomech 2008; 41: 1639-1650.

Hicks JL, Uchida TK, Seth A, et al. Is my model good
enough? Best practices for verification and validation of
musculoskeletal models and simulations of human move-
ment. J Biomech Eng 2014; 137: 020905.

Pal S, Langenderfer JE, Stowe JQ, et al. Probabilistic
modeling of knee muscle moment arms: effects of meth-
ods, origin-insertion, and kinematic variability. Ann
Biomed Eng 2007; 35: 1632—1642.

Schmid J and Magnenat-Thalmann N. MRI bone seg-
mentation using deformable models and shape priors. Med
Image Comput Comput Assist Interv 2008; 11: 119-126.
Seim H, Kainmueller D, Lamecker H, et al. Model-based
auto-segmentation of knee bones and cartilage in MRI
data. Proc MICCAI Work Med Image Anal Clin 2010;
215-223, http://www.skil0.org/data/2010-11-09-1131.pdf
Dodin P, Martel-Pelletier J, Pelletier J-P, et al. A fully
automated human knee 3D MRI bone segmentation
using the ray casting technique. Med Biol Eng Comput
2011; 49: 1413-1424.

Ackermann M and van den Bogert AJ. Optimality princi-
ples for model-based prediction of human gait. J Biomech
2010; 43: 1055-1060.

Anderson FC, Pandy MG, An KN, et al. Static and
dynamic optimization solutions for gait are practically
equivalent. J Biomech 2001; 34: 153-161.

Lloyd DG and Besier TF. An EMG-driven musculoske-
letal model to estimate muscle forces and knee joint
moments in vivo. J Biomech 2003; 36: 765-776.

Thelen DG. Adjustment of muscle mechanics model
parameters to simulate dynamic contractions in older
adults. J Biomech Eng 2003; 125: 70.

Modenese L, Ceseracciu E, Reggiani M, et al. Estimation
of musculotendon parameters for scaled and subject spe-
cific musculoskeletal models using an optimization tech-
nique. J Biomech 2016; 49: 141-148.


http://www.irc-web.co.jp/vicon_web/news_bn/PIGManualver1.pdf
https://www.elsevier.com/books/color-atlas-of-skeletal-landmark-definitions/van-sint-jan/978-0-443-10315-5

