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Abstract

Children with cerebral palsy (CP) commonly have bony deformities of the foot,
which lead to pain and gait problems. One of the causes of such a deformity is an
imbalance in muscle forces around the foot. In turn, the bony deformity can also
alter muscle function, due to, for example, altered muscle moment arm lengths.
In this study, the altered muscle function due to hindfoot varus deformities in
children with CP was investigated using musculoskeletal models. The first aim
of this study was to create personalized musculoskeletal models of the foot based
on weight-bearing computed tomography (WBCT) data. Secondly, we applied the
model to get insight in how joint axis orientations and muscle moment arms are
altered in varus feet, and how this leads to differences in muscle function during
gait.

Models were created in OpenSim for seven children with a hindfoot varus
deformity due to CP, and four adults with neutral feet. Each model was based on
WBCT scans and included five degrees of freedom in the foot (talocrural, subtalar,
Chopart, Lisfranc and metatarsophalangeal joints). The orientations of the foot joint
axes and moment arms of the extrinsic foot muscles were calculated. Subsequently,
the models were combined with motion capture and ground reaction force data to
calculate muscle activations during gait.

The joint axis orientations showed greater variability in the group of children
with CP compared to the control group; in most subjects, changes in axis orientation
were observed that may lead to a more rigid foot. Furthermore, the dorsiflexion
moment arm of the tibialis anterior decreased, while the inversion moment arm
increased; thus, the tibialis anterior became an even more effective invertor when a
varus deformity of the foot was present. On the other hand, the eversion moment
arms of the peroneal muscles tended to become smaller, meaning they would be
less effective in resisting the varus deformity. Static Optimization results showed
decreased activity in the tibialis muscles, and increased activity in the peroneal
muscles. This increased activity might be necessary due to the smaller moment
arms, and /or to stabilize the ankle.

This is the first study in which a musculoskeletal foot model was developed
based on personalized bone data of feet with bony deformities in weight-bearing
conditions. Distinct changes were shown in muscle function when a varus deformity
is present, which might lead to progression of the deformity. This contributes to a
better understanding of the altered muscle function due to foot deformities, which
may eventually contribute to improvement of treatment to prevent the progression
of foot deformities.
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Introduction

Of every 1000 children born worldwide, between 1.5 and 3 are born with cerebral
palsy (CP) (Sadowska et al., 2020). This disorder, caused by injury to the brain
around the time of birth, leads to motor impairments — for example, muscle weakness,
spasticity or dystonia (Aisen et al., 2011). Abnormal postural support and muscle
tone may in time lead to abnormal bone development, such as hip dislocation,
torsional deformities of the femur and tibia, and foot deformities (Gormley, 2001).
It has been estimated that 93% of children with CP will develop a bony deformity of
the foot (O’Connell et al., 1998). These deformities can have severe consequences,
like pain, issues with fitting of shoes and orthoses, and gait problems (Davids, 2010).

A foot deformity is characterized by abnormal relative bone positions and
orientations (Ledoux et al., 2006; Wellenberg et al., 2022). The type of foot deformity
can be described by the position of the different parts of the foot, such as an
equinus position of the ankle, varus or valgus position of the hindfoot, and cavus
or planus position of the midfoot (Kedem & Scher, 2015). Two types of deformity
commonly associated with hindfoot varus (an inverted orientation of the calcaneus)
are cavovarus and equinovarus (Figure 1.1). Cavovarus is characterized by a high
medial arch in addition to the hindfoot varus (Lee & Sucato, 2008). The equinus
component in a deformity is characterized by excessive plantar flexion in the ankle
(Davids, 2010).

/

)

Figure 1.1: From left to right: a right foot with varus, cavus and equinovarus foot deformity.

Describing the causes and development of a foot deformity is challenging,
as many factors are involved. Muscle imbalance, soft-tissue contractures, bony
torsion and joint instability may all occur, while the child is also growing (Miller
& Church, 2020). In hindfoot varus deformities, muscle imbalance between the
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invertor and evertor muscles is considered an important factor in the development
of the deformity (O’Connell et al., 1998). Furthermore, these foot deformities are
progressive, due to persistent muscle imbalances, development of contractures and
a progressive mismatch between muscle and bone length (Bloom & Sabharwal,
2022).

During gait, the foot provides a stable connection to the ground, and acts as a
lever arm for the ground reaction force (GRF) (Miller, 2020). We can hypothesize
that a foot deformity leads to altered muscle moment arm lengths around the
joints, compromising the function of the muscles during gait. Current diagnostic
methods to investigate muscle function are not able to distinguish between primary
neurological impairments and secondary disturbances caused by the deformity
(Blemker et al., 2007; Theologis, 2013).

In this study, the altered muscle function due to hindfoot varus deformities in
children with CP was investigated using musculoskeletal models. These models
are able to make a distinction between primary impairments and altered function
due to the deformity, as they allow for the determination of variables that are not
measurable in vivo and can be used to determine how elements of the musculoskeletal
system interact with each other (Hicks et al., 2015; Reinbolt et al., 2011). Therefore,
these models can provide insight in how muscle function is affected by the skeletal
deformity, which can add to our understanding of gait abnormalities, and aid in
treatment planning (Arnold & Delp, 2005).

In most studies that use musculoskeletal simulations, a generic model is used,
which is scaled to match the dimensions of the subject. However, in the case of
skeletal deformities, these generic models may not be sufficiently accurate, and
subject-specific models based on imaging data might be necessary. Previous studies
have shown differences in simulation results when comparing subject-specific
models of participants with aberrant femoral and tibial bone geometry compared to
scaled-generic models (Bosmans et al., 2014; Correa et al., 2011; Kainz et al., 2021;
Wesseling et al., 2019). In these studies, geometrical bone shapes were based on
magnetic resonance imaging (MRI) or computed tomography (CT) scans, obtained
in a supine position.

More recently developed medical devices can provide three-dimensional weight-
bearing computed tomography (WBCT) images, that can capture bone alignment
under loading conditions with relatively low radiation doses (Leardini et al., 2019).
Several studies have shown changes in foot bone alignment between non-weight-
bearing and weight-bearing CT scans, in both normal and pathological feet (Broos
et al., 2021; De Cesar Netto et al., 2017; Hirschmann et al., 2014).

In previous research, several musculoskeletal foot models have been developed
(e.g. Maharaj et al., 2021; Malaquias et al., 2017; Prinold et al., 2016; Saraswat et al.,
2010; Sikidar & Kalyanasundaram, 2022). Only one study developed personalized
musculoskeletal models of the foot based on MRI data, which were used to study
joint reaction forces related to Juvenile Idiopathic Arthritis (Prinold et al., 2016).
However, to our knowledge, no personalized models have been made of feet
with a deformity to study related muscle function. In addition, using WBCT
imaging to create personalized musculoskeletal models of the foot would allow for
simulations of gait based on bone geometry and alignment under more realistic
loading conditions.



Therefore, the first aim of the current study was to create personalized muscu-
loskeletal models of the foot based on WBCT data of both children with CP with
varus foot deformities, and adults with neutral feet. Secondly, using these models,
the following research questions were addressed:

I. What are the structural differences between neutral feet and feet with varus
deformities due to CP, in terms of joint axes orientations and muscle moment
arms?

II. How do these structural differences of varus feet lead to differences in muscle
function during gait?



Z

Methods

2.1. Participants

Seven children with CP were included in this study (five male, two female; age
[mean + standard deviation] 14.1 + 2.3 years; height 160.9 + 13.2 cm; weight 50.6 +
11.9 kg). All children had a severe hindfoot varus foot deformity and underwent
clinical gait analysis (CGA) and a WBCT scan at Amsterdam UMC as part of clinical
practice, prior to orthopaedic foot surgery. Most children received the CGA and
WBCT within a month from each other, with a maximum of four months. Participant
characteristics of this group are shown in Table 2.1. Included feet (five right feet, two
left feet) are shown in bold. Only the foot with a varus deformity was included in
the current study; if they had a varus deformity on both feet, the most affected foot
was included, as defined by the most deviating Foot Posture Index (FPI) score. This
measure of foot posture ranges from 12 to +12, where 0 to +5 is considered normal,
>+6is considered a pronated (valgus) foot and <-1 is considered a supinated (varus)
foot (Redmond et al., 2008). In one patient, the FPI was not determined, and the
most affected foot was determined based on visual inspection.

Table 2.1: Subject characteristics of the patient group.

# Left foot (FPI) Right foot (FPI) GMFCS  Uni-/bilateral

01 planovalgus (+5) equinovarus (-10) 1 bilateral
02 cavovarus equinovarus 2 bilateral
03 neutral (+3) equinovarus (-10) 1 unilateral
04 planovalgus (+4) equinovarus (-10) 2 bilateral
05  cavovarus (-7) neutral (+1) 1 unilateral
06  cavovarus (-3) cavovarus (-5) 1 bilateral
07 equinovarus (-8) neutral (+2) 3 unilateral

Note: Included feet are shown in bold text. Abbreviations: FPI = Foot Posture Index, GMFCS = Gross
Motor Function Classification Scale.

Most children had a Gross Motor Function Classification Score (GMFCS) of I or
II, meaning they were able to walk independently, without a hand-held mobility
device (Carnahan et al., 2007). One had a GMFCS score of III, but walked without a
mobility device during the CGA. None of the children had prior bony surgery to
their foot, or recent (< 4 years) soft tissue surgery, like muscle-tendon lengthening.

In addition, the right feet of four non-affected adults were analyzed as a control
group (age 37.8 + 4.8 years; height 179.4 + 5.0 cm; weight 80.3 + 10.9 kg). All control
subjects had a FPI within the normal range values (i.e. between 0 and +5, FP12.8 +
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0.96), no recent (< 3 months) foot or ankle injury, no history of trauma or surgery of
the foot, and they did not wear insoles.

All participants (and/or their parents) signed informed consent for both the
use of the gait analysis and WBCT data for research purposes. For the latter, either
informed consent was signed, or the use of the data was not declined within four
weeks via an objection procedure (Wellenberg et al., 2022). The requirement for
ethical review of the study was waived under the Medical Research Involving
Human Subjects Act by the local medical ethics committee of Amsterdam UMC.

2.2. Weight-bearing CT data collection

WBCT scans were made using a Planmed Verity cone-beam CT system (Planmed
Oy, Helsinki, Finland). Participants stood in the scanner on one leg. If necessary, a
physician fixated the knee to reduce motion (Wellenberg et al., 2022). Due to the
limited field of view and scan height, only the foot was scanned, with a small part
of the distal tibia/fibula. For the control subjects, separate hindfoot and forefoot
images were made and subsequently stitched together (Broos et al., 2021). The
middle and distal phalanges, except for the first distal phalanx, were not included
in the scans. For the children with CP, only scans of the hindfoot and midfoot (up
to and including the metatarsals) were made. The bones were semi-automatically
segmented using Disior (Disior Oy, Helsinki, Finland).

2.3. Musculoskeletal foot model development

A personalized musculoskeletal model of the foot was created for each subject in
OpenSim Creator (version 0.3.0) (Kewley, 2023). The rationale behind all aspects of
the model is explained in the following sections.

2.3.1. Segment definitions

We developed a foot model with five segments: talus, calcaneus, midfoot (cuboid,
navicular and cuneiform bones), forefoot (metatarsals) and toes (phalanges), as
shown in Figure 2.1. As such, this multi-segment foot model is able to capture
the motion of not only the ankle, but also the motion within the intrinsic joints of
the foot, see Figure 2.2. This is important, because it has been shown that there
is considerable motion in these joints (Leardini et al., 2007), and they contribute
to power absorption and generation during gait (Deschamps et al., 2017). In
consequence, single-segment foot models have been shown to lead to inaccuracies in
measured ankle joint motion and power, and overestimate muscle lengths, especially
in pathological gait (Eerdekens et al., 2019; Pothrat et al., 2015; Zandbergen et al.,
2020). Including the intrinsic foot joints in the model also allows insight into the
functioning of these joints during gait, which is considered important by clinical
experts (Schallig et al., 2022).

Each segment has a fixed body reference frame, with the origin at the joint center
(described below) (Malaquias et al., 2017). The body frames were oriented such
that in neutral position the body reference frames were aligned with the OpenSim
reference coordinate system (i.e. x-direction anterior, y-direction superior and
z-direction to the right).
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TALUS

MIDFOOT FOREFOOT
| |

I
CALCANEUS

Figure 2.1: Segment definitions of the foot model.

CHOPART
TALOCRURAL

LISFRANC

SUBTALAR — v MTP

Figure 2.2: Joints in the foot model.

The phalanges of the children with CP were not included in the CT images.
Therefore, the meshes of the phalanges of one of the control subjects were added to
the foot models of the children. In most cases, they were slightly scaled (based on
visual inspection) to match with the foot size of the children, and then each was
manually placed and oriented based on the metatarsals and photos taken of the feet.

2.3.2. Joint axis definitions

The positions and orientations of the joint axes are important considerations in a
model: the orientation of an axis determines the relative proportions of motion in the
three planes, whereas the orientation and position both influence the moment arms
of the forces (e.g. muscle forces, ground reaction forces) at the joint (Nester, 1998).
In the various foot models previously published (e.g. Maharaj et al., 2021; Malaquias
et al., 2017; Prinold et al., 2016; Saraswat et al., 2010; Sikidar & Kalyanasundaram,
2022), different definitions for the foot joint models have been used. By definition,
the joint axes in the model will be a simplification of the true physiological joint
axes. Especially the axes of the intrinsic joints of the foot are often complex, and in
some cases there is no consensus yet on the physiological joint mechanism. What
adds to the complexity, is that there seems to be considerable variation in joint axis
orientation between individuals (e.g. Isman & Inman, 1969; Lundberg & Svensson,
1993; Nester, 1997). Joint axis orientations are regularly reported as average angles
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relative to the anatomical planes; in Maharaj et al. (2021), for example, such average
angles were adopted to define the joint axes. In the case of foot deformities, however,
average angles might not suffice. In addition, the purpose of this model is to
emphasize individual variation in bone geometry. For this reason, we chose to
define the orientations of the joint axes based on anatomical landmarks. These
landmarks, in turn, are based on literature with slight adjustments to fit the model
and for reproducibility. All joints were modeled as hinge joints. An overview of the
joint axis definitions and locations of the anatomical landmarks is given in Table 2.2
and explained below.

Table 2.2: Overview of joint axis definitions.

Joint JRC Anatomical landmark 1~ Anatomical landmark 2
Talocrural Midpoint between the Immediately distal tothe Below the distal end of
two anatomical land- tip of the tibial malleolus the anterior curve of the
marks (on the talus) fibular malleolus, at a
height immediately dis-
tal to the tip of the malle-
olus (on the talus)
Subtalar ~ Thepointonthejointaxis Midpoint of the narrow- Posterolateral inferior
at the height of the up- est part of the superior point of the calcaneus
per edge of the sustentac- surface of the talar neck
ulum tali
Chopart Midpointbetween (1) me- JRC Lateral process of cal-
dial medium point of the caneal tuberosity
talonavicular articulation
(on the navicular), and (2)
lateral medium point of
the calcaneocuboid artic-
ulation (on the cuboid)
Lisfranc ~ Midpoint between (1) Navicular tuberosity Superior surface of the
medial medium point base of the third MT
of the first MT-medial
cuneiforme articulation
(on the first MT), and (2)
lateral tuberosity of the
fifth MT
MTP Midpoint between the Medium point of the me- Medium point of the lat-

two anatomical land-
marks

dial edge of the articular
surface between the first
MT and the first proximal
phalanx (on the first MT)

eral edge of the articular
surface between the fifth
MT and the fifth proxi-
mal phalanx (on the fifth
MT)

Abbreviations: ]RC = joint rotation center; MTP = metatarsophalangeal, MT = metatarsal.

Talocrural joint

The talocrural joint is primarily responsible for ankle plantarflexion-dorsiflexion
motion, and has an oblique axis relative to the anatomical planes. Similar to Delp
et al. (1990), the talocrural joint axis was defined in the current model based on the
cadaver measurements of Isman and Inman (1969). This approximates the talocrural
joint as a hinge joint, running distal to the tips of the tibial and fibular malleoli.
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Isman and Inman (1969) located the axis on the lateral end a little anterior and distal
to the tip of the fibular malleolus, and on the medial end a little distal to the tip of
the tibial malleolus. We slightly shifted these landmarks: on the medial side directly
below the tip of the tibial malleolus on the talus, and on the lateral side below the
anterior curve of the fibular malleolus, at the height of the distal tip of the malleolus.
Being closer to these anatomical points (i.e. the tips of the malleoli) ensures that the
landmarks can be placed more accurately and consistently. The joint rotation center
was then defined as the midpoint of this line (Lundberg et al., 1989).

Subtalar joint

The motion at the subtalar joint is described as a combination of inversion-eversion,
adduction-abduction and plantarflexion-dorsiflexion. It is generally established that
the subtalar joint axis runs from posterior-lateral-inferior to anterior-medial-superior,
anteriorly piercing the talus at the superior aspect of the talar neck (Kirby, 2001).
This was also confirmed by more recent research using WBCT scans evaluating the
helical axis of this joint (Pefia Fernandez et al., 2020). This same study also showed
the joint rotation center is located between the middle and posterior facets of the
subtalar joint, i.e. around the sustentaculum tali.

We defined the subtalar joint axis as running from the lower lateral “corner” of
the posterior side of the calcaneus to the center of the superior surface of the talar
neck, identified using the images presented in the works of Nozaki et al. (2017) and
Pefia Ferndndez et al. (2020). The joint rotation center was then defined as the point
along the axis at the height of the sustentaculum tali.

Chopart joint

Anatomically, the Chopart (midtarsal or transverse tarsal) joint is an S-shaped joint
consisting of two articulations, the calcaneocuboid and talonavicular joint, that
are commonly functionally grouped as a single joint. In the literature, there is
controversy on how to model the axes of this joint. Commonly, a dual axis model
with a longitudinal and oblique axis with simultaneous motion around both axes has
been proposed to explain clinical observations, but there is no reliable experimental
evidence (Tweed et al., 2008). A single oblique axis was therefore suggested to
describe the function of the Chopart joint (Nester et al., 2001). However, no exact
anatomical landmarks were specified to determine the axis orientation. Other
authors also suggest that motion of this joint is much more complex, with an infinite
number of motions being possible.

The joint rotation center was defined as the center of the midtarsal joint; the
midpoint between the medial medium point of the articulation between the talus and
the navicular, and the lateral medium point of the articulation between the calcaneus
and the cuboid (Malaquias et al., 2017). The joint axis was subsequently modeled as
passing through this joint center and the lateral process of the calcaneal tuberosity.
This is a well-identifiable landmark between the positions of the longitudinal and
oblique axes identified by Hicks (1953), and corresponds approximately to the
(assumed anatomical position of the) average midtarsal joint axis presented in
Nester et al. (2001).
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Lisfranc joint

The Lisfranc (tarsometatarsal) joint is an articulation between many bones: the five
metatarsals with the three cuneiform bones and the cuboid bone. The function
of this joint is generally described by three columns: the medial column (first
tarsometatarsal joint), central column (second and third tarsometatarsal joints),
and the lateral column (fourth and fifth metatarsal joints). In the central column,
however, there is minimal movement. Hicks (1953) has described the function of
the Lisfranc joint as two joints: the first and fifth ray joint. The first ray allows a
combined motion of flexion-pronation/extension-supination, whereas the fifth ray
allows a combined motion of flexion-supination/extension-pronation. This was
also adopted in the model published by Malaquias et al. (2017).

In the current model, only the first ray axis as defined by Hicks (1953) was used.
The joint rotation center was defined as the midpoint between the medial medium
point of the articulation between the cuneiform and first metatarsal, and the lateral
tuberosity of the fifth metatarsal (Malaquias et al., 2017). The orientation of the
first ray axis was defined by the base of the third metatarsal and the position of the
navicular tuberosity (Hicks, 1953). So the axis runs parallel to this line, through the
joint rotation center.

Metatarsophalangeal joint

Once again, there is no consensus on the exact definition of the metatarsophalangeal
(MTP) joint axis, which connects the forefoot (metatarsals) with the phalangeal
bones of the toes. Although a more anatomically correct axis would be a dual axis
around the first and second metatarsals and the second to fifth metatarsals, the
joint is commonly modeled as a single oblique axis with the joint center at the
midpoint between these locations (Day & Hahn, 2019). The position of this axis
is often defined by the first and fifth metatarsal heads, but it has been shown that
the functional axis of the joint is more anterior and superior (Raychoudhury et al.,
2014). Therefore, we defined the MTP joint axis from the medial medium point of
the articulation between the first metatarsal and first proximal phalanx, and the
lateral medium point of the articulation the fifth metatarsal and the fifth proximal
phalanx, with the joint rotation center defined as the midpoint between these two
landmarks. This is similar to the MTP joint rotation center in the model defined by
Malaquias et al. (2017).

2.3.3. Body segment parameters
The inertial parameters of the foot segments (mass, center of mass and inertia tensor)

were estimated based on the available experimental data, and calculated using
MartrLas (R2022b; The MathWorks, Inc., Natick, USA).

Mass
The total foot mass was calculated as 1.4% of the total body mass (Dempster, 1955).
The relative masses of the segments were subsequently calculated based on the
bone volume distribution of the CT scans. Hence, a uniform mass distribution was
assumed, with no influence of the soft tissues on the mass distribution.

As (part of) the phalanges were missing in the CT scans, the volume of the toes
was calculated as 1/3.17 the volume of the forefoot (metatarsals). This was based on
the average ratio between metatarsal and phalanges volume in Pietak et al. (2013).
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Center of mass

The center of mass was approximated by the centroid of the segment. Again, a
uniform mass distribution was assumed, with no influence of the soft tissues on the
mass distribution.

The centroids of the toes segments of the children with CP were not known due
to these bones not being scanned, and the centroid of the toes segment of the control
subject was not accurate anymore for these children due to the individual phalanges
being repositioned. Therefore, the function in OpenSim Creator to place a point
(“station”) at the bounds center (the center of the bounding box, i.e. the smallest
box that contains all mesh vertices) of the third digit was used, and the coordinates
of this point were subsequently used as the coordinates of the center of mass.

Inertia tensor

The moments of inertia about the mass center were calculated by modeling each
segment as a geometric solid with uniform density, that resembles the segment as
closely as possible. The talus was modeled as a cuboid shape; the calcaneus as
a circular cylinder; and the midfoot, forefoot and toes as elliptical cylinders. The
dimensions of the segments were calculated based on (averaged) marker positions in

the static trial (see section 2.4). These calculations are further outlined in Appendix
A.

2.3.4. Full body model and muscle geometry

The personalized foot that was created was attached to the full-body Gait2392 model
(Anderson & Pandy, 1999, 2001; Delp et al., 1990; Yamaguchi & Zajac, 1989) that is
distributed with OpenSim (Delp et al., 2007; Seth et al., 2018). So, the final model
consisted of a generic model scaled to the dimensions of the participant, with a
subject-specific foot. This full body model contains 92 muscles, including the eleven
extrinsic muscles of the foot that originate from the lower leg and insert on the foot
bones. In an OpenSim model, each muscle is represented by a single line of action,
with the path defined by a series of attachment points on the bodies. On the foot,
these are all fixed attachment points connected by straight lines.

Tibial torsion

As WBCT data was only available of the foot bones and a small part of the distal tibia,
the orientation of the talocrural joint axis was defined based on the personalized
tibia, but the tibial and fibular bones in the full-body model were those of the
generic Gait2392 model. However, the children included in this study also had an
increased tibial torsion angle. Therefore, tibial torsion was added to the model to
not only improve visualization of the connection between shank and talus, but also
to rotate the muscle attachments on the tibia, which influences the moment arms of
the muscles. Torsion was included for both children with CP and control subjects,
only on the side of the personalized foot.

Tibial torsion was included using the Torsion Tool (Veerkamp et al., 2021). This
MatLaB-based tool divides the mesh file of the tibia into three segments and rotates
the distal third by the entire torsional angle, and the middle third with a linear
increasing angle. The proximal third does not rotate. The muscle attachments rotate
along with the tibia. As only the tibia is rotated in the Torsion Tool and not the
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fibula, the code was extended to also include rotation of the fibula similar to the
tibia for visualization purposes.

Tibial torsion angle can be measured as the angle between the transepicondylar
axis and the transverse axis through the lower end of the tibia (Jakob et al., 1980).
In this case, individual torsion angles were calculated as the angle between a line
through the (experimental) markers on the epicondyles of the knee, and a line
through the markers on the malleoli. In the Torsion Tool, the torsion angle of
the generic Gait2392 tibia is considered 0°. Therefore, the tibial torsion in the
model was calculated at -9.25° (external rotation) using the aforementioned markers
virtually placed on the model. This was seen as the “offset” and subtracted from
the individually calculated tibial torsion angles.

Muscle attachments

The muscle via points and insertions on the foot were manually moved to the correct
location on the bone meshes. The same locations on the bone were used as in the
Gait2392 model; this was matched as closely as possible based on visual inspection.
Table 2.3 lists the muscles in the model that attach on the foot.

Table 2.3: Foot muscles in the model, grouped by function (Schiinke et al., 2016).

Muscle

(Foot) motion

Insertion point

m. tibialis anterior

m. extensor hallucis
longus

m. extensor digito-
rum longus

m. peroneus tertius
m. soleus

m. gastrocnemius me-
dialis

m. gastrocnemius lat-
eralis

m. tibialis posterior

m. flexor digitorum
longus
m. flexor hallucis
longus
m. peroneus longus

m. peroneus brevis

dorsiflexion; inversion/supinat-
ion

dorsiflexion; inversion/eversion*;
extension (MTP I)

dorsiflexion; eversion/pronation;
flexion (MTP II-V)

dorsiflexion; eversion/pronation
plantarflexion; inversion
plantarflexion; inversion

plantarflexion; inversion

plantarflexion; inversion/supin-
ation

plantarflexion; inversion/supin-
ation; flexion (MTP II-V)
plantarflexion; inversion/supin-
ation, flexion (MTP I)
plantarflexion; eversion/pronat-
ion

plantarflexion; eversion/pronat-
ion

medial and plantar surface of me-
dial cuneiforme; medial basis first
metatarsal

base of distal phalanx of hallux

base of distal phalanges of digits
I-v

base of fifth metatarsal

tuber calcanei

tuber calcanei

tuber calcanei

navicular tuberosity, cuneiform
bones, base of second to fourth
metatarsal

base of distal phalanges of digits
1-v

base of distal phalanx of hallux

plantar surface of medial
cuneiforme, base of first
metatarsal

tuberosity of fifth metatarsal

(*) Dependent on initial position.

2.4. Gait analysis data collection

Marker trajectories, ground reaction forces and plantar pressure data of the subjects
were collected during 3D gait analyses. Marker trajectories were recorded using a
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motion capture system (Vicon motion systems ltd., Oxford, UK; 100 Hz).

Passive reflective markers were placed on the foot and lower leg according to
the Amsterdam Foot Model (AFM) (see Appendix B; Schallig et al., 2022), and on
the rest of the lower body and torso according to the Human Body Model (HBM)
(Flux et al., 2020; Van den Bogert et al., 2013) or Calibrated Anatomical System
Technique (CAST) marker sets (Cappozzo et al., 1995). First, a static trial was
collected, after which the subjects were instructed to walk barefoot over a 10-meter
walkway. Children with CP walked at a self-selected speed, while the control
subjects were instructed to walk at 75% of their comfortable walking speed, to allow
for proper comparison. The marker data was processed using Vicon Nexus software
(version 2.11).

Total GRFs were simultaneously collected using a single force plate integrated
in the walkway (OR®6 series; Advanced Mechanical Technology, Inc., Watertown,
USA; 500 Hz). A pressure plate (0.5m footscan plate; RSscan, Paal, Belgium; 4096
sensors of 7.62 x 5.08 cm; 500 Hz) was placed exactly on top of the force plate. Both
the force plate and plantar pressure data were processed in the Footscan software
(version 9). The pressure data was dynamically calibrated and corrected using the
vertical force plate data. Trials were included in which only one foot was placed
tully within the bounds of the pressure plate. The GRF data was filtered using a
low-pass second order Butterworth filter with a cut-off frequency of 6 Hz. The total
GRF was split into partial GRFs per segment, based on a vertical projection of the
markers on the pressure plate (see Appendix C).

2.5. Simulations
2.5.1. Scaling

The full body model (except for the already personalized foot) was scaled to match
the dimensions of the subject. Scaling was done using the Scale Tool in OpenSim
(version 4.4) (Delp et al., 2007), based on the difference in the distance between the
virtual markers on the model and the average distance between the experimental
markers in the static trial. Before scaling and marker registration, virtual markers
corresponding to the AFM were placed on the corresponding locations on the bone
meshes for each participant.

In OpenSim, it is also possible to assign a coordinate and a weight to a joint,
which is then matched during the scaling process. A coordinate of 0° was imposed
on the Chopart and Lisfranc joints with a slight weight to improve the static pose.

Two muscle parameters that depend on the length of the muscle, optimal fiber
length and tendon slack length, are (linearly) scaled as well during the scaling
process. Moving the muscle insertions on the personalized bone geometry modified
the muscle lengths. Therefore, these two parameters were pre-scaled based on the
length difference of the muscles in the original model and the adjusted muscle
insertions. The maximum isometric muscle force of each muscle remained equal
between the non-scaled and scaled model.

2.5.2. Structural measures
Joint axis orientations were taken from the Euler rotations of the joint coordinate
systems in OpenSim Creator, with the Z-axis being the rotational axis of the pin
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joint. Subsequently, to facilitate visualization and interpretation, the angle of the
projection of the unit vector representing the axis on the three planes, with the
respective axis was calculated.

Muscle moment arms of the extrinsic foot muscles were calculated using Open-
Sim. Only the moment arms around the hindfoot joints (talocrural, subtalar, and
Chopart) were analyzed, as they are most relevant to the hindfoot varus deformity.
The moment arm of a muscle represents its “effectiveness” with which it can gen-
erate torque around the joint and is mechanically represented as the shortest or
perpendicular distance from the line of action of the muscle to the joint rotation
center. For muscles crossing multiple joints, the moment arm is calculated over the
range of the joint of interest, while the other joints are held constant. In the case of a
non-straight muscle path (which is the case for many of the foot muscles) OpenSim
calculates muscle moment arms using generalized forces (Sherman et al., 2013). To
account for height differences, the moment arms were normalized by tibia length,
which was calculated as the distance between the malleoli and knee markers.

Statistics

Because of the small sample size, a non-parametric Mann-Whitney U test was used
to assess differences in joint axis orientation and moment arms between the CP
group and control group. Differences were considered statistically significant when
p < 0.05. This analysis was done in MATLAB.

2.5.3. Dynamic simulations of gait

Joint kinematics and kinetics were estimated over the gait cycle using the Inverse
Kinematics and Inverse Dynamics tool, respectively. OpenSim calculates inverse
kinematics by solving a least-squares problem that minimizes differences between
the virtual markers on the model and the experimental marker locations (Delp et al.,
2007). To assess the validity of the model, marker errors were calculated as the
root mean square distance between the virtual and experimental markers. Net joint
torques producing the given movement were calculated by solving the equations of
motion for these unknown forces; these results are shown in Appendix D.

For comparison of the kinematics, the inverse kinematics simulations were
repeated for two representative children with CP and two adults, with the generic
OpenSim Gait2392 model, and with a personalized model with the same number of
joints as the generic model (i.e. no Chopart and Lisfranc joints).

Subsequently, muscle forces during the gait cycle were calculated using the Static
Optimization tool, which minimizes the sum of squared muscle activations. For
the Static Optimization analysis, the Chopart, Lisfranc and MTP joints were locked.
This was done because the ligaments of the foot and the intrinsic foot muscles were
not included in the model, which would normally account for a large portion of the
stiffness in the intrinsic foot joints.

For each simulation, three trials were simulated and subsequently averaged. All
simulated data was cut to one stride with initial contact defined using the method
of Zeni et al. (2008), and time-normalized.
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Results

One participant from the CP group was excluded from the analyses, except for
the joint axis orientations, due to issues with scaling and a lack of GRF data. For
another CP participant, only one trial with force data was available, therefore only
one trial was simulated during inverse dynamics/Static Optimization.

3.1. Joint axis orientations

In Figure 3.1, the joint axis orientations are shown graphically, in the transverse,
frontal and sagittal plane. Figure 3.2 represents the angle in each plane as box plots.
For the frontal and sagittal plane (anterior and lateral view), these are the angles
the axis makes with the ground; for the transverse plane (superior view), this is the
angle with the global mediolateral axis. Positive angles are anti-clockwise.

In the transverse plane (superior view), all joints except for the MTP joint tended
towards a larger angle in the CP group, so more towards the anteroposterior axis.
The MTP joint in the CP group was more in line with the mediolateral axis. However,
there was considerable variation and the differences were not significant. Only in
the Lisfranc and MTP joint there was a significant difference (p < .05).

In the frontal plane (anterior view), the axes were angled towards a more vertical
orientation, with a significant difference in the subtalar and Lisfranc joint (p < .05).

Finally, in the sagittal plane (lateral view), there was more variation in the
inclination angle of the axis with the ground. Only in the Lisfranc joint there was a
significantly larger inclination angle (p < .05). In the Chopart joint the inclination
angle tended to be smaller than the control group in equinovarus feet, while the
inclination angle was larger than the control group in the cavovarus feet.

14
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Figure 3.1: Visual representation of the joint axis orientations in the transverse (first column), frontal
(second column) and sagittal plane (third column). Each line represents one subject. Children with a
equinovarus deformity are represented with solid blue lines, while children with a cavovarus

deformity are represented with solid green lines.
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Figure 3.2: Box plots showing joint axes orientations in the transverse (first column), frontal (second
column) and sagittal plane (third column). Yellow boxes indicate statistical significant differences
between the groups. Individual data points are shown as asterisks on top of the boxes; the subjects
with a cavovarus deformity are shown as pentagrams to differentiate them from the subjects with
equinovarus.

3.2. Muscle moment arms

Figure 3.3 shows the plantarflexion-dorsiflexion moment arms of the muscles
crossing the talocrural joint. The median dorsiflexion moment arm of both the
tibialis anterior (p < .01) and extensor hallucis longus (p < .05) was significantly
smaller in the CP group, with a decrease of 47.4% and 20.8%, respectively.

For the inversion-eversion moment arms around the subtalar joint (Figure 3.4),
both the tibialis anterior and extensor hallucis longus again showed a significant
difference, going from an eversion to an inversion moment arm (p < .01). The
eversion moment arms of the peroneus tertius and extensor digitorum significantly
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Figure 3.3: Normalized muscle moment arms around the talocrural joint. Yellow boxes indicate
statistical significant differences between the groups. Individual data points are shown as asterisks
on top of the boxes; the subjects with a cavovarus deformity are shown as pentagrams to

differentiate them from the subjects with equinovarus.

decreased, with 41.8% and 46.3%, respectively (p < .01).

Around the Chopart joint, there were significantly different moment arms in the
tibialis posterior, tibialis anterior, peroneus tertius, extensor digitorum longus and
flexor digitorum longus. The median normalized supination moment arm of the
tibialis anterior increased three times (p < .01), but on the other hand the supination
moment arm of the tibialis posterior (p < .01) and flexor digitorum longus (p < .05)
both decreased with 40%. The pronation moment arms of the peroneus tertius and
extensor digitorum longus also decreased, with 34.3% (p < .01) and 34.9% (p < .01),
respectively.




Moment arm Moment arm Moment arm

Moment arm

3.3. Simulations of gait 18
Subtalar joint
Gastrocnemius (med.) Gastrocnemius (lat.) Soleus
/]\
: | B . 3 = H -
-
I -0.05 -0.05 -0.05
CP  adults CP  adults CP  adults
Tibialis posterior Tibialis anterior Peroneus longus
0.08
4 0.02 0
5 0f * 0.06 ==
-0.02
E oo ? =2 0.04 H 0.04
L -0.06 T 0.02
CP  adults CP  adults CP  adults
Peroneus brevis Peroneus tertius Ext. digitorum longus
0.08 0.1 0.1
T - -
% 0.06 =5 * *
. 0.05 g 0.05
z 004 *
k= 3
L o002 0 0
CP  adults CP  adults CP  adults
Ext. hallucis longus Flex. digitorum longus Flex. hallucis longus
T 004
S -
v 002 58
L -, @
3= ¥ -0.05 -0.05
) -0.02 ¥
CP  adults CP  adults CP  adults

Figure 3.4: Normalized muscle moment arms around the subtalar joint. Yellow boxes indicate

statistical significant differences between the groups. Individual data points are shown as asterisks
on top of the boxes; the subjects with a cavovarus deformity are shown as pentagrams to
differentiate them from the subjects with equinovarus.

3.3. Simulations of gait

Figure 3.6 shows the joint angles per subject during the gait cycle, while Figure 3.7
visualizes the average (foot) marker errors during these simulations. Maximum
marker errors were around 0.9 cm.

When comparing the three different models, as depicted in Figure 3.8, we see
slight differences between the foot model with and without midfoot joints, and
larger differences in the generic model. This is especially evident for the subtalar
joint and the two subjects with a varus deformity. Although all marker errors can
be considered small, we do see slightly larger error in the foot model without a
midfoot, and even larger errors in the generic model (Figure 3.9).
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Finally, calculated muscle activations during the gait cycle — without motion in
the midfoot and MTP joints — are visualized in Figure 3.10. The triceps surae show
activity already at initial contact in the CP group, whereas they only become active
halfway through stance in the control group. During push off, the activation of
the calf muscles is decreased, even more in the equinovarus group compared to
the participants with cavovarus. We see much lower activity of the tibialis muscles
(invertors), and much higher activity in the peroneal muscles (evertors) throughout
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Figure 3.6: Inverse kinematics results: foot joint angles per subject, averaged over three trials. Each
line represents one subject. Children with an equinovarus deformity are represented with solid blue

Average marker error (mm)

lines, while children with a cavovarus deformity are represented with solid green lines.

10

T Y

MM LM CAP  HEE ST PT TN MTIB MT2B MT5B MT1 MT2 MT5  HLX

Figure 3.7: Average foot marker errors averaged over all subjects and all trials. Foot marker
abbreviations are detailed in Table B.1 in Appendix B.
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Figure 3.9: Foot marker errors averaged over all trials for three models: the personalized model, the

personalized model without a midfoot (i.e. no Chopart and Lisfranc joints) and the generic model.

Results for four representative subjects are shown: two control subjects and two children with CP
(one equinovarus, one cavovarus).
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Discussion

The aim of this study was to develop a personalized musculoskeletal foot model, and
to apply this model to evaluate how static joint axis orientations and moment arms,
and muscle function during gait are altered due to an equinovarus or cavovarus foot
deformity in children with CP. This is the first study in which a musculoskeletal foot
model was developed based on personalized bone data of feet with bony deformities
in weight-bearing conditions.

4.1. Joint axis orientations

When comparing the joint axis orientations of the children with CP to the adults
with neutral feet, two things stand out. First, there is much more variation in
orientation, which can be related to the larger variation in relative bone positions
due to the deformity. Second, despite the larger variation, there is frequently an
offset in the orientation of the axes.

All joints tend to be more oriented toward vertical in the frontal plane relative to
the ground due to the varus deformity, although this difference is only significant in
the subtalar and Lisfranc joint. This can be explained by the inverted orientation of
the calcaneus relative to the talus, as visualized

in Figure 4.1. Due to the relatively similar ori- [ Jointaxis
entations, this same mechanism applies to the

Chopart joint. Functionally, this more vertical I

orientation of the Chopart joint leads to a more  Talus —|

rigid foot and “locking” of the midfoot motion /

(Aminian & Sangeorzan, 2008; Apostle & San- =
georzan, 2012). Indeed, we observe a smaller
average range of motion in the Chopart joint dur-

ing gait in the CP group (Figure 3.6). This midfoot cIa\Tli;:eisH C;lif;ilsls
locking may lead to a reduced stress absorption
capability and overloading of the lateral side of
the foot (Apostle & Sangeorzan, 2012).
Figure 4.2 visualizes how the orientation of the p— Medial

Lisfranc axis changes as a function of arch height,

with the black figure depicting the supinated Figure 4.1: Frontal view of the talus,
(cavovarus) foot. Finally, the rotations in the Calcaneusaifvsng:lar ]21.n:’1 in neutral
hindfoot also influence the orientation of the MTP PosTOn.

joint, due to a “stacking” effect of the metatarsals,

which again leads to overloading of the lateral side of the foot (Apostle & Sangeorzan,
2012).
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Figure 4.2: Frontal view of the first metatarsal axis of the Lisfranc joint, in neutral and cavus position.

4.2. Muscle moment arms

Around the talocrural joint, we observe a smaller dorsiflexion moment arm of the
tibialis anterior and extensor hallucis longus. The other muscles show no clear
difference between the two groups. The tibialis anterior and extensor hallucis
longus, together with the extensor digitorum longus and peroneus tertius function
as the dorsiflexor muscle group, with the peroneus tertius being a very weak muscle
and the tibialis anterior being the most important. With this in mind, with smaller
dorsiflexion moment arms the generated dorsiflexion moment at the talocrural joint
becomes smaller. We can relate these findings to the kinematics, where we see less
dorsiflexion motion in the CP group.

Most subjects with an equinovarus deformity also show larger moment arms in
the plantarflexor muscles. This corresponds to larger moment arms of the Achilles
tendon that were found in healthy adults in a plantarflexed position (Maganaris
et al., 2000; Rugg et al., 1990). On the other hand, the two subjects with cavovarus
deformity show smaller plantarflexion moment arms for the triceps surae, which is
in correspondence with Deforth et al. (2019).

The inversion-eversion moment arms around the subtalar joint are important
to study in relation to the varus deformity. We observe smaller eversion (valgus)
moment arms in the extensor digitorum longus and peroneus tertius. The tibialis
anterior and extensor hallucis longus even go from an eversion to an inversion
moment arm when comparing the control group to the CP group. Interestingly,
the tibialis anterior is considered an invertor, and we see an eversion moment arm
in the control group in the current study. This discrepancy could be caused by
the sensitivity of the line of action of the muscle relative to the subtalar joint axis
location. Despite this discrepancy, we can conclude that the varus moment arm
of the tibialis anterior is bigger in children with a hindfoot varus deformity. This
finding is supported by the work of Lee and Sucato (2008), who found a larger
inversion moment arm in vivo at an inverted foot posture in healthy adults. The
peroneus longus and peroneus brevis are the most important antagonists to the
inversion movement. Although the difference is not statistically significant, the
eversion moment arm of these muscles is smaller in most subjects, and therefore
they would be less effective in counterbalancing the varus deformity.

Spasticity of the tibialis posterior is often seen as an important cause of the varus
deformity (Kedem & Scher, 2015). Interestingly, we don’t see a change in moment
arm around the subtalar joint for this muscle. We can hypothesize that the tibialis
posterior is indeed an important cause in the development of the deformity, but that
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the deformity is additionally maintained or deteriorated due to the bone positions
and altered moment arms of the other muscles.

Finally, around the Chopart joint, the tibialis anterior has significantly larger
supination moment arms, but on the other hand both the tibialis posterior and flexor
digitorum longus have significantly smaller supination moment arms. The extensor
digitorum longus and peroneus tertius do have significantly smaller pronation
moment arms to counteract the varus position, but the peroneus tertius is a relatively
weak muscle and probably not highly influential in the deformity. The peroneus
longus and brevis, who are larger antagonists, show no clear difference in moment
arm.

To summarize, we mainly see an important difference in the moment arm of
the tibialis anterior around the hindfoot joints: a smaller dorsiflexion moment arm
and a larger inversion moment arm. This means the tibialis anterior becomes a less
effective dorsiflexor and a more effective invertor with a varus position of the foot.
In combination with the larger moment arms of the extensor hallucis longus and
smaller moment arms of the antagonist peroneal muscles, this would generate an
even larger varus moment in the subtalar joint with the same amount of muscle
force, thereby pulling the foot even more towards varus.

4.3. Muscle activations

Despite the variable gait patterns in children with CP, we see clear differences in
muscle activation between the CP group and the control group. The early activity
of the triceps surae in the model in stance can be explained by the forefoot landing
that is observed in all children with CP included in this study. We see a decreased
activation during push off in the triceps surae, which corresponds to the lower
amount of plantarflexion motion observed.

Interestingly, the tibialis posterior and tibialis anterior show decreased activity in
the CP group throughout the whole gait cycle. Especially for the tibialis anterior (the
primary dorsiflexor), this could be due to the limited dorsiflexion motion during the
gait cycle, but both muscles are also the primary invertors of the foot. On the other
hand, the peroneal muscles (the primary evertors), show increased activity during
the stance phase. This change in activity is probably a stabilization mechanism
around the ankle, to resist further inversion during gait. For example, increased
peroneal muscle activity was also found in a study where non-affected participants
walked on a medially inclined surface, resulting in an inverted foot position (Bavdek
et al., 2018). In most subjects, we also observed a decreased moment arm of the
peroneal muscles around the subtalar joint, which means the muscle needs to
produce more force to generate the same amount of torque around the joint. We
could speculate that if the peroneal muscles are not able to generate this increased
activity, due to for example weakness, the foot will progress to even more varus due
to the weightbearing forces during gait.

To our knowledge, only one study measured electromyography (EMG) activity
of the peroneus longus of children with CP with (equino)varus feet (Boulay et al.,
2014). They found premature activity of the peroneus longus during swing, and
attributed this to a primary neurological impairment, rather than compensatory
activity to stabilize the foot. Indeed, we see barely any activation of peroneus longus
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and brevis during swing. The much higher activation during stance, however, does
suggest a stabilization mechanism. Unfortunately, the amount of activation was not
studied by Boulay et al. (2014).

4.4. Validation of the model

Ideally, to validate the new foot model, we would compare the results of the model
to a “gold standard” measure, such as dual fluoroscopy (for the kinematics) or
EMG (for the muscle activations) data of the same participant. Another way is to
compare the results of the simulations with reference data from the literature. We
will compare the results from the control group only, due to the altered gait pattern
of the children with CP.

The presented foot model has a similar pattern, but somewhat larger range of
motion in the talocrural joint compared to the AFM (marker model; Schallig et al.,
2022), an existing musculoskeletal foot model (Malaquias et al., 2017) and bone
pin data (Lundgren et al., 2008). However, all the aforementioned studies describe
purely sagittal plane kinematics, while the talocrural joint axis in the current study
is oblique and therefore describes motion in all three planes. The pattern of subtalar
joint motion we observe is also comparable to the motion of the subtalar joint during
gait: eversion in early stance, inversion in late stance and eversion again during
the swing phase, although again the range of motion during gait is somewhat
larger (Piazza, 2005). Midfoot motion is even more difficult to compare due to the
difference in axis definitions. The pattern we observe is similar to the AFM: with
less motion in the Lisfranc joint compared to the Chopart joint (Schallig et al., 2022).
The average range of motion in the Chopart joint is again a bit larger than seen
in the literature, but this could also be explained by the fact that Lundgren et al.
(2008) reported motion in the three planes separately, and also measured the motion
between calcaneus and cuboid, and talus and navicular separately. The range of
motion in the Lisfranc joint is comparable to the motion between the first metatarsal
and cuneiform measured with bone pin data. For the MTP joint, both the motion
and range is comparable to the published marker data of the AFM (Schallig et al.,
2022).

A second measure of the kinematic validity of the model during gait are the
marker errors during the inverse kinematic simulations. These were within a few
millimeters, which can be considered acceptable errors during these simulations
(Hicks et al., 2015). We also compared the current model to the generic Gait2392
model. Although both models showed relatively low marker errors in the foot,
the marker errors in the personalized models were lower in comparison. When
comparing the ankle joint angles during gait, more inversion (varus) is measured
with the generic model, especially in the CP group. This could be due to the fact
that the neutral pose of the personalized model, being based on the WBCT data,
already captures part of the inversion, which leads to an offset between the models,
or due to a difference in axis position and orientation.

The calculated muscle activations can also be compared to EMG reference data
from the literature. The patterns of timing and overall pattern of the muscle
activation of the control group match muscle activity measured using surface
EMG (Hunt et al., 2001; Zelik et al., 2014) and other studies that utilized Static
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Optimization (Falisse et al., 2018; Roelker et al., 2017; Trinler et al., 2019). However,
we do observe higher activity than expected in several muscles compared to the
EMG patterns, especially the tibialis posterior and first peak of the tibialis anterior.
This might again be a result of the subtalar joint being free to move during analysis,
without for example ligaments being able to stabilize the joint. Usually, the subtalar
joint is locked during this analysis for this reason, along with the other intrinsic
foot joints. However, the motion in the subtalar joint is important during gait,
especially in this study with varus deformities. As we compared two groups with
the subtalar joint unlocked, we would expect this effect to occur in both groups, so
the general patterns and amount of activation are still expected to be comparable,
but the differences might be exaggerated.

4.5. Limitations and future work

The findings of this study have to been seen in light of some limitations, that
could be addressed in future work. Firstly, the joint axes in the current model
are a representation of what is currently known in the literature, and manually
determined based on the selected bony landmarks. Human anatomy is complex
however, and this is especially true for the foot. For example, discussion exists
about the true degrees of freedom and orientation of the axis in the Chopart and
Lisfranc joint complexes. In our model, the joint axes were carefully based on what
is currently known about the orientation of the axes relative to the bones. However,
morphological fitting of articular surfaces, for example, might improve the accuracy
of the joint axes definitions.

In addition, manual selection (“virtual palpation”) of the bone locations, as
done in this study, may introduce subjectivity and inaccuracies (Hannah et al., 2017;
Valente et al., 2014). The bony landmarks were chosen to be as specific as possible,
but variation in bone morphology and foot posture occasionally posed challenges
when selecting specific landmarks. Selection by multiple researchers and sensitivity
tests might improve accuracy and give insight in the sensitivity of the selected
landmarks on simulation outcomes. The same is true for the muscle insertions
on the foot, which were manually moved to locations on the personalized bone
geometry matching the muscle attachments in the Gait2392 model. Future work
could also focus on personalizing muscle paths and insertions based on imaging
data of the individual subjects.

Furthermore, the “neutral” position of the foot model was taken as the position
of the foot in the WBCT scanner. These scans were captured while the subject stood
with the full weight on one leg, which might have influenced the posture and bone
positions. In addition, the foot was placed in the model directly below the tibia,
which assumes that the tibia was aligned vertically in the scanner. Although the
participants were instructed to stand as naturally as possible, looking straight ahead,
especially the children with CP sometimes stood with the tibia not vertically oriented,
which leads to an offset in the angle of the foot relative to the tibia. However, the
part of the tibia included in the scans was not large enough to reliably determine
the orientation of the tibia. With a larger scan height, the generic tibia could be
registered onto the personalized geometry:.

Another thing to note is that only GRF data of the right foot was measured,
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so the total GRF during double stance was “incomplete”. In OpenSim, this is
compensated by residual forces acting on the pelvis. However, simulations without
a subtalar joint were comparable to both EMG and Static Optimization results from
the literature.

A last limitation concerns the subject groups. The sample sizes in this study
were small, so the statistical findings need to be interpreted with caution. Although
all participants with CP had a hindfoot varus deformity, the degree of the deformity
was variable. In addition, the control group consisted of adults, and not age-matched
controls, due to practical and ethical reasons. However, with the age of the children
in this study, most feet would be at the end of growth.

There are possibilities for further extension of the model and future applications.
In the current model, the ligaments and intrinsic muscles of the foot were not
included. Including these could improve, for example, the Static Optimization
simulations (which can then include the intrinsic joints of the foot), and it might give
more insight in planovalgus foot deformities, as these structures are important for
support of the arch of the foot (Angin et al., 2014; Angin et al., 2018). However, there
is currently no conclusive evidence about the mechanical behavior of the ligaments
and intrinsic muscles of the foot (McKeon et al., 2015; Nie et al., 2017; Soysa et al.,
2012). The focus of the current study was to capture the influence of the skeletal
morphology on muscle function in isolation, but the model can be extended to also
include personalized muscle architecture, to get further insight in the development
of the deformity. Not only muscle paths and insertions could be implemented, but
also altered musculotendon parameters (Veerkamp et al., 2022), isometric muscle
force (Kainz et al., 2018), or neuromuscular control (Veerkamp et al., 2019). Future
applications of these type of models could also be simulation of interventions, such
as bony surgery or tendon transfers.



O

Conclusion

In this study, we developed a personalized musculoskeletal foot model based on
weight-bearing CT data, to evaluate how muscle function is altered due to a hindfoot
varus deformity in children with cerebral palsy. We found that the structural
differences that occur in the foot due to the varus deformity lead to differences
in muscle function, that could lead to a progression of the deformity once the
deformity is present. The joint axis orientations were altered in the CP group, with
more variation between subjects in this group. In most subjects, changes in axis
orientations were observed that may lead to a more rigid foot. Furthermore, the
altered moment arms of the muscles generally led to a more effective varus moment
around the hindfoot, which may contribute to further progression of the deformity.
During gait, the activity of the invertor muscles was decreased during stance, while
the activity of the evertor muscles increased, which may be a mechanism to stabilize
the foot and resist further varus. These findings contribute to a better understanding
of the altered muscle function due to foot deformities. Hopefully, with these models,
we can eventually contribute to the improvement of treatment to prevent progression
of foot deformities in children with cerebral palsy.
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A

Inertia tensor calculations

To calculate the inertia tensor for each segment, the dimensions of each segment
were required. These dimensions were calculated based on the distances between
selected marker pairs.

The height of the talus was calculated using the midpoint between the markers
on the malleoli (MM and LM), and the midpoint between the navicular (TN) and
(virtual) cuboid (CUB) markers. The average distance between these two points was
seen as the height of the talus. The width of the talus was calculated as the distance
between the markers on the sustentaculum tali (ST) and peroneal tubercle (PT), with
a correction for the marker diameter. The height of the talus was calculated as the
average distance between the LM and PT markers, and between the MM and ST
markers.

The length of the calcaneus was calculated using the midpoint between the TN
and (virtual) CUB markers, and the marker on the heel (HEE). The radius of the
calcaneus was calculated as half the distance between the ST and PT markers, with
a correction for the marker diameter.

The length of the midfoot was calculated using the midpoint between the TN and
(virtual) CUB markers, and the midpoint between the virtual MT12B and MT25B
markers. In turn, the MT12B marker is the midpoint between the markers on the
base of the first and second metatarsal (MT1B and MT2B), and the MT25B marker is
the midpoint between the markers on the base of the second and the fifth metatarsal
(MT2B and MT5B) (see also Appendix C). The major radius (in the z-direction) was
calculated as half the distance between the TN and CUB markers, with a correction
for the marker diameter. The minor radius (in the y-direction) was calculated as
half the distance between the MT2B marker and the ground, with a correction for
the marker diameter.

The length of the forefoot was calculated using the midpoint between the virtual
MT12B and MT25B markers, and the midpoint between the virtual MT12 and MT25
markers, with MT12 being the midpoint between the markers on the first and second
metatarsal heads (MT1 and MT2), and MT25 the midpoint between the markers on
the second and fifth metatarsal heads (MT2 and MT5). The major radius (in the
z-direction) was calculated as half the distance between the MT1 and MT5 markers.
The minor radius (in the y-direction) was calculated as half the average height of
the MT2 and MT2B markers relative to the ground.

The length of the toes was calculated as 1/1.4 of the length of the forefoot. This
was based on the average ratio between metatarsal and phalanges length in Pietak
et al. (2013). The major radius (in the z-direction) was equal to the forefoot. The
minor radius (in the y-direction) was calculated as half the average height of the
marker on the hallux (HLX), with a correction for the marker diameter.
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The moments of inertia of the talus were subsequently calculated as (Vallery &
Schwab, 2020):

1

Ixx,cuboid = E sm - (h2 + w2); (A1)
1

Ly, cuboid = o (I + w?); (A2)
1

Izz,cuboid = E sme (12 + hz); (A.3)

with m the mass; I the length of the segment (dimension in x-direction); h the
height of the segment (dimension in y-direction); and w the width of the segment
(dimension in z-direction).

The moments of inertia of the calcaneus were calculated as (Vallery & Schwab,
2020):

cm - (A.4)

Ixx,cylinder =

N~

1
Iyy,cylinder = Izz,cylinder = E sm- (3 : 7’2 + 12); (AS)

with 7 the radius of the segment.
Finally, the moments of inertia of the midfoot, forefoot and toes were calculated
as (Bruening, 2009):

1
Ixx,ell.cylinder = Z -m - (7’5 + 1’?); (A.6)
1
Lyyett.cytinder = 75 1 - B-r2+1%); (A7)
1
Izz,ell.cylinder = E -m - (3 : 7’5 + 12); (AS)

with r,, the radius in y-direction and r, the radius in z-direction.
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B

Amsterdam Foot Model marker set

This appendix lists the locations of the markers on the foot, used during the gait

analyses.
Table B.1: Marker set of the Amsterdam Foot Model (Schallig et al., 2022).
Segment Abbreviation Specific location
Shank TT: tibial tuberosity Most anterior prominence of the tibial
tuberosity
FH: fibular head Most proximal apex of the fibular head
ASHA: anterior shin Halfway the shank in the center of the tibia
LSHA: lateral shin On the line between FH and LM at the height
of ASHA
LM: lateral malleolus Distal apex of the lateral malleolus
MM: medial malleolus Distal apex of the medial malleolus
Hindfoot CAP: proximally on posterior as- Proximally on the midline of the calcaneus
pect of calcaneus posterior aspect (i.e. Achilles tendon attach-
ment)
HEE: distally on posterior aspect Distally on the midline of the calcaneus pos-
of calcaneus terior aspect
ST: sustentaculum tali Most medial apex of the sustentaculum tali
PT: peroneal tuberculum Most lateral apex of the peroneal tubercle
Midfoot TN: navicular tuberosity Most medial apex of the navicular tuberosity
Forefoot MT1B: base metatarsal 1 Most proximal point of the 1st metatarsal, at
the dorso-medial aspect at approx. 45°
MT5B: base metatarsal 5 Most proximal point of the 5th metatarsal, at
the dorso-medial aspect at approx. 45°
MT1: head metatarsal 1 Most distal point of the 1st metatarsal, at the
dorso-medial aspect at approx. 45°, next to
the hallux tendon
MT5: head metatarsal 5 Most distal point of the 5th metatarsal, at the
dorso-medial aspect at approx. 45°
MT2B: base metatarsal 2 Most proximal point of the 2nd metatarsal
MT?2: head metatarsal 2 Most distal point of the 2nd metatarsal
Hallux HLX: proximal phalanx Most distal point of the proximal phalanx, at
the dorso-medial aspect at approx. 45°
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Decomposition of ground forces

The total GRFs were decomposed into four components, corresponding to the
different foot segments in the musculoskeletal model (hindfoot, midfoot, forefoot
and toes). Processing and calculation of the partial ground reaction forces (pGRF)
was done using a custom program in Marras (R2017b), using the recorded motion,
force and pressure data. The data was synchronised using either a hardware trigger
(if available), or the timing of initial contact and toe-off. These gait events were
detected using the method of Zeni et al. (2008).

The foot was divided into the aforementioned
segments, based on a vertical projection of the foot
markers (Giacomozzi et al., 2014). This was done
as close as possible to the anatomical joint axes.

The segment distributions are shown in Figure

C.1. The CUB marker is not in the standard AFM
markerset, so a virtual CUB marker was calculated

at 2/3 of the distance between the PT and MT5B
markers (closest to MT5B) (Deschamps et al., 2017).

The hindfoot and midfoot were separated by a line 5
through the TN and CUB markers. The midfoot
and forefoot were separated by a line from MT1B
to MT5B, through two virtual markers at the mid-
points between MT1B and MT2B, and MT2B and
MT5B, respectively. Finally, the forefoot and the
toes were separated by a line parallel to the MT1-
MT2-MT5 markers, but located more distally at2/5
of the distance from MT1 to HLX. This distance
was decided upon based on visual inspection.

Based on this segmentation, all pressure sensors
were assigned a segment label in the frame with
maximum foot contact, i.e. the frame in which the
footprint length is largest. These labels were then
applied to the “active” sensors in each frame.

The vertical pGRFs per segment were calculated
by summing the pressure of all sensors within a
segment and multiplying by the surface of these
sensors. The horizontal pGRFs were subsequently
calculated using a proportionality scheme, mean-
ing the total horizontal force was distributed pro-

Figure C.1: Segment distributions of
the foot model.
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portional to the ratio of the vertical force of that segment to the total vertical force
(Saraswat et al., 2014):

Foortical:

PMLi _ FML ( vertzcal,) (Cl)
vertical
Foertical:

FAPi _ FAP (Fvertzcal,) (CZ)
vertical

with Fj;, the mediolateral horizontal force and F4p the anteroposterior horizontal
force, for each segment i. The centers of pressure (COP) were calculated for each
segment as well.
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Inverse dynamics results
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Figure D.1: Inverse dynamics results: foot joint moments per subject, averaged over three trials.
Each line represents one subject. Children with a equinovarus deformity are represented with solid
blue lines, while children with a cavovarus deformity are represented with solid green lines.
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