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Abstract

Muscle fibre structure characterises muscle function, which in turn plays a key role in
computer simulation of muscle shape. In this study we use 3D Ultrasound from human
gastrocnemius muscle to identify and map the fibre orientation and deformation during passive
motion in four subjects. This fibre description is integrated into a representative muscle volume
element using a free-form deformation technique to create a muscle primitive that deforms
according to the embedded muscle fibres within. For each subject we computed passive force
that was used to optimise the constitutive behaviour so that the known deformation matched this
load. Each subject was fit to match deformation at 25%, 50%, 75% and 100% of muscle stretch.
The subjects that exhibited a larger fibre pennation angle change during passive stretch were
characterised best by a more compliant constitutive law. In contrast, subjects that had a more
parallel fibre deformation, showed stiffer behaviour. A whole gastrocnemius muscle built from
these muscle primitives exhibited a contractile shape that is similar to that observed in human
gastrocnemius contraction. This shape was evaluated against the same muscle embedded with
fibres derived from diffusion weighted magnetic resonance imaging and was in good agreement.
Muscle principal strain was shown to align with fibre direction and was spatially non-uniform.
These muscle primitives may be used as building blocks to build large muscle volumes for

mechanics simulation, visualisation and medical education.
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Introduction

Ultrasound is a real-time imaging modality used widely to assess size and pennation of
muscles such as in the quadriceps of young and old women [1] and in vivo pennation angle in
human quadriceps [2]. Specific muscle fibre behaviour has also been evaluated including the
relationships between muscle fibre size and angle [3], changes in pennation with joint angle and
torque [4], prediction of tibialis anterior pennation angle changes during dorsiflexion [5]; and the
in vivo human gastrocnemius architecture during rest and isometric contraction [6] of which is
the focus of this study.

Cadaveric measurements of gastrocnemius fibre length and pennation is one possible
option. However, Martins et al. [7] showed that cadaveric gastrocnemius fibre measurements
differed from in vivo Ultrasound data by exhibiting fibre length and pennation changes between
rest and fully contracted states. Hence, the motivation for this study was to develop finite
element (FE) informed muscles from in vivo Ultrasound data. Ultrasound is also extendable to
dynamic tasks including walking and running for the gastrocnemius [8]. Fascicle length and
pennation angle measured using ultrasound has shown high reproducibility in treadmill walking
[9] and treadmill running [10]. This ensures that the errors in fibre fields used to inform
computational models are likely to be significantly less than using such modalities as DWI where
data is typically integrated with more background and white noise [11, 12].

Muscle fibre architecture has been reported as a key factor in how well continuum
computer models predict shape and force. For example, the detailed fibre architecture of the
myocardium was reported by Nielsen et al. [13] who showed how contractile function is highly
dictated by 3 microstructural directions. Material properties were fitted to the ‘pole-zero’

constitutive strain energy density function [14] which is also adopted in this study. Skeletal
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muscle fibre distributions also play a key role in understanding physiological behaviour as part
of multiscale models. Whole continuum muscle behaviour is highly influenced when
homogenising substructural models that contain detailed muscle fibre descriptions [15]. Further,
the orientation of muscle fascicles fitted to continuum FE models has been shown to explain the
non-uniform strains observed in experiment [16].

Including fibres within a FE framework requires should not be linked to a specific
element type but rather fitted to a mesh topology. One possible approach is to use a NURBS
description and integrate this with FEM (Finite element model) for generic elements [17]. In this
study we adopt a similar approach whereby a discrete fibre data set is fitted to a continuum field
using a basis function that describes the element interpolation (from linear to cubic). Fibre
directional vector is treated as a continuous field that may be applied to any element type. Basic
building blocks serve as an efficient way to construct whole muscle volumes. For example a
brick element basis with embedded fibres has been used to construct an entire cat gastrocnemius
[18] and was shown to agree with experimental measurement of muscle deformations and force.
Moreover, the concept of embedding digitised cadaver fibre fields into FE model primitives has
been presented before [19], which can improve predicted force and contractile shape by up to
20% over simplified parallel fibre fields. In this study we extend this concept using 3D
Ultrasound during passive deformation of the human gastrocnemius.

In this study we present a FE muscle primitive derived using 3D ultrasound data of
human gastrocnemius muscle. The model is developed for four subjects to predict deformation in
a representative volume of interest (a muscle element primitive) as part of a FE analysis. For
each subject the passive tension was measured and combined with the fascicular data to

determine subject-specific passive constitutive muscle parameters. The model was fit to 25%,
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50%, 75% and 100% muscle deformation for each subject. A whole gastrocnemius muscle is
built from these muscle primitives to highlight usability. Contractile mechanics simulations are
run to observe predicted surface shape. Ultrasound informed muscle shape is compared with an
equivalent geometrical model informed with fibres derived from DWI. Spatial muscle strain is

also characterised.

Methods

Experiment

The ultrasound data used in this study are a subset of data that have been reported
elsewhere [20]. Four subjects (mean age 24.6 + 5.2, mean weight 60.6 £ 10.8 kg, mean height
171.6 £ 6.4 cm) had 3D Ultrasound collected during a passive seated knee flexion task (full
subject details in Table 1).

The knee was flexed about 79 + 6.7° and the subject configuration is shown in Figure 1.
No subjects had any musculoskeletal disorders. Ethical approval was obtained from the South
Eastern Sydney Local Health District Human Research Ethics Committee. The left foot was
placed on a dynamometer foot plate (Cybex Norm with Humac, CSMi, Stoughton, MA, USA)
and the ankle was rotated from fully plantarflexed to a fully dorsiflexed. Ankle rotation was slow
(5 degrees/second) as slow speed stretches are unlikely to evoke muscle stretch reflexes, so the
muscle is more likely to be passive. Surface EMG was used to confirm that the ankle
plantarflexor muscles were relaxed. Two Ultrasound transducers (Esaote MyLab25 with
LAS522E 46 mm linear array, 7.5-12 MHz operating at 12 MHz; Esaote, Genoa, Italy) were used
synchronously to image the gastrocnemius over the core muscle belly with a field of view of 110

mm. The location and orientation of the ultrasound image in leg space was determined using an
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optical 3D motion analysis system. For full ultrasound experiment protocols see the work of
Herbert et al. (2015) [20]. The muscle tension T, in the gastrocnemius was obtained using the
method described by Hoang and colleagues [21, 22]. T, is related to muscle length by Equation

1,

: (1)
where ag Is a constant, found by optimisation, that determines the stiffness of the muscle and is
referred to as the “stiffness index” [21]. Ig is the muscle length and Igs the muscle slack length.

For all the forces collected, see table 2 and table 3.

Finite Element Model

For each subject a set of muscle fibres was digitised by identifying the 3D coordinates of
the fibres’ origins and insertions into the tendon. Figure 2 shows this process for a single slice
from the 3D Ultrasound set identifying a segmented fibre at 0% elongation. This is repeated for
nine fibres with the proximal and distal insertions shown as spheres. Finally, the fibres are
embedded inside a three-element host mesh, which represents the basic muscle primitive in this
study. We adopted a free form deformation technique to pass the measured fibre deformation to
the muscle element primitive. In this approach the deforming fibres are replaced by an element
that deforms based on underlying fibre movement. The particular method used is called ‘host-
mesh’ fitting [23] and is illustrated in Figure 3 where three representative fibres in green at
baseline with corresponding proximal and distal landmarks are morphed to match the same fibres
in red at 100% elongation. The fibres are embedded inside a three-element host, which is

morphed so as to minimise the distance between green landmarks and red targets. In order to
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solve this we employ an iterative closest point algorithm to solve a least squares minimisation.
The objective function that is minimised is:

F(up) = Yo=1 Wa llu(€ra, 20, €30) — Zzall® + Fs(un), (2)
where z; are the geometric coordinates of the target points for the muscle fibre d, w, is a
weighting for each control point, u(&,4,&,4,&34) are the landmark points interpolated at the
finite element material coordinates (¢4, €24, €34) and F;(u,,) is the Sobolev smoothing penalty
function [11] used to constrain the motion of the deforming host by placing weights on the
curvature, arc length, area and volume measures. The second order Sobelov penalty function

used is:

F(u,) = .Uf {0(1 ”af1 + a, ”:Tuz + a3 ”% ZZT? 2+a5 Z%‘ 2+a6 z%‘ 2+
2
”f’flafz ||a‘fzaf3 ”653651 T o ||agla—;af3 }d€1 d¢, dés, (3)

where each Sobolev weight, ¢;(i=1..5), has its own magnitude dependent effect on a particular
characteristic shape of the host fitted object; a1, a; and ag restrict the arc-length; a4, as and o
regulate the arc-curvature; az, as, ag represents the face area; and a;o represents the volume of the
host in the &; & &3 directional space, respectively. For this study we placed a minimal weight of
0.001 on a; (arc-length in the longitudinal direction), higher weight of 0.01 on a, and a3 (arc-
length in the transverse directions), no weights on the arc-curvature or element face area and a
strong weight of 0.01 on ayg to constrain the volume change in the element.

A structurally based orthotropic constitutive law previously used for passive cardiac [24]

and skeletal muscle [23] , the ‘pole-zero® relation [25] was adopted and is defined in Equation 4.
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E2
— aff
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where the strain energy density function, W, is defined by an asymptote function with ks the
scaling function, b,z curvature control, a,s a strain limiting pole and E,; the Green’s strain
components. The model was treated as transversely isotropic with the fibre direction a=p=1
aligned to the fibre orientation from Ultrasound images. After choosing an initial guess for the
‘pole-zero’ parameters we used the ‘fmincon’ function in the Matlab Optimisation Toolbox [26]
to optimally choose parameters that minimised the difference between the measured muscle
force and the computed force. This was performed until the RMS error was less than 0.01 N (or
0.58 + 0.19% error across all subjects). For this study we optimised the pole (a,s) in the fibre
direction, which was the most sensitive parameter and fixed the scaling (k.s) and curvature (b,s)
parameters. The curvature was set to 1.0 and scaling coefficient set to 0.1 MPa based on
previous experience with cardiac [25] and skeletal tissues [23]. We set a bound on the solution
space for a,s as 0.01 to 5.0. An initial guess was obtained from trials based on previous skeletal
muscles [23].

Muscle deformation was solved using the weak form of the governing equation for finite

elastic mechanics in CMISS (www.cmiss.org) and is given by:

1 . AU -
~T*F)—Ldvy =0
Vo‘] / a)a 0 ’ ®)

since the gastrocnemius muscle primitive is undergoing large strain (greater than 10%). V, is the

undeformed volume and o is the virtual displacement and Fﬁj :6Xj/80ﬂ is the deformation

gradient tensor which maps between the deformed spatial coordinates x; and material


http://www.cmiss.org/
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coordinates, v,. The Jacobian, J, is the determinant of the deformation gradient tensor, F and

T“?is the 2nd Piola-Kirchoff stress tensor,

aN
off _ of
TRE, 6)

and defined with respect to an undeformed orthogonal curvilinear material coordinate system,v_.
W is the ‘pole zero’ strain energy density function andE,, are the Green-Lagrange strain
components. The hydrostatic pressure, p, arises in order to satisfy muscle volume conservation.

The contravariant metric tensor a”’ = ov, /éx, 0V, /axk is the inverse of the right Cauchy

deformation tensor (covariant metric tensor).

Results

Passive fibre deformation during gastrocnemius stretch was passed to a representative
continuum element, as shown in figure 4 (subject 1). Following optimisation of the fibre end
points to match 25% to 100% of muscle stretch the deformed host shape was predicted and the
volume of the element did not change by more than 1%. Figure 5 shows another example where
the subject has a higher pennation movement during stretch (subject 4). In this scenario, the
deformed host is stretched further longitudinally and is more compliant. The average RMS error
between landmark and target fibres was at most 2 mm in all host mesh deformations.

The constitutive law was fit for all four subjects and is shown in Figure 6 with parameters
given in Table 4. The subjects that exhibited a larger fibre pennation change during passive
stretch were best characterised by a more compliant constitutive law (shown for subjects 2 and

4). In contrast, subjects that had a more parallel fibre deformation, showed a stiffer behaviour

10
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(shown for subjects 1 and 3). The transverse directions (labelled as sheet and sheet-normal) were
elastically less stiff than all fibre directions.

An entire gastrocnemius muscle was built from these muscle primitives and the entire
muscle field is shown in Figure 7. There was a clear bi-pennate characterisation for the whole
continuum with fibres merging towards a central tendon. A finite elastic mechanics simulation
using a Hill type contraction model produced a distinct bulge on the medial head of the
gastrocnemius (the larger head) and a distinct crease formed between the heads, shown in Figure
8. An axial view highlighted the effect of the fibres contracting inwards towards the central
tendon. To evaluate this behaviour we compared this with the same muscle fitted with diffusion
weighted derived fibres under the same level of contraction and the resulting muscle profile was
highly consistent. However, the diffusion derived model did show more distinct creasing and
bulging than the Ultrasound model from this study. Comparison between the two models showed
an RMS error difference in shape of 8.8 mm. (Figure 9)

Muscle strain was shown to align with fibre direction and was spatially non-uniform as
shown in Figure 10. The strain is viewed from the posterior and axial views and is split into
maximum principal compressive and tensile strain separately to reveal the spatially varying
behaviour in 3D. Figure 10 (left) reveals a maximum compressive principal strain in the muscle
centre towards the central tendon up to a peak strain of 0.24 (24% ¢). Figure 10 (right) reveals a
maximum tensile principal strain on the medial outer side towards the larger medial head up to a
peak strain of 0.1 (10% ¢). Strain was highest in the medial and lateral heads and lowest near the

proximal lateral region closest to the femoral insertion site.

11
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Discussion

The study developed a muscle primitive using 3D Ultrasound in the human
gastrocnemius from four subjects as a representation of a bipennate muscle. The extracted 3D
Ultrasound fibre data were embedded inside a representative muscle volume element that
captured approximately 4 cm x 2 cm x 2 cm of the muscle belly and morphed to match the
moving fibre field imaged from 3D Ultrasound using a free form deformation technique called
‘host-mesh’ fitting. This produced a series of known muscle shapes (that matched the underlying
fibre data) and we mechanically simulated these known displacements in order to match the
measured muscle force by optimising material properties. The ‘pole-zero’ parameters were
optimised to match four positions in the data (25%, 50%, 75% and 100%) of the experimental
passive muscle stretch with an average fitting error of less than 1% of the force. It was shown
that the whole continuum muscles produced a realistic contractile shape when simulated, which
was comparable with a diffusion weighted derived model reported by Fernandez et al. [27] .
Mechanical simulation showed spatially varying non-uniform strain that aligned with the
complex fibre orientation. Compressive strain was highest in the central belly of the muscle and
tensile strain was highest in the outer medial head. These muscle primitives are being developed
as part of the Physiome repository [28] and the Musculoskeletal Atlas Project (MAP) [29] in
order for people to adopt and fit to subject-specific data.

There are a number of limitations in this study that should be considered when
interpreting the results. Firstly, the range of muscle lengths was much less than the full
physiological range of lengths. That was because (a) the Ultrasound transducers could not be
placed behind the knee when the knee was fully flexed, (b) it was not possible to simultaneously

extend the knee and dorsiflex the ankle, so we just dorsiflexed the ankle and (c) most markers

12
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were visible for some but not all of the movement so we selected a subset of markers that were
available for a common block of frames. This meant dropping many frames at the beginning and
the end of the movement. Secondly, when developing the volume elements we selected only 9-
12 fibres per muscle primitive to describe the entire behaviour of this region. This passive
deformation may have been improved if more fibre data were available. We evaluated this
possible limitation by fitting a muscle volume with 9 and 12 fibres and found that the overall
deformation did not vary significantly as long as the fibres covered the entire block uniformly.
Thirdly, the optimisation was sensitive to the initial parameter set, which was selected based on
previous skeletal muscles fitted to the ‘pole-zero’ constitutive law. We did, however, try small
variations of the initial guess and the model converged to the same solution as long as the initial
guess was not too far out of range.

The fitted material properties were stiffer in the fibre direction and it was shown that the
two subjects with the larger pennation angle change during deformation produced a less stiff
strain energy density function, characterised by a larger pole in the ‘pole-zero’ law. In contrast,
the two subjects that showed less pennation change during deformation exhibited a stiffer strain
energy density function, characterised by a smaller pole in the ‘pole-zero’ law. These results
provide a range of likely constitutive parameters that can describe healthy subjects. In addition to
developing a useful muscle building block we also aimed to characterise stress-strain behaviour
of healthy muscles. This initial result provides a basis for future comparison with pathologic
muscles such as the muscles of people with contracture after stroke, spinal cord injury or cerebral
palsy.

We showed that using the muscle primitive to build a complete gastrocnemius muscle

fitted to a new subject worked effectively. Specifically, we were able to simulate active

13
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contraction using a previously presented version of the Hill type model (see Appendix A) and
this produced a shape and strain pattern that was consistent with what had been previously
reported using DWI based fibres in humans [27]. However, the diffusion weighted muscle
produced a deeper crease between the lateral and medial heads showing an RMS geometric
difference in shape of close to 1 cm (Figure 9). Nevertheless, both ultrasound and DWI1 produced
fibre orientations that were similar spatially. Specifically, the high compressive strain in the
central muscle region between the medial and lateral heads and the high tensile strain on the
outer larger medial head was also reported in the diffusion imaging study [27]. The highly non-
uniform strain pattern is consistent with previous FE models that report non-uniform patterns due
to fibre orientation [16, 30]. Furthermore, the range of predicted strain up to 0.24¢ is consistent
with the FE prediction due to active contraction in [30].

It was observed that the benefit of modelling muscle volume at the chose scale was that
all the fibre and fibre connection behaviour is captured in the one muscle primitive. If we were to
model at the fibre level, we would also require models of the fibre connective tissue. Hence, the
scale of the representative muscle element is highly suitable as a building block for whole
muscles without being concerned about multiscale methods, which is more computationally
challenging. This study has shown that Ultrasound is a useful imaging modality for capturing
real-time fibre change. Future uses of this data include characterising healthy versus pathologic
muscle and creating a table of material parameters for patients with different age and health

conditions to be used for mechanics and graphical representation.
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Appendix A
For muscle contraction we used the model of Hunter [24] and added a contractile force in
the DWI informed fibre direction to simulate muscle action given by:

2 h
(Caactn ' [Ca ) ]max )

o,(4,Ca o .
(Ca - [Ca™ ] ) +(Cop)

actn ) =

— 0 [L+ A(A-1)], (A1)

where o, is the active tension added to the fibre direction and given by the calcium-tension

derived from the ‘fading-memory” model, which is based on the Hill type model [31, 32]. Ca

actn
is the level of activation (non-dimensional calcium value), 2 is the sarcomere stretch, [Caz*]max IS
the intracellular calcium concentration for maximum activation, csgis the concentration at which

isometric tension is 50% of its maximum, h is the Hill coefficient, T _ is the active isometric

ref

tension when 2 = 1and 3 is the slope parameter.
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Figures:

Figure 1: The experiment setup. Each subject was seated with the leg in a flexed pose and the foot was
moved through dorsiflexion. Top right shows the triad of markers attached to the leg used to define the
leg frame of reference. Markers are also attached to the ultrasound transducer to define the imaging plane.

20
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2 Figure 2: (Left) is a slice from the 3D Ultrasound image identifying a manually segmented fibre at time
zero; (Middle) is a 2D representation of a 3D set of nine segmented fibres shown as red lines. Green
4 circles are the proximal and distal insertions; (Right) shows the fibres embedded inside a three-element

3D host mesh for the same volume of interest
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Figure 3: Free-form deformation pipeline: (Left) shows three representative fibres in green at baseline
with corresponding proximal and distal landmarks at 100% elongation shown in red. The fibres are
embedded inside a 3-element host. (Middle) shows the deformation of the host at 50% elongation driven
by the baseline fibres in order to match the target proximal and distal fibre endpoints. (Right) shows the
deformation of the host at 100% fibre elongation and perfectly matched to the target fibres.
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2 Figure 4: Free form deformation of subject 1 highlighting the matching of all baseline fibres to the fibre
locations at 100% elongation. This produces a deformed host whose shape minimises the difference
4 between baseline and target fibres.
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Figure 5: Free form deformation of subject 4 (who has a higher pennation change during stretch)

highlighting the matching of all baseline fibres to the fibre locations at 100% elongation. This produces a
deformed host whose shape minimises the difference between baseline and target fibres.
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Figure 6: Fitted pole-zero constitutive law strain energy density for subjects one to four in the fibre
direction (W11) and transverse directions (W22/W33).
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Figure 7: (Left) Bi-pennate muscle primitive used to construct a whole gastrocnemius muscle; and (right)
complete fitted fibre field within whole muscle.
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2 Figure 8: Ultrasound informed muscle in (left) relaxed state and (right) fully contracted state. The top
shows an axial view and the bottom shows a posterior coronal view.
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2 Figure 9: (left) Fully contracted muscle derived from ultrasound, (middle) DWI and (right) overlaid. The
top shows an axial view and the bottom shows a posterior view.
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Figure 10: (left) Maximum principal compressive and (right) tensile strain from the (top) axial and
(bottom) posterior views.
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Tables:

Table 1: Subject statistics.

Age | Weight | Height | Leg length | Knee angle
Subject | (Years) | (kg) (cm) (cm) ©
1 25 52 169 39.5 78
2 21 76 181 38 72
3 18 68 175 39.5 90
4 31 54 168 38.5 76
mean 24.6 60.6 171.6 38.8 79.0
SD 5.2 10.8 6.4 0.7 6.7
min 18 52 165 38 72
max 31 76 181 39.5 90

Table 2: Subject tensions during muscle elongation.

10

FORCE (N)

Muscle Stretche % | Subject 1 | Subject 2 | Subject 3 | Subject 4
25.00% 1.5 2.8 0.8 0.3
50.00% 4.1 8.4 3.7 1.7
75.00% 8.5 19.6 11.3 6.3
100.00% 15.5 39.9 317 21.1

Table 3: Min/max tension, muscle length, muscle slack length and muscle stiffhess for each subject.

Subject 1 Subject 2 Subject 3 Subject 4
Tension min (N) 2.5 1.9 0.4 0.1
Tension max (N) 42.4 17.5 32.1 21.2
Length min (m) 0.4 0.4 0.4 0.4
length max 0.4 0.4 0.4 0.4
Alpha (m™) 82.8 88.6 127.2 119.4
Slack length 0.3 0.3 0.4 0.4
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Table 4: Fitted ‘pole zero’ parameters for all four subjects.

Subject 1 | Subject2 | Subject 3 | Subject 4
scaling k11 (MPa) 0.1 0.1 0.1 0.1
pole ai; 0.12755 0.656 0.3047 0.494
curvature f11 1 1 1 1
Scaling l€22/ K33
(MPa) 0.1 0.1 0.1 0.1
pole a22/ as3 0.8 0.8 0.8 0.8
curvature S,/ fss 1 1 1 1
Avg % error 0.73% 0.71% 0.56% 0.30%
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