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Abstract

Muscle fascicle architecture is an important parameter affecting the mechanical function
of skeletal muscle. Most previous studies on fascicle architecture have been in 2D and the
importance of 3rd dimension has not been much explored. The 3D orientation of the
whole muscle may be regionalized in the muscle and can change with the contraction
state of the muscle. Fascicles are arranged as sheets in muscles and the sheets’
arrangement may change when the muscle bulges during contraction. With the muscle
bulging, fascicle sheets may deform and affect the 3D fascicle orientations which will
further influence the force generated by the muscle. In this thesis methods were
developed and validated to study the in-vivo muscle fascicle architecture in 3D using B-
mode ultrasound and optical tracking systems. Images were obtained from multiple scans
of the muscles with scan times less than two minutes and analyzed for fascicle
orientations, fascicle curvatures, fascicle sheet orientations and fascicle sheet curvatures.
The 3D architecture information further was used to study the effect of ultrasound probe
orientation and position on the measured 2D fascicle orientations. The orientation and
curvature values of the fascicles and the fascicle sheets were quantified in the soleus and
the gastrocnemii muscles in six male subjects for three torque levels (0%, 30% and 60%
of MVC) and four ankle angles ( -15°, 0°, 15° and 30° of planter flexion). The probe
orientation and position was more critical in soleus than the gastrocnemii muscle due to
more complex fascicle arrangement. Fascicle orientations and curvature values were
regionalized across the muscles and changed with the change in ankle angle and relative
torque level (p<0.01). The change in fascicle arrangement may be in response to the
intramuscular pressure, and these changes can alter the mechanical output. The 3D
information obtained in this thesis will be useful to understand the force generation of
muscle and also to understand the change in muscle function with diseases affecting the

muscle architecture.

Keywords: regionalization, torque, muscle length, intramuscular pressure
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error bars are smaller than the dot size. The “*” indicates a statistically
significant change between adjacent regions. Approximately 40000
points were used to calculate the mean and standard error of mean
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Regionalization of fascicle curvature in MG. The dots represent the
mean values of fascicle curvature magnitude (x.) and direction of
curvature in terms of polar angle () and azimuthal angle (¢.) across
all the torque and ankle angle trials. Error bars representing standard
error of mean are drawn but are not visible in the figures where the
error bars are smaller than the dot size.. The “*” indicates a
statistically significant change between adjacent regions.
Approximately 40000 points were used to calculate the mean and

standard error Of MEAN VAIUES. .....n .ot

Regionalization of fascicle curvature in soleus. The dots represent the
mean values of fascicle curvature magnitude (x.) and direction of
curvature in terms of polar angle (B.) and azimuthal angle (¢.) across
all the torque and ankle angle trials. Error bars representing standard
error of mean are drawn but are not visible in the figures where the
error bars are smaller than the dot size The “*” indicates a statistically
significant change between adjacent regions. Approximately 40000
points were used to calculate the mean and standard error of mean

VALUES. ettt e e e e e e e e e e e e e e e e e e reaae e e e e e —_s

Effect of torque levels and ankle angle on muscle fascicle curvature in
LG. The dots represent the mean values of fascicle curvature
magnitude (K.) and direction of curvature in terms of polar angle ()
and azimuthal angle (¢.) across the whole muscle. Error bars
representing standard error of mean are drown but are not visible in
the figures where the error bars are smaller than the dot size. The “*”
indicates a statistically significant change between adjacent regions.
Approximately 40000 points were used to calculate the mean and
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Figure 5.8Effect of torque levels and ankle angle on muscle fascicle curvature in

MG. The dots represent the mean values of fascicle curvature
magnitude (k) and direction of curvature in terms of polar angle ()
and azimuthal angle (¢.) across the whole muscle. Error bars
representing standard error of mean are drawn but are not visible in the
figures where the error bars are smaller than the dot size. The “*”
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Figure 5.9

indicates a statistically significant change between adjacent regions.
Approximately 40000 points were used to calculate the mean and
standard error of mean values

Effect of torque levels and ankle angle on muscle fascicle curvature in
soleus. The dots represent the mean values of fascicle curvature
magnitude (k.) and direction of curvature in terms of polar angle (jB.)
and azimuthal angle (¢.) across the whole muscle. Error bars
representing standard error of mean are drawn but are not visible in the
figures where the error bars are smaller than the dot size. Numbers of
data points for each value were approximately 40000. The “*”
indicates statistically significant change between adjacent ankle angles

and relative torque 1eVels)......cccviiiiieiiiieeeieeeeee e

Figure 5.10Effect of relative torque levels on fascicle curvature and ankle angle

relation. The dots represent the mean values of fascicle curvature
magnitude (k). Error bars representing standard error of mean are
drawn but are not visible in the figures where the error bars are smaller
than the dot size. Numbers of data points for each value were

approximately 10000. ........c.ccoovuiiiiiiieeiiie e

Figure 5.11 Fascicle sheet curvature in LG (A), MG (B) and soleus (C). The dots

represent the mean values of fascicle sheet curvature magnitude (kgs)
and direction as the angle relative to deep-superficial axis of muscle
(¢fsc). Error bars represent the standard error of mean. Approximately
400 poitns were used for region effect and 200 for ankle angle and
torque level. The “*”

Figure 5.12 Schematic representation of the fascicle curvature in 3D. The path of

the fascicle is shown by the blue dotted line. The curvature was
represented by magnitude (represented by length of arrow) and
azimuthal angle (represented by color of arrow). Polar angle (B. ) was
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Figure 5.13Visualization of a simulated straight fascicle on a planar sheet (A, B),

Figure 6.1.

a straight fascicle on a curved sheet (C, D), a curved fascicle on a
planar sheet (E, F) and a curved fascicle on a curved sheet (G, H). The
left column represents the front view and right column represents a
rotated view point at an angle of 30°. The mean fascicle angle was 25°
relative to the z-axis, mean curvature of 10 m'for E-H and fascicle

sheet curvature was 15 m™ for C, D, G and H and 0 for A, BE and F. ......

Representation of orientation of normal to the curve. A 3D curved line
(shown as dotted blue line) was modeled with varying orientation
angles for the normal to curve. The colors of the arrows represent ¢
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1. Introduction

Muscle architecture is an important determinant of the mechanical function of muscle.
Most of the in-vivo studies on muscle architecture have been done using 2D ultrasound imaging
and not much work has been done on 3D architecture. In this thesis ultrasonography in used to

study in-vivo muscle architecture in 3D and to study the importance of the third dimension.

1.1. Introduction to muscle architecture and mechanics

Muscles are the prime movers of the body and joint movements are determined by the
action of the muscles crossing the joints (Powell et al., 1984; Wickiewicz et al., 1983). The
mechanical function of muscle depends on its architectural parameters such as fascicle length,
velocity, pennation angle and curvature. Muscle fascicles are bundles of muscle fibers, which are
the muscle cells that can actively develop force. Along with their activation level, the force
generated by muscle fibers depends on the fiber length and the velocity. The force generated by
the fibers is sum of the force generated by sarcomeres active in parallel (active force) and the
force generated by the passive components in those fibers. Passive forces increase with the
increase in muscle length but the active force has a maximum at an optimal length and is reduced
at lengths that are longer or shorter than optimal (Gordon et al., 1966). Along with the muscle
fiber length, shortening velocity is an important parameter affecting the force generated by the
fibers. Forces are the greatest for lengthening relative torques and the muscle absorbs work when
it is stretched as opposed to generating work when it shortens (Flitney and Hirst, 1978). The
force generated by muscles decreases at higher shortening velocities, decreasing to zero force at
the maximum unloaded shortening velocity, which is an intrinsic property of the fiber (Hill,
1938). The force and the power diminish at very high shortening velocities of the fibers, and so
it is important that the fiber shortening velocities do not approach the maximum unloaded

shortening velocity.



In pennate muscles the fascicles are oriented at an angle (pennation angle) that is oblique
to the line of action of the muscle are considered to generate greater force than fusiform muscle
(fibers parallel to the line of action of muscle) because more fibers can be packed in the same
volume of muscle (Alexander, 1968). Pennation angle is defined as the angle of line of action of
muscle, however, because it is difficult to determine the line of action of muscle is measured
with respect to the muscle aponeurosis (Fukunaga et al., 1997a; Maganaris et al., 1998b; Narici
et al., 1996a). However, the increased force does not act along the line of action of the muscle
and so only a component of the fiber force acts along the force generation axis of muscle (Azizi
et al., 2008; Wakeling et al., 2011). An important property of pennate muscle is that the fascicles
can rotate during muscle contraction. The fiber rotation uncouples the shortening velocity of
muscle fibers from the shortening velocity of muscle belly (Wakeling et al., 2011). The ratio of
the muscle belly shortening velocity to the muscle fiber shortening velocity is called muscle
gearing. For fusiform muscle this ratio is 1. For pennate muscles, if the pennation angle were
unable to change, this ratio would be less than one as the fibers will have to shorten more for a
given shortening of the muscle belly. However, due to rotation of the fascicles, an increase in
pennation actually occurs during relative torque and the fascicles shorten at a lower velocity than
that of the muscle belly, resulting in a gearing ratio greater than 1 (Azizi et al., 2008; Wakeling
et al., 2011). For very fast relative torques, muscle gearing can result in the fascicles maintaining

relatively lower shortening velocities that facilitates high force and power production.

1.2. Regionalization of muscle properties

Regional variations in muscle activation patterns (English, 1984; Hoffer et al., 1987),
fiber type (English and Letbetter, 1982; Wang and Kernell, 2000), fascicle strain (Ahn et al.,
2003; Soman et al., 2005), work done by muscle (Higham et al., 2008) and fascicle orientation
(Herring et al., 1979; Ritruechai et al., 2008) have been shown in different species.
Regionalization of activation patterns and fiber type composition has a functional significance.
Higham and co-workers (2008) showed a relation between the fiber recruitment and muscle
stretch that was regionalized in the medial gastrocnemius of the guinea fowl. As muscle
architecture is related to muscle function it is possible that the regionalization of muscle

architecture also has functional significance. Regions of muscle having different neuronal control



(called neuromuscular compartments) are functionally important for different mechanical tasks.
Regionalization of architecture in a muscle may facilitate these muscle compartments to perform

different mechanical tasks.

Some muscles have complex architecture to achieve the desired muscle function. For
instance, in the axial muscle of fish the fast and slow muscle fibers are anatomically separated
with the slow fibers being parallel to the long axis of the fish and the fast fibers being curved
(forming a partial helix) at an angle relative to the long axis of the body of the fish (Alexander,
1969). The complex fish muscle architecture maintains optimal strain rates for the fast and slow
muscle fibers during different types of swimming behaviour in order for them to generate high
power. Fast muscle fibers are activated during the startle response of the fish. The helical
orientation of the fast muscle fibers allow them to shorten at lower strain rates than those that
would have been required if they had the same orientation and position as the slow fibers,
allowing the sarcomeres to shorten at their optimal velocity for generating high power (Rome et
al., 1988). As another example, the regional variation of muscle fascicle orientation in pig
masseter muscle has been shown to be correlated to the activation of the muscle segments during
different phases of chewing. The timing of activation is managed so as to use the orientation
properties of muscle fascicles to change the direction of pull by the muscle fascicles and hence

obtain different force directions during different phases of the task (Herring et al., 1979).

In man, it has been shown that regional variations in activation occur in the gastrocnemii
and soleus (Wakeling, 2009); the different compartments of these muscles are shown to be
recruited differently based on the mechanical demand of the task performed. It is important to
quantify the architectural properties in these regions and study the regional changes in
architecture during muscle relative torques in order to understand the functional significance of
the regional activations. Regional variations in the architecture of the rectus femoris, in the
human quadriceps, have previously been shown using 2D ultrasound (Blazevich et al., 2006).
This thesis describes novel in-vivo methods (explained in chapter 2 and chapter 3) to quantify

the regionalization of muscle fascicle orientations in 3D (chapter 4).



1.3. Muscle fascicle curvature and fascicle plane deformation

Along with fascicle orientation, fascicle curvature is an important determinant of muscle
architecture (Otten, 1988; van Leeuwen and Spoor, 1992). Curved fascicles have been
considered to develop pressure on their concave side (Muramatsu et al., 2002; van Leeuwen and
Spoor, 1992). For isometrically contracting muscles the pressure developed by the aponeurosis is
balanced by the pressure developed by the curved fascicles for mechanical stability within the
muscle model (Van Leeuwen and Spoor, 1992). The pressure developed in a muscle during
relative torque depends on the curvature of the fascicles and increases with increase in fascicle
curvature. Regional differences in intramuscular pressure exist (Sejersted et al., 1984) that may

be reflected in regional changes in curvature.

Fascicle curvature results in longer fascicle lengths than linear fascicle lengths that would
be estimated for a given pennation angle and muscle thickness. Differences in length of 6% have
been reported between linear and curved estimates of muscle fascicles in 2D studies (Muramatsu
et al., 2002). It is important to study the organization of fascicle curvature in muscle to
understand its effect on muscle function and its use in muscle modelling. Fascicle curvature has
been qualitatively (Fukunaga et al., 1997a; Kawakami et al., 1998; Maganaris et al., 1998c)
described in previous studies. Muramatsu and co-workers (2002) have shown that fascicle
curvature depends both on the relative torque state and the length of the medial gastrocnemius
muscle. They found increased curvature in fascicles with maximum voluntary relative torque
(MVC) when compared to resting muscle, and the curvature became larger with increased
plantar flexion of the ankle. Savelberg and co-workers (2001) have shown from an in-situ
preparation in rat muscles that during relative torques the fascicles do not just shorten along their
longitudinal axis but are also displaced laterally. Asymmetrical displacement of fascicles results
in helical deformations in the muscle fascicles. The 3D quantification of curvature has not been
explored and the fascicles in human muscle may be curved in three dimensions, with non-planar

changes in curvature occurring during relative torques.

Muscle bulging is an important factor affecting the muscle architecture and hence the
muscle function. During relative torques the changes in muscle volume are very small (Baskin

and Paolini, 1967) and so when a muscle belly shortens during relative torque, an increase in the



muscle cross-sectional area is expected to keep the volume changes minimal. The increase in
cross-sectional area is achieved in the form of muscle bulging. Bulging along the fascicle plane
results in a change in depth (Maganaris et al., 1998c¢), on the other hand a bulge can be
perpendicular to the fascicle planes and instead would change the width of the muscle. The
change in depth along the fascicle plane is related to the fascicle length, curvature and pennation
angle which can alter the force generation by the muscle. Differential bulging of muscle in the
two directions (depth and width) can result in different gearing ratios during muscle shortening
and hence may facilitate the relative torque of muscle during different activities (Azizi et al,
2008). Maganaris and co-workers (1998 c) have shown a change in muscle depth in the lateral
gastrocnemius and no change in the medial gastrocnemius during isometric relative torques.
Depth change along the fascicle plane will result in a rotation of fascicles and a change in
pennation angle, whereas bulging in the perpendicular direction may not affect the pennation
angle, but can alter the alignment of fascicle planes in the muscle. In the previous 2D ultrasound
studies, muscle fascicles are assumed to be arranged in planes (Benard et al., 2009; Kawakami et
al., 1998; Maganaris et al., 1998c). However, the planar arrangement may not be possible due to
the shape of the muscle. Sejerested and co-workers (1984) observed curved fascicle sheets in the
vastus lateralis of human cadavers and have suggested the arrangement of fascicle sheets in an
onion-like arrangement. This thesis reports development of methods to study the fascicles’
arrangement as sheets within the muscle (chapter 4 and chapter 5). The non-planar sheet
arrangement arises from 3D curving of fascicles in muscle. Further, the change in architecture
during muscle bulging may not be uniform across the whole muscle. We expect bulging to be
regionalized across the muscle and this may result in differences to the deformation of fascicle

sheets and their alignment relative to each other.

It is important to study the muscle architecture in three dimensions to understand the
changes in muscle architecture during muscle bulging and relate it to the muscle function. Some
studies have reported muscle architecture and changes in depth but it is still not understood how
the muscle architecture changes in three dimensions during relative torque and how muscle
bulging changes the structure and function of a muscle. Fascicle sheet arrangement and the

change in this arrangement with different relative torque states are quantified in chapter 4 and 5.



1.4. Techniques for studying muscle architecture

Muscle architecture has interested researchers for centuries (Benninghoff and Rollhauser,
1952; Haughton, 1873; Stenosis, 1667) however, most of the quantitative work on muscle
architecture has been done in the last two decades. Much of the earlier information on skeletal
muscle architecture was obtained from cadaver studies (Huijing, 1985), but to understand muscle
function, it is important to study in-vivo muscle architecture as the properties of cadaver muscle
are different from living muscle that can be activated. The cadaveric studies have been used to
measure pennation angles and fascicle lengths in 2D dissected planes (Friederich and Brand,
1990; Wickiewicz et al., 1983), and also to obtain 3D architectural information (Agur et al.,
2003). It has been shown that the information obtained from cadaver muscle does not match with
a relaxed or contracted state of muscle (Martin et al., 2001). In-vivo studies in animals on muscle
dynamics typically use sonomicrometry crystals to investigate the fascicle length and thus strains
and strain rates (Ahn et al., 2003; Hoffer et al., 1989; Roberts et al., 1997). Sonomicrometry
provides local 1D measured of length and fascicle lengths are calculated using the assumption

that they are straight and not curved.

During the last two decades, brightness mode (B-mode) ultrasonography has been used
to study muscle architecture (Kawakami et al., 1993; Kuno and Fukunaga, 1995) in two
dimensions. Muscle fascicle architecture can be quantified non-invasively using B-mode
ultrasound for both dynamic and isometric relative torques (Fukunaga et al., 1997a; Fukunaga et
al., 1997b; Ito et al., 1998; Kawakami et al., 1998; Maganaris et al., 1998c¢). Typically, a few
fascicles are digitized manually from each ultrasound image in a process that is both time-
consuming and subjective. A few studies have developed automated methods to track the
changes in contractile lengths (Loram et al., 2006) and distinct features (Darby et al., 2011) in
ultrasound images. Automated methods were developed to study the 2D architecture from in-
vivo ultrasound images (chapter 2; Rana et al., 2009). A challenge faced with 2D ultrasound is
that due to the size of the probe, it does not scan the whole muscle. Most of the studies have used
manual digitization to quantify the muscle fascicle length and pennation angle in the muscle
belly (Fukunaga et al., 1997a; Hodges et al., 2003; Maganaris et al., 1998c). Also, due to the
planar nature of 2D ultrasound images it cannot be used to quantify muscle bulging out of the

image plane.



A few studies have used ultrasound to study 3D muscle architecture (Barber et al., 2009;
Fry et al., 2003; Fry et al., 2004; Hiblar et al., 2003; Kurihara et al., 2005; Malaiya et al., 2007).
3D ultrasound uses 2D images from the ultrasound and 3D position information related to each
image to reconstruct the shape of the muscle (Fry et al., 2003; Hiblar et al., 2003; Kurihara et al.,
2005) and to determine muscle volume (Barber et al., 2009). Fry and co-workers (2003) used 3D
methods to construct three dimensional images of the muscle in localized regions in space and
suggested that muscle architecture is visible in such reconstructions. Hiblar and co-workers
(2003) studied the orientation of muscle in three dimensions; however, the variation in their data
was too large (coefficients of variation 30-40%) to study the change in muscle fascicle
orientations. Kurihara and co-workers (2005) studied muscle fascicle length using 3D
ultrasound. They reconstructed 3D images using software, identified fascicles by visual
inspection of the 3D reconstruction (Tomtec3D, Tomtec, Germany) and reported fascicle length

as the mean length of three fascicles in the belly of the muscle.

Diffusion tensor magnetic resonance imaging (DT-MRI) has been used for muscle—fiber
tracking in 3D (Damon et al., 2002; Heemskerk et al., 2011; Kan et al., 2008; Lansdown et al.,
2007; Levin et al., 2011). DT-MRI involves collecting magnetic resonance images and
computer-based image analysis for tracking the fibers. DT-MRI detects the co-efficient of
diffusion of water motion along the applied gradient axis. By combining the diffusion along the
applied gradients, diffusion tensors can be obtained along any direction (Mori and Zang, 2006).
For elongated structures, such as fibers, the diffusion coefficient of water is greater along the
direction of the fiber than perpendicular to it (Farr and Allisy-Roberts, 1998; Hashemi and
Bradley, 1997). This information can be combined across neighboring pixels to reconstruct the
fiber trajectory. The reported scan times in recent studies are at least 15 minutes (Budzik J.F.,
2007; Heemskerk et al., 2009) and most of the work has been done on passive muscles as active
muscle relative torques cannot be obtained for the required scan times. Also it is difficult to
study contracting muscle with DT-MRI because the technique is sensitive to soft tissue motion
that invariably occurs during these long scan durations (Bishop et al., 2009) . One notable
exception is the study by Deux and co-workers (2008) that used a scan time of 2 minutes 30
seconds and that related diffusion co-efficients with the relative torque state of muscle (rest,
passive lengthening and active relative torque). However, they reported that their diffusion co-

efficients may not relate to the direction of the fascicles, as they found a loss of parallelism of



fibers observed in 3D. Diffusion anisotropy determines the fascicle orientation using these

techniques, and they reported a loss of diffusion anisotropy during the contracted state.

DT-MRI studies have been very qualitative; the technique is very sensitive to tissue
motion and has been mostly used to study architecture in passive muscle. Ultrasound is less
expensive than MRI to use, real-time acquisitions are possible and it is easier to operate than DT-
MRI. The faster acquisition times using ultrasonography makes the testing of different relative

torque states possible.

The purpose of this thesis was to develop methods to study muscle fascicle architecture in
3D using B-mode ultrasound and use these methods to study changes in muscle architecture in

passive and contracting states.

1.5. Outline of this thesis

Chapters 2 and 3 present the methods to quantify the muscle fascicle architecture in 2D
and 3D, respectively. Muscle fascicle orientations and fascicle plane orientations are studied for
different ankle angles and relative torque states in chapter 4, and the effect of 2D ultrasound scan
orientation on measured pennation angle is discussed. Muscle fascicle curvature and the fascicle
sheet curvature are presented in chapter 5. Finally, chapter 6 integrates the information from
chapters 4 and 5, describes the effect of 3D fascicle architecture on muscle function, compares
these findings with previous 2D knowledge and presents the importance of the 3™ dimension on

architecture and function.

Chapter 2 is based on a paper by Rana, Hamarneh and Wakeling (2009). Chapter 3 is
based on a paper by Rana and Wakeling (2011). Chapter 5 uses ideas for calculating curvatures

that have previously been published in a 2D context by Namburete, Rana and Wakeling (2011).



2. Automated tracking of muscle fascicle orientation in B-
mode ultrasound images

2.1. Introduction

Pennation angle, is one of the main factors that determine the function of a muscle
(Fukunaga et al., 1997a; Lieber and Fridén, 2000). For a given shortening velocity of the whole
muscle belly, more pennate muscles will tend to have a smaller fascicle shortening velocity than
less pennate muscle (Lieber and Fridén, 2000). Furthermore, greater pennation results in more
fascicles being packed in parallel for a given muscle volume; this leads to a greater force
production. However, this force is more oblique to the line of action of the muscle belly. Muscles
in humans range from fascicles nearly parallel to the muscles’ line of action, such as the
Sartorius, to highly pennate muscles such as the short head of the biceps femoris with a
pennation angle of 23°. The pennation angle changes during muscle relative torques with the
fascicles rotating to greater pennation angles as the relative torque intensity increases.
Differences of up to 12°-27° in pennation angle between resting and maximally contracted
human muscles have been reported (Herbert and Gandevia, 1995; Maganaris et al., 1998c; Narici
et al., 1996b). An architectural gear ratio, AGR, has been defined as ratio of muscle belly
velocity to muscle fascicle velocity (Azizi et al. 2008; Wakeling et al. 2011) and this changes as
the fascicles rotate. Changes in the shape of the muscle belly that occur with different muscle
forces can cause changes in AGR and rotation and this predisposes the muscle to favor high
force - low velocity relative torques or high velocity - low force relative torques (Azizi et al.,
2008). Being able to quantify muscle architecture during dynamic relative torques is an

important part of determining the function of the muscle.

Muscle fascicle architecture can be quantified non-invasively using B-mode ultrasound
for both isometric situations (Blazevich et al., 2006; Fukunaga et al., 1997a; Fukunaga et al.,

1997b; Ito et al., 1998; Kawakami et al., 1998; Maganaris et al., 1998¢) and during dynamic



relative torques (Darby et al., 2011; Ichinose et al., 2000; Ishikawa et al., 2003; Kawakami et al.,
2002; Kurokawa et al., 2001; Loram et al., 2006; Muraoka et al., 2001; Wakeling et al., 2011;
Wakeling et al., 2006). Typically, the fascicles have been digitized manually in a process that is
both time-consuming and subjective. An automated technique based on Lucas —Kanade
algorithm was developed to track displacement of gastrocnemius aponeurosis and free tendon
(Magnusson et al., 2003). An automated method based on spatial cross correlation for
automating the tracking of features frame by frame was developed to track changes in contractile
length of muscle fascicles (Loram et al., 2006). This latter method needed an initial manual
digization step to identify the features or fascicles of interest, and then it followed the position of
these features over a series of successive frames. The method is most robust when successive
frames are most similar, as is the case for low amplitude relative torques and small changes in
pennation. With substantial changes in pennation angle that occur with large joint movements
and muscle relative torques, the local features within the ultrasound image change in shape and
may even disappear from the ultrasound plane and this can result in error in the measurement. A
recent method based on Kanade-Lucas-Tomasi methods and active shape models was tracks the
distinctive features within ultrasound image sequences to quantify movement in different regions
of the image and relate it to the activation of the muscle regions (Darby et al., 2011). However,

this method does not relate to the fascicle length, shape or orientation.

The purpose of this study was to develop an automated method to quantify the orientation
of the fascicles within a muscle from isolated ultrasound images, and to resolve the orientations

to localized regions in the images.

2.2. Methods

2.2.1. Methods Overview

B-mode ultrasound images contain information on the muscle fascicle orientation as well
as noise. A multistage process was used to determine the fascicle orientation (Figure 2.1): initial
multiscale vessel enhancement filtering enhanced fascicle structure (which is vessel-like or
tubular) and decreased the noise level. Fascicle orientation was then determined by two alternate

methods: (a) radon transform was used to quantify the dominant orientation in the image and (b)
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an ultrasound-specific wavelet analysis quantified the local orientation around each pixel. The
two methods were validated against synthetic images with known orientation and also with real

ultrasound images that were additionally digitized manually by ten people.

Raw image

Multiscale vessel
enhancement filtering

'

Filtered image

(Wavelet analysis) Gadon transform)

Local orientation . . .
( around each pixel) (Dommantonentahoa

Figure 2.1  The sequence of methods used to determine fascicle orientation.

2.2.2.  Multiscale Vessel Enhancement Filtering

Muscle fascicles appear dark in the image and connective tissue between the fascicles
appears as bright, vessel-like tubular structures that parallel the fascicles. Multi-scale vessel
enhancement filtering was used to enhance these vessel-like structures (Frangi et al., 1998). This
method enhances the tubular structures in the image and is capable of resolving tubular structures

of different radii.

The ultrasound images were 512x512 pixels, representing 5x5 cms of muscle region. The
image was initially convolved with a series of four 13 x 13 pixel Gaussian kernels in which each
kernel had a normalized Gaussian distribution of pixel intensities centered within the kernel. The
standard deviations (2, 3, 4 and 5) for these Gaussian distributions were chosen based on
diameter of the tubular structures in the image. If the standard deviation is greater than the

diameter there is over-blurring of the image, and if it is lesser it picks more noise. The Hessian
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matrix of these convolved images provides second-order information that is related to the vessel
direction. For an ideal tubular structure, the eigenvalues A; and A, of the Hessian matrix obey the

following rules:
|41]>>]42]
72| =0

The eigenvector in the direction of the smallest eigenvalue represents the local vessel

direction. The vesselness response V' (s) for each scale was determined as:

0, if 1, >0
V(s) = —R? ) ]
exp(z—'b)2 1—exp(?) , if1, <0
where R = % and is a measure of ‘line-like’ structures; and S = /Zisz A% is the
2

Frobenius norm of the Hessian matrix. § and c are arbitrary constants both set to 0.5 according
to Frangi et al. (1998). The whole process was repeated at each pixel for different scales and the

filtered image taken as the maximum vesselness response at each pixel across the four scales
(Figure 2.2).
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Figure 2.2 Ultrasound image from vastus lateralis (A) and image obtained after multiscale
vessel enhancement filtering (B).

2.2.3.  Anisotropic Wavelet Analysis

Muscle fascicle orientation at each pixel was obtained by using anisotropic wavelet
analysis. A wavelet kernel was constructed based on a modified Mortlet wavelet that was
extended into 3D and given polarization with a major orientation a (Figure 2.3). The kernel was
2k +1 pixels in both the x and y directions. At any pixel the amplitude of the wavelet G (x, y) was
given by:

2

G(x, y) = exp (xZ%) Cos (Zn(xCosZ—ySina)) +o,

where d is the damping of the wavelet, & is the half-width of the wavelet, A is the
wavelength and o is a linear offset. The damping was set at d = 2.5622 to (A) provide decay of
the wavelet by the edges of the kernel (with £ =19) and (B) to satisfy the wavelet condition of
zero integral (for « = 0 and 0 = 0). However, due to pixilation artifacts, a non-zero value for o

must be introduced for non-zero angles a in order to maintain a zero integral. The value for o

13



never exceeded 0.0004 % of the maximum value for the wavelet, and so this offset correction
made a negligible difference to the results. For each pixel, the wavelet used for the convolution
has it spatial wavelength, A4, to match the selected scale in the multiscale filtering. Four sizes of

wavelets were used with A equaling 10, 13, 16, and 19 pixels.

The filtered image was convolved with a set of wavelet kernels at different orientations a.
The wavelet with orientation o resulted in the greatest convolution for a given region in the

image identified that region as having a muscle fascicle orientation of a.
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Figure 2.3 Anisotropic wavelets for determining fascicle orientation within ultrasound
images. Wavelets were calculated using the above equation and from a 39%39
pixel grid. Wavelet grids in this illustration were obtained by interpolation of
data are shown for orientation a = 0° (4) and a = 10° (B).

2.2.4.  Radon Transform

Radon transforms can be used to determine the predominant orientation in a repeated
structure such as the muscle fascicles in an ultrasound image. The radon transform projects a grid
of parallel lines, one pixel apart, across the image and calculates the integral of the image
intensities along each line (Khouzani and Zadeh, 2005).The orientation 0 of the grid is varied,

and when 0 approaches the dominant orientation of structures within the image then the radon
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transform has greatest variability across the image (Figure 2.4); this variability was quantified by
its variance or kurtosis. Variance was used for synthetic images, as has been used earlier by
Khauzani and Zadeh (2005) and Kurtosis was used for real ultrasound images because kurtosis
was more robust than variance for real images. Higher kurtosis indicates that more of the
variance is due to infrequent extreme deviations, as opposed to frequent modestly-sized
deviations. Since the real images have discontinuous line-like structures at unequal distances
relative to each other (as opposed to uniformly distributed continuous lines in the synthetic
images) the measure of kurtosis is more sensitive to fascicle orientation in the ultrasound images
than the variance. The dominant fascicle orientation was taken as the angle 6 at which the radon
transform of the filtered image had the greatest variance (synthetic grids) or kurtosis (ultrasound

images).

A B
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Figure 2.4 An illustration of radon transform at four different angles 0 on synthetic grids
(A-D). The arrows represent the projection through the gird, the projected
intensity plots on the right represent the result of the radon transform. The
radon transform shoes the greatest variance when theta approaches angle in
the grid.

2.2.5. Validation

The use of wavelet and radon transforms for ultrasound images was validated using both
synthetic and real images. Synthetic images were grids of parallel lines at a known orientation
that had sinusoidal changes in intensity across (or perpendicular to) the lines, these grids were
combined with random noise (Figure 2.5). A contrast to noise ratio (CNR) was defined as the
ratio of the absolute difference in intensity between bright and dark regions of the image to the
sum of noise from those respective regions. For images with distributed pixel intensities the
difference in intensity between bright and dark regions was taken as the difference between the
mean pixel intensities (/) from the brightest and darkest 50% of the pixels. The noise from each
region was quantified by the standard deviation (o) of the image pixels in each region.

CNR = IBright - IDark

OBright + Opark

The two methods were tested for synthetic grids at a fixed angle of 10° and different
noise levels and then at fixed noise level (CNR =1.0) but different angles.
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Figure 2.5 Synthetic images used for validation at an orientation of 10° with no added
noise (A) and with added noise at CNR=0.79 (B).

To validate the methods against real images, B-mode ultrasound images (Echoblaster,
Telemed; LT) were recorded at 45 Hz from the distal part of the left vastus lateralis of a subject
during cycling on a stationary ergometer. A linear-array probe (128 elements at 7 MHz) was
secured to the skin with elasticated bandages and aligned to a plane in which the muscle fascicles
were situated. Bitmap images were extracted for each frame from the ultrasound sequence. The
subject provided informed consent for this procedure in accordance with the Research Ethics

procedures at Simon Fraser University. 60 ultrasound images from the ultrasound sequence were
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manually digitized by 10 different researchers. The ultrasound sequence and the pedal position
data were synchronized in time to relate the ultrasound images with the crank angle. The top
dead center of pedal position was considered as 0° crank angle. Each person digitized the
sequence twice, and only the second set of measurements were used to allow for a training effect
in visualizing the fascicles. From each image a fascicle was identified that spanned from
superficial to deep aponeuroses, and two points were digitized on the fascicle close to the
aponeuroses. The angle between these points on the fascicle and the x-axis was calculated. A
region of interest was identified for each image within the aponeuroses that contained only the
muscle fascicles, and this fascicle direction was quantified by the mean a from the wavelet
analysis and the dominant orientation 6 from the radon transform (Figure 2.6). The orientations
obtained by the above three methods were fit with respect to the crank angle using Fourier series

to compare the respective results.

Figure 2.6 Ultrasound image from vastus lateralis. The aponeuroses are indicated by
dashed lines. The mean fascicle orientations are shown by solid black and grey
lines from the radon and wavelet transform, respectively. Each line is shown
against a white relief for clarity.

2.3. Results

The images after multiscale vessel enhancement filtering are shown in Figure 2.2B. It is
clear that this method enhances the fascicle structure in the image and is capable of enhancing
fascicles of different diameters. Both the wavelet analysis and radon transform methods were
able to accurately identify the fascicle orientation in the synthetic images (Figure 2.6) with a

C.N.R. of 0.8. The least squares linear regression was obtained for the calculated orientations
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against the actual orientations for these two methods both had slopes not significantly different
from unity (r* > 0.99). The mean absolute error for the radon transform across the range of 0° to
90° was 0.058°and the mean error for the wavelet transform across this range was 0.02°. These

error values are small enough for practical applications.

90

60 A
Estimated
orientation
(°)

30 -

0 T .
0 30 60 a0

Grid orientation (°)

Figure 2.7 Estimated orientation from the simulated grids calculated for a range of angles
using CNR=0.8.Angles calculated using the wavelet transform are shown by
triangles with apex at top, and angles calculated using the radon transform are
show by triangles with apex at their bottom. The line shows the ideal result.

When the level of noise increased in the synthetic images there was an increase in the
error of the estimate of orientation (Figure 2.8). The errors for both the radon transform and
wavelet analysis were less than 0.02° for C.N.R. greater than 0.8. The C.N.R.s for the ultrasound

images for the vastus lateralis were in the range 0.85-1.34.
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Figure 2.8 Errors in the estimated orientations from the simulated grids calculated for a
range of CNR at fixed orientation of 8.6°.Angles calculated using the wavelet
transform are shown by grey line and triangles with the apex at top, and angles
calculated by radon transform are shown by black line and the triangles with
apex at their bottom. The arrows show the range of contrast to noise ratios
observed in ultrasound images from the vastus lateralis.

The ultrasound images showed that the fascicle orientations changed in a cyclical fashion
during each pedal cycle. The greatest fascicle angles occurred at the bottom of the pedal cycle
when the knee was most extended, with a short vastus lateralis length. Manual digitization
showed that the mean fascicle angles, relative to the x-axis (horizontal axis) on each image,
varied between 2.0° and 3.5° and this corresponded to pennation angles of 8.6° to 9.5° that were
relative to the deep aponeurosis. Considerable variability occurred in the fascicle orientations
that were manually digitized by the 10 researchers (Figure 2.9). The standard deviation for the

fascicle orientations for each frame had a mean value of 1.41° (range 0.46° to 2.83°).

21



Fascicle
orientation

(%)

Crank Angle (°)

= == Manual Digitization
Radon Transform
— Wavelet Analysis

Figure 2.9 Muscle fascicle orientations in vastus lateralis during cycling. Orientations are
relative to the ultrasound probe (skin) surface. Points show the orientations
determined from manual digitization by 10 researchers. Lines show the
orientations determined using Fourier series from the manually digitized points
(dashed black line), radon transform (solid black line) and wavelet transform
(solid grey line)

The results from the wavelet analysis and radon transform on the ultrasound images can
be visualized in Figure 2.6. Lines have been drawn that have an orientation determined from the
radon transform or mean wavelet value, and pass through the centre of the muscle. The wavelet
transform resulted in orientations at lesser angles than for the radon transform. The mean
orientation a from the wavelet analysis was significantly different from the mean fascicle
orientation that was manually digitized from each ultrasound frame (two-tailed, matched pair, t-
test; p<0.001) with the mean difference being -1.35° this difference was less than the standard
deviation of the manually digitized values for each frame of 1.41° (Figure 2.9). There was no

significant difference between the dominant orientation 6 from the radon transform and the

manually digitized values from each ultrasound frame (two-tailed, matched pair, t-test; p=0.773).
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2.4. Discussion

The combination of multi-scale vessel enhancement with either wavelet analysis or radon
transform has resulted in methods that will automatically detect the orientation of fascicular
structures within an image. Both methods had accuracy better than 0.02° for levels of noise
typical of those in ultrasound images (Figure 2.8) with the wavelet transform performing slightly
better than the radon transform. When the methods were applied to an actual ultrasound
sequence the radon transform identified orientations with a closer match to the manual values
than the wavelet analysis (Figure 2.9). This in itself does not show that the wavelet analysis is
worse at identifying actual muscle fascicle orientations than the radon transform because we do
not know the accuracy of manually digitizing the sequences, and indeed the different researchers
produced a surprising variability in their perceived fascicle directions (standard deviation of
1.41°). It may be expected that the radon transform generates similar values to the manually
determined ones because it is likely they follow similar principles. The radon transform identifies
the dominant orientation within the image that would correspond to the most prominent and
visible fascicles that draw the eye when being digitized manually. Furthermore, the radon
transform projects parallel straight lines across the image and so would be particularly suitable
when identifying linear approximations to the muscle fascicles. These features are particularly
useful if the purpose is to identify a “representative” fascicle within the image for determining its

linear length, as has been the case for many previous studies.

By contrast, the wavelet transform identifies the mean orientation of the fascicular
structures within the space of the kernel. Within the kernel the energy of the wavelet is
concentrated within a circular region of radius 11 pixels, corresponding to 1.3 mm in the muscle.
Thus the wavelet transform can identify local orientations with a 1.3 mm spatial resolution
throughout the ultrasound image. The mean orientations calculated across the image, for
validation purposes, contained information about all fascicle orientations within the muscle.
Where some fascicles were not in the ultrasound plane their projected segments in the image
would be at different orientations to the fascicles that were in the ultrasound plane; thus, the
mean orientations identified by the wavelet analysis would be different from the orientations
obtained from fascicles that were visualized as entirely within the scanning plane. Nonetheless,

the mean orientations determined from the wavelet analysis were within the range of those
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manually digitized and thus this method could be used to automatically track whole fascicles for

the purposes of determining their linear length.

The wavelet transform not only provides the information needed to estimate linear
fascicle length, but it additionally resolves the local orientations that can be used to quantify
variations in fascicle orientation across an image and variation in orientation along the length of
a fascicle such as when the fascicles are curved. It has been shown that muscle fascicles must
follow curved trajectories within a muscle in order to be mechanically stable, particularly for the
case of unipennate muscles (van Leeuwen and Spoor, 1992). Fascicle curvatures have previously
been determined by manual digitization (Muramatsu et al., 2002), and have been predicted to
contribute to the non-uniform strain patterns that are observed along fascicles (Ahn et al., 2003;
Drost et al., 2003; Pappas et al., 2002). Fascicle curvature is thus an important aspect of muscle
architecture that is commonly overlooked for the ease of assuming and digitizing linear fascicles
within a muscle. We have recently developed automated methods to quantify the fascicle
curvature in 2D ultrasound images (Namburete et al., 2011). The combined multiscale vessel
enhancement and wavelet analysis methods presented here provide an automatic and objective
method for quantifying local fascicle orientations and thus the non-linear trajectories of fascicles
through muscles. These methods are extended to quantify the 3D muscle fascicle orientation as

explained in chapter 3.

Both the wavelet analysis and radon transform methods assessed in this study can be
applied to an image with no prior manual digitization or algorithm training, and they can be
applied to a single frame as easily as to a sequence to obtain fascicle orientation. The study by
Loram and co-workers (2006) and Darby and co-workers (2011) involved tracking of features in
image sequence to track the motion of the selected features. The methods presented in this study
are independent of the other images obtained in a sequence and extract orientation of the
underlying pattern in the image region. The study by Darby and co-workers (2011) quantified
movement in different regions of the image and related it to the activation of the muscle regions
(Darby et al., 2011), this can potentially be combined with the fascicle orientation determined by
the methods presented in this study to relate the change in fascicle orientation with the activation
of the respective region. The radon transform can be used to identify the dominant fascicular

orientation within an image, and thus can be used to estimate the representative muscle fascicle
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lengths. The wavelet analysis additionally provides information on the local fascicle orientations
and can be used to quantify fascicle curvatures and regional differences with fascicle orientation

across and image.
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3. In vivo determination of 3D muscle architecture of
human muscle using free hand ultrasound

3.1. Introduction

Muscle fascicle orientation is an important architectural parameter affecting the muscle
properties. Previous studies in different species have shown regionalization of fascicle
architecture in muscle and these differences in architecture have been related to differential
activation patterns and function of muscles (Blazevich et al., 2006; Herring et al., 1979;

Wakeling and Horn, 2009).

From the last two decades, brightness mode (B mode) ultrasonography has been used to
study muscle architecture in two dimensions (Kawakami et al., 1993; Kuno and Fukunaga,
1995). Muscle fascicle architecture can be quantified non-invasively using B-mode ultrasound
for both dynamic and isometric relative torques (Fukunaga et al., 1997a; Fukunaga et al., 1997b;
Ito et al., 1998; Kawakami et al., 1998; Maganaris et al., 1998c). Ultrasound probes are typically
less than 60 mm and so B-mode ultrasound scans do not image the whole muscle. Additionally
each scan represents a 2D slice through the muscle, and hence information in the third dimension
is lost. Because of this, studies using 2D ultrasound usually image the muscle belly and
implicitly assume that the 2D information from the belly is representative of the whole muscle.
3D trajectories of the muscle fascicles must be quantified in order to test the assumption that the
whole muscle properties can be explained from the 2D ultrasound images of muscle belly. In
order to do so, we need to develop reliable and validated methods to quantify the 3D muscle
architecture across the whole muscle. Muscle fascicle structure is visible in ultrasound images
for a range of probe orientations; however, the optimal alignment of the probe for 2D studies is
for the muscle fascicles to lie within the scanning plane. An error of up to 23% has been reported
in fascicle angles for probe orientations that do not align the fascicles with the scanning plane

(Benard et al., 2009). Thus, it is also important to develop robust methods that are not sensitive
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to the probe orientation. Studying the muscle fascicle architecture in 3D will help to alleviate this

problem.

3D muscle fascicle orientation has previously been reported as the angle between a few
manually digitized fascicles and either the aponeurosis (Malaiya et al., 2007) or the internal
tendon of a muscle (Hiblar et al., 2003). To date, no studies have quantified a complete set of 3D
fascicle orientations in the whole muscle, based on ultrasound images; this is largely due to lack

of the appropriate methods.

The purpose of this study was to develop and validate methods to study fascicle
orientation in 3D across the whole muscle using B-mode ultrasound. Based on the automated
methods to determine fascicle orientation in 2D image planes (described in chapter 2), we have
developed methods to obtain 3D fascicle orientations from 2D ultrasound and a 3D motion

tracker system.

3.2. Methods

In order to obtain 3D muscle fascicle orientation, 2D images were collected using a linear
ultrasound probe (Echoblaster, Telemed, LT) in B-mode and a rigid body set-up made up of a
cluster of three optical markers (Certus, Optotrak, NDI, Ontario) was attached to the probe to
obtain its position and orientation in 3D. One optotrak position sensor was mounted in horizontal
position to capture the rigid body markers. The motion capture system returned the position and
orientation of the cluster of markers in terms of three translations and three rotations relative to

the lab coordinate system.

The calf muscles of one male subject (height 1.83 m, weight 80 kg) were imaged using a
sweeping motion of the ultrasound probe across the right leg while the subject was kneeling in a
water tank. The scanning was done for passive state of muscle with knee angle maintained at
110° and ankle at 90° (Figure 3.1). The leg was scanned in water immersion as this allowed the

probe to be kept away from surface of skin and, hence, avoid probe pressure artifacts.
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Figure 3.1  Experimental set-up showing the position of leg during scanning. Knee angle

was maintained at 110 degrees with the help of foam block and ankle angle at
90 degrees. The diagram on the top represents the probe motion during
scanning; translation along the muscle length (1), sweeping across width of
muscle (sw), rotation along the longitudinal (rl) and the vertical (rv) axis the
probe.

During the scanning process the probe was kept within a range of £15° along the

longitudinal axis of the muscle to capture the muscle fascicles from different angles (Figure 3.1)

and was kept 1-2 cm away from the skin surface. In order to ensure that the whole muscle was

covered, a grid was drawn over the skin surface prior to scanning. The scan time depends on

frame rate, speed of moving the probe and probe length. The scan time can be decreased by

using a longer probe, increasing the ultrasound frame frequency or the speed of moving the

probe. For a given probe, scan times can be decreased by making probe movements more rapid;

however, this causes flow in the water that affects the accuracy of the ultrasound image. A frame

frequency of 20 Hz and a probe of length of 5 cm was used in this study and this resulted in scan
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times of between 90-120 s to image all three muscles of the triceps surae, or a more rapid 40—60

s to image the soleus and lateral gastrocnemius.

The ultrasound images were filtered using multiscale vessel enhancement filtering in
order to enhance the line-like structures in the images and then convolved with polarized spatial
wavelets to obtain local 2D orientations in the image plane (as described in chapter 2). 2D
orientations within the image were then combined with the 3D position and orientation

information from the optical system to obtain 3D fascicle orientations in lab space.

3.2.1. 3D orientations of muscle fascicles

3D orientations of the muscle fascicles were determined by (A) calibrating the probe
relative to the rigid body, (B) relating points in the image plane (pixels) to points in 3D space
(voxels), (C) transforming the orientation from 2D image plane to direction cosines in the 3D lab
coordinate system, and (D) selecting among multiple pixels from different images belonging to

same voxel in space.

The ultrasound probe was calibrated with respect to the rigid body in order to determine
the position of each point in the image relative to the rigid body (Dandekar et al., 2005; Prager et
al., 1998). Calibration was done by scanning two parallel wires set at a constant distance z) from
a horizontal surface (Dandekar et al., 2005). Images were taken along the cross-section of the
wires and along length of the wires (Figure 3.2). Two points were digitized in each image to
locate the position of each of the wire in the image plane or the line formed by imaging along the
length of the wires (Figures 3.2). These points were transformed from the image frame of
reference to the rigid body frame of reference using six unknown values (three translations and
three rotations), and then from the rigid body frame to the lab coordinate system using the

following transformations with the parameters from the optical motion capture.
C(x,y,20) = TST (Pu, Pv,0),

where C(x,y, z,) is a point on the wire in the lab coordinate system, (u, v) is the
corresponding point in the image plane, P represents the scale between pixels and the actual

distance. Ty is calculated using the position and orientation information of the rigid body from
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frame of reference relative to the lab coordinate system and Tip is the unknown transformation
matrix from the image to the rigid body. This can be solved for Tip as problem of minimization

using the z, = constant value, because the points on the wires had a constant z coordinate in

the lab coordinate system.

A B

S

Calibration wirel

Figure 3.2 Images obtained during calibration .Ultrasound images of the two wires
imaged along the cross-section (A) and ultrasound image of a wire imaged
along length of the wire (B). The cross signs represent the points digitized on
images.

Once the calibration was known, any pixel in the image could be related to a particular
voxel in lab space using the above equation. For fascicle orientations, 2D unit vectors were
constructed in the image plane using the orientation values from the wavelet analysis (chapter 2)
and transformed to 3D vectors in lab space. Voxels were chosen to contain pixels from a 5x5x5
mm region. Due to the nature of the scanning, multiple pixels correspond to each voxel, and thus
there is an over-determined series of solutions. The correct 3D fascicle orientation occurs when
the fascicle lies within the image plane of the ultrasound image, and so it is defined by its 2D
orientation in the image, and the orientation of that image plane. When the fascicles are in the
image plane they appear as more continuous line-like structures, and this can be characterized by

a high convolution value from the wavelet analysis. The best solution to the 3D orientation at
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each voxel can thus be determined from the pixel with greatest convolution. We have

represented the 3D fascicle orientations in terms of the direction cosines of the vectors obtained.

3.2.2. Validation

The methods to determine 3D muscle fascicle orientation were validated by testing them
on a physical phantom (Figure 3.3). The phantom was made with horse-hair stacked together in
ten layers. The horse-hairs were arranged parallel to each other with the distance between
adjacent hairs less than 2 mm. The hair ends were digitized using a stylus with the motion
capture system to determine the orientation of hair in space. The phantom was immersed in water
and scanned with a range of probe positions and orientations. A sample image from the phantom
is shown in Figure 3.3. The images were processed using the musltiscale vessel enhancement
filtering and wavelet analysis to obtain local 2D orientations of lines in the image planes. The 2D
orientations were then converted to 3D direction cosines using the above methods. In order to
identify the 3D solution to the orientations and validate the methods with the phantom we used
information from the convolution value of the wavelets to constrain the problem of multiple
pixels representing each voxel. The error of each calculated direction cosine from the digitized

direction cosines was calculated.

In order to compare the results from these 3D methods with the architectural parameters
calculated with 2D studies, pennation angle and fascicle length were calculated for the LG of one
subject. The mean pennation angle (B) in the muscle belly was measured as the mean of the angle
of the local fascicle orientations in the muscle belly region relative to the deep aponeurosis. The
mean fascicle length was calculates as the mean of the fascicle length (L) over all the voxels in

the belly region obtained from the pennation angle () and thickness (L) using the following
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relationL, = Ly sin B

Optical rigid body

Horse-hair /

Figure 3.3 Horse-hair phantom used for validation of methods and ultrasound image of
the phantom. The optical rigid body was attached to the phantom to track the
position of phantom while scanning.

3.3. Results

The mean errors in the yz, xz and xy planes are shown in Table 1. The error was
calculated as the angle between the projection vectors in the three coordinate planes (xy, yz and
xz) obtained from direction cosines determined by the image processing with the direction
cosines from digitizing the hair stands in the phantom. The histograms for errors in the three
planes spread on both sides of the zero value with peak values close to zero for the xz and yz
planes and a more distributed pattern for the vertical xy plane (Figure 3.4). The mean (+ s.e.m.)
pennation angle in the muscle belly was 12.27 + 0.25 © and the fascicle length (Ls) was 50.4 + 1.8

mm.
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Table 3.1 Error in direction cosines in the three coordinate planes.

Coordinate  Mean error (°)  Standard Deviation

Plane )
vz 0.32 281
Xz -0.41 2.21
xy 0.05 2.11
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Figure 3.4 Histograms for between the calculated and measured direction cosines for the
strands of hair in the phantom in the three coordinate planes.
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3.4. Discussion

The methods described in this chapter can be used to quantify the muscle fascicle
architecture in three dimensions. The methods to study the fascicle orientation in 3D were
developed on images from the lateral gastrocnemius muscle and the results indicate that the

methods can be used to study the in-vivo muscle fascicle orientation in 3D.

The mean error in predicting the orientation value is less than 0.5° in the three coordinate
planes for the physical phantom. This error is not solely from the automated methods described
above but additionally includes error due to the phantom digitization. Of note is that the hairs in
the phantom bowed slightly in the vertical plane, however were assumed to lie in a straight line.
Thus the actual local hair orientation varied by a couple of degrees (both positive and negative)
in the xy plane. This effect can be seen by the more distributed range of errors in this plane
(Figure 3.4), and show that the methods are sufficiently sensitive to detect non-linearities in the

physical phantom used for validation.

The resolution of this analysis is limited by the size of the Gauss filter for the vessel
enhancement filtering and the wavelet for the wavelet analysis, and both these dictate the kernel
size used for the analysis. The kernels were 39x39 pixels, corresponding to 5.8x5.8 mm region in
the scale of ultrasound images. The voxel size selected for this analysis (5x5x5 mm) was thus
close to the limit that can be resolved by this technique. Larger voxels may result in greater
accuracy for angle determination, but at the cost of reduced resolution. Nevertheless, the small
errors found with this technique of less than 0.5° (Table 1) mean that voxels can be kept small to

combine good accuracy and resolution.

The methods were used to calculate pennation angle and fascicle length in the belly
region of the muscle. The values reported for pennation angle and fascicle length for passive
muscle in previous in vivo ultrasound studies are 11.3-16.7 ° and 41.6-74.0 mm (Chow et al.,
2000; Kawakami et al., 1998; Maganaris et al., 1998c; Martin et al., 2001) respectively. The
calculated pennation angle (12.27 °) and fascicle length (50.4 mm) in this study lie within the
range of previously reported values. It should be noted that fascicles may curve during relative
torque (Maganaris et al., 2002; Muramatsu et al., 2002; Wang et al., 2009), and the methods in

this chapter will also allow the local fascicle orientations and thus curvature to be quantified in
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3D. However, in order to compare results from these methods with previous studies, we have
assumed the fascicles to be linear. The purpose of the calculations in this chapter is to illustrate
the application of these methods to study muscle architecture and are used to study 3D muscle

architectural properties in the following chapters.

Previous studies on determination of muscle fascicle length or orientation from
ultrasound have involved manual selection of fascicles in 3D muscle image to find fascicle
length (Kurihara et al., 2005; Malaiya et al., 2007) and angle of fascicles relative to internal
tendon (Hiblar et al., 2003). Manual digitization can be subjective and time consuming for
studying the whole muscle architecture. All the processing for determination of 3D fascicle
orientation in our methods is automated. This makes it possible to study architecture in whole
muscle and also to compare the orientation changes in muscle with different relative torque

levels.

This protocol has reduced some of the difficulties to studying 3D architecture in vivo.
Data collection in water allows the sweeping motion of probe but may prohibit studies that
involve simultaneous electrical stimulation or EMG collection. The short scan times of less than
two minutes will enable sub-maximal relative torques to be studied, but are still too long to study
non-isometric relative torques or maximum voluntary relative torque. These methods were used
to quantify the 3D architecture in triceps surae muscle for different force levels and ankle angles,
and these data are reported in chapter 4 and chapter 5. Since the fascicle orientations are initially
determined in 2D and then converted to 3D, these methods can be only be used to study the 3D

architecture in muscles whose fascicle structure is visible in 2D ultrasound scans.

Our methods can be used to determine in-vivo muscle fascicle orientation in 3D. The
methods provide a tool to quantify the regionalization of fascicle orientation in the muscle and
study the changes in 3D fascicle architecture in isometrically contracting muscle. Having reliable
methods to quantify the architecture in 3D will enable future studies to test the importance of the

third dimension in the relation between muscle architecture and function.
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4. 3D fascicle orientations in triceps surae

4.1. Introduction

In-vivo muscle fascicle architecture has been extensively studied using B-mode
ultrasound in 2D. Fascicle orientation is typically measured as the pennation angle that has been
defined as the angle between the fascicles and the aponeurosis (Chow et al., 2000; Fukunaga et
al., 1997a; Wakeling and Liphardt, 2006). Pennation angle depends on the muscle length and
relative torque levels (Fukunaga et al., 1997a; Maganaris et al., 1998c; Narici et al., 1996a). In
the gastrocnemii the pennation angle increases with decrease in muscle length and increase in
force level and changes with an interaction between the two factors (Maganaris et al., 1998c;
Narici et al., 1996a). Fukunaga and co-workers (1997a) found that in the vastus lateralis when
the knee was extending, the pennation angle increased from 14° to 18° degrees in relaxed state
and from 14° to 21° in tensed state (10% of maximum relative torque), and a greater increase in
the pennation angle was observed in the tensed than in the relaxed condition when the knee was

close to extension (>140°).

Pennation angle has been measured by using different methods in previous studies
(Figure 4.1): as the angle the fascicles make with the superficial aponeurosis (Lichtwark and
Wilson, 2005; Wakeling et al., 2006), angle between fascicle and deep aponeurosis (Narici et al.,
1996a), angle between the tangent to the fascicle and deep aponeurosis (Kawakami et al., 1998)
and as the mean of the modified insertion angle of fascicle on the superficial and deep
aponeurosis (figure 4.1 C). Table 4.1 represents the angles reported in some of the studies on

isometric relative torques in triceps surae.
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Figure 4.1

superficial aponeurosis B

superficial aponeurosis
p
p=atb
muscle fascicle 2 muscle fascicle
b
deep aponeurosis deep aponeurosis
superficial aponeurosis D superficial aponeurosis
muscle fascicle p= C;—d muscle fascicle
B d
deep aponeurosis

deep aponeurosis

Schematic drawing of muscle fascicle describing the measurement of
pennation angle in the literature. Pennation angle measured as (A) the angle of
insertion of fascicle on superficial aponeurosis (B) the mean of the angle of
insertion of fascicle on superficial and deep aponeurosis (C) the angle the
tangent to fascicle makes with aponeurosis at the intersection of the fascicle
with deep aponeurosis (D) the angle between the straight line obtained by

joining the point of intersection of fascicle with aponeurosis and the line
parallel to aponeurosis and at a distance of 1/3" of muscle thickness from

aponeurosis. Modified from Kawakami et al., 1998; Maganaris et al., 1998c;
Narici et al., 1996 a; Wakeling et al., 2006.
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Table 4.1 Pennation angles (f) from medial gastrocnemius (MG), lateral gastrocnemius
(LG), and soleus as reported in previous 2D ultrasound studies for isometric
relative torques (values are reported as mean + s.e.m.). A fully extended leg is
represented by a knee angle of 180° Negative ankle angles represent plantar
flexion, 0° represents neutral ankle angle and positive ankle angles represent

dorsi flexion.

Paper Musde 1o ange® o) @
(Kawakami et al., 1998) MG 135 -15 26+ 1.6 44 +32
0 29+1.6 51+2.4

15 34+1.6 55+2.0

30 38+2.0 58+ 1.6

LG -15 13+0.4 21+0.8

0 14+0.8 25+1.2

15 15+£0.4 29+ 1.6

30 16 £ 0.8 34+2.0

Soleus -15 19+0.8 33+£1.2

0 22+0.8 39+1.2

15 25+1.2 45+£1.6

30 29+1.2 49+1.2

(Maganaris et al., 1998c) MG 90 0 223+0.8 425+09
LG 0 11.3£05 350=+1.0
Sol 0 250+1.1 400+ 1.3

(Narici et al., 1996a) MG 180 0 15.8+0.8 -
60 27.7+0.9 -
22 173+1.1  353=+1.7

Muscle is a 3D entity and changes shape in 3D in the form of muscle bulging. Muscle
thickness has been shown to depend on the relative torque states of the muscle in experimental
studies (Maganaris et al., 1998c; Wakeling et al., 2011) and has also been predicted to change
with relative torque levels in modeling studies (Azizi et al., 2008; Lichtwark and Barclay, 2010;

Otten, 1988; van Leeuwen and Spoor, 1992). Further, the change in thickness is not observed in
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all muscles. For example, LG shows an increase up to 40% with relative torque while MG does
not show a significant increase in thickness with relative torque (Maganaris et al., 1998c; Narici
et al., 1996a). The change in shape of a muscle can change the orientation of the fascicles (Azizi
et al., 2008; Wakeling et al., 2011). In 2D ultrasound studies muscle thickness is reported as the
distance between aponeurosis in the 2D image plane (aligned with the fascicle plane). However,
muscles can change shape in the direction perpendicular to the scanning plane and thus cannot be
captured by 2D imaging modality. Muscle can bulge in the direction perpendicular to the fascicle
plane, keeping the muscle thickness constant in the fascicle plane despite the changes in muscle
belly length. This out-of-plane bulging is predicted to counteract the fascicle rotation (Azizi et
al., 2008). Along with bulging, muscles are predicted to undergo 3D changes in shape involving
twisting during shortening (Bo6l et al., 2011), which may further affect the 3D fascicle

orientation.

In 2D muscle architecture studies muscle fascicles are considered to be arranged as
planes that are called fascicle planes (Kawakami et al., 1998; Lichtwark et al., 2007; Maganaris
et al., 1998c; van Leeuwen and Spoor, 1992; 1996). In previous 3D ultrasound studies it has been
important to align the imaging plane with the fascicle planes in order to image complete fascicles
(Kawakami et al., 1998; Lichtwark et al., 2007; Maganaris et al., 1998c; Benard et al., 2009).
However, muscle fascicles may not be aligned in planes, particularly in a muscle with a non-
uniform shape. Instead, fascicles may be arranged in non-planar sheets with different sheet
orientations occurring across the muscle. These sheets may be considered as a 2D surfaces
curved in 3D space, like a bent sheet of paper. This idea is supported by the observation of
fascicles arranged in curved sheets in human vastus lateralis (Sejersted et al., 1984). Sejersted
and co-workers (1984) referred to this sheet arrangement as fascicle layers and suggested that the
fascicle sheets had an onion-like arrangement and observed that the outer sheets were more
curved. As discussed above, the muscles may bulge during relative torque in a direction that is
perpendicular to the fascicle sheets and so the sheets may bulge leading to a change in the local
sheets’ orientations. With the arrangement of fascicles in curved sheets, the orientations of
fascicles may not lie in one plane and therefore cannot be fully explained in 2D. The fascicles are
arranged in sheets in a muscle and it is important to quantify the orientation of the fascicle sheets
as this will help understand the 3D function of the fascicles as a group. Huijing and co-workers

(1998) have shown that the fascicles transmit force not only to the muscle tendon junction and
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aponeurosis but also to alternate pathways involving the neighbouring fascicles. Determination
of fascicle sheet orientations along with the fascicle orientations will help in understanding the

alternate pathways of force transmission.

Numerous studies on muscle architecture and function have used 2D ultrasound to study
the in-vivo changes in fascicle length, pennation angles and curvatures (Fukunaga et al., 1997a;
Kawakami et al., 2000; Lichtwark et al., 2007; Maganaris et al., 1998c; Muramatsu et al., 2002;
Namburete et al., 2011; Wakeling et al., 2006). Compared to other muscle imaging modalities,
ultrasound is portable, less expensive, easier to maintain and use, and there is a potential for it to
be used even more in future. In order to obtain accurate measures of pennation angle and
fascicle lengths from 2D ultrasound studies it is important to match the orientation of the
scanning plane with the fascicle planes (Lichtwark et al., 2007; Kawakami et al., 1998). A
typical way of achieving this is to place the probe perpendicular to the skin and find the fascicle
plane orientation by rotating the probe until the imaged fascicles appear continuous between
aponeuroses (Benard et al., 2009). Many ultrasound studies involve strapping the ultrasound
probe onto the skin surface in order to obtain measurements during different relative torque
states of muscle (Maganaris et al., 1998c; Namburete et al., 20011; Wakeling et al., 2006). It is
important to quantify the changes in the measured pennation angles by keeping the probe
orientation fixed relative to the skin or finding the scanning plane for each relative torque level

and muscle length.

3D fascicle architecture from dissected rat soleus (Stark and Schilling, 2003) and equine
longissimus dorsi (Ritruechai et al., 2008) have shown regional variations in the 3D architecture.
Stark and co-workers tracked the fascicles in 3D and reported local pennation angles as the
angles of the fascicles with the muscle line of action, while Ritruechai and co-workers reported
local orientations of the fascicles in perpendicular planes to obtain a 3D representation of fascicle
orientations. There has been a study on formalin-fixed soleus muscle to quantify the fascicle
architecture in 3D by dissecting the muscle in different planes and taking photographs of pinned
fascicles with spatially calibrated cameras (Agur et al., 2003). A few diffusion tensor magnetic
resonance imaging (DT-MRI) and 3D ultrasound studies have also looked at the in-vivo fascicle
orientation in 3D. Most of the DT-MRI studies focused on the measurement of the pennation

angle from the fascicles tracked in passive muscle (Kan et al., 2008; Lansdown et al., 2007;
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Sinha et al., 2006). The 3D ultrasound studies have quantified external muscle architecture
features of muscle, such as: muscle length and volume and fascicle architecture from a few
fascicles selected in passive muscle (Barber et al., 2009; Fry et al., 2003; Fry et al., 2004;
Kurihara et al., 2005; Malaiya et al., 2007). None of the earlier studies have quantified complete

set of in-vivo fascicle orientations in 3D for different relative torque levels and muscle lengths.

The purpose of this study was to (1) quantify the 3D fascicle orientation and orientation
of fascicle planes across the triceps surae muscles in man, (2) measure changes in orientations
for different ankle angles and torque levels, and (3) compare the estimated pennation angles that

would be calculated with different selection of scanning planes.

The hypotheses of this study are (1) 3D fascicles orientations are regionalized in each of
the triceps surae muscle and vary with change in relative torque level and ankle angle, and (2)

pennation angle measurements are affected by the scanning plane orientations.

4.2. Methods

4.2.1.  Data collection and experimental design

The purpose of this study was to identify the 3D orientations of fascicles and fascicle
sheets in the triceps surae muscles at different ankle angles and torque levels. The muscles were
imaged for a relaxed state and during isometric relative torques at a range of ankle angles and
torques. Experimental data were obtained from six healthy, athletic male subjects, due to lower
fat content in the tissues (than females) which provides better image quality for the scans;
subjects were athletic and experienced with specific sporting movements to ensure that stable

and constant relative torques could be generated during imaging.

The scanning process was identical to that used in chapter 3 with ultrasound images
obtained as video sequences recorded at 20 Hz. Two dimensional (2D) position and orientation
information from ultrasound images were transformed to 3D information using the position and
orientation of the position sensor attached to the ultrasound probe (chapter 3). Subjects were
asked to perform a maximal voluntary contraction, MVC, for each ankle angle and the torque

levels were determined relative to the MVC at each ankle angle. Muscles were then scanned for
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a fixed knee angle (135°), four ankle angles (-15°, 0°, 15° and 30° relative to neutral) and three
torque levels (0, 30%, 60% MVC). The data were not collected beyond 60% of MVC because
the scanning times last for two minutes for each trial and it is not possible to sustain these
relative torques for that duration. The position of the medial and lateral tibial condyles and the
medial and lateral malleoli were obtained using an optical pointer, and later used to define the

segmental coordinate system for the lower leg.

Ultrasound Probtlcal rigid body Strain gauge

\
N A—— , =

-
—

\

)

\

'\

/ \
Leg Support  Tibial condyle Malleoli Foot Plate

Figure 4.2  Schematic representation of experimental setup. Knee was fixed at 135° and
ankle angles at -15°, 0°, 15° and 30°. The ankle is shown at neutral 0° position
in the bold figure and plantar flexed at 30° in the dotted representation. The
torque was measured using the strain gauge and visual feedback was given to
the subjects to maintain the torque levels.

A custom made frame was used to perform the isometric relative torques in a water tank
(figure 4.2). The frame had two parts a foot plate to strap the right foot of the subject and a leg
support to support the right thigh and maintain a fixed knee angle throughout the experiment.
The leg support could be moved in relation to the foot plate in order to adjust to different leg
lengths of the subjects. The foot plate was connected to a strain gauge to obtain the ankle torque

and visual feedback for torque was provided to the subjects. The ankle torque data was collected
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at 2000 Hz via a 16-bin A/D converter (USB-6210, National Instruments, Austin, TX) using
LabView software environment (National Instruments, Austin, TX). When the ultrasound started
to record it generated a 5V signal that terminated at the last recorded frame. The data from
ultrasound, motion capture and strain gauge were synchronized by using this recording pulse
generated by the ultrasound system. This recording pulse was later used to select the beginning
and end of the data from the motion capture system and strain gauge to correspond these

recordings with their time-matched ultrasound images.

4.2.2.  Data Analysis

4.2.2.1. Determination of fascicle orientations

Images were processed using the methods described in chapter 2 and chapter 3 to obtain
the muscle fascicle orientation in 3D. The muscle volume was divided into voxels of 5x5x5 mm’
and then a representative fascicle orientation was chosen for each voxel. During the scanning
process multiple scans of the calf muscles were obtained from different orientations of the
ultrasound probe, resulting in imaged planes with different orientations of the same region. A
voxel can contain multiple pixels which may belong to same or different scanning planes. The
representative orientation in a voxel was obtained from the weighted mean of the orientations
from all the pixels in that voxel. This step was slightly different from the chapter 3. Rather than
taking the fascicle orientation from the pixel with the maximum convolution value, a weighted
mean of fascicle orientation was considered. The weights were based on the convolution values
obtained from the wavelet analysis for a particular pixel (chapter 2) and the distance of the pixel

from the center of the voxel (figure 5.2). The weight function for the convolution (w,) and for

the distance (w,;) were given by

conv \?2
We = Exp <_ (conv0> > -1
W = Exp <—<(x ~x%0)*+( = ¥)* + (2 — 20)?) /202>

where, conv is the convolution value at a particular pixel, conv, is maximum convolution value

over all the trials for a subject, {x, y, z} is the location of the pixel in space, {X,, Vo, Zo} is the
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voxel center and o is the spread of an isotropic Gaussian distribution and was chosen to be 2.5

mm in this case (half-width of the isotropic voxel).

45



(A)

0.6

0.4

0 I | I 1 J

0 0.2 0.4 0.6 0.8 1.0
conv/conv,

(B)

Figure 4.3  Functions used to determine the weight factor for convolution value (w.) (A)
and the distance of location of pixel from the voxel center {0,0}(wy) (B). The
intensities of the points represent the weight factors. The function for distance
is shown for 2D locations for simplicity; the actual function was based on 3D
locations.
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4.2.2.2. Determination of fascicle sheets orientations

The orientations of fascicle sheets were represented by the normal to the sheets. Fascicle
sheets were considered to be made of small fascicle planes, contained in the voxels like a curved
line and can be obtained by joining small segments of straight lines. As described in section
4.2.2.1, a voxel contained the image planes of different orientations .The ultrasound image
represents the fascicle plane when the fascicles appear as long continuous lines in the image
(Benard et al., 2009; Kawakami et al., 1998; Lichtwark et al., 2007; Maganaris et al., 1998b).
This quality can be quantified by the convolution measures of the images and was used to select
the fascicle plane orientation in each voxel (chapter 3). Analogous to the fascicle orientation, the
representative orientation for each voxel was obtained as the weighted mean of the orientation of
the normals to the fascicle planes lying in that region, with convolution being the weighting
factor. The planes were defined to have constant orientation in a voxel region so the weight

factor was only based on convolution value and not on the distance.

4.2.2.3. Determination of muscle-based coordinate system

In order to study the regionalization of the orientations, the 3D position for each voxel,
the muscle fascicle orientations and the fascicle plane orientations were all transformed from the
lab based coordinate system to the muscle based coordinate system as follows. Three major axes
X, y and z were determined for the gastrocnemius muscles using eigenvalue decomposition. The
major axes correspond to the major anatomical axes of the muscle: the z-axis approximates the
length of the muscle, the y-axis approximates the width of the muscle (medial-lateral axis) and
the x-axis approximates the depth (deep-superficial axis) of the muscle (figure 4.4 b). The origin
of the muscle coordinate system was set at the mean point in the muscle. Due to the
semi-cylindrical shape of the soleus (Augur et al., 2003), a different coordinate system was used
with its z-axis as the vector joining the mean co-ordinate of the knee joint centers with the mean
co-ordinate of the muscle-tendon junction markers, the y-axis along the width of the muscle and
the x-axis along the depth of the muscle. The origin of the soleus was taken to be 60% of the
total distance between the knee and the muscle tendon junction from the knee because this was

almost in the middle of the muscle.
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Both the local fascicle orientations and the local fascicle plane orientations were
transformed from a Cartesian to a spherical coordinate system (figure 4.4). The 3D orientations
that were represented by unit vectors {ux,uy,uz} in Cartesian coordinates were transformed to a
polar angle Py (= cos™ (uz)) that was the angle between the vector parallel to the local fascicle
direction and the z- axis, and an azimuthal angle ¢ (= tan” (uy/ux )) that was the angle between
the projection of fascicle in the x-y plane (transverse plane for the muscle) and the x-axis. The
polar angle B can be considered as the pennation angle for a local segment of the muscle
fascicles. The orientations of the normals to the fascicle sheets were similarly represented by By,

and Q.

(A)

{ux,uy,uz}
uz

Figure 4.4  (A) Representation of the direction cosines of the fascicle orientations
{ux,uy,uz} in a spherical coordinate system { Bs, ¢s}. (b) Alignment of the
muscle based coordinate system shown for the LG.

The orientations of the normals to the fascicle sheets were similarly represented by Py,
and @g. A 90° value for By, and @ represents a plane parallel to the y=0 plane, this plane is
parallel to the long axis of the muscle and perpendicular to the width of the muscle. Any change
in Bg, represents the change in rotation of the plane about the long axis of the muscle and a

change in @, represents the tilting of the plane.
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4.2.2.4. Pennation angle representation

In this study the 3D orientations of fascicles and fascicle sheets were used to simulate the
effect of 2D ultrasound scans along different directions in order to compare the pennation angles
that would be obtained by different scanning protocols. Ultrasound takes a slice through 3D
objects and the structures appearing in the slice represent sections through the 3D object. If
ultrasound scans an infinitesimally thin wire, the image will contain a line when the scanning
plane contains the wire (or a portion of it) and is parallel to the plane containing the wire. For
any other orientation, a point will appear at the intersection of the imaging plane with the wire. If
the wire has a finite thickness it can be considered as a thin cylinder. When scanned in a plane
parallel to the plane containing the long axis of the cylinder the 3D cylinder will be images as a
2D line of certain thickness parallel to the long axis of the cylinder (figure 4.5 a). For any
difference between the orientation of the plane containing the longitudinal axis of the cylinder
and the scanning plane, the cylinder will be imaged as an elliptical structure with the major axis
inclined to the longitudinal axis of the cylinder (figure 4.5 b,c). The elliptical structure will be
line like for small deviations and the length of the imaged section will decrease for larger

deviations (figure 4.5).

The ultrasound image contains fascicle structure with finite thickness. In chapter 2 the
thickness of the fascicles was up to 5 pixels and hence can be considered as small cylinders in
each voxel and the local regions in an image can be considered as the projections of the fascicles
in the image plane. The locally projected fascicles are 2D representations of 3D fascicles and
may result in a pennation angle different from that measured from the 3D fascicle depending on

the position and orientation of the scanning plane.
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(b)

Figure 4.5  Representation of ultrasound images through long thin cylinders. The red line
represents the orientation of the major axis of projected elliptical structure in
2D imaging plane. The intersection of the cylinder with the image plane is
represented by the cyan ellipse. The line is parallel to the orientation of the
section of the cylinder obtained in the image. The long axis of cylinder is
contained in the z=0 plane. (a) Scanning plane parallel to =0 plane (a).
Scanning plane rotated about x-axis by 10° (b) and scanning planes rotated
about y-axis by 10°(c).

Pennation angle was calculated as the angle the fascicle makes with the z-axis of the
muscle based coordinate system. ffwas measured as the angle the fascicle makes with the long
axis of the muscle. In a typical 2D ultrasound scan the orientations are measured in the image

plane, and in this thesis analogous calculations of the fascicle orientation were made by
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projecting the fascicles in the mean fascicle plane. This was done in three different ways: (1) B¢
was measured as described in section 4.2.2.1. (2) Bcsp, was measured as the angle between the
long axis of the muscle and the projection of the fascicle in the mean fascicle plane (calculated
from the 0% torque level and 0° ankle angle condition). This is analogous to collecting 2D
ultrasound scans with the probe strapped in a fixed position over the muscle for all the trials. (3)
Bvip was measured as the angle between the long axis of the muscle and the projection of the
fascicle when it was projected in the mean fascicle plane for each trial. This is analogous to
adjusting the ultrasound probe to lie in the fascicle plane for each trial. Soleus was bigger in size
and more complex in architecture (Agur et al., 2003) so the mean fascicle plane orientations
were determined for medial and lateral sides of the soleus and the fascicle orientations were

projected in the respective directions.

4.2.3.  Statistical Analysis

The muscle was divided into the following regions (figure 4): three along the length of
the muscle (z-axis) proximal, central and distal; two along the depth of the muscle (x-axis) deep
and superficial; and two along the width of the muscle (y-axis) medial and lateral. General linear
model ANOVA was used to test the effects of muscle region, ankle angle and relative torque
level on fascicle orientation; with the polar angle and azimuthal angle as the dependent variables,
subject identity as random factor, muscle region, ankle angle and relative torque level level as
fixed factors. Post-hoc Tukey tests were performed to determine the effects of levels of regions,
relative torque levels and ankle angles on the dependent variables. The results obtained were
considered significant for p-value <0.05. Mean differences were calculated for the pennation
angles calculated in section 4.2.2.4 using matched pair t-test to compare the effect of different

scanning protocols.
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Figure 4.6  Representation of the regions into which the muscle was split, viewed from
different viewpoints. The axes represent the muscle based co-ordinate system
used to assign the positions in the muscle and the dots represent the voxel
locations from the lateral gastrocnemius in one subject. The black and grey dots
were used to differentiate the regions of the muscle. The lateral view shows the
regions along the depth of the muscle (A). Posterior view shows the regions
along the width (B) and length of the muscle (C).
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4.3. Results

4.3.1.  Regionalization of fascicle orientation and fascicle plane orientation

Both the fascicle orientation and the fascicle plane orientation were regionalized in all

three muscles (figure 4.7-4.9). Mean values with their standard errors are reported in table 4.2.

The results from LG are shown in figure 4.7. In LG, the maximum variations in Br and ¢
were along the length of the muscle. Br increased from 11.2° to 14.5° and ¢y increased from 96.3°
to 99.2° from the proximal to distal end. The orientations of the normals to the fascicle planes
changed across the muscle regions with maximum change along the muscle width and there was
a greater variation in the g, than B¢, (less than a degree change across different regions). g,

decreased from the lateral to medial sides of the muscle from 262.3° to 254.4°.

The results from MG are shown in figure 4.8. Similar to LG, the greatest variations in the
fascicle orientations were along the length of the muscle. B increased from 11.3° to 19.0° and ¢¢
increased from 94.2° to 103.4°. The fascicle planes varied in both B¢, and ¢g,. The biggest
variations in ¢, were along the length of the muscle with the increase from proximal to distal
region from 93.2° to 98.5° and in ¢r, were along the width of muscle with the values decreasing

from 226.0° to 218.7°.

The results from soleus are shown in figure 4.9. The changes Brin soleus were similar in
magnitude to that in the gastrocnemii muscle but the variation between lateral to medial sides
from 12.0° to 7.3° was similar to the change from 10.3° to 7.6° from the proximal to distal ends.
The ¢r changed from 95.6° to 124.0° from the lateral to medial region. Similar trends were
reflected in the fascicle plane orientations. The ¢, values changed from 70.2° to 111.2° which
shows that the tilt in the two sides were such that the planes were almost the mirror-like

reflections in the two halves.
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Depth Width Length
Lateral Medial Deep Super Proximal Central Distal

LG

B° 1241£0.02 1264£002 12.71+£0.02 1233£0.02 11.25+£0.02 12.14£0.02 14.54+0.03
f° 97.85+£0.02 96.67+0.02 9749+£0.02 96.97+0.02 96.34+£0.02 96.65+0.02 9922+0.03
B, 93.10+£0.03 9434+£0.02 93.73+0.03 93.74+£0.02 93.46+0.03 93.58+0.02 94.32+0.04
I'g, 26227003 25436£006 257.21+£006 25925+£005 237294009 258.17£0:05 239114+ 0.07
MG

Be° 14.34 £ 0.02 15.19+0.03 14.90 + 0.02 14.62+0.02 11.37£0.03 14.14 £ 0.02 19.01 £ 0.03
fr,° 9834+002 9776002 9842+002 9765+002 9424+£002 9693+£0.02 103.40+0.02
By, 95.14+£0.02 95.09+£0.02 9554+£0.02 9570+£0.02 93.16+0.03 9532+0.02 9847+0.03
fgp.° 226.02+005 218.67+0.04 22242+005 22224+004 221.78+0.06 222.53+0.05 222.61+0.06
Sol

Be,° 12.02 £0.02 7.31+£0.01 9.43 £0.03 8.93+£0.01 10.34 £0.02 8.73+£0.02 7.55+£0.02
fr° 956+0.12 12407019 11220+£0.27 113.65+0.15 117.81+0.81 109.60+0.21 111.26+0.25
B, 9573+0.12 103.93+£0.10 9484+0.13 10290+0.09 99.17+0.12 103.08+0.14 100.61+0.14
f . 70.19+0.09 111.19+0.12 83.50+£0.16 100.16+0.11 9922+0.16 9484+0.16 92.28+0.17
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Figure 4.7  Regionalization of fascicle orientation and fascicle plane orientation in LG.
The dots reported are mean values of the orientations of the fascicle (Ps, ¢¢) and
normal to the fascicle planes (Bsp, @1p) across all the torque levels and ankle
angle torques. Error bars representing standard error of mean are drawn but
are not visible in the figures where the error bars are smaller than the dot size.
The “*” represents a significant difference between the levels. Approximately
40,000 points were used to calculate the mean and standard error of mean
value.
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Figure 4.8  Regionalization of fascicle orientation and fascicle plane orientation in MG.
The dots reported are mean values of the orientations of the fascicle (B ¢y and
normal to the fascicle planes (B, ¢g) across all the torque levels and ankle
angle torques. Error bars representing standard error of mean are drawn but
are not visible in the figures where the error bars are smaller than the dot size.
The “*” represents a significant difference between the levels. Approximately
40,000 points were used to calculate the mean and standard error of mean
value.

56



14 B B
o 12 * — B .
Bf( ) 10 \ B -—_ B ‘\\*‘
8 - — -
6 | | | | | ] |
125 — — .
oy 110 ) - -~ .
¢(°)
95 |- - -
80 | | | | | 1 |
115 B B
o 105 - * B * B .*/0;.
pr( ) 95 / B / B
85 | | ] | | |
120 - —
100 * — * — * *
¢fp(o) 0 | / I / i —
60 | N | N | | | \I < I\
o d\‘a e® c,\'a'\ P
\’,&\e W o° 5\)?66\ QKO-P&C)@& ®

Figure 4.9  Regionalization of fascicle orientation and fascicle plane orientation in soleus.
The dots reported are mean values of the orientations of the fascicle (Bs, ¢y) and
normal to the fascicle planes (Bry, @1p) across all the torque levels and ankle
angle torques. Error bars representing standard error of mean are drawn but
are not visible in the figures where the error bars are smaller than the dot size.
The “*” represents a significant difference between the levels. Approximately
40000 points were used to calculate the mean and stand error value.

4.3.2.  Effect of torque level and ankle angle on fascicle orientations and
fascicle plane orientation

There was a significant effect of the torque level and the ankle angle on LG architecture
(figure 4.10). B¢ decreased from 13.1° to 11.8° and @rdecreased from 98.5° to 96.5° with the

increase in ankle angle -15°to 0°. By, increased slightly with increase in ankle angle and g,
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decreased from ankle angles of -15° to 0° and then increased from 0° to 30°. Brand ¢rincreased
slightly (less than a degree) with the increase in torque and ¢r decreased. Bg, and @g, changed less

than 0.5° with increases in torque from 0% to 60% MVC.

There was a significant effect of the torque level and the ankle angle on MG architecture
(figure 4.11). As the ankle angle increased from -15° to 30° Brincreased from 14.2° to 16.9° and
@rdecreased from 99.1° to 97.9°. By, increased with increase in ankle angle while @y, increased
from ankle angles of -15° to 15° and decreased from 15° to 30°. With the increase in torque PBr, @r

B, and g changed slightly.

There was a significant effect of the torque level and the ankle angle on soleus
architecture (figure 4.12). Brdecreased from 9.4° to 8.5° with increase in ankle angle from -15°
to 0° followed by an increase from 8.5° to 9.8° with the increase in ankle angle to 30°. ¢¢
increased from 111.6° to 117.3° with increase in ankle angle from -15° to 0° followed by a
decrease to 110.9° with the increase in ankle angle to 30°. By, increased from 96.2° to 105.3° with
increase in ankle angle from -15° to 15° followed by a decrease to 98.7 ° with increase in ankle

angle to 30°. g showed statistically significant but very small changes.

There was a significant interaction between ankle angles and torque levels on the fascicle
orientation. As shown in figure 4.13, the relation between ankle angle and orientation is altered
by torque level. In LG Brdecreased as the ankle angle increased for 0% MVC but for higher
torque levels this trend gradually vanished. Furthermore, in MG and soleus there was a greater
increase in Brwith ankle angle at higher torque levels. In LG ¢, had an opposite trend with

increasing ankle angles for 0% and 60% torque levels.
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Mean fascicle orientations and fascicle plane orientations for different

ankle angles and torque levels in the triceps surae. The values reported
are mean + standard error of mean of the orientations of the fascicles

Table 4.3

(B, ©1) and normal to the fascicle planes (Bsp, @5p). Approximately 40,000

points were used to calculate the mean and standard error value.
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Figure 4.10 Effect of ankle angle and torque level on LG fascicle orientation and
fascicle plane orientation. The dots reported are mean values of the
orientations of the fascicle (Bs, @y) and normal to the fascicle planes (Prp,
O1p). Error bars representing standard error of mean are drawn but are
not visible in the figures where the error bars are smaller than the dot
size. The “*” represents a significant difference between the levels.
Approximately 40000 points were used to calculate each value.
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Figure 4.11 Effect of ankle angle and torque levels on MG fascicle orientation and
fascicle plane orientation. The dots reported are mean values of the
orientations of the fascicle (By, ¢r) and normal to the fascicle planes (Prp,
O1p). Error bars representing standard error of mean are drawn but are
not visible in the figures where the error bars are smaller than the dot
size. The “*” represents a significant difference between the levels.
Approximately 40000 points were used to calculate the mean and
standard error values.
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Figure 4.12  Effect of ankle angle and torque level on soleus fascicle orientation and
fascicle plane orientation. The dots reported are mean values of the
orientations of the fascicle (By, ¢y) and normal to the fascicle planes (Brp,
O1p)- Error bars representing standard error of mean are drawn but are
not visible in the figures where the error bars are smaller than the dot
size. The “*” represents a significant difference between the levels.
Approximately 40000 points were used to calculate the mean and
standard error of mean value.
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Figure 4.13  Effect of torque levels on fascicle orientation and ankle angle relation
in triceps surae. The dots reported are mean values of the orientations of
the fascicle (Bs, @¢). Error bars representing standard error of mean are
drown but are not visible in the figures where the error bars are smaller
than the dot size. Approximately 25,000 were used to calculate the mean
and standard error of mean values.

4.3.3.  Effect of orientation of scanning planning on the measured
pennation angles
Pennation angle measured from the fascicles (Br), projected fascicles in a constant
fascicle plane (Br,p) and projected fascicles in a variable fascicle plane (Bnp) were
different in the three muscles (figure 4.14). The planes of projection are similar to the
scanning planes in 2D ultrasound scanning. Both By, and PBnp were underestimated in LG
and MG compared to B¢ by a small value of less than 1°. However, in soleus the mean

difference between Brp and Prp was 4.5°, Brp and Br was 10°, and Brp and Brwas 14°. The
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differences were of similar magnitude across different relative torque levels and ankle

angles.
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Figure 4.14  Effect of scanning plane on the measured pennation angle calculated
from 3D fascicle (Br), from fascicle projected in a constant fascicle plane
(Btcp), and from the fascicle projected in the variable fascicle plane
(Bwvp), as obtained in each trial corresponding to torque level and ankle
angle.

4.4. Discussion

None of the studies have quantified in-vivo muscle architecture in 3D for different
relative torque states of the muscle. Most of the work on in-vivo fascicle architecture has
been done using 2D ultrasound (Chow et al., 2000; Fukunaga et al., 1997a; Kawakami et
al., 1998; Maganaris et al., 1998a). In this thesis, the 3D quantification was made possible

by the novel data collection protocol and the automated processing methods. The major
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findings of this study were: (1) muscle fascicle orientations and fascicle plane
orientations are regionalized in each of the three muscles of triceps surae, (2) muscle
fascicle orientation and the fascicle plane orientation depend on the relative torque level
and muscle length, and (3) pennation angle estimates based on 2D ultrasound studies are

affected by the orientation of scanning plane.

4.4.1. 3D fascicle orientation

Regionalisation of architecture has been related to regional changes in activation
patterns in the pig masseter muscle (Herring et al., 1979). Herring and co-workers had
shown a varying line of action of the muscle with a phasic activity pattern and this was
co-related to the change in fascicle orientation in the muscle. Regionalisation of
activation patterns has previously been reported in cycling studies in the gastrocnemii in
man (Wakeling, 2009). There were distal to proximal and medial to lateral changes in
activation patterns observed in the muscles and similar patterns have been observed in
this study for fascicle orientations (figure 4.7-4.9). Wakeling (2009) had reported greater
intensity of electromyography (EMGQ) in the distal region of LG and MG for high
cadence than the proximal region. ¢ is greater in the distal region of the muscle (figure
4.7 and 4.8) with a greater increase in Brat higher torque levels in the distal region
compared to that in the proximal region (figure 4.15). A greater value of pennation angle
(Br) allows for greater rotation of fascicles leading to a smaller change in fascicle length
(greater gearing) facilitating the high velocity relative torques in an active muscle (Azizi

et al., 2008; Wakeling et al., 2011).
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Figure 4.15 Regional differences increase in By at different torque levels in LG and
MG. Greater Bswas obtained in the distal ends of the muscle.

The fascicle orientation depends on joint angle and relative torque level. Both in
MG and soleus Brincreased with increase in joint angle while B¢ decreased with increased
ankle angle in LG. The decrease in Br for LG was prominent at 0% relative torque level
but was not observed at 60% MVC (figure 4.8). Pennation angle has been shown to
increase with increase in joint angle in 2D studies. However, the increase in LG was
small with a standard error of similar magnitude compared to a greater increase in MG
and soleus. (Fukunaga et al., 1997a; Kawakami et al., 1998; Maganaris et al., 1998c).
Further, it has also been shown in some studies that the pennation angle depends on the
relative torque level with a greater pennation angles occurring at higher relative torque
levels (Kawakami et al., 1998; Maganaris et al., 1998c¢). Brincreased significantly at
greater angles in all three muscles with increasing torque level but not at the lower angles
(figure 4.8). A similar trend has been shown for submaximal relative torques in the vastus
lateralis, with a significantly greater pennation angle at greater knee angles compared to
no change for smaller knee angles (Fukunaga et al., 1997a; Fukunaga et al., 1997b). The
changes in Br may seem different from the previous study in which the pennation angle
increased with torque level (Maganaris et al., 1998c), but it has to be noted here that
Maganaris and co-workers tested at MVC while in this study the maximum torque level

was 60% MVC.

The pennation angle (Br ) has been studied extensively using 2D ultrasound but
the azimuthal angle (¢r ) is an important component to describe the 3D orientation of the

fascicles and has not been described before. The 3D orientation of muscle fiber
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architecture has been quantified in fish muscles and its importance in transmission of
force in fish swimming and maintenance of optimal strain rates has been discussed
(Gemballa and Vogel, 2002; Kashin and Smolyaniow, 1969). During the very fast startle
response in fish, the helical arrangement of white fibers enables optimal strain rates
during shortening during startle response compared to extremely large strain rates in
longitudinal red fibers (Alexander, 1969; Rome et al., 1988). Helical arrangement can be
obtained for a constant polar angle (pennation angle in this study) but varying azimuthal
angle. Regional variations in azimuthal angle of fascicles as observed in this study may
be due to the partial helical arrangement of fascicles in the muscle and can possibly affect

the strain rates of the fascicles.

As has been indicated in previous studies, 3D architecture information is
important for 3D muscles models and to understand the force generation in healthy and
diseased muscle (Huijing, 2003; Patel and Lieber, 1997). If the regional differences in the
muscles are not considered, it will lead to errors in estimation of fascicle lengths and
force transmission in the muscle. Muscle force is not just transmitted at the muscle
tendon junction rather there are additional pathways for the force transmission (Huijing,
2003). It has been shown in experimental (Huijing et al., 1998) and modeling studies
(Riewald and Delp, 1996) that, even after removing the tendon from a muscle, a
significant fraction of the force can be transferred to the bone via non muscle-tendinous
pathways. The non-tendinous pathways include lateral transmission of force to
neighbouring fascicles, epimysium (the connective tissue surrounding the entire muscle)

and to neighbouring muscles.

Pennation angle measurements are useful to study the transmission of force to
aponeurosis or the muscle tendon junction while azimuthal angle will provide
information for the lateral transmission of forces. 3D orientation will be helpful to
understand the mechanism of this fascicular transmission of intramuscular force. This
will also be important for clinical treatments involving manipulation of force
transmission pathways like tendon transfer surgeries and aponeurotomy (cutting the

aponeurosis of muscle perpendicular to longitudinal axis).
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4.4.2.  Fascicle plane orientations and effect of scanning plane on
pennation angle measurements

Fascicle sheet orientations were represented by the orientation of the normal to
the fascicle planes in each voxel. Fascicle plane orientations (B, @) are architectural
parameters which have not been explored in the past. Fascicle plane orientation is
important to understand the arrangement of fascicles as a group and will have
implications to the spread of force to the neighbouring fascicles. Larger variations were
observed in @y, than B¢, in each of the three muscles, which means that the fascicle planes
stay at a similar angle relative to the long axis of the muscle but the changes occur in the
tilt direction of the sheets with the maximum change being observed along the width of

the muscle (medial to lateral sides of the muscle).

Sejerested and co-workers (1984) have reported curved fascicle layers with higher
curvature of the outer fascicle sheets in the human vastus lateralis and have suggested
that all the layers would take up the curvature of the bone at high levels of relative
torques. In this study, the fascicle plane orientations were not uniform across the muscle,
which indicates that the fascicles may not be arranged in planar surfaces rather they were
arranged in curved sheets. Further, in soleus, the ¢y, indicate that the fascicle plane
orientations from the medial and lateral sides of the muscle are almost the mirror images
of each other. Agur and co-workers (2003) had shown in human cadavers that the soleus
is divided by a septum in the middle of the muscle and fascicles insert on the aponeurosis
as well as the septum. The mirror image configuration of fascicle sheets further supports
that observation. It is important that in 2D ultrasound scans of soleus that care is taken to

scan the fascicles in the correct plane.

The fascicle plane orientations have implication to the 2D ultrasound scanning
protocol. As has been identified in previous ultrasound studies, it is important to scan the
fascicles in the fascicle planes (Benard et al., 2009; Kawakami et al., 1998). The
pennation angles that would be estimated from different scanning planes differed by less
than a degree in the gastrocnemii and the trends of change in pennation angle with force

and ankle angle were same in spite of the small magnitude differences. It can be
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concluded from these results that both scanning protocols, i.e. strapping the ultrasound
over the muscle for different force and joint angle trials or finding a new fascicle plane
for each trial, would result in similar results. However, larger differences in the estimated
pennation were found between the different scanning planes in soleus: this can be
attributed to a greater change in the fascicle plane orientations with ankle angle and
torque levels in the soleus than in the gastrocnemii and greater variation in the
architecture across the muscle. Due to larger variation in architecture across the muscle
the errors obtained by projecting in a mean fascicle plane would be greater for the soleus.
This is relevant to the 2D scanning studies because when a muscle contracts it bulges and
this can change the position of the scanning plane relative to the muscle fascicles leading
to errors in the pennation angles. It is thus important to optimize the ultrasound probe
orientation for different relative torque levels in the muscles with complex architecture

like the soleus.

4.5. Conclusions

In conclusion, this study quantified the 3D muscle architecture in the triceps surae
and related the architectural properties to the ankle joint angle and joint torque. The
determination of fascicle plane orientation has important implications not just in 3D
muscle architecture and function but also in the way that 2D measurements of
architectural parameters are made. The regionalisation of 3D architecture in both the
fascicle orientations and the normals to the fascicle planes imply that the fascicles and
fascicle sheets may be curved in 3D. Chapter 5 is based on the regional variations in 3D

fascicle curvature in the triceps surae muscle.
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5. 3D curvature in the triceps surae muscle

5.1. Introduction

Muscle fascicle curvature is an important architectural parameter related to the
muscle function and is important to maintain the mechanical stability of the muscle
(Muramatsu et al., 2002; Namburete, 2011; Otten, 1988; van Leeuwen and Spoor, 1996).
Curvature is the measurement of the deviation of a structure from being flat. Curved
fascicles exert pressure on the concave side and contribute to the intramuscular pressure
when under tension and balance the pressure due to the aponeurosis (Otten, 1988; van
Leeuwen and Spoor, 1992). Intramuscular pressure increases with the increase in force
and is regionalized in the muscle (Sejersted et al., 1984). Sejersted and co-workers (1984)
have shown that the curvature increases linearly with increase in distance from the fascia
in the vastus lateralis muscle. Two dimensional (2D) modeling studies have shown that
the whole muscle shape, the fascicle stress and the fascicle curvatures affect the pressure

distributions in the muscle (van Leeuwen and Spoor, 1992 and 1996).

In 2D studies where the fascicles are considered linear for the purpose of
estimating their length, ignoring the fascicle curvature can result in an underestimation of
fascicle lengths by 6% (Muramatsu et al., 2002). The fascicle curvatures can also affect
the transmission of force. The force transmitted by a linear fascicle along the main axis of
the muscle is the product of the fascicle force and the cosine of the angle of attachment to
the aponeurosis, and there would be no pressure differential across the fascicle. On the
other hand, in a curved fascicle, a part of its tension contributes to the pressure

development on the concave side of the curve (Heukelom et al., 1979).
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Muscle fascicle curvature is related to the relative torque state of the muscle and
the muscle length. In a 2D ultrasound study, Muramatsu and co-workers (2002) have
shown increase in fascicle curvature at higher relative torque levels and with increase in
ankle angle from a dorsiflexed to a plantarflexed state during MVC. The curved fascicles
were considered as part of a circle and the curvature was measured as the inverse of the
radius of that circle. Increases in fascicle curvature of up to 10 m™ were found with
increase of force from rest to MVC, however curvature did not change with joint angle
for passive conditions. Further, the intramuscular pressure is related to the fascicle
curvature. Intramuscular pressure increases with relative torque state of the muscle and
depends on the muscle length. Three dimensional (3D) curvature may also change with

the increase in relative torque state of the muscles and muscle length.

Muscle fascicle curvature has been studied in a rat model using muscle
dissections (Stark and Schilling, 2003), 2D mathematical modeling (Otten, 1988; van
Leeuwen and Spoor, 1992), and 2D ultrasound studies in man (Muramatsu et al., 2002;
Namburete, 2011; Namburete et al., 2011; Wang et al., 2009). In the rat study, regional
variations in curvature were reported in the muscles (Stark and Schilling, 2003).
Similarly, in the studies in man, Muramatsu and co-workers (2002) reported fascicle
curvature from each of the distal, central and proximal region of the muscle and have
shown varying values of curvature with concave side towards the deep aponeurosis
across the MG. Namburete and co-workers (2011) measured the curvature values across
the muscle region in a scan and reported S-shaped fascicles with convex side up in the
superficial region, convex side down in the deeper region and very small curvature in the
central region. Not much work has been done on the 3D curvature of the fascicles except
a DT-MRI study on passive tibialis anterior (Heemskerk et al., 2011). The curvature
values increased from 2 to 5 m™ with dorsiflexion from 30° to -15° in the superficial
region of the muscle and the regional variations were of 1 m™. Stark and Schilling
(2003), Namburete and co-workers (2011) and Heemskerk and co-workers (2011) used
Frenet—Serret formulas to quantify the curvature from 2D ultrasound scans of dissected
section of the muscle in rat, human gastrconemius, and DT-MRI images of human tibialis

anterior results. Heemskerk and co-workers reported the curvature magnitudes but did not

71



report the direction of bending of curves. This latter parameter is important as it indicates
the direction of the pressure gradient across the fascicles, with higher pressures on the

concave side of the fascicles.

Three dimensional (3D) fascicle curvatures have not been quantified for
contracting muscles before due to lack of adequate methods. The calculation of curvature
requires the 3D orientations of segments fascicles in the muscle region. The orientation
grids obtained in chapter 4 made it possible to track the segments of fascicles to obtain

the regional curvature values.

The results in chapter 4 showed that the orientations of normals to the fascicle
planes were not uniform across the muscle and this indicated that the fascicles may be
arranged in curved sheets. This is also supported by the observation of curved fascicle
sheets in the vastus lateralis muscle in man (Sejersted et al., 1984). Sejersted and co-
workers (1984) reported that the fascicle sheets were more curved in the outer sheets and
predicted that with an increase in muscle force the curvature of the fascicle sheets would
increase leading to a uniform curvature that matched that of the underlying bone. This
could lead to medial-to-lateral differences in the curvature values. This has never been
quantified before due to lack of information on the structure of fascicle sheets. The 3D
information on fascicle sheets orientations obtained from chapter 4 now makes it possible

to quantify the curvature of the fascicle sheets.

The purpose of this study was to quantify (1) the 3D curvature of the fascicles
across the muscle and study the changes in curvature at different relative torque states
and muscle lengths, and (2) the curvature of the fascicle sheets in a transverse section

through the center of the muscle.

The hypotheses of this study are (1) fascicles are curved in the muscle with non-
uniform curvature across the muscle, (2) 3D fascicle curvatures increase with increase in
contraction state of the muscle and the muscle length, and (3) fascicle sheets are curved
in the muscle with a regionalization in the sheet curvature between the medial and lateral

regions.
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5.2. Methods

The data collected in chapter 4 were used to determine the curvature values in this
study. Three dimensional (3D) voxel grids with voxel size 5xX5%5 mm containing local
3D position and orientation of the fascicles and the fascicle sheets, as obtained in chapter

4, were used to calculate the local fascicle curvatures and fascicle sheet curvatures.

5.2.1.  Determination of 3D fascicle curvature

The trajectories of the fascicle segments were tracked using the Fibre Assignment
by Continuous Tracking (FACT) approach such that the fascicle segment would be
propagated on a continuous coordinate system (Jiang et al. 2006; Mori & van Zijl 2002).
The tracking started from the center po of a particular voxel vy in the direction of the
fascicle orientation at vy to obtain the p; at a distance of 9 mm py (the point p; may not lie
at the center of a voxel). At pj, the tracking direction was changed to that of voxel v; and
the same procedure was repeated to obtain the third point p, (figure 5.1). These local
trajectories were defined by the coordinates of the points py, p; and p,, and were
equivalent to 18 mm of length. The distance between voxel centers of two diagonally
adjacent voxels is 8.67 mm, and in order to make sure that the adjacent points were
obtained in separate voxels, the tracked segment length was chosen to be 9 mm. The
5x5x5 mm voxel size was further based on the size of the spread of the wavelet used to
calculate the local orientations in the 3D image (chapter 2).The wavelet grid size was
39x39 pixels equivalent to 6.09%6.09 mm, however the intensity of the wavelets in the
grids falls to zero close to the edges (figure 2.3) so the voxel size was chosen to be 5x5x5

mm.

The coordinates of the points po, p1 and p, were then parameterized to create a
second order parametric function in 3D, r(p). The curvature k. for the fascicle at the

location p; in the middle of the tracked fascicle segment was calculated using Frenet-

Serret formulas (Stark & Schilling 2010),
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where r(p) is a representation of the position vector of the fascicle trajectory in
the Euclidean space as a function of pixel location (i.e. r(p) = {x(p), y(p), z(p)}) and
7(p) and *(p) were the first and second derivatives of this function. The direction of

curvature is obtained as the normal to the curve (N(p)) at the point p;, and is given by

_ @)
|#(p)

N(p)

N(p) was a 3D unit vector, and similar to the fascicle orientations (figure 4.2),

was represented in spherical coordinates by polar angle (.) and azimuthal angle (¢.).
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Figure 5.1 2D representation of a tracked fascicle segment with the squares
representing the voxels in the grid and arrows represent the fascicle
orientation in the voxels. The tracking started at p, in the orientation at
v, to obtain p; at a distance of 9 mm from p,. p> was obtained in the
direction of orientation in v; and at a distance of 9 mm from p;. The
dotted line represents the second degree fit function. The tracking was
perfomed in a 3D grid, the 2D drawing is for simplicity. (Figure
modified from Mori & van Zijl 2002)

5.2.2.  Determination of fascicle sheet curvature

Muscle fascicles are arranged in sheets separated by connective tissue in the
muscle. In 2D ultrasound and 2D modeling studies, the fascicles are assumed to be
arranged in planes. However, due to the shape of the muscle, the fascicles may not be
arranged in planes, rather they may exist in curved sheets. The curvature of the fascicle
sheet in the longitudinal plane is reflected in the fascicle curvature. However, the
curvature of the sheets in the transverse plane depends on the arrangement of the fascicles

in fascicle sheets rather than the fascicle curvature. In order to study this, the fascicle
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sheet curvature was obtained for a transverse plane through the muscle at the center of
the belly (z = 0 in the muscle based co-ordinate system). When a transverse section is
taken through the muscle it forms a 2D plane that intersects with the fascicle sheets.
These intersections appear as lines in the plane (figure 5.2), with the lines being curved

for curved fascicle sheets or straight for planar fascicle sheets.

Cross-section through the muscle
(A)

Long axis of the muscle (z-axis)

Figure 5.2  Schematic representation of curved fascicle sheets in a muscle (A) and a
transverse plane containing edges of the fascicle sheets through the
muscle (B).

The transverse plane through the muscle contained the position and orientation
information of fascicle sheets contained in the local 3D voxels. There were not many
voxels with their center location exactly lying on z = 0 pane (figure 5.2 B) leading to
insufficient points to track the boundaries of fascicle sheets. In order to resolve this
problem, the orientation value at any point reached during tracking was obtained as the
weighted average of the distance of the voxels from a required pixel in the transverse
plane. Nearest neighbourhood was defined in terms of the voxels included by the

weighting function with the center of the neighbourhood located at the point reached
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during tracking. The weight factor (w,) was a Gaussian interpolation function of a

distance of the voxel center from the required pixel in the transverse plane:

Wy = exp (—((x — %)+~ ¥)* + (2 — 20)) /202)

where {x, y, z} is the location of pixel in space and {x,, Vo, Z,} is the voxel center

and o is the spread of a Gaussian kernel and was chosen to be 0.7 mm in this case.
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Figure 5.3 Weight factors used to obtain the orientation for a pixel located at (0,0).
For simplification the weight factors are shown for 2D points. The same
Sfunction was used to obtain the weight factors in 3D. The intensity of the
points indicates the weight factors and the x and y axis represents the
coordinate values in mm.

The edges of the fascicle sheets in the transverse plane (z=0) were tracked using
the methods similar to those described in section 5.2.1. The tracking of the fascicle sheet
edges were not restricted to three points (as for fascicles) rather were tracked until the
aponeuroses were reached. The tracked points were obtained at a distance of 5 mm from
the initial point in the direction of the local fascicle plane orientation at the initial point.
The local orientation at the new point reached was calculated as the weighted average of
the orientation based on the nearest neighbourhood centered at that point. In order to
quantify the curvature of fascicle sheets seed points were selected at x = 0 and fascicles
were tracked in both directions from the seed point and the value of the curvature was
reported at the middle of the tracked fascicle sheet edge. The curvature magnitude and
direction were calculated by using the above methods. Since these measurements were
made in 2D in the transverse plane, the fascicle sheet curvature was reported by

magnitude of the curvature (k¢s.) and azimuthal angle of the normal to the curve (@g).

5.2.3.  Statistical Analysis

Muscle region was divided into the following regions: three along the length of
the muscle (z-axis) proximal, central and distal, two along the depth of the muscle (x-
axis) deep and superficial and two along the width of the muscle (y-axis) medial and
lateral. General linear model ANOV A was used to test the effects of muscle region, ankle
angle and relative torque level on fascicle curvature and orientation of the normal to the
curve fascicle curvature, polar angle and azimuthal angle as the dependent variables,
subject identity as random factor, muscle region, ankle angle and relative torque level as
fixed factors. Post-hoc Tukey tests were performed to determine the effects of levels of
regions, relative torque levels and ankle angles on the dependent variables. The results

obtained were considered significant for p-value <0.05.
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Fascicle sheet curvatures were obtained for the transverse plane at z = 0 and the
plane was divided into medial and lateral regions to test the regional differences in
fascicle sheet curvature. General linear model ANOVA was used to test the effects of
muscle region, ankle angle and relative torque level on the fascicle sheet curvatures and
the orientation of the normals to the curve; fascicle sheet curvature and azimuthal angle
were the dependent variables, subject identity as random factor, muscle region, ankle
angle and relative torque level as fixed factors. Post-hoc Tukey tests were performed to
determine the effects of levels of regions, relative torque levels and ankle angles on the

dependent variables. The results obtained were considered significant for p-value <0.05.

5.3. Results

5.3.1.  Regionalization of fascicle curvature

Fascicle curvatures were distributed non-uniformly in each of the three muscles
(figure 5.4-5.6). Mean values with their standard errors are reported in table 5.1. The
regional variations in . were small compared to those in variations in ¢, in all the three
muscles. The B, values were close to 90° indicating that the normal to the fascicle curves

were perpendicular to the long axis of the muscle.

The results from the lateral gastrocnemius are shown in figure 5.4.The largest
variations in k. were along the length of the muscle and the depth of the muscle. Along
the length of the muscle the central region had a lower & (3.3 m™) than the proximal (4.6
m™') and distal ends (4.1 m™). Along the depth of the muscle x. was higher in the deeper
layers (4.1 m™) than the superficial layers (3.5 m™) of the muscles. The largest variations
in @, were along the long axis of the muscle with the values increasing from the proximal
to the distal end from 163.5° to 214.0°. The . values show that the curves were facing

the medial side in the proximal end and the lateral side in the distal end.
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The results for the medial gastrocnemius are shown in figure 5.5. The largest
variations in k. were along the length of the muscle and the width of the muscle. «.
increased from the medial to the lateral sides from 4.2 m™ to 5.2 m™', decreased slightly
from the proximal end (4.5 m™) to the central region (4.4 m™) followed by an increase in
the distal end ( 5.2 m™) of muscle. ¢. was greater than 200° across the whole muscle

indicating that the curves were facing the lateral side.

Results from soleus are shown in figure 5.6. The largest variations in x. were
along the length of the muscle and the depth of the muscle. x. increased from the medial
to the lateral sides from 4.1 m™ to 5.7 m™', decreased slightly from the proximal end (4.3
m™) to the central region (4.0 m™) followed by an increase in the distal end ( 4.7 m’) of
the muscle. The largest variations in ¢, were along the width of the muscle with 175.4° in
the lateral side and 205.6° in the medial side, indicating that the curves were facing the
medial side in the lateral side of the muscle and facing the lateral side in the medial side

of the muscle.

80



Regionalization of fascicle curvatures across the three muscles. The

Table 5.1

values reported are mean * standard error of mean of curvature

magnitude (k.) and direction of normals to the curve in terms of polar

angle (B.) and azimuthal angle (¢.) across all the torque and ankle

angle torques. Number of data points used to calculate the mean and
standard error of mean values were approximately 40,000.
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Figure 5.4 Regionalization of fascicle curvature in LG. The dots represent the
mean values of fascicle curvature magnitude (k. and direction of
curvature in terms of polar angle (B.) and azimuthal angle (¢.) across
all the torque and ankle angle trials. Error bars representing standard
error of mean are drawn but are not visible in the figures where the
error bars are smaller than the dot size. The “*” indicates a statistically
significant change between adjacent regions. Approximately 40,000
points were used to calculate the mean and standard error of mean
values.
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Figure 5.5  Regionalization of fascicle curvature in MG. The dots represent the
mean values of fascicle curvature magnitude (k. and direction of
curvature in terms of polar angle (B.) and azimuthal angle (¢.) across
all the torque and ankle angle trials. Error bars representing standard
error of mean are drawn but are not visible in the figures where the
error bars are smaller than the dot size.. The “*” indicates a statistically
significant change between adjacent regions. Approximately 40,000
points were used to calculate the mean and standard error of mean
values.
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Figure 5.6  Regionalization of fascicle curvature in soleus. The dots represent the
mean values of fascicle curvature magnitude (k. and direction of
curvature in terms of polar angle (B.) and azimuthal angle (¢.) across
all the torque and ankle angle trials. Error bars representing standard
error of mean are drawn but are not visible in the figures where the
error bars are smaller than the dot size The “*” indicates a statistically
significant change between adjacent regions. Approximately 40,000
points were used to calculate the mean and standard error of mean
values.

5.3.2.  Effect of torque level and ankle angle on fascicle curvature

There was significant effect of ankle angle and relative torque level on the

fascicle curvature in all three muscles (table 5.2, figures 5.7-5.9).

The general trend was a higher value of x. with decrease in ankle angle from 0° to
-15° and an increase at greater dorsiflexion. k. was significantly greater at a relative
torque level of 60% MVC than the lower relative torque levels. B, changed significantly

but with very small magnitude (less than 1° in each muscle) between the ankle angles and
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relative torque levels for all three muscles. The changes in ¢, with change in angle (10°)
and relative torque levels (4°) were small compared to that obtained across the muscle

regions (50°).

There was a significant interaction between ankle angles and torque levels on the
fascicle curvatures. As shown in figure 5.10 the increase in K, with increase in torque

level was greater at 30° ankle angle the increase was lower at the -15° (figure 5.10).
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curvature. The values reported are mean + standard error of fascicle
curvature magnitude (k) and direction of normal to curve in terms of
polar angle (B.) and azimuthal angle (¢ ) across the whole muscle.
Approximately 40,000 points were used to calculate the mean and

Effect of relative torque level and ankle angle on muscle fascicle
standard error of mean values.

Table 5.2
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Figure 5.7  Effect of torque levels and ankle angle on muscle fascicle curvature in
LG. The dots represent the mean values of fascicle curvature magnitude
(k) and direction of curvature in terms of polar angle (P.) and
azimuthal angle (¢.) across the whole muscle. Error bars representing
standard error of mean are drown but are not visible in the figures
where the error bars are smaller than the dot size. The “*” indicates a
statistically significant change between adjacent regions. Approximately
40,000 points were used to calculate the mean and standard error of
mean values.
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Figure 5.8  Effect of torque levels and ankle angle on muscle fascicle curvature in
MG. The dots represent the mean values of fascicle curvature magnitude
(k) and direction of curvature in terms of polar angle (B.) and
azimuthal angle (¢.) across the whole muscle. Error bars representing
standard error of mean are drawn but are not visible in the figures
where the error bars are smaller than the dot size. The “*” indicates a
statistically significant change between adjacent regions. Approximately
40,000 points were used to calculate the mean and standard error of
mean values.
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Figure 5.9

Effect of torque levels and ankle angle on muscle fascicle curvature in
soleus. The dots represent the mean values of fascicle curvature
magnitude (k) and direction of curvature in terms of polar angle (P.)
and azimuthal angle (¢.) across the whole muscle. Error bars
representing standard error of mean are drawn but are not visible in the
figures where the error bars are smaller than the dot size. Numbers of
data points for each value were approximately 40,000. The “*” indicates
statistically significant change between adjacent ankle angles and
relative torque levels).
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Figure 5.10 Effect of relative torque levels on fascicle curvature and ankle angle
relation. The dots represent the mean values of fascicle curvature
magnitude (k.). Error bars representing standard error of mean are
drawn but are not visible in the figures where the error bars are smaller
than the dot size. Numbers of data points for each value were
approximately 10,000.

5.3.3. Fascicle sheet curvature

The results for quantification of fascicle sheet curvature are shown in tables 5.3-
5.4 and figure 5.10. Fascicle sheet curvatures (k) varied between the medial and lateral
region in all the three muscles. In LG &g increased from the lateral to the medial side and
the concave side of curved sheet was facing the medial side of the muscle. In MG the
curvature decreased from the lateral to the medial side and the concave side of the muscle
was facing the medial side of the muscle. In soleus the xg increased slightly from the

lateral to the medial side and the curves were facing the medial side of the muscle.
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Table 5.3 Regionalisation of fascicle sheets curvature. The values reported are
mean + standard error of fascicle curvature magnitude (Kg.) and
azimuthal angle (Qs) of normal to across all the torque and ankle angle
torques. Approximately 400 points were used to calculate the mean and
standard error of mean values.

Width
Lateral Medial
LG
Kie,m' 2.11£0.11 3.48+0.23
Ore.’  86.60+0.53 88.63 +0.97
MG
Kie,m' 776 £0.37 3.61+0.14
Pre.®  102.62+1.59 105.26 +2.07
Sol
Kiem  6.11£0.51 6.26 + 1.09
Ore,®  84.50+1.73 93.03 + 1.06
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curvature. The values reported are mean + standard error of fascicle
curvature magnitude (Kso) and direction of curvature in terms of angle

with respect to deep-superficial axis of muscle polar angle (@) across
all the torque and ankle angle torques. Approximately 200 points were

Effect of relative torque level and ankle torque in fascicle sheet
used to calculate the mean and standard error of mean values.

Table 5.4
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Figure 5.11 Fascicle sheet curvature in LG (A), MG (B) and soleus (C). The dots
represent the mean values of fascicle sheet curvature magnitude (k)
and direction as the angle relative to deep-superficial axis of muscle
(95s0). Error bars represent the standard error of mean. Approximately
400 points were used for region effect and 200 for ankle angle and
torque level. The “*” indicates a statistically significant change.

5.4. Discussion

This is the first time that the fascicle sheet curvatures and the 3D fascicle
curvatures have been quantified in a muscle at different relative torque levels and muscle
lengths. Previous studies have quantified fascicle curvatures in 2D with the values
ranging from 0.5 m™ at rest up to 20 m™' during MVC. The curvature values reported in
this study lie in the range of previously reported values (Muramatsu et al., 2002;
Namburete et al., 2011). The curvature values reported in this study are lower than those
reported by Namburete (2011) because that study involved a relative torque level up to
100% MVC and externally applied compressive bandages. Further, the greatest
curvatures were measured from the superficial and deep layers of the muscle. The
methods used to calculate the curvature values involved 18 mm segments compared to
7mm segments in the study by Namburete (2011). The 18 mm segment length used here
was based on the voxel size (5x5%5 mm) in the 3D voxel grid and the segment was
extended to points with each point in a different voxel to fit a second order polynomial
for curvature calculations. The voxel size was further based on the wavelet grid size
(39%39 pixels equivalent to 6x6 mm) as described in section 2.23. Namburete (2011)
could calculate the curvature values closer to the aponeurosis compared to this study
which may have contributed to the greater values of the curvatures. The resting curvature
values from MG found in this study (mean 4.56+0.02 m™) are greater those reported by
Muramatsu and co-workers (2002) (mean 0.53 m™). 2D curvature values measure the
curvature only in 2D, ignoring the curvature in third dimension. Fascicles lie in the
curved sheets (figure 5.12) which introduce curvature in the 3™ dimension leading to

underestimation of curvature values in the 2D studies.
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5.4.1. Fascicle curvature

Fascicle curvatures were regionalized in each of the three muscles and changed
with change in muscle length and relative torque levels supporting hypotheses 1 and 2. In
LG and soleus the curvatures were lowest in the central region of the muscle with greater
curvatures values at the peripheral ends while in MG the curvatures gradually increased
from the proximal to the distal end of the muscle. Intramuscular pressure depends on the
fascicle curvature and tensile forces in the muscle fascicles. A curved fascicle generates a
pressure difference between the convex and concave side with the pressure being greater
on the concave side and the magnitude of the pressure differential increases with the
increase in the curvature (Hill 1938, van Leeuwen and Spoor, 2002). Thus, the
regionalization of fascicle curvature can be used to predict the intramuscular pressure

distributions. The intramuscular pressure distributions are discussed in chapter 6.

5.4.2. Fascicle sheet curvature

The fascicle sheets were curved and the curvature was not uniform across the
muscle. The fascicles sheets had a greater curvature in the lateral region in the LG than
the medial region while it was greater in the medial region for MG. This result is similar
to the greater fascicle sheet curvatures observed in the outer layers than inner layer in
vastus lateralis (Sejersted et al., 1984). There was a small increase in the fascicle
curvature with the increase in relative torque level but this was not observed in the
fascicle sheet. The fascicle curvature had a greater component along the depth (x-axis) of
the muscle than the width (y-axis) of the muscle (a value of 180° would represent the
curvature entirely along the depth of the muscle) (table 5.2 and 5.3). The fascicle sheet
curvature is a measure along the width of the muscle and the changes in the fascicle

sheets curvature would be smaller than that in the fascicles.

5.4.3.  Comparison with the 2D study on curvatures

Some superficial differences exist between the results in this study and that by

Namburete (2011). Namburete reported S-shaped fascicles in a muscle with a positive
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curvature at the superficial regions, negative curvature in the deep region and relatively
straight fascicles in the middle region of the muscle resulting in S-shaped fascicles. Had
this been the case the same would have been reflected in the different quadrants for ¢ in
the deep and superficial region, but this was not the case in this thesis (figure 5.10- 5.12).
This difference can be explained by considering a curved fascicle lying on a curved sheet
as was found in this study. A 2D ultrasound image represents the local projections of a
3D entity in a 2D plane (section 4.2.2.4 and figure 4.5). In a 2D scan of the muscle a
number of fascicles are scanned from the region lying in the plane. The image plane
would contain local projections from the scanned region of the muscle. In order to
visualize this problem a curved line was drawn on a curved surface (figure 5.12) and
viewed it from different projection angles in order to compare with the 2D images. In
this case only one fascicle was projected from different angles whereas in an actual image
different regions of image will contain projections of fascicles form different regions of

the muscle (figure 5.13).
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Figure 5.12  Schematic representation of the fascicle curvature in 3D. The path of
the fascicle is shown by the blue dotted line. The curvature was
represented by magnitude (represented by length of arrow) and
azimuthal angle (represented by color of arrow). Polar angle (B. ) was
constant in this case at 90°

The figures were drawn for slightly greater curvature values than the values
obtained in this study in order to enhance the visualization. The figures clearly

demonstrated that the curved sheet changed the perceived curvature of the fascicles based
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on the view points (figure 5.13). The view points were changed to replicate the effect of
rotating the ultrasound probe on the leg surface as is typically done to get a good muscle
image (Kawakami et al., 1998; Maganaris et al., 1998c). Different curvatures would be
visualized for a straight fascicle on a curved sheet from a rotated view point compared to
the front view (figure 5.13 C,D) and S-shaped fascicle projections would be visualized
for a curved fascicle on a curved sheet (figure 5,13 G, H). Further, Namburete (2011)
reported an increase in the S-shape of the fascicles at higher muscle forces; this may be
attributed to the increasing curvature of the fascicles with relative torque level as seen in
this thesis. The fascicles appear S-shaped for curved fascicles from a rotated view point
but not for straight fascicles (figures 5.3 D, H). It should be considered that the curved
fascicle sheets do not lie in a single plane and hence the ultrasound probe has to be
aligned at different angles to obtain a good image of the fascicles: these different
alignments would change the perceived values of curvature obtained in a 2D study. The
S-shape appearance should not be considered as a measurement error because in 2D it
would provide the information that the fascicle is curved in 3D. Further, a 2D scan
cannot capture the fascicle curvature due to the curved fascicle sheets and hence, the 2D
measurements errors would be greater in muscles with higher values of fascicle sheet

curvatures.
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(A)

(C) (E) ©G)

Figure 5.13

Visualization of a simulated straight fascicle on a planar sheet (A, B), a
straight fascicle on a curved sheet (C, D), a curved fascicle on a planar
sheet (E, F) and a curved fascicle on a curved sheet (G, H). The left
column represents the front view and right column represents a rotated
view point at an angle of 30°. The mean fascicle angle was 25° relative
to the z-axis, mean curvature of 10 m™ for E-H and fascicle sheet
curvature was 15 m™ for C, D, G and H and 0 for A, B E and F.

5.5. Conclusions

In conclusion, this study quantified the 3D fascicle curvature and fascicle sheet

curvature in the triceps surae. Changes in the curvature agree with the changes in

intramuscular pressure reported in the past studies. The fascicles are arranged in non-

planar sheets in the muscle. The 3D nature of the curvatures may affect the curvature

values reported in 2D studies. The 3D fascicle curvature and fascicle sheets orientation

are important parameters to understand the pressure development in the muscle which

further affects the net function of the muscle and parameters involved in 3D muscle

modeling.
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6. General Discussion

This thesis describes methods to quantify muscle fascicle architecture in 3D, and
provides a detailed description of the in—vivo muscle fascicle architecture in the triceps
surae muscles. Previous in-vivo studies have considered the 2D architecture in
contracting muscle using 2D ultrasound and a few studies have studied the 3D
architecture in passive muscles using DT-MRI methods. The fascicle architectural
parameters studied in the past were the pennation angle, fascicle length and curvature.
The methods developed in this thesis now make it possible to quantify 3D properties of
the muscle fascicles during relative torque. This study provides advances to previous
architectural studies by now providing orientation and curvature values for the fascicles

and the fascicle sheets.

The 3D fascicle orientations were represented by the pennation angle (Bf) and
azimuthal angle (¢f). The orientations of the fascicle sheets were represented by the
normal to the fascicle planes in each of the voxels in terms of polar angle (Bs) and
azimuthal angle (¢g). 3D curvature values of the fascicles were represented by the
magnitude of the curvature (x.) and direction of the normal to the curve (B, ¢. ). Fascicle
sheet curvatures were calculated in the transverse plane through the center of the muscle
and were represented by the magnitude of curvature (k) and direction of the normal to
the curve in the sheets (@g.). Since the fascicle sheet curvatures were calculated in a plane
their direction could be specified by only one angle. These parameters were tested for
regionalization of in each of the triceps surae muscles, different relative torque states and
different muscle lengths. The 3D information was also used to test the accuracy of

different 2D ultrasound scanning methods for estimating the fascicle pennation angles.
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The major findings of the thesis were that the fascicle orientations and curvatures
were regionalized in the muscles. Fascicle sheet orientations were regionalized in the
muscle and the fascicles sheets were curved which has important implications for the
transmission of forces and the optimal 2D ultrasound scanning protocol. The soleus had a
greater variation of the orientations of its fascicle sheets than the gastrocnemii across the
muscle and at different lengths and torque levels. This greater variation would result in
larger errors occurring in estimated pennation angle in a 2D study if the ultrasound probe
was not correctly aligned. The fascicle curvatures are related to the intramuscular
pressure which is further related to the relative torque state of the muscle. The curvature
values increased with increase in torque level and the increase was the greatest at the

short muscle lengths.

6.1. Methods for analyzing 3D muscle architecture

The study of in-vivo 3D architecture has been made possible with the automated
image processing methods developed in this thesis. The ultrasound images were first
processed in 2D to obtain the regional values of fascicle orientations in the image plane,
and this information was used to obtain the regional architectural parameters in 3D. The
image processing methods developed in this thesis used multiscale vessel enhancement
filtering (Frangi et al., 1998) and wavelet analysis that have both been used in the past for
enhancing the vessel like structures and feature extraction from medical images (Lin and
Qu, 2000; Qian et al., 1999; Rahmati et al., 2010). In this study the methods were adapted

to determine the muscle fascicle orientations in the ultrasound images.

A few recent ultrasound studies have developed alternative methods to determine
fascicle orientations in the image plane (Jun and Rui-Ling, 2010; Zhao and Zhang, 2011;
Zhou and Zheng, 2011). Jun and Rui-Ling (2010) assumed the muscle fascicles to be
linear and calculated the mean pennation angle in the image region and Zhao and Zhang
(2011) used the localized Radon transform to determine the linear fascicular structure in

the image. These linear approximations lose information on the fascicle curvature that
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have been shown to be important in this thesis. Zhou and Zheng (2011) used a Gabor
transform to enhance the line-like structure in the image. Their methods focused on
visually enhancing the fascicle structures and resulted in better visualized images than the
results obtained by multiscale vessel enhancement used in chapter 2. However, a direct
comparison between the methods on the accuracy of determining the fascicle orientations
is not available as the methods developed in this thesis involve a two-step process that

additionally uses wavelet analysis to obtain the orientation values.

The 2D methods presented in Chapter 2 formed the basis for the automated
methods to calculate fascicle curvatures in 2D (Namburete and co-workers, 2011) and
fascicle architecture in 3D (Chapter 3). The methods to calculate 2D fascicle curvatures
(Namburete et al. 2011) were used in a physiological study to obtain the relation between
fascicle curvature and relative torque levels, muscle length and external pressure imposed
on the muscle Namburete (2011). Within this thesis, the methods developed in chapters 2
and 3 were successfully used to determine the relation of the architectural parameters
with the muscle length and relative torque levels. This shows that the ultrasound can be
used to study the 3D fascicular structure in passive as well as active states of the muscle.
Along with the image analysis and computational methods, the experimental scanning
and the imaging protocol were very important to obtain the data for the 3D structure of
contracting muscle. The free-hand scanning was done in water immersion which required
a custom made frame to perform the isometric relative torques and test the muscles at
different relative torques states. The scanning process is very important to capture the
information across the whole muscle and orient the probe through different rotation and

tilt angles.

Heemskerk and co-workers (2011) calculated fascicle curvature values in a DT-
MRI study of passive tibialis anterior. The curvature values increased from 2 to 5 m™
with dorsiflexion from 30° to -15° in the superficial region of the muscle and the regional
variations were of 1 m™'. The range of these values for the tibialis anterior are similar to
those reported in chapter 5 of this thesis for the triceps surae muscles. The ultrasound

methods, however, can be applied to contracting muscles due to shorter scan times, and
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ultrasonography is less expensive and easier to operate than DT-MRI which makes it

suitable to study the changes in 3D architecture parameters.

6.2. Implications to 2D scanning

2D ultrasound is typically used to study in-vivo fascicle architecture. It has been
shown in previous studies that the scanning plane orientation affects the measured
pennation angles. In this thesis it was shown that the fascicles are not arranged in planes
but actually lie in curved sheets. Due to the curvature of the sheets a fascicle may not be
completely imaged in a 2D scan, and this can lead to errors in the estimated fascicle
lengths and curvatures. These errors were smaller in the gastrocnemii as the fascicle sheet
orientation did not change much with torque level and angle compared to that of the
soleus. It becomes particularly important to adjust the probe orientation for different
relative torque levels and muscle lengths in more architecturally complex muscles such as

the soleus in order to obtain accurate measures of the pennation angles.

6.3. 3D orientations of fascicles and fascicle sheets

The 3D fascicle orientations and fascicle sheet orientations are important to
understand the transmission of force through a muscle. The pennation angle gives
information about the transmission of the force to the tendon, however, it has been shown
in the past that the muscle-tendon junction is not the sole pathway of force transmission.
Force may also be transmitted to the neighboring fascicles, other parts of the muscle,
adjacent connective tissue and neighboring muscles (Huijing et al., 1998; Huijing 1999).
Huijing and co-workers (1998) have shown in rat digitorum longus (a multi-head muscle)
that the force is transmitted between the muscle heads. Riewald and Delp (1996) have
shown that the rectus femoris muscle was capable of acting as a knee extensor after distal
tendon transfer to flexor sites in human patients. In order to understand the alternate
pathways of force transmission it is important to quantify the azimuthal angle (¢r) along

with the pennation angle of the fascicles. In chapter 4 it was shown that the variations in
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¢r in the three muscles were of the same magnitude as for the variations in pennation
angle. Further, the orientation and curvature of fascicle sheets is needed to understand the
relative arrangement of fascicles in the muscle to describe the arrangement of the

fascicles with respect to each other and potentially the transmission pathways for force.

Regional variations in the fascicle orientations indicate curved fascicles in the
muscle with differences in curvatures for different relative torque levels and ankle angles.
Curved fascicles have greater length than their linear approximations and their curvature

results in the pressure difference across the fascicles.

6.4. Fascicle curvatures and their relation to intramuscular
pressure

Fascicle curvature is related to the intramuscular pressure developed in the
muscle. Hill (1948) suggested that curved fascicles generate pressure on the inward side
resulting in a pressure difference between the concave and the convex side of the
fascicles. The pressure gradient depends on the fascicle thickness, curvature of the
fascicle and the fascicle stress. It has been shown in the modeling study by van Leeuwen
and Spoor (1992) that the pressure distributions in a muscle are important for mechanical
stability of the muscle and the intramuscular pressure balances the pressure due to the
curvature of the internal tendon and aponeurosis. The pressure difference (Ap) across a

curved fascicle (van Leeuvan and Spoor, 1992) is given by
Ap = Arfork,

where, Ary is the fascicle thickness, oy is the stress in the fascicle and k. is the
fascicle curvature. The intramuscular pressure can be estimated from the pressure
gradient and the number of fascicle layers. For a uniform stress across the muscle fibers
the curvature magnitude (k) and orientations of normals to the curves (B¢, @) can be
used to predict the high pressure regions in the muscle. . is the angle between the normal

to curve and the z-axis of the muscle and @, is angle of the normal to curve in the z=0
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pane and the x-axis of the muscle . The normal to curve gives the direction of the concave
surface of the curve and the angles are represented on a simulated curve with varying

values of . and o..
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Figure 6.1.  Representation of orientation of normal to the curve. A 3D curved line
(shown as dotted blue line) was modeled with varying orientation angles
for the normal to curve. The colors of the arrows represent ¢. (A) and P.

(B).

In the lateral gastrocnemius the curvature was significantly higher in the deeper

layers (4.12 m™") than the superficial layers (3.51 m™) indicating that the pressure
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gradient would be greater in the deeper layers of the muscle. The normal to the fascicle
curvatures shows that the concave side was facing the deeper layers of the muscles
indicating a higher pressure in the deeper layers compared to the superficial layers. Along
the length of the muscles the curvatures were greater in the proximal ends than the central
region of the muscle. The curves were facing the deep-medial region (¢, = 163.5°) in the
proximal end and deep-lateral (¢. = 214.0°) region in the distal end of the muscle

indicating the pressure build up at the deeper layers of the muscle.

In the medial gastrocnemius the mean curvatures were greater in the superficial
layers (4.77 m™") than the deeper layers (4.62 m™). The pressure gradients would be
slightly higher in the superficial layers. The normals to the fascicle curvatures show that
the concave side is facing the deeper layers leading to a greater pressure in the deeper
layers of muscle. Along the length of the muscle the greatest curvatures were in the distal
regions of the muscle leading to the greatest pressure gradients in the distal regions and
further the curves were facing the deep-lateral direction throughout the muscle region (o
>198°) along with a small component of normal to curvature along the proximal end of
the muscle (B, > 90°) throughout the muscle region indicating a high pressure in the deep

and slightly in the lateral and proximal regions of the muscle.

In soleus the mean curvatures were greater in the deeper regions (4.56 m™) than
the superficial region (4.21 m™) and the curves faced the deeper regions indicating
greater pressures in the deeper regions of the muscle. In soleus the curves on the medial
sides were facing the deep-lateral direction (@, = 205.6°) and the curves on the lateral
side were facing the deep-medial (¢, = 175.4°) side of the muscle. This will lead to the

high pressure in the middle of the muscle.

In all three muscles there was a greater pressure in the deeper layers of the muscle
than the superficial layers which is supported by the experimental measures of greater
pressures in the deeper layers of the muscle (Sejersted and co-workers, 1984).The soleus
is a multipennate muscle with the fascicles inserting on a median septum as is indicated

by the fascicle orientations in chapter 4 (that the fascicles sheets were the mirror image
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on the two sides) and the insertion of fascicles on the median septum in anatomical
dissection study by Augur and co-workers (2003). The median septum is a tendon-like
structure that protrudes into the distal portion of the soleus and often reaches the anterior
surface and divides the muscle into separate medial and lateral regions for a few
centimeters (Oxorn et al., 1998). The higher pressure region in the middle of the muscle
that can be predicted from this ultrasound study matches the prediction of a higher

pressure around the internal tendon in bipennate muscles (van Leeuwen and Spoor,1992).

6.4.1.  Application to compartment syndrome

Compartment syndrome is a condition involving high pressures in the muscle
compartments, leading to damage in the nerve and blood vessels in the muscle. Blood
vessels can rupture and this further increases the pressure in the muscle leading to a
vicious cycle damaging the muscle tissue (Kostler et al., 2004). The condition is limb
threatening and may be caused by impact injuries, burns in acute cases and repeated
strenuous exercise in chronic cases. The treatment for the severe cases of compartment
syndrome involves a cut in the fascia to relieve the pressure (fascicotomy) (Shadgan et

al., 2008).

The methods used to diagnose compartment syndrome rely on the measurement
of intramuscular pressure and are mostly invasive. A needle and catheter is inserted in
different regions of the muscle to measure the intramuscular pressure. An exception to
the invasive diagnostic methods is a recent study on non-invasive methods based on
indirect measurements of intramuscular pressure in terms of the muscle fascia

displacements using ultrasound images (Lynch et al., 2009).

The methods developed in this thesis to measure the fascicle curvatures can
provide an alternative method to estimate the intramuscular pressure. A muscle can
increase its intramuscular pressure by increasing the curvature of the fascicles (Otten

1988; Sejersted et al. 1984; van Leeuwen and Spoor 1992). A greater fascicle curvature
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results in a higher pressure difference across the fascicles leading to an increase in the
regional pressure. The fascicle curvatures not only predict the elevated pressures in a
muscle but also estimate the regions of high pressure in a muscle. The estimation of high

pressure regions can further help with deciding the site for fascicotomy.

6.5. Conclusions

The methods developed in this thesis lead to the study of the 3D architectural
parameters of the muscle fascicles and the implication of the architectural parameters to
the functional properties of the muscle. The thesis shows that B-mode ultrasound is a
useful modality to study the detailed architectural properties of the muscle with optimal
resolution and accuracy to study the functional importance of the muscle architecture.
Furthermore, these methods for quantifying ultrasound images have potential to be used
to study the pathological states of the muscle. In this thesis new parameters based on the
3D fascicle architecture were studied and were shown to have a significant effect on
muscle function showing the importance of 3D architectural properties of the muscle.
The 3D parameters were used to study the effects of typical 2D scanning protocols on the
measured pennation angle (quantitatively) and curvatures (qualitatively). The
quantification of parameters helped to explain the mechanical function of the muscle and
has potential to explain the complex pathways of force transmission of in the muscle and
the pressures generated in the muscle. Such 3D quantification of the architectural
parameters in muscle will have important implications in understanding the fundamentals

of its mechanical functions in the third dimension.
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