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ABSTRACT 

Pain and disorders of the human skeletal muscles are one of the most common reasons for 
medical consultations in the western countries today and there is a great need to improve 
both the understanding and treatment of several different muscular conditions. 

Techniques describing the muscle function in vivo are often limited by either their 
invasiveness or lack of spatial resolution. Electromyography (EMG) is the most common 
approach to assess the skeletal muscle function in vivo, providing information on the 
neurological input. However, the spatial resolution is in general limited and there are 
difficulties reaching deep musculature without using invasive needles. Moreover, it does 
not provide any information about muscle structure or mechanical aspects. 

Quantitative ultrasound techniques have gained interest in the area of skeletal muscles and 
enables non-invasive and in-vivo insight to the intramuscular activity, through the 
mechanical response of the activation. However, these techniques are developed and 
evaluated for cardiovascular applications and there are important considerations to be 
made when applying these methods in the musculoskeletal field.   

This thesis is based on the work from four papers with the main focus to investigate and 
describe some of these considerations in combination with the development of processing 
and analyzing methods that can be used to describe the physiological characteristics of 
active muscle tissue. 

In the first paper the accuracy of the Doppler based technique Tissue Velocity Imaging 
(TVI) was evaluated in a phantom study for very low tissue velocities and the effect of the 
pulse repetition frequency was considered. The second paper presents a biomechanical 
model to describe the TVI strain’s dependency on the muscle fiber pennation angle. In the 
third and fourth papers the intramuscular activity pattern was assessed through the 
regional tissue deformation by motion mode (M-mode) strain imaging. The activity 
patterns were analyzed during force regulation and for the effects of fatigue.  



iv 
 

The work of this thesis show promising results for the application of these methods on 
skeletal muscles and indicate high clinical potential where quantitative ultrasound may be 
a valuable tool to reach a more multifaceted and comprehensive insight in the 
musculoskeletal function. However, the methodological considerations are highly 
important for the optimized application and further evaluation and development of 
analyzing strategies are needed.  

Keywords: ultrasound, skeletal muscle, intramuscular, dynamics, Tissue Doppler Imaging, Speckle 
Tracking, strain, quantification 
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1   INTRODUCTION 

Pain and disorders of the human skeletal muscles are one of the most common reasons for 
medical consultations in the western countries today. Surveys show that approximately 20 
percent of the adult European population suffers from chronic musculoskeletal pain [1-2]. 
Chronic pain condition is often associated with considerable suffering and with large costs 
for both the individual and for the society. The generally unknown causes to 
neuromuscular problems lead to difficulties in both diagnosis and treatment procedures 
and pinpoint the need for more research in the field of these conditions but also in the basic 
understanding of how the muscle functions and the processes involved in for example the 
aging of the muscle. 

Electromyography (EMG) is the most commonly applied technique to investigate the 
function and to map activity patterns of the muscle. It provides information about the 
neurological input, fiber characteristics and force development in the muscle [3]. However, 
in general EMG offers a poor spatial resolution and difficulties reaching deep musculature 
without using invasive needles. Moreover, it does not provide any information about 
muscle structure or mechanical aspects. 

Imaging techniques such as magnetic resonance imaging (MRI) and ultrasound imaging 
have mainly been used to study the size and architectural parameters of muscles that have 
an impact on the muscle force production [4-8]. The high temporal resolution makes 
ultrasound specially suited as a technique when it comes to studying structural movements 
in real time without the limitation of only measuring on a local area of the muscle. Also, the 
low cost, availability and minimal risk to the patient makes ultrasound superior to other 
imaging techniques in the applications of skeletal muscle dynamics.  

Ultrasound has been used as a routine clinical tool in cardiovascular applications for 
several decades. Based on the ultrasound information advanced quantitative techniques 
have been developed for the possibility to analyze the blood flow and the mechanical tissue 
response.  



2 
 

The parameters that can be measured using quantitative ultrasound are considered to have 
a high clinical value in cardiology and during recent years the area of these techniques has 
broadened and become very interesting in other application fields such as in the studies of 
the fetal heart, tendons, smooth and skeletal musculature [9-13].  

The regional information on the tissue activity may be a valuable tool to reach a more 
multifaceted and comprehensive insight in the musculoskeletal function. Earlier research 
has reported using quantitative ultrasound on skeletal muscles, both in studies using 
healthy subjects as well as in clinical settings [14-18]. However, there are likely important 
considerations to be made when applying these methods, developed and evaluated for 
cardiac applications, in the musculoskeletal field.  The angular dependency of Doppler 
based ultrasound in echocardiographic imaging have been discussed earlier and is not in 
general considered to have an important influence  on the analysis of e.g. timing events and 
curve profiles [19-20]. However, the angular dependency when applied on skeletal muscles 
has not been explored earlier. Furthermore, the evaluation of these methods has so far 
mainly been performed according to normal myocardial tissue velocities (typically 5-15 
cm/s).  In skeletal muscle the tissue velocities may be much lower (< 1 cm/s) and the 
possible effect on the precision when measuring very low velocities should be evaluated. 

The main focus of this thesis has been to investigate and describe some of these 
considerations in combination with the development of processing and analyzing methods 
that can be used to describe the physiological characteristics of active muscle tissue.  

1.1 Thesis outline  

This thesis is based on the work from four papers and is organized into 11 chapters. After 
this introduction the aims are stated and the included papers are listed. Thereafter the 
papers are summarized and followed by other scientific contributions by the author. The 
basic physiology and function of the skeletal muscle and the ultrasound techniques that 
have been used are described in Chapters 5 and 6. Chapter 7 presents the methodologies 
and the research contributions within the thesis work. The following two chapters, Chapter 
8 and 9, provides a summary of the obtained results, a general discussion on the work and 
some future perspectives. The conclusions are presented in Chapter 10 and finally, the 
references are listed in Chapter 11. The full versions of the separate papers are attached in 
the appendix. 
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2   OBJECTIVES 

The general aim of this thesis is to evaluate and further develop the quantitative ultrasound 
techniques for the application on visualization and quantification of intramuscular 
dynamics in skeletal muscles. Furthermore, this implies to describe the feasibility and the 
limitations of the techniques in combination with the development of methods for the 
interpretation of the data. The specific aims of each paper are listed below: 
 

 To evaluate Tissue Velocity Imaging (TVI) for velocity estimation in low-level 
muscle contraction and to study how the setting of the pulse repetition frequency 
affects the precision of the estimation (Paper I). 
 

 To develop a biomechanical model to describe the Tissue Doppler strain’s 
dependency on the muscle fiber pennation angle and to evaluate if and how the 
error due to pennation angle changes should be compensated for (Paper II). 
 

 To assess the feasibility to quantify the intra-muscular activation patterns using 
ultrasound motion mode (M-mode) strain imaging and to study differences in the 
strain pattern along and transverse to the direction of the muscle fiber (Paper III). 
 

 To study the effects of fatigue in the intramuscular activation patterns of biceps 
brachii during repetitive elbow flexions using ultrasound M-mode strain imaging 
(Paper IV). 
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3   LIST OF INCLUDED PAPERS 

The thesis is based on the four papers listed below, followed by short summaries. Full 
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III. Assessment of intramuscular activation patterns using ultrasound M-mode 
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Åke Brodin, Andreas Holtermann, Christer Grönlund. Manuscript  
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Summary of papers: 

In Paper I TVI was evaluated for estimation of tissue velocities below the typical 
myocardial velocities. An in-house phantom was used to see how different pulse repetition 
frequency (PRF) settings affected the accuracy of the velocity estimations. The results 
showed that the PRF setting did not affect the accuracy of the velocity estimation at tissue 
velocities above 0.17 cm/s. However at lower velocities (0.03 cm/s) the setting was crucial 
for the accuracy. It was concluded that the PRF should preferably be reduced when the 
method is applied in low-level muscle contraction.   

Paper II presents a biomechanical model to describe the TVI strain’s dependency on the 
pennation angle. The impact is demonstrated as the subsequent strain measurement error 
using dynamic elbow contractions from the medial and the lateral part of Biceps Brachii at 
two different loadings; 5 percent and 25 percent of maximum voluntary contraction (MVC). 
The results showed pennation angles on average about 4 degrees in extended position 
increasing to a maximal of 13 degrees in flexed elbow position. The corresponding relative 
angular error spread from around 7percent up to around 40 percent. It was concluded that 
for accurate strain values when applying TVI on skeletal muscles the error due to angle 
changes should be compensated for.  

In Paper III ultrasound M-mode strain is applied to study the intramuscular activation 
pattern during force regulation. The quantification was done by applying an earlier 
proposed EMG correlation method. In agreement with the EMG correlations, the M-mode 
strain correlations varied in a consistent manner with altered contraction levels and showed 
deviations between ascending and descending force, illustrating how the motor units are 
not randomly activated and that there are different schemes in recruitment and 
derecruitment. The repeatability test and the inter-subject analysis imply that each subject 
has an individual recruitment scheme and that the ordered form of the scheme is 
reproducible. 

In Paper IV ultrasound strain from TVI was used in order to describe the regional tissue 
deformation pattern during repetitive elbow flexions. The purpose was to study the effects 
of fatigue in the intramuscular activity, pre and post exercise. Ultrasound M-mode strain 
was used to assess the intramuscular activity pattern over time. The strain pattern was 
analyzed in the eccentric-concentric phase transition in isotonic contractions of the biceps 
brachii at 5 percent MVC before and after fatiguing exercise in eight healthy subjects. The 
effects of fatigue were quantified by correlation values of regional strain at different time 
epochs and by analyzing the number of strain areas. The results showed that the force 
regulation was less reflected in the M-mode image in the fatigued state and there were less 
active strain areas, compared to pre-fatigue. We concluded this to be due to less active 
motor units when fatigued and that the force regulation was mainly controlled by the slow, 
fatigue resistant muscle fibers.    
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5   THE SKELETAL MUSCLE 

This chapter provides a brief overview regarding the skeletal muscle anatomy, activation 
and function. 

5.1 Anatomy  

There are three different types of muscle tissue: cardiac, smooth and skeletal musculature. 
Cardiac muscle tissue is only present in the heart and the smooth muscles can be found for 
example in the walls of internal structures, such as blood vessels and the organs of the 
gastrointestinal system. Both of these two muscle types are regulated from neurons of the 
autonomic nervous system and will not be further described here since they are not 
relevant for the work of this thesis. 

Almost half of the human body weight belongs to skeletal muscles, which by far is the 
largest part of our muscular tissue. The skeletal muscles are activated by neurons from the 
somatic nervous systems and can therefore be consciously controlled.  They are connected 
through tendons and connective tissue to the skeleton and give us the ability to produce 
force and motion. 

The skeletal muscle is built of bundles of muscle fibers, fascicles. Both the fascicles and the 
whole muscle are supported by surrounding connective tissue. Each of the fibers is a 
separate muscle cell, covered by the cell membrane, sarcolemma and filled with cytoplasm, 
also called sarcoplasm. Inside the cell are filamentous structures, myofibrils. These are the 
contractile elements of the muscle fibers and contain series of thin and thick filaments; actin 
and myosin. One contractile unit is called a sarcomere. The structure of the muscle fiber is 
illustrated in Figure 1. 
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Figure 1 A illustration of the skeletal muscle. The muscle fibers (cells) are bundled into fascicles and 
surrounded by connective tissue in different layers. The muscle fiber contains contractile structures, myofibrils, 

made of series of thin and thick filaments; actin and myosin. One contractile unit is called a sarcomere. 

5.2 Activation and contraction of the muscle fiber 

The muscle fiber contraction is stimulated by so called somatic motor neurons. The 
muscular action potential arises at the synapse between the fiber and the end of the motor 
neuron, the so called the neuromuscular junction. During the synapse the neurotransmitter 
acetylcholine is released. Acetylcholine binds to the receptors at the motor endplate, which is 
the fiber part of the neuromuscular junction. This leads to depolarization of the fiber 
membrane and triggers the muscle action potential. 

Starting from the surface of the muscle fiber is a system of transverse tubules (T-tubules) 
that tunnel towards the center of the fiber. It is through this system the action potential 
travels, which enables rapid activation of the entire fiber. When the T-tubules reach the 
myofibrils they get in contact with the sarcoplasmic reticulum, a fluid-filled system that 
surrounds the myofibril and stores Ca2+ ions. 

The action potential that travels through the T-tubule system opens the ion channels to the 
sarcoplasmic reticulum and the release of Ca2+ into the sarcoplasm, initiating the 
contraction and cross-bridge cycle to start. 
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The cross-bridge cycle 
Myosin and actin are the contractile proteins of the myofibril. The muscle contraction 
occurs when the heads of myosin attach to the actin binding sites and walk toward the 
center of the sarcomere, also referred to as cross-bridges. When the muscle is relaxed, the 
myosin and actin are not connected to each other due to the regulatory proteins 
tropomyosin and troponin which are blocking the actin binding sites. In this way it is 
possible for the muscle fibers to shorten and lengthen during a passive movement.   

When the Ca2+ ions are released into the sarcoplasm they bind to troponin and trigger it to 
change shape, leaving the binding sites open for the myosin heads to bind. The myosin 
head walks along the actin filament through the hydrolysis of ATP (adenosine 
triphosphate). ATP is the most common energy transfer molecule in the body. When the 
head is attached to the actin binding site a phosphate from the ATP is released and causes 
the myosine head to change shape and thereby exert force on the actin filament. This is 
when the force is produced in the muscle. The myosin head detaches from the actin and 
regains its original shape as it binds to a new ATP molecule and the cycle can be repeated 
at the next actin binding site along the actin filament. 

There are different ways for the muscle to produce ATP; by synthesizing creatine 
phosphate within the muscle fiber and by breakdown of glucose, which can be either 
anaerobe or aerobe depending on if oxygen is accessible. Anaerobe breakdown of glucose 
take place within the muscle fiber - it is a non-effective ATP production which also results 
in lactic acid. If oxygen is present the ATP production is carried out through cellular 
respiration in the mitochondria. This process leads to almost 20 times more ATP per 
glucose molecule together with carbon dioxide and water (CO2 and H2O). 

ATP is also used by the active transport pumps that restore the Ca2+ in the sarcoplasm.  
When the activation stops the myosin binding sites are again blocked by troponin-
tropomyosin and the muscle relaxes. 

5.3 Motor control and fatigue 

Within the muscle and the fascicles there are fine nerve- and capillary systems distributed 
to reach every muscle cell. The motor neurons branch out and innervate several muscle 
fibers. During activation, all the fiber belonging to the same motor neuron contracts in 
unison. Together, they are referred to as a motor unit (see Figure 2). The number of fibers in 
one unit can vary from only a few up to several hundreds. Smaller motor units are needed 
to control muscles with high precision, such as the muscles of the eye.  

The muscle fibers are divided into the different types - I, IIA and IIX - depending on the 
characteristics of the myosin (e.g. how fast they can split ATP). Type I-fibers are associated 
with slow contraction velocities and fatigue resistance, while type IIA and IIX are faster 
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contracting, less resistant to fatigue and used for higher force production. All fibers in a 
motor unit are of the same type. 

 

Figure 2 Motor units consisting of motor neurons innervating a number of muscle fiber of the same type. 

 

The muscular force generation is regulated by recruitment of individual motor units and by 
varying the firing rate [21-22]. The distribution of motor unit recruitment is not spatially 
uniform, but different parts of the muscle are dominantly active depending on force level 
and can vary over time with sustained contraction [23-25]. As presented by Henneman in 
1965, dependent on the size of the motor units, larger, faster and less fatigue resistant motor 
units are recruited as the force production increases [26].  

Generally, muscle fatigue is characterized by the inability to maintain force production, 
reduced maximum shortening velocity and prolongation of the relaxation. There are 
several discussed contributors to the fatigued state, such as the metabolic changes in the 
intracellular environment, the decreased amount of Ca2+ in the sarcoplasm and the reduced 
ability to maintain the activation signal from neuron [27-30]. However the exact mechanism 
of what causes the fatigue is still not known.  

Research studies in this area have shown that the muscle holds different strategies to 
prevent fatigue [31-33]. By letting different motor units be active at different times, muscle 
fatigue can be delayed. 
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5.4 Mechanics of the muscle 

Architecture and fiber arrangement 
The muscle force production is related to the fiber length through the number of 
sarcomeres arranged in series. Muscle fibers that run along the whole muscle can be up to 
several decimeters long while others are only a few centimeters. The muscle force 
production is also dependent on the muscle architecture and arrangement of the muscle 
fibers. In general, muscles with fibers running parallel along the central line of the muscle 
are called parallel-fibered muscles. Muscles with fibers that run oblique to insert to the 
tendon are called pennate muscles. Depending on how the fibers are connected to the 
tendon they can be unipennate (connected to one side of the tendon), bipennate (connected 
to both sides of the tendon) or multipennate (e.g. if the tendon branches) [34]. Illustrations 
of parallel-fibered and pennate muscles are shown in Figure 3. 

The angle with which the fibers connect to the tendon is called the pennation angle. The 
physiological cross-section, which is the area that cuts all the fiber of the muscle and often 
used to approximate the number of fiber of the muscle, is much larger in pennate muscles. 
Therefore, pennate muscles are in general capable of generating more force. 

 

 

Figure 3 Illustrations of the architecture of a) the parallel-fibered muscle, b) the unipennate muscle and c) the 
bipennate muscle. P.C.S. marks the physiological cross-section that cuts all the fiber. Reprint from 20th edition 

of Gray's Anatomy [35].  
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Elasticity and incompressibility  
In general, most soft tissues are non-linear, viscoelastic and anisotropic. However, the 
mechanical properties are often modeled to behave as linear, elastic, isotropic materials in 
order to simplify analysis [36-37]. The elasticity implies that the muscle can return to its 
original length and shape after a contraction or stretch. 
 

 

Figure 4 The principle of incompressibility. The volume of the incompressible object remains constant during 
e.g. compression, implying simultaneous thickening or expansion in the transverse directions. 

Furthermore, muscle tissue is assumed to be nearly incompressible, meaning that the 
volume of the muscle remains constant during compression (illustrated in Figure 4). Due to 
the volume conservation, strain in one direction has to be compensated by inverse strain in 
other directions (the concept of strain is defined under section 6.3). Therefore, under the 
assumption of no shear strain, the sum of strain in all directions must be zero [38]. Poisson’s 
ratio () is a material constant that can be used to characterize the deformation in such 
material. This is the constant that describes the relation between axial and transversal strain 
and which can vary between -1 and 0.5. A perfectly incompressible material deforms 
elastically with the Poisson’s ratio of exactly 0.5.  Even though there is very little 
quantitative data on the Poisson’s ratio of soft biological tissues, findings in animal, human 
and phantom studies have shown that the Poisson’s ratio of soft tissues is close to 0.5 [36-
37, 39-42]. 

The Poisson’s ratio is applied in the biomechanical model presented in Paper II and the 
value for muscle tissue is discussed further in Chapter 9. 

The muscle-tendon unit 
The main function of the tendons is to connect the muscles to the skeleton and help transfer 
the produced force. Tendons and connective tissue surrounding the muscle can be seen as 
series of elastic components (SEC) and mechanically often modeled as springs (illustrated 
in Figure 5). Together with the contractile elements (CE) they are referred to as the muscle-
tendon unit (MTU). The MTU energy transfer is a rather complex system where chemical 



15 
 

energy is transformed into mechanical energy that can be directly transferred to the 
skeleton, stored as elastic energy or converted to heat within the system. 
 
An active lengthening of the muscle is 
referred to as an eccentric contraction. 
In general the maximum generated 
force under an eccentric contraction is 
either equal or greater than the force 
produced under concentric (active 
shortening) or isometric (constant 
length) contractions. This is believed 
to be due to the greater tension 
developed from the cross-bridges 
operating higher on the stress-strain 
curves when the muscle is stretched 
[43-44]. However, the eccentric 
muscle action is also often considered 
to be responsible for muscle soreness 
and muscle damage due to high local 
tensions in the fibers which may lead 
to disruption [45-49].  

In the basic muscle function, e.g. 
jumping or running, the muscle is 
first stretched in an eccentric action, followed by a shortening, concentric action. This loop 
is what defines the so called stretch-shortening cycle (SSC). The performance during the 
concentric phase in SSC has been found to be enhanced, compared to an isolated concentric 
action. The mechanism behind this has been discussed but one common explanation is that 
the enhancement is due to stored elastic energy in the MTU [50-51].  
  

Figure 5 illustrates a simplified mechanical model of 
the muscle-tendon unit (MTU) where contractile 
elements (CE) are connected to the series elastic 

components (SEC) modeled as springs.   
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6   ULTRASOUND IMAGING 

This chapter contains the fundamental physics of ultrasound imaging and the different 
ultrasound techniques for quantitative analysis that today mainly are used in 
cardiovascular applications. The last section explains the mechanical parameters that are 
estimated and how they can be used to describe skeletal muscle tissue activity.  

6.1 Basic ultrasound 

Sound is a mechanical wave which can be seen as compression and decompression of the 
medium it travels through. At frequencies above 20 kHz the human ear is no longer capable 
of capturing the sound and this is what we refer to as ultrasound. 

The speed at which the sound travels in a certain media is constant and depends on the 
density and the compressibility of the material. The acoustic impedance of the material, Z, 
and is a product of velocity and material density. When a pulse travels from one medium to 
another with a different Z, the pulse will be partly transmitted and partly reflected. How 
much of the wave that is reflected will depend on the difference in acoustic impedance 
between the media. 

Ultrasound is widely used in medical imaging where a pulse echo-technique is applied. It 
produces an image of the structures in the body by transmitting short-duration ultrasound 
pulses into the body. When the pulse travels through tissues it undergoes partial reflection 
at the different interfaces and gives rise to returning echo-pulses to the transducer. The time 
it takes for the echo to return is proportional to the depth of the reflector. 

In a B-mode image (brightness mode) the returning echo signals are converted to intensity-
modulated dots in the image, where the brightness of the dot is proportional to the 
amplitude of the echo signal. A gray-scale image is built up of image lines of echoes based 
on the time lag and the amplitude of the reflected pulses.   
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The reflected pulses will not all go directly back to the transducer but are spread in 
different directions and the resulting gray scale image will therefore also include a natural 
interference pattern from the scatters. All small boundaries in the tissue – such as blood 
vessels, muscle fibers and fat - give rise to scattering echoes. 

Medical transducers are built of arrays of piezoelectric crystals that can send out and 
receive ultrasonic pulses by converting electric energy to acoustic energy and vice versa. An 
ultrasound beam is normally produced by activating a group of crystal elements. 

A pulse is sent out along a scan line and the 
transducer thereafter turns to receiving mode to detect 
the returning echoes. When the echoes - at the time 
corresponding to the maximum depth - have returned, 
a new pulse is sent out along the next scan line parallel 
to the previous one. This is carried on until beams 
have been sent out along all the scan lines that build 
up the image, and one scan has been performed. The 
image is continuously updated by new pulses being 
sent out.  

The temporal resolution is often referred to as the 
frame rate, given as the number of images that can be 
build in one second. The frame rate can be regulated 
by changing the depth and the number of scan lines 
used to build the image, which are the two basic 
factors that decides how long it takes to perform one 
scan.  

The spatial resolution is related to the frequency of the 
ultrasound. In diagnostic ultrasound typical 
frequencies are 1-15 MHz. Higher frequencies give 
better resolution but are attenuated faster and are 
therefore not used for deep scanning. The spatial 
resolution is defined as how closely two reflectors can 
be positioned while still being distinguished from each 
other in the ultrasound image. The spatial resolution 
in the axial direction determines how close the 
reflectors can be along the axis of the beam line and 
depends on the spatial pulse length. Generally, higher frequencies result in shorter pulse 
lengths than lower frequencies. The spatial resolution in the lateral direction is how closely 
the reflectors can be positioned perpendicular to the beam line and is dependent on the 
beam width. The thickness of the image plane (slice thickness) is often referred to as 

Figure 6 Gray scale image of 
the biceps brachii from a 
linear array transducer. 
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elevational resolution and is also dependent on the beam width, transverse to the image 
plane.  

When scanning skeletal muscles so called linear array transducers with high frequency are 
often used, producing a rectangular image field (see Figure 6). 

In the first type of ultrasound modality to record moving echoes from the heart, the 
temporal changes along the axis of one ultrasound scan line were displayed [52]. This type 
of imaging (one scan line over time) has been developed and improved in today’s 
modalities and is referred to as motion-mode (M-mode) imaging. 

6.2 Methods to quantify tissue mechanics 

Tissue Doppler Imaging (TDI) and Speckle Tracking are two ultrasound based techniques 
often used in cardiovascular applications for quantitative analysis of tissue mechanics. The 
techniques use different methods to estimate regional movement and deformation 
parameters: displacement, velocity, strain and strain rate.   

Tissue Doppler Imaging 
When the ultrasound pulse is reflected against a moving target there is a change in the 
frequency of the echoed pulse relative to the transmitted pulse frequency, called a Doppler 
shift. The frequency change is dependent on both the velocity of the moving reflector and 
the frequency of the sent out pulse. By knowing the sent out frequency and analyzing the 
Doppler shift the velocity of the moving tissue can be calculated according to the Doppler 
equation; 
  

 
 
Where fD is the Doppler shift, f0 is the frequency of the ultrasound pulse, v is the velocity of 
the moving object, θ is the angle between the ultrasound beam and the moving object and c 
is the speed of the sound.  

This phenomenon is used in many medical ultrasound applications to quantify both blood 
flow and tissue motion. Pulsed-, continuous wave- and color Doppler are all examples of 
different methods that utilize the Doppler shift. TDI is an expansion of the color Doppler 
mode for analysis of tissue motion instead of blood flow. Since this thesis only includes 
tissue motion analysis only TDI will be further described. However the difference between 
color Doppler and TDI is mainly the applied filters and gain setting, suppressing either the 
tissue motions or the typically higher blood velocities.  

(6-1) 
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In TDI, the velocities from moving reflectors are provided in the whole 2-dimensional 
image and might be compared to pulse-echo gray scale imaging (however, fewer scan lines 
are likely used). Several consecutive pulses are sent out along the scan line and the phase 
shift of the returning pulses is analyzed (to be compared with pulsed- and continuous wave 
Doppler where spectral analysis is used to analyze the frequency shift). Most 
manufacturers use an autocorrelation method to estimate the phase shift. The phase shift is 
proportional to the velocity of the moving target. The time between the sent out pulses is 
given by the pulse repetition frequency (PRF) which often can be manually regulated 
during the acquisition. Since the PRF sets the time delay between the ultrasound pulses it 
will therefore determine the highest possible velocity before aliasing occurs, known as the 
Nyquist limit. According to the Nyquist sampling theorem the distance of the phase shift 
should be less than half a wavelength of the sent out pulses. The Nyquist sampling theorem 
originates from the classical work of Harry Nyquist where he showed that the number of 
independent pulses that could be put through during a telegraph transmission is limited to 
twice the bandwidth of the channel [53].  

TDI was first described in 1989 and has been used clinically for many years in the field of 
cardiology [54-57]. The velocity information is usually presented using color coding 
superimposed on the gray-scale images but the numerical values can also be extracted from 
manually defined region of interests (ROIs). The method has been validated according to 
regional myocardial velocities and tested for inter- and intra-subject reproducibility [58-61]. 
Furthermore, the TDI-based velocity and deformation parameters have also been evaluated 
using different ultrasound scanners in a phantom study with various results between 
different manufacturers and software versions [62]. However, the parameters measured by 
TDI are considered to have a high clinical value in cardiology. 

TDI is a one-dimensional method since it only provides the possibility to measure the 
velocities along the ultrasound beam. The insonation angle of the ultrasound beam will 
therefore affect how much of the velocity vector that is actually measured. In clinical 
practice the angular dependency of Doppler based ultrasound is not considered to have an 
important influence on either timing on specific events or on the profiles of the curves [19-
20, 63]. In case of a myocardial imaging this problem is partially considered to be avoided 
by making sure that the insonation is either perpendicular or parallel to the myocardial 
wall. Also, by making assumptions about how the heart deforms, compensation is possible 
[20, 63]. 

In the Papers I, II and IV the GE version of TDI is used and referred to as Tissue Velocity 
Imaging (TVI) [56-57].  

Speckle Tracking 
The second technique that also is applied in motion and deformation analysis is Speckle 
Tracking. Constructive and destructive interference of the reflected ultrasound pulses give 
rise to a random, but tissue unique speckle pattern in the gray scale images. This pattern 
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will remain fairly constant from one frame to the next. As the name indicates this method is 
based on tracing the unique speckle pattern in the gray scale images, frame by frame. 

One common approach is to use a block-matching algorithm. It estimates the motion 
vectors by evaluating the similarity between two blocks using an objective function. A 
block is defined in one frame and the algorithm then searches within a specified search area 
in the next frame for the best match (illustrated in Figure 7). Normalized cross-correlation, 
sum of absolute differences (SAD) and mean squared error (MSE) are examples of objective 
functions that can be used. [64-65] 
 

 

Figure 7 Block-matching algorithms are often used to estimate motion vectors in ultrasound sequences.  A 
block is defined in one frame and the algorithm searches within a specified search area in the next frame for 

the best match using an objective function. 

 
In Paper III a block-matching algorithm based on the MSE function is applied. The 
matching block estimates the displacement of the center pixel of the block as the values 
(d1,d2) that minimize the following MSE equation:  
 

  

 

Where B is the N1xN2 block of pixels in the search area and s(n1,n2,k) denotes the pixel 
location (n1,n2) in frame k. 

(6-2) 
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Speckle Tracking is a two-dimensional method and is considered to be less angle 
dependent than TDI. However, it is frame rate dependent. A too low frame rate might 
result in poor tracking due to large changes in the speckle pattern and higher frame rates 
often imply a reduction of the spatial resolution in the lateral direction.  

6.3 Mechanical parameters 

The motion information from TDI and Speckle Tracking can be used to calculate the 
regional movement and deformation parameters in the tissue. In order to describe tissue 
movement, velocity and displacement are used and in the case of tissue deformation strain 
and strain rate are used. Displacement describes the distance that the tissue moves in the 

direction of the velocity and is calculated by integrated velocities. Strain, ε is defined as the 
degree of tissue deformation expressed as the percentage of shortening or lengthening of an 
object (i.e. compression or elongation) according to; 

 

where L0 is the original length of the object and L is the current length. When the 
deformation is expressed relative to the initial length, as above, it can also be referred to as 

the Lagrangian strain, εL.  

The common use is that strain is given as Lagrangian strain. However, when the initial 
length is unknown the deformation can instead be expressed relative to the length at the 

previous time instant and is than referred to as the natural strain, εN. 
 

  
 
The natural strain is related to the Lagrangian strain through the natural logarithm as; 
 

 
 
However, at smaller strain values the Lagrangian and natural strain are approximately 
equal [20].  

Strain rate is defined as the rate at which this deformation occurs and is estimated as the 
spatial gradient of the velocity (ΔV/Δx) and in ultrasound based software it is usually 
calculated from the slope of the linear regression of several velocity values along an image 
line. By integrating strain rate over time strain can be calculated. In Paper II and III Δx is 
referred to as the integration length. 

(6-3) 

(6-4) 

(6-5) 
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The mathematical relation between the parameters is shown in Figure 8. 
 

 

Figure 8 The mathematical relations between the motion and deformation parameters used to characterize 
tissue dynamics. The arrows indicate the calculation steps starting from the velocity estimations. 

 
The velocity gradient is only an estimator of the strain rate, thus it relates to the 
instantaneous length instead of the initial length. Temporal integration of the velocity 
gradient will therefore lead to natural strain but commercial ultrasound software normally 
re-calculates natural strain to Lagrangian strain. 

The concept of strain was initially presented by Mirsky and Parmley [66] to describe 
elasticity and stiffness in heart muscle but can also be applied to describe skeletal muscle 
tissue activity. The contractile properties of the muscle fibers lead to either thickening or 
thinning of the tissue while also shortening or lengthening during a contraction, in 
accordance to the neuro-motor generated innervations. Regional strain comes to express 
different aspects of tissue dynamics, such as contractility, coordination- and activity 
patterns [17, 38].  

During the recent years several studies have reported the application of these parameters 
on skeletal muscles based on ultrasound data [9, 11, 14-18, 67]. 
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7   METHODOLOGY 

This chapter includes the methods and materials used in the different papers. The first 
section separately describes the phantom construction and test protocol for the evaluation 
of TVI in Paper I. Thereafter follows the data collection from the subjects used in Paper II-
IV and the methods used to analyze and interpret the obtained ultrasound information. In 
Paper II the Tissue Doppler strain’s dependency on the muscle fiber pennation angle was 
analyzed. In Paper III-IV the intramuscular activity pattern was studied during force 
regulation and before and after fatigue using ultrasound based strain. 

7.1 Phantom construction 

For the TVI evaluation in Paper I a phantom set-up consisting of a cylindrical tissue 
mimicking object and a force generator was used. The tissue mimicking object was made of 

polyvinyl alcohol (PVA) (Sigma-Aldrich, St. Louis, Missouri, 
USA), water and a small amount of graphite powder (Merck, 
Darmstadt, Germany), with a length of 125 mm and a 
diameter of 40 mm. The phantom motion was performed by a 
force generator, an ElectroPuls E3000 (Instron, Norwood, 
Massachusetts, USA). This is a force generator normally used 
for dynamic testing of material properties and can be 
programmed to perform motions of almost any wave form. 
Further, the performed motion is measured very accurately, 
making it possible to compare values measured by a US 
system with a true value.  

The tissue mimicking material was immersed in a mixture of 
glycerol (Sigma-Aldrich, St. Louis, Missouri, USA) and 
deionized water and connected, in the distal parts, to the 
ElectroPuls E3000 by two plastic rods. A large rubber cube 

Figure 9 The phantom 
set-up used in Study I. 
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was place under the midsection in order to minimize the risk of reverberation artifacts (see 
Figure 9). 

Phantom test protocol and image acquisition 
The phantom was programmed to produce three different sine wave motions, with the 
frequency of 0.05 Hz and amplitudes of 1mm, 5mm and 8mm, resulting in mean peak 
velocities of 0.03 cm/s, 0.17 cm/s and 0.26 cm/s respectively. The motion performed by the 
electric motor of the ElectroPuls E3000 was registered by a built-in sensor on the motor 
shaft. The sensor measured the motor position relative to the starting position and the 
position was measured 1000 times per second. These position values were used to calculate 
the velocity of the performed motion. 

The movement of the tissue mimicking material was recorded with an ultrasound scanner 
(Vivid7, GE Vingmed, Horten, Norway) using a 12 MHz linear transducer. Three different 
PRF settings were included in the test protocol; 0.25 kHz, 1.0 kHz and 1.75 kHz, where 1.0 
kHz is the default setting. Ultrasound recordings were made while the phantom repeated 
one cycle of the sine motion. Ten repeated recordings were made with the 3 PRF settings on 
the three sine waves, yielding 90 recordings in total. The ultrasound probe was replaced 
before each recording. 

7.2 Study subjects 

All the studies that include data from human subjects in this thesis have been carried out in 
accordance with the declaration of Helsinki and have been approved by the local ethic 
committee. In Papers II - IV eight healthy male subjects participated (age: 25 ± 4 years; 
height: 180 ± 17 cm; weight: 84 ± 26 kg; right arm circumference: 26 ± 6 cm). None of the 
subjects had experienced any pain or injury of the upper extremities and the right arm was 
the dominant one for all subjects. Each participant gave a written consent prior to the study. 

7.3 Experimental protocol 

During the tests the subjects were positioned in an upright position in the chair of a 
dynamometer (Kin-Com 500H, Chattanooga Group, Inc., Tennessee, USA). The flexion 
torque was measured with a dynamometer and real time visual feedback of the torque 
values were displayed on a computer screen located in front of the subjects to help them 
follow their performance. All subjects performed three isometric maximum voluntary 
contractions (MVCs) to determine the maximal exerted force, with 1 min recovery between 
each contraction.  In Papers II and IV the subjects performed repeated elbow flexions to 5 
percent and 25 percent of his MVC. The range of motion was approximately 45 degrees 
from an extended elbow positions (135 degrees) to a flexed position (90 degrees). In Paper 
IV an additional set of elbow flexion on 5 percent MVC were carried out after the subjects 
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had performed fatiguing high-load flexions in order to study the effect of fatigue. In Paper 
III each subject performed two sets of isometric elbow flexion contractions, ranging from 0 
percent up to 80 percent MVC and back to 0 percent MVC, with the elbow joint was angled 
at approximately 135°. The ultrasound probe was replaced between the recordings of each 
set. 

7.4 Ultrasound acquisition 

Longitudinal images of Biceps Brachii 
were recorded with an ultrasound 
scanner (Vivid7, GE Vingmed, Horten, 
Norway) using a 12 MHz linear 
transducer. The ultrasound probe was 
held fixed by a custom-made support 
and placed on the medial side of the 
upper arm.  

The acquisition depth and width was 
set to 4.5 cm and 3 cm, respectively 
with a TVI frame rate of 146 Hz and B-
mode frame rate of 49 Hz. One focus 
point at a depth of 2.5 cm was set to be 
in the middle of the biceps brachii 
muscle. The experimental setup is 
illustrated in Figure 10. 

7.5 Offline analysis and data presentation  

In all studies the image analyses were performed all or in part using the software package 
EchoPAC (version BT-06, GE VingMed, Horten, Norway) which is a commercially available 
program for offline analysis. All other image analyses and all statistical analyses were 
performed in MATLAB (2011b, Mathworks, Natick, MA, USA). 

In Paper I the TVI velocity information was extracted in a sample area of 8x16 mm centered 
at an image depth of 2.75 cm, in which the software calculates the mean velocity. The mean 
difference and the standard deviation (SD) between the phantom performed velocity and 
TVI estimated velocity were calculated for the absolute peak values (three peaks) of the 
velocity curve. Further, the percentage error of the true values was calculated. 

In Paper II two ROIs were manually placed in the centre of the medial and the lateral part 
of biceps brachii, each of size 6x26 mm and the mean values of TVI strain were extracted in 

Figure 10 Illustration of a subject positioned in the 
chair of the dynamometer. The ultrasound probe 
is held fixed on the medial side of the upper arm. 
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vectors. A biomechanical model that describes the relation between the axial and the 
longitudinal strain was used to evaluate the Tissue Doppler strain’s dependency on the 
muscle fiber pennation angle. 

The cylindrical model  
In pennate muscles the axial strain component along the ultrasound beam will vary during 
a contraction due to the changes of the pennation angle, α. To describe the pennation angle 
dependency in the model, the muscle fiber is subjected to a negative longitudinal strain 
Sl=2a (i.e., shortening) and a positive axial strain Sa=a (i.e., thickening) during the 
contraction phase. The ratio between Sa and Sl (based on Poisson’s ratio) is approximately 
0.5 for muscle tissue [37, 39-41]. The Doppler strain Sd measured by the ultrasonic 
apparatus is aligned with the y-axis and is defined by the vector sum of the axial and 
longitudinal strain projected on y-axis according to equation (7-1).  

 

 

The geometry of the model is shown in Figure 11. 

 

 

 

 
 
 
 

αaαa cossin2d S

Figure 11 Illustrates a single muscle fiber with an orientation defined by the pennation angle, α. The 
muscle fiber is subjected to a negative longitudinal strain Sl = 2a (i.e., shortening) and a positive axial 
strain Sa = a (i.e., thickening during the contraction phase. The Doppler strain, Sd, measured by the 

ultrasonic apparatus is aligned with the y-axis. The muscle fiber is represented in the primed 
coordinate system whereas the ultrasound image is described in the nonprime coordinate system; both 

systems aligned in their origo and rotated by the pennation angle, α. 

(7-1) 
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Estimation of the pennation angles 
Pennation angles were manually estimated from the gray-scale images in every extended 
and flexed position. For each of the subjects, two pennation angle profiles (medial/lateral) 
were generated by fitting the angles to a sinusoidal-function. The pennation angle profiles 
were used together with the biomechanical model to estimate the expected change in strain. 
We compared the estimated axial deformation profile of the muscle according to our model 
with the measured strain from TVI and calculated the relative error in strain. The mean, 
standard deviation (SD), max and min values were presented for TVI strain and the 
estimated pennation angles together with the corresponding relative strain errors.  

M-mode strain 
In Papers III and IV the intramuscular activation patterns were studied over time using M-
mode (described in section 6.1). The M-mode images were based on the parameter strain in 
order to reflect the regional deformation pattern in the tissue that was assumed to be 
connected to the neuro-motor generated activation of the muscle fibers. The changes of the 
strain pattern in the M-mode images were studied during force regulation in an isometric 
ramp contraction in Paper III and pre and post fatigue in dynamic elbow flexion in Paper 
IV.  

In Paper III the B-mode image sequence data from the isometric ramp contractions was 
converted to hdf5 data format using EchoPAC and then further analyzed in MATLAB. 
Tissue velocities were estimated from the B-mode image sequence using a Speckle Tracking 
technique described by Lin et al. [64]. This method estimates the velocity vectors in a grid 
pattern using a hierarchical block-matching scheme (coarse to fine level) using the mean 
squared error cost function and an adaptive spatial vector filter based on local image 
features.  

The matching block size was set to 0.85x2.54 mm2 (axial x lateral) and the search range to 
0.69 x 2.07 mm (axial x lateral). (The search range is the matching block’s maximal 
displacement from the initial position). This gives an upper limit to the estimated axial and 
lateral tissue velocity of 3.45 cm/s and 10.35 cm/s and results in a spatial resolution of 
0.0306 x 0.0461 cm/pixel.  

In Paper IV the TVI velocity image sequence data of the isotonic elbow flexion pre and post 
fatigue was converted to hdf5 data in EchoPac and imported to MATLAB.  

The calculations of strain were performed in MATLAB based on velocity estimations from 
Speckle Tracking in Paper III and TVI in Paper IV (as described in section 6.3). Each of the 
steps in the calculation of the M-mode strain images is illustrated in Figure 12. Strain rate 
was calculated through the spatial gradient of the tissue velocities, as the slope of the linear 
regression of several velocity values along an image line (V1, V2 etc). The integration length 
(Δx) was set to approximately 6 mm. Strain rate was integrated over time to natural strain 
and thereafter re-calculated to Lagrangian strain according to equation (6-5). 
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The resulting matrices of strain values were reduced down to the mean of the centre image 
lines and plotted over time as an M-mode image (see Figures 12 and 13). 
 

 

Figure 12 Block-scheme illustrating the calculations of the M-mode strain images. Velocities were estimated 
by either Tissue Doppler or Speckle Tracking. Strain rate was calculated as the spatial gradient of the 

velocities along an image line, (V2 –V1)/Δx. Thereafter strain was calculated by the temporal integration of 
strain rate. One center image of strain line is followed over time in the resulting M-mode image. (The color-

coding of the parameters is not scaled here, included as illustration only.)    

 
 

 

Figure 13 Example of M-mode image based 
on TVI strain in the biceps brachii during 
an isotonic elbow flexion. The strain values 
are color-coded according to the color-bar 
on the right side. The upper half of the 
depth axis is the medial part while the 
lower part (> 1.8 cm) shows the strain 
pattern in the lateral part of the muscle. 
The x-axis shows the number of time the 
image line is updated. A frame rate of 146 
frames/s yields a sequence of 
approximately 1.3 s. 
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A descriptor of the spatial changes in activity was applied for the quantification of the 
activation pattern [68]. The method is based on correlating image lines at different time 
epochs of a contraction with each other, illustrated in Figure 14.  

 

Figure 14 illustrates how the quantification of the activation pattern in the M-mode images was done. a) A 
reference image line was selected in relation to a certain level of produced force, e.g. the maximum produced 
force. b) The reference image is correlated with the same image line at all other time epochs, corresponding to 

different levels of produced force. In c) the correlations are plotted over time (and regulation of force). 

 

In Paper III the imaging lines corresponding to a force level of 25 percent and 80 percent 
MVC were used as reference lines and the correlation coefficients between these and the 
strain values of all other imaging lines in the M-mode where calculated. In the results the 
mean and 95 percent confidence intervals of the correlations for the 8 subjects (for both 
axial and longitudinal strain and the intra-subject variability) are presented. The 
repeatability of the activation pattern was tested using Student’s t-test between the 
correlation values of the two separate sets of measurements for each subject. 

In Paper IV the spatial changes in activity were studied in biceps brachii during the 
repetitive elbow flexions before and after fatiguing of the muscle. To characterize the 
spatial distribution of the tissue activity correlation values and mean number of zero 
crossings (ZCs) were applied. The correlation coefficients were calculated between the 
strain values of the image line at maximum force with the strain values of all other M-mode 
image lines in the same way as illustrated in Figure 14. The number of ZCs is given by the 
number of times the sign of the strain values is changed along an image line. A higher ZC 
number corresponds to more spatial changes and thus more active areas.  
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In order to minimize the muscle movement in the ultrasound sequence only the eccentric-
concentric phase transition was analyzed. The time interval was selected using the position 
data, starting from the eccentric phase with the elbow joint angle at 115 degrees to elbow 
joint angle at 115 degrees in the concentric phase. The mean values of the correlations from 
the second contraction in each set were compared pre and post fatigue. The difference in 
ZCs pre and post was tested with Wilcoxon signed rank test. 

7.6 Division of work between authors 

F. Lindberg designed and coordinated Paper I. F. Lindberg and M. Mårtensson performed 
the data collection, data analysis and drafted the manuscript. C. Grönlund and LÅ. Brodin 
contributed in interpretation of the data and critically revised the manuscript.  

F. Lindberg, F. Öhberg, G. Granåsen and C. Grönlund designed Paper II, performed the 
data collection and developed the theoretical concept of the biomechanical model. F. 
Lindberg analyzed the data and drafted the manuscript. All authors contributed in the 
interpretation of the data and critically revised the manuscript. 

F. Lindberg and C. Grönlund designed Paper III and performed the data collection. C. 
Grönlund implemented the Speckle Tracking-algoritm. F. Lindberg analyzed the data and 
drafted the manuscript. All authors interpreted the data and critically revised the 
manuscript. 

F. Lindberg, M. Hedlund and C. Grönlund designed Paper IV and performed the data 
collection. F. Lindberg analyzed the data and drafted the manuscript. All authors 
interpreted the data and critically revised the manuscript. 
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8   RESULTS 

This chapter presents an overview of the results obtained from Paper I-IV. The detailed 
results can be found in the full versions of the papers in the appendix. 

Paper I: Evaluation of TVI in low-level muscle contractions. 
The results from Paper I show that the error ranged from 31 percent up to 313 percent with 
the different PRF-settings at phantom peak velocity 0.03 cm/s. The mean difference and SD 
between the peak velocity values from the phantom and estimated peak velocity values 
from EchoPAC are presented in Table 1. The error is presented as the percentage of the true 
value. 

 

Velocity peak 
value (cm/s) 

PRF 
(kHz) 

Mean difference  
± SD 

Mean 
error 
% 

0.03 0.25 0.009 ±  0.006 31  
1.00 0.045 ±  0.006 149  
1.75 0.094 ±  0.007 313  

0.17 0.25 0.034 ±  0.020 20  
1.00 0.032 ±  0.016 19  
1.75 0.029 ±  0.025 17  

0.26 0.25 0.057 ±  0.036 22  
1.00 0.064 ±  0.039 24  
1.75 0.057 ±  0.026 22  

 
 
At the default PRF-setting (1.0 kHz) all the three peak values in all repeated measurements 
were estimated to 0.07 cm/s or -0.07 cm/s. This demonstrates the lowest possible 
quantification value at that setting and corresponds to an error of approx 160 percent of the 

Table 1 The mean differences and 
the standard deviation of the peak 
velocity values at different PRF 
settings for the three sine wave 
motions together with the mean 
error. The mean error is presented 
as the percentage of the true value. 
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true peak velocity (see Figure 15b). For the peak velocities at 0.17 cm/s and 0.26 cm/s there 
was no difference in error with tested PRF settings, it is kept approximately around 20 
percent. This suggests that there is reason to believe that one can expect a mean error of this 
magnitude when measuring TVI velocities with the specific ultrasound acquisition used in 
this study.  
 

 

Figure 15 illustrates how the PRF setting affects the resolution of the TVI velocity estimation for phantom 
peak velocity at 0.03 cm/s, using  the three different PRF settings a) 0.25 kHz b) 1.0 kHz c) 1.75 kHz. The red 

lines represent the phantom velocity and the black lines the TVI velocity of the unfiltered signals. 

 
It was concluded from the results of Paper I that the PRF preferable should be reduced if 
the velocities are expected to be very low. 

 
Paper II: Pennation angle dependency in 
skeletal muscle Tissue Doppler strain 
The estimated pennation angles in biceps 
brachii from Paper II were on average about 
4 degrees in the extended position and 
increased with several degrees in the flexed 
elbow position (see Table 2). The 
corresponding angular error spread from 7 
percent up to 38 percent, according to the 
cylinder model, where positive angles on 
the lateral part of the muscle led to an 
overestimation of the true strain and the 
negative angle on the medial part led to an 
underestimation of the true strain. To 
illustrate the angular dependency in strain 
imaging, the estimated true strain profile 
over time in the axial direction is calculated 

Figure 16 (top) An example of the measured TVI 
strain in the medial part of biceps brachii (Strain 

TVI) together with the expected “true” strain 
profile from the model (Strain model). (bottom) 

Estimated pennation angle variation during 
repeated contractions. 
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and compared with the measured strain profile from TVI. A typical example of such a plot 
is shown in Figure 16 together with the estimated pennation angle change during the 
contractions. 

 
Table 2 Estimated pennation angles (mean, SD, min and max) in biceps brachii at extended and flexed elbow 
positions presented together with the corresponding relative error according to the cylindrical model. 

 

From the results of Paper II it was concluded that the fiber pennation angles and the 
changes of them during a contraction should be compensated for in order to attain accurate 
strain values in pennate muscle, when applying TVI.  

Paper III: Intramuscular activation pattern during force regulation 
The M-mode correlation values from Paper III show that the spatial distribution of strain 
changes in a consistent manner with the level of force, supporting the hypotheses that the 
muscle is recruiting motor units according to an ordered scheme and not randomly. This 
has earlier been demonstrated in several EMG-studies [21, 26, 69]. The deviation in 
correlations between ascending and descending force is visible when the reference image 
line is set at 25 percent MVC, which indicates that there are different schemes in 
recruitment and derecruitment. 

The mean and 95 percent confidence intervals of the correlation between the M-mode strain 
image lines at 80 percent and 25 percent MVC and all other image lines are shown in Figure 
17, for both axial and longitudinal strain. 

Comparing the correlation values from strain along and transverse the fiber direction, the 
correlation values follow similar pattern but there are differences in correlation values in 
order of 0.1. Disregarded this difference both directions seem to carry the same information 
and can therefore be seen as feasible when analyzing the activation pattern for this study. 
The difference might be due to drift factors and compressibility which are discussed in the 
next chapter. 

 Elbow Extended Elbow Flexed 

 
Pennation angle Strain error  Pennation angle Strain error  

 Mean (SD) 
[] 

Min/Max 
[] 

Mean 
[%] 

Min/Max 
[%] 

Mean(SD) 
[] 

Min/Max 
[] 

Mean 
[%] 

Min/Max  
[%] 

Med - 5 %  -4.1 (1,4)  -5.4/-2.3   -14.5 -19.3/-8.1   -8.3 (2.0)  -11.5/-5.7   -29.9  -41.9/-20.4 

Lat - 5 %   4.0 (2.0)   2.0/7.3    13.7     6.9/24.6   6.2 (2.7)     2.1/10.5   21.0      7.3/34.8 

Med- 25 % - 4.3 (1.4)  -5.8/-2.1   -15.3  -20.7/-7.4   -9.4 (1.6) -12.6/-7.5  -34.0  -26.9/-46.0 

Lat - 25 %    4.5 (1.5)   2.1/ 7.2   15.4     7.3/24.3    4.8 (2.1)     2.2/7.6     16.4      7.6/25.6 
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The repeatability test and the inter-subject analysis of the M-mode patterns imply that each 
subject has their own individual recruitment scheme and that the ordered form of the 
scheme is reproducible. 

 

 

Figure 17 Mean correlation and 95 percent confidence intervals of M-mode strain for the 8 subjects a,b) along 
and c,d) transverse to the fiber direction with respect to reference image line at either a,c) 80 percent or b,d) 25 

percent of MVC. 

The results from Paper III suggest that the force regulation due to recruitment of motor 
units is reflected in the regional deformation pattern. 

Paper IV: Activation pattern during SSC pre- and post fatigue. 
The results of the isotonic fatiguing protocol from Paper IV showed consistent and 
repeatable force profiles for all subjects, both pre- and post fatigue. The MVCs performed 
after the high-load flexions were reduced to 68 percent (SD 15) of MVCs performed in the 
non-fatigued state. 
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 Figure 18 shows an example of the M-mode 
strain images for one subject pre- and post 
fatigue together with elbow joint angle. 

The profile of correlation values from the 
non-fatigued state is in accordance with the 
force profile (see Figure 19). This result is in 
agreement with the results from Paper III 
and illustrates how the M-mode strain 
pattern is connected to the force regulation 
of the muscle, due to recruitment of 
individual motor units. However, when the 
muscle is in the fatigued state the profile of 
the correlation values do not comply with 
the force profile to the same extent. The 
correlation values are in general higher 
which implies higher similarity between the 
image lines.  

The correlation between the mean 
correlation values and the mean normalized 
showed a stronger linear relationship pre 
fatigue (r = 0.85) compared to post fatigue    
(r = 0.71). 

In order to describe the spatial distribution 
of the activity the number of ZCs was 
analyzed, which is the number of areas with 
either positive or negative strain 
(corresponding to either thickening or 
thinning of the muscle).  

The medians of the ZCs pre and post fatigue 
were 5.4 and 3.7, respectively. Wilcoxon 
Signed-rank test showed that there is a 
significant effect of fatigue (Z = -2.52, 
p<0.05, r = 0.9).  Boxplots of the ZCs are 
shown in Figure 20. The reduction indicates 
less active areas and larger contracting 
regions.  

The results from Paper IV show that the M-
mode images pre and post fatigue deviated 

Figure 18 Example of M-mode strain for one 
subject a) pre and b) post fatigue together with c) 
elbow joint angle. The M-mode images show the 
relative strain from the first image line in the plot 

and the time zero indicates the start of the selected 
time interval. The strain amplitude is color-coded 
according to the color scale to the right. The red 

color indicates positive strain in the axial direction 
and thus a contraction, while the blue color 

indicates a negative strain in the axial direction. 
Comparing the M-mode images pre and post 
fatigue, the number of strain areas has been 

reduced in the fatigued state 
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in how much of the force regulation was reflected in the regional deformation pattern. In 
combination with less active strain areas when the muscle was fatigued, it is suggested that 
less motor units were active in the fatigued state and that the force regulation was mainly 
controlled by the slow, fatigue resistant muscle fibers.  

Further, a potential enhancement of the concentric force due to elastic energy stored in the 
SEC is also discussed in Paper IV. The results from this study suggest the possibility to 
analyze the distribution of motor units and different fiber types by the regional 
deformation pattern. 
 

 

Figure 19 Correlation values with reference image line at max force a) pre fatigue and b) post fatigue together 
with normalized force c) pre fatigue and d) post fatigue. The correlations are presented as the mean of the 8 
subjects with 95 percent CI. The red lines mark at what angle the mean force peak occurs, which occurs later 

when the muscle is fatigued. 

 

Figure 20 Number of regions with either 
positive or negative strain pre and post 
fatigue shown in boxplots. The number 
of region is calculated as the mean 
number of zero-crossings (ZCs) along 
the depth of an image line in the M-
mode plots. 



39 
 

9   DISCUSSION 

In this chapter the work of this thesis is summarized and discussed in the context of the 
present research area. It includes a general discussion on the results and methods of the 
separate papers, and concludes with some perspectives on possible clinical applications 
and future work.  

Quantitative ultrasound to describe skeletal muscle activity  
Techniques quantifying the skeletal muscle function in vivo are often limited by either their 
invasiveness or lack of spatial resolution. EMG is the most common approach to assess the 
skeletal muscle function in vivo and the development of multichannel-EMG (MCEMG) has 
enabled the possibility of higher spatial resolution. However, EMG is highly limited when 
analyzing deeper musculature and is influenced by cross-talk from adjacent muscles when 
analyzing small muscles.  

Ultrasound is the most widely used imaging technique for assessing the cardiac function 
and has gained a lot of interest in the field of the skeletal muscle function. As illustrated in 
this thesis the quantitative ultrasound techniques enable non-invasive and in-vivo insight 
to the intramuscular activity, through the mechanical response of the activation.  

The earlier studies where quantitative ultrasound has been applied on skeletal muscles 
have so far mainly been performed including healthy subjects; however the studied muscle 
groups have varied. It has for example been applied on the neck, shoulder, leg and arm 
muscles. The results of these studies have shown that quantitative ultrasound can be used 
in order to detect the onset of muscle activation and to differentiate between passive and 
active muscular movements [9, 18]. Further, it has also been applied to study the activation 
order of muscles in the same muscle group [11, 67] and in a pilot study on patients with 
trapezius myalgia by Peolsson et al, TVI could be used to differentiate the muscular 
dynamics between the groups of patient and healthy controls [17]. 
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These results are promising for the application on skeletal muscles and indicate a high 
clinical potential where quantitative ultrasound may be a valuable tool to reach a more 
multifaceted insight in the musculoskeletal function. 

Nonetheless, the current methods are developed and evaluated according to cardiovascular 
applications and they might not be directly transferred to the musculoskeletal field without 
methodological considerations. The work of this thesis will therefore be part of the 
foundation for an optimized application and analysis in this area.  

There are four different mechanical parameters that can be estimated from the ultrasound 
information: velocity, displacement, strain and strain rate. As for describing skeletal muscle 
tissue dynamics, velocity and strain can be considered as the two most applicable 
mechanical parameters. Velocity is the parameter least affected by noise and was used in 
order to detect the onset of muscle activation and to differentiate between passive and 
active muscular movements, as described above.  

Strain rate might in a physiological perspective be an appealing parameter since it to some 
extent expresses the tissue contractility. However in practice strain rate has very low signal 
to noise ratio as it is calculated as the velocity gradient between two points, thus resulting 
in a noisy signal with low reproducibility. The noise can be decreased by increasing the 
distance over which the gradient is calculated, Δx, but such a smoothening will also lead to 
a decreased spatial resolution. When integrating strain rate to strain random noise will to a 
large extent be eliminated, hence, the strain parameter is less sensitive to noise. However, 
non-random noise may cause signal drift and this is discussed more under the section 
“Other limitations”. 

The fourth parameter, displacement, has so far not been applied in the analysis of skeletal 
muscles and without reference values the displacement information may be considered as 
less clinically relevant.  

Intramuscular activity by M-mode strain 
The spatial resolution is important because it provides a global view of the activation of the 
entire muscle, which might provide a better understanding of the neuromuscular 
recruitment strategies. The spatial inhomogeneity in activation has been investigated using 
EMG in e.g. biceps brachii and trapezius with results indicating a spatial dependency of the 
control and physiological characteristics of these muscles under fatigue as well as in pain 
disorders [31-32, 70-71].  

In Papers III and IV M-mode strain was applied to assess the spatial profile of the 
intramuscular activity over time. The results demonstrate the potential of using 
quantitative ultrasound to assess the intramuscular activity by the regional deformation. 
Moreover, the results suggest the possibility to analyze the distribution of different fiber 
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types. It would be desirable to further investigate the regional deformation pattern e.g. in a 
similar set-up as in Papers III and IV, but using a cross-sectional image of the muscle. 

Nonetheless, the “activation pattern” is a neurophysiological term and one intriguing 
question remains; how well does the strain pattern reflect the activation of the different 
motor units? It was discussed in Paper III how EMG and quantitative ultrasound may 
complement each other in a physiological perspective. Measuring the electrical activation 
with EMG might be thought of as the neurological input from the nervous system (the 
order specification) while the ultrasound strain is a measure of the mechanical output from 
the muscles (the delivery report). In a normal condition one might expect the electrical and 
mechanical activation to map one to one. However, the muscle fibers’ response to the 
activation starts to fail in a state of fatigue. Dissociation between the electrical and 
mechanical activation of the muscle has for example been shown by Shi et al [72]. Therefore 
a validation of the ultrasound methods should preferably be performed in complementary 
ways as well, such as phantom studies and simulations. The combination of EMG and 
ultrasound should possibly provide a more complete description of the muscle function. 

Accuracy of TVI velocity estimations  
In Papers I and II some considerations when applying TVI on skeletal muscles were dealt 
with. The evaluation of TVI on low tissue velocities in Paper I was performed in a phantom 
set-up with the aim to study how different PRF settings would affect the accuracy of the 
velocity estimations. In a clinical setting the deformation parameters may be of highest 
interest so one might ask why only analyzing the velocity parameter. 

Since all strain calculations are derived from the velocity values, the accuracy of the 
velocity estimates is fundamental. As described in section 6.3, all parameters from TVI are 
just mathematical calculations based on the velocity information, performed by the offline 
software. Thus, inaccuracy of the velocity parameter will naturally be transferred to the 
other parameters. Therefore the velocity parameter will be the only parameter that would 
show the direct effect of the PRF setting.  

If the parameter strain would have been studied instead it would have been more difficult 
to analyze how much of the error could directly be connected to the PRF setting and how 
much could be due to the calculating software, which includes filter functions etc. In a 
earlier phantom study by Mårtensson et al it was shown that the parameter strain came out 
with a wider range of error using different scanners than the velocity parameter [62]. 
Furthermore, by only evaluating the velocity parameter a non-strained phantom could be 
used to keep the motion as homogenous as possible. 

From the results of Paper I it can be concluded that when applying TVI on skeletal muscles 
it is important to be aware of the limitations that come with the system and that the PRF 
preferably should be reduced when applying TVI in low-level muscle contraction.  Further, 
the results also indicated that there is an intrinsic error of the used scanner of 
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approximately 20 percent. In the study by Mårtensson et al, the mean error was found to be 
in the same order as the error found in Paper I when using the same scanner, but for peak 
velocities in the range of 8-9 cm/s. Combined, this suggests that there is reason to believe 
that one can expect a mean error of this magnitude when measuring TVI velocities in 
skeletal muscles. However, again it should be pointed out that the difference between 
individual scanners and manufactures can be significant. Therefore, it is important to also 
evaluate individual scanners for possible intrinsic error and careful considerations should 
be taken whether such an error is acceptable before used in a clinical setting.  

Angular dependency in TVI 
The next consideration in the application of TVI was the angular dependency when 
estimating the axial strain in pennate muscles, analyzed in Paper II. It is described in the 
Introduction how the angular dependency of Doppler based ultrasound is not in general 
considered to have an important influence in strain or strain rate imaging in 
echocardiographic applications. This is mostly due to the fact that the analyses in this case, 
based on timing of specific events and curve profiles, are not affected by the amplitude 
change. Besides, the angular dependency in echocardiographic applications is mainly 
limited to the insonation angle, which might be easier to compensate for since it is more 
likely to be constant. [19-20, 63] 

The angular dependency described in this thesis is primarily focused on pennate muscles 
where a compensation for angular error is only possible by knowing the pennation angles 
and how they change during a contraction. The results from Paper II showed that the strain 
amplitude will directly be affected by pennation angles. 

Since high values of strain has been proposed to be connected to muscle damage, valid 
measurement of the fiber strain may be valuable in the etiology of fiber damage and 
provide information for injury prevention [47, 73]. Especially the higher fiber tensions that 
occur in the eccentric event may be the cause of structural damage to the muscle, which 
previously have been demonstrated also as a result of low-load tasks [45]. 

However, in other types of studies such as onset and activation order, an error due to 
pennation angles might not affect the analyses to a greater extent. The exact effect of 
angular dependency on the different aspects of skeletal tissue dynamics, such as 
contraction-, coordination- and activity patterns must be further evaluated and tested in 
clinical settings.  

There are two main limitations of the presented model in Paper II: the value for Poisson’s 
ratio and the muscle geometry in the model. As described in section 5.4 the mechanical 
properties of muscle tissue are often modeled to behave as linear, elastic, isotropic materials 
in order to simplify analysis. In reality most soft tissues are anisotropic, viscoelastic and 
non-linear. 
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Soft tissues contain both fluid and solid components which make them only nearly 
incompressible (liquids are incompressible), with Poisson’s ratio ranging from 0.4900 to 
0.4999 [37]. In the model presented in Paper II it was assumed that the Poisson’s ratio of 
muscle tissue is close to 0.5. Poisson’s ratio calculated in areas close to the muscle tendon 
might also differ from ratios calculated close to the muscle belly since the area close to the 
muscle tendon is stiffer than other parts of the muscle and there might also be errors due to 
the fact that the blood volume changes on higher force levels e.g. blood will be squeezed 
out due to the increasing intramuscular pressure. 

The presented model is also based on the assumptions of muscle tissue being linear and 
isotropic. In order to reduce the error from the tissue being anisotropic the ROIs can be 
chosen to cover as much of the muscle as possible to get a global estimation of the angle 
dependency on the strain. If smaller samples would be used the anisotopy of the tissue 
would probably cause a larger variation where the error due to angle would be largest close 
to the probe and smaller closer to the center line. 

It can also be added that calculating strain and strain rate also includes the assumption of 
homogeneous deformation along the chosen regression line (Δx). This value is therefore 
chosen as a trade-off where too small (Δx) might result in a noisy/unstable signal while a 
larger length results in a reduced spatial resolution under the assumption of tissue 
homogeneity. 

The axial component 
The number of possible projections may be limited in different measurement situations and 
depending on how the muscle is located it may be easier to analyze the strain either along 
or transverse the fiber direction. In Papers I and II the accuracy and the angular 
dependency of the axial component were discussed. In Paper III the differences between 
the estimated axial and longitudinal strain from Speckle Tracking were compared. From the 
results the longitudinal strain (along the fiber direction) was considered as a better choice. 
On one hand the longitudinal velocities are in general higher why the signal to noise ratio 
becomes more favorable, but on the other hand the resolution is more favorable in the axial 
direction why the issue regarding the strain projections should be further addressed in 
future studies. 

It is also possible that loss in blood volume, causing tissue compression, will affect the 
transverse strain to a greater extent. Further, due to a 2-dimensional ultrasound image, 
information of possible out-of-plane motion is also missing in this analysis. 

Other limitations 
A general limitation when calculating strain is signal drift due to the integration of noise 
and small non-random errors, originating from the used ultrasound system. In cardiac 
applications the signal drift is normally compensated for by forcing the strain down to zero 
by the end of every heart cycle, since the net strain is assumed to be zero as the heart 
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muscle return to its initial shape [20]. This compensation can’t be applied in the same way 
when it comes to skeletal muscle, since the muscle motion isn’t necessary cyclic and due to 
the presence of hysteresis.  

In the work of this thesis no drift compensation was applied and therefore the time 
intervals in the different analysis were carefully chosen.  However, in the future studies of 
longer measurements a filter process may be required. 

Tissue Doppler Imaging vs Speckle Tracking 
Both methodologies of TDI and Speckle Tracking were applied in the work of this thesis.  
Which to be more suitable is a general question, not only in the field of skeletal muscles. 
Both methods have advantages and limitations making them suitable for different 
applications. As TDI is limited by only estimating velocities in one dimension the angular 
dependency is more emphasized, but it has the possibility to achieve high frame rates and 
thereby distinguish very rapid tissue events.  Speckle Tracking on the other hand, which is 
limited by the frame rate, instead has the possibility to measure in two or even three 
dimension. Due to the results of Paper I Speckle Tracking might be a better solution for 
estimating low velocities. However, in both methods it is an advantage to know the 
expected velocity range. 

The general problems with Speckle Tracking are typically speckle noise, decorrelation and 
aperture problems. A tracking algorithm can be designed in numerous ways to optimize 
the motion estimation desired. In Paper III a block-matching algorithm earlier described by 
Lin et al was applied with a hierarchical block-matching scheme [64]. Implementation of a 
hierarchical search scheme reduces the problems related to measurement of local tissue 
motion. The block matching is performed in a coarse-to-fine resolution pyramid of the 
image, where the low-resolution motion field is computed first at the top. Blocks in the 
higher levels maintain more spatial information while the blocks in the lower levels keep 
the local details. The final estimates consist of the sum of the motion estimates from all 
levels. To reduce the effects of speckle decorrelation an adaptive spatial vector filter based 
on local statistics was applied to the estimated motion vectors. 

These custom-made tracking algorithms are not commercially available as the TDI 
application (TVI) used in this thesis. The commercial Speckle Tracking is often limited to 
analysis in cardiological applications. For example, the Speckle Tracking option in GE’s 
software only allows placing a region of interest along a line and can only handle a certain 
amount of data (corresponding to a few seconds with the acquisition and settings used in 
the work of this thesis).  

In summary: TDI is real-time, allowing high frame rates and commercially available. 
Speckle Tracking is two-dimensional, can be customized for the motion of interest and is 
suitable for low-velocity tracking. However, tracking optimized for skeletal muscles is not 
commercially available today. 
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Clinical applications and future work 
There is a great need to improve both the understanding and treatment of several different 
muscular conditions, such as muscle pain in acute and chronic stages, muscle weakness and 
spasticity etc. Earlier pilot studies combined with the results and methodological 
considerations presented in this thesis together imply a high clinical potential of 
quantitative ultrasound in skeletal muscle applications. 

Next, it would be of value to compare the mechanical response with the electrical activation 
e.g. under fatigue. Other techniques, such as ultrasound contrast imaging or near infrared 
spectroscopy, could also be integrated in the analyses to assess the blood perfusion, 
oxygenation and haemodynamics in tissue. The combination of the different techniques may 
lead to wider understanding of the basic muscle functions and the effects of delayed onset 
muscle soreness (DOMS) and aging.   

The possibility to reach deep musculature without invasiveness to study the onset of active 
tissue in-vivo may provide new methods for evaluation and design of treatments for 
patients in rehabilitation and sports training. For example, a physical therapist may be able 
to evaluate if a certain rehabilitation exercise activates the desired muscles. Furthermore, 
the techniques may also be valuable in evaluation of the response to certain 
pharmaceuticals, such as relaxants and antispasticity drugs.  

Nonetheless, the knowledge and understanding of how these techniques should be applied 
is highly important for proper appliance, why the methodological considerations addressed 
in the work of this thesis necessary. Further evaluations of the methods are needed and an 
increased number of study subjects will be required to analyze the intra-subject and inter-
subject variability in healthy subjects. 

Some suggested future work to develop and improve the applicability of quantitative 
ultrasound in the musculoskeletal field: 

•   Evaluation of drift compensation possibilities. 

•   Evaluation of different Speckle Tracking algorithms in a phantom study. 

•   Evaluation of the clinical relevance of the pennation angle. If the relevance is found high, 
a pennation angle tracker could be developed. 

• Further comparison of the strain information based on the longitudinal and axial 
components.  

•  Development and investigation of new descriptors for the recruitment and firing pattern 
of motor units - e.g. based on shear wave elastography or raw velocity data - and further 
test them in clinical protocols. 

  



46 
 

 



47 
 

10   CONCLUSIONS  

The main objective of this thesis was to evaluate and further develop the quantitative 
ultrasound techniques for the application on visualization and quantification of dynamics 
in skeletal muscles. The specific conclusions based on the findings from this thesis are 
summarized below: 

 

 The PRF should be reduced when applying TVI for estimation of very low tissue 
velocities (< 0.1 cm/s). Further, the ultrasound scanner should be evaluated for 
possible intrinsic error and the acceptance level of error should be considered before 
a clinical setting. 
 

 For accurate strain values the pennation angle should be compensated for when 
applying TDI on pennate muscles. The cylinder model based on Poisson’s ratio 
presented in Paper II may be used for this purpose. 
 

 The axial and the longitudinal strain carry similar information on activation and can 
therefore been seen as applicable when analyzing the activation pattern through 
strain correlations. However, it is possible the axial strain is more affected by passive 
movement and tissue compression due to blood loss. 

 
 The intramuscular activity pattern can be assessed through the regional tissue 

deformation by M-mode strain imaging. Correlations of an image line at different 
time epochs can be used as a descriptor of the recruitment pattern during force 
regulation. 
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 Applying M-mode strain imaging, correlations and the number of zero-crossings 
along an image line can be used to study the effects of fatigue on the recruitment 
pattern and the active tissue regions, respectively.  
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