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Abstract

Diffusion tensor (DT) and blood oxygen-level dependent (BOLD) imag-

ing are two noninvasive magnetic resonance (MR) techniques that have been

used to probe skeletal muscle microstructure and microvasculature, respec-

tively. Over a series of four studies, the work in this thesis aimed at furthering

our understanding of baseline DT metrics and BOLD signals in lower limb

muscles (calf and foot) of healthy young subjects. Since postural changes

have been shown to alter numerous quantities, including fluid volumes and

muscle cross sectional area, DT indices and BOLD signal characteristics were

examined in response to movement from upright to supine position.

Reductions of 3.2-6.7% and 3.4-7.5% were measured in calf DT eigenval-

ues and apparent diffusion coefficient (ADC) in the various muscles, following

34 and 64 minutes of supine rest, respectively (P<0.05). The changes observed

between 34 minutes and 64 minutes of rest were not significant, indicating that

a supine resting period of approximately thirty minutes is necessary to allow

calf diffusion indices to stabilize in healthy young subjects (chapter 4). Inves-

tigating BOLD time series using fractals revealed a power law scaling in calf

muscles, and most signals had a fractal dimension (FD) around 1.87. Spec-

tral analysis showed that low frequency peaks (below 0.1 Hz) were the major

contributors to the spectrum, with most of the fluctuations at frequencies

lower than 0.01 Hz. None of the BOLD characteristics (mean signal intensity,

standard deviation, FD, and underlying frequency components) seemed to be

sensitive to subtle difference in muscle use between the two postural states

(chapter 5).
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Establishment of baseline diffusion metrics in the foot region was fea-

sible (chapter 6). Examination of foot DT indices in response to positional

change showed that the metrics decreased from 2.7-4.6% following 34 min-

utes of supine rest (P<0.05) (chapter 7), further validating the need for a

supine resting period prior to DT data collection. The use of DTI and BOLD

imaging in muscle diseases or those that show an inflammatory muscle response

(like COPD and CRPS) may further our understanding of muscle impairment.

However, as potential differences were noted due to posture in DT metrics in

healthy subjects, it would be advisable to test this effect in any disease prior

to initiation of a full study.
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Chapter 1

Introduction

In the past decade, researchers have demonstrated a lot of interest in

the non-invasive evaluation of skeletal muscle using MR imaging techniques

that examine microstructure (diffusion tensor imaging, DTI) and oxygenation

(blood oxygen-level dependent (BOLD) imaging). By probing the diffusion of

water molecules within an imaged region, DTI can give information about the

underlying tissue architecture. The technique has been used to gain insight

into skeletal muscles in various regions (Galbán et al., 2004; Froeling et al.,

2010; Sinha et al., 2011; Jones et al., 2013) since skeletal muscle fibers have

an anisotropic structure. BOLD imaging, on the other hand, allows for the

evaluation of skeletal muscle function by probing tissue oxygenation (Jacobi

et al., 2012). The technique has been used for over a decade to investigate

muscle microvasculature both in healthy (Noseworthy et al., 2003; Meyer et al.,

2004; klarhofer et al., 2008) and diseased (Ledermann et al., 2006a; Partovi

et al., 2012) populations. This chapter gives a brief description of skeletal

muscles and then reviews the current knowledge regarding DTI and BOLD

imaging of skeletal muscles, focusing on the lower limb.
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1.1 Skeletal Muscles

Skeletal muscles are tissues that are attached to bones via tendons.

They are responsible for the voluntary movement of the body due to their

contractile properties. Skeletal muscles are also important for maintaining

posture and performing daily tasks.

1.1.1 Muscle Structure

The basic unit of a skeletal muscle is the muscle cell, which is also

known as a muscle fiber or a myocyte. Muscle fibers have diameters that

range from 10 to 120 µm (Exeter and Connell, 2010) and are typically 2 to 10

cm long (Galbán et al., 2004). The sarcolemma is the plasma membrane that

encloses a muscle fiber and regulates the passage of molecules between the

intracellular and extracellular compartment (Exeter and Connell, 2010). Each

muscle fiber is multinucleated and like any other cell, a myocyte contains

essential organelles as listed in table 1.1. These include the mitochondria,

where energy production takes place, and the sarcoplasmic reticulum, which

facilitates molecular transport due to its tubular network. A muscle fiber

also has another set of channels, known as the transverse tubules. These are

infoldings of the sarcolemma and they contain extracellular fluid (Exeter and

Connell, 2010).
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Organelle Function

Nucleus Controls the activities of the cell as it contains the genetic
material

Mitochondria Produces energy
Myofibril Contains contractile units
Sarcoplasmic
reticulum

Allows for substances to be transported via its tubular
network and its vesicles

Transverse
tubule

Allows for substances to be transported via its tubular
network

Table 1.1: Some organelles in a myocyte along with their major function.

The contractile properties of a muscle arise from the myofibril, which

is made up of subunits referred to as sarcomeres. Each sarcomere is composed

of two filaments: thick myosin filaments and thin actin filaments that form

the area between two Z lines (Exeter and Connell, 2010). The M line divides

the sarcomere in half. The A band refers to the region where the myosin and

actin overlap. The H zone is the smaller central region containing myosin

only, while the I band is the outer region containing actin only (figure 1.1).

The sarcoplasmic reticulum runs parallel to a myofibril and the T tubules run

perpendicular to the direction of the myofibril. Each muscle fiber is enclosed

by an endomysium. The grouping of adjacent muscle fibers results in a bundle

known as a fascicle, which is surrounded by a perimysium (Exeter and Connell,

2010). The muscle is the binding of fascicles by a connective tissue known as

the epimysium (figure 1.1).
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Figure 1.1: The structure of skeletal muscle.
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1.1.2 Muscle Contraction

Muscle contraction begins when a motor neuron releases a neurotrans-

mitter in response to a nerve impulse. After crossing the neuromuscular junc-

tion, the neurotransmitter binds to receptors on the sarcolemma. This initiates

a cascade of events involving sodium and potassium channels that lead to the

conduction of a muscle impulse. The impulse moves through the T tubules

and reaches the sarcoplasmic reticulum, where it results in the release of cal-

cium ions. This exposes binding sites on the actin filaments, thereby beginning

the muscle contraction cycle, which follows a sliding filament model (Exeter

and Connell, 2010). Briefly, myosin cross-bridges attach to binding sites on

the actin filament. The bending of the myosin results in the movement of

the actin filaments. Release of the myosin head and repetition of the process

shortens the sarcomere and the muscle contracts. Muscle contraction requires

the presence of energy in the form of adenosine triphosphate (ATP).

Although ATP is present in the muscle fiber, the stored supply is only

enough to sustain contractions for a very short time (on the order of 3 to 6 sec-

onds). Once the initial supply is depleted, the muscle must quickly regenerate

ATP. There are three pathways in which ATP is synthesized: the first involves

phosphocreatine (PCr or creatine phosphate), the second relies on anaerobic

glycolysis and the third uses aerobic respiration (Shier et al., 2006).
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Figure 1.2: Glycolysis and aerobic respiration are two pathways used to
generate the ATP required for muscle contraction.

In the first pathway that involves PCr, adenosine diphosphate (ADP)

is converted into adenosine triphosphate (ATP) when PCr gives up one of

its phosphate groups, in the presence of the creatine phosphokinase enzyme

(Shier et al., 2006). This is an anaerobic pathway, which means that it does

not require oxygen to be present. Since muscle fibers do not have a very large

supply of PCr, this pathway is short lived (resulting in about 5 to 15 seconds

of activity). Once PCr is exhausted, gylcolysis and cellular respiration are

used to generate ATP (figure 1.2).
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Glycolysis occurs in the cytosol and can take place when oxygen is not

present. In glycolysis, a glucose molecule is broken down into pyruvic acid

and 2 ATP molecules are synthesized. If oxygen supply remains low, pyruvic

acid produces lactic acid, which may accumulate in the muscle. This anaerobic

pathway provides enough energy to sustain exercise for about 40 to 60 seconds.

The final pathway, or cellular respiration, takes place in the mitochon-

dria and requires oxygen to be present in order to produce ATP. The oxygen

can come from hemoglobin or myoglobin, which are proteins that bind to oxy-

gen and that are found in red blood cells and muscle cells, respectively. In this

pathway, pyruvic acid undergoes numerous complex reactions that result in

the production of water, carbon dioxide and 34 ATP molecules. This pathway

can be used to supply energy for a long time (on the order of hours).

The pathway used to produce ATP depends on the type of exercise

being performed. If the exercise requires a quick burst of energy for a short

period of time (high intensity, short term exercise, such as weightlifting), then

creatine phosphate and anaerobic glycolysis are the pathways used to provide

the needed energy. If, on the other hand, endurance exercise (low to moderate

intensity, long term exercise) is being performed, then aerobic respiration will

provide the required energy to sustain muscle activity after the other two

pathways have been used up.
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There are a few ways in which muscles contract. If a muscle shortens

as it generates force, as the biceps do when lifting a weight during a curl, then

the contraction is referred to as a concentric or isotonic contraction (Exeter

and Connell, 2010). If the muscle does not change its length, as the arm

muscles do when an object is being carried in front of the carrier, then the

contraction is referred to as an isometric contraction. Finally, if the muscles

lengthen while producing the force, as the biceps do when lowering a weight

during a curl, then the contraction is referred to as an eccentric contraction

(Exeter and Connell, 2010).

1.1.3 Muscle Fibers

Muscle fibers are generally divided into two categories: slow twitch

(type I) and fast twitch (type II). The fast twitch fibers are further broken

down into type IIa (fast oxidative/glycolytic) and IIx (fast glycolytic)(Exeter

and Connell, 2010). The distinction between slow and fast is based on the

time it takes the fiber to contract. Slow twitch fibers take longer to contract

(110 ms) than do fast twitch fibers (50 ms) (Exeter and Connell, 2010). The

former are also fatigue resistant as they rely on aerobic metabolism. That

is why type I fibers are sometimes referred to as slow oxidative fibers. These

fibers are rich in mitochondria and have extensive capillary networks to support

the oxygen delivery needed to sustain aerobic respiration (Shier et al., 2006).
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They are also sometimes referred to as red fibers (Galbán et al., 2004) because

they contain large amounts of myoglobin, which gives muscle a reddish-brown

color (Shier et al., 2006). Type I fibers are used in endurance type activities

that are of low to moderate intensity such as marathon running because they

are fatigue resistance and can thus support prolonged exercise.

Type II fibers use anaerobic metabolism to generate ATP. They are

able to contract quickly, but at the same time, they fatigue quickly. They are

larger than type I fibers (Exeter and Connell, 2010). Fast twitch fibers are

sometimes referred to as white fibers (Galbán et al., 2004) because they do

not contain large amounts of myoglobin. Type IIx fibers (glycolytic) are used

in exercises that require a quick burst of energy for a short period of time,

such as weightlifting or sprinting. Type IIa fibers (oxidative/glycolytic) use

both anaerobic and aerobic metabolism and are thus used in activities such as

middle distance running (Exeter and Connell, 2010).

Human skeletal muscles are made up of both type I and type II fibers

and in general, there is an equal proportion of these two types in most skeletal

muscles in the body of an untrained, healthy adult individual (Exeter and

Connell, 2010; Johnson et al., 1973). However, there are a few muscles that

show predominance of one type of fiber over another as shown in table 1.2

(Johnson et al., 1973). The orbicularis oculi is one of the muscles of the eye
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Muscle % of Type
I fibers

% of Type
II fibers

Abductor digiti mini (foot) 51.8 48.2
Flexor digitorum brevis (foot) 44.5 55.5

Gastrocnemius (calf, lateral head surface) 43.5 56.5
Gastrocnemius (calf, lateral head deep) 50.3 49.7
Gastrocnemius (calf, medial head) 50.8 49.2
Soleus (calf, surface) 86.4 13.6
Soleus (calf, deep) 89.0 11.0
Tibialis anterior (calf, surface) 73.4 26.6
Tibialis anterior (calf, deep) 72.7 27.3

Orbicularis oculi (eye) 15.4 84.6

Vastus lateralis (thigh, deep) 46.9 53.1
Vastus medialis (thigh, deep) 61.5 38.5

Table 1.2: Mean percentage of type I and type II fibers in some of the skeletal
muscles in the body. Data adapted from (Johnson et al., 1973) and is based on
autopsy samples of young male subjects (17-30 years of age).

and it controls blinking. As such, it has a high proportion of type II fibers to

support the act of blinking, which requires a short burst of energy. The soleus

and tibialis anterior muscles, on the other hand, are involved in maintaining

posture and thus contain a higher proportion of type I fibers so they can

provide low amounts of energy for long periods of time. It has been shown

that different types of training exercises may change the proportion of muscle

fibers in the trained muscles (Exeter and Connell, 2010).

1.1.4 Muscles of the Lower Limb
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Figure 1.3: Axial slice (T1-weighted) through the calf. Shown are the muscles
examined in the thesis: 1- anterior tibialis, 2- posterior tibialis, 3- soleus, 4-
lateral gastrocnemius and 5- medial gastrocnemius.

Muscles of the lower limb, specifically those in the calf and foot region,

were examined in the thesis. The calf muscles that were assessed are the

anterior tibialis (also known as the tibialis anterior), the posterior tibialis (or

tibialis posterior), the soleus and the medial and lateral gastrocnemius (figure

1.3). The anterior tibialis is located at the front of the leg and is involved in

dorsiflexion (bending the foot up towards the shin) and inversion (twisting the

foot so that the sole faces the medial part of the body) of the foot (Shier et al.,

2006). The posterior tibialis muscle is involved in plantar flexion (opposite of

dorsiflexion) and inversion of the foot. The triceps surae refers to the three

11



Ph.D Thesis –– Alyaa H. Elzibak –– McMaster University - Med. Phys. & App. Rad. Sci. –– 2014

muscles located in the posterior compartment of the calf (the back of the leg).

These are the soleus and the two heads of the gastrocnemius. The triceps

surae muscles are also involved in plantar flexion of the foot.

The foot muscles that were examined in the thesis are the quadratus

plantae muscle, the abductor hallucis muscle, the flexor hallucis brevis muscle,

the flexor digitorum brevis muscle and the abductor digiti mini muscle (figure

1.4). The abductor hallucis muscle and the abductor digiti mini muscle are

found on the medial and lateral sides of the foot, respectively. They are

involved in the abduction (movement of digits away from the centerline of the

foot) of the small toe (the abductor digiti mini muscle) and the big toe (the

abductor hallucis muscle). The flexor digitorum brevis muscle is found in the

middle portion of the sole of the foot, between the abductor digiti mini muscle

and the abductor hallucis muscle. It is involved in the flexion of the middle

three toes. The flexor hallucis brevis muscle is also found in the sole of the

foot, between the flexor digitorum brevis muscle and the abductor hallucis

muscle. It is involved in the flexion of the big toe. Finally, the quadratus

plantae muscle is found in the intermediate layer of the foot sole, deep to the

flexor digitorum brevis muscle. It is involved in the flexion of the four lateral

toes.
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Figure 1.4: Coronal slice (T1-weighted short axis image) through the foot.
Shown are the muscles examined in the thesis: 1- quadratus plantae, 2- abductor
hallucis, 3- flexor hallucis brevis, 4- flexor digitorum brevis, and 5- abductor
digiti mini.

1.2 Diffusion Tensor Imaging of Skeletal Mus-

cles

Diffusion imaging assesses the displacement of water molecules in an

investigated region of interest. When molecules move in an unrestricted envi-

ronment, the resulting displacement is isotropic (Bihan et al., 2001). In muscle

fibers or other systems that show ordered orientations, anisotropic diffusion is

evident, since the motion of water molecules is constrained by barriers. In such

a case, the diffusive movement of water molecules along the myofiber’s axis is

much easier and greater diffusion is seen along this axis than that observed

along the transverse direction.
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Following early applications of diffusion imaging to investigate skeletal

muscles in vitro (Basser et al., 1994), the technique has become a promising

imaging tool, enabling researchers to gain insight about muscle microstructure

in vivo. DTI studies have now been applied to examine a wide range of skeletal

muscles in the body. These include muscles of the forearm (Froeling et al.,

2010), the lumbar (Jones et al., 2013), the thigh (Budzik et al., 2007; Qi et al.,

2008; Kan et al., 2009; Gondin et al., 2010; Cermak et al., 2012) and the calf

(Sinha and Yao, 2002; Galbán et al., 2004; Zaraiskaya et al., 2006; Galbán

et al., 2005, 2007; Heemskerk et al., 2010; Sinha and Sinha, 2011).

The diffusion of water within a given region can be described using

various indices. Eigenvalues (λ1, λ2 and λ3) and eigenvectors provide infor-

mation about the magnitude and direction of the diffusion, respectively (refer

to section 2.2 for the technical DTI details). The principle eigenvalue, λ1,

characterizes the diffusion along the axis of the muscle fiber. However, no con-

clusion has been reached when it comes to the meaning of the two remaining

eigenvalues. In one study, it was suggested that λ2 could represent diffusion

along sheets of fibers, while λ3 might characterize the diffusion within muscle

fiber cross-section (Galbán et al., 2004). It has been shown that the diffusive

properties of the calf muscles differ between the various muscle groups (Galbán

et al., 2004; Sinha et al., 2006) presumably due to differing muscle architec-
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ture (Galbán et al., 2004). The observed differences between calf muscles in

terms of the measured DTI parameters have been attributed to the function

of the specific muscle with regards to foot action. As such, water diffusivitiy

of muscles involved in foot extension (soleus, medial and lateral gastrocne-

mius muscles) appeared to be statistically different from that of adjacent calf

muscles involved in other foot actions (Galbán et al., 2004). The apparent

diffusion coefficient (ADC), which is also referred to as the mean diffusivity

(MD), is a measure of the mean of the three eigenvalues. Fractional anisotropy

(FA) is another DTI metric that conveys information about the appearance of

the diffusion ellipsoid. It takes values between zero and one. An FA of zero

represents perfectly isotropic diffusion, as in the case of a sphere. An FA of

one represents perfect anisotropic diffusion.

Numerous DTI studies have set out to investigate whether differences

exist in water diffusion in skeletal muscles of people of different age, gender

or physical characteristics such as weight and height (Galbán et al., 2005,

2007; Okamoto et al., 2010; Kermarrec et al., 2010; Jones et al., 2013). Age

related changes were observed in the eigenvalues of the plantar flexor muscles

(soleus, medial and lateral gastrocnemius) between young (< 46.4 years of

age) and old (≥ 46.4 years of age) subjects in one study (Galbán et al., 2007).

The reported reduction of approximately 7% in the eigenvalues of the plantar
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flexors was attributed to the reduction in the size of the fiber that accompanies

aging, which would result in more restricted diffusion in the older population

(Galbán et al., 2007). The group also found a decrease of approximately

10% in the FA of the anterior tibialis muscle in the older subjects, with the

reduction mostly due to the variation in λ3 of that muscle between young

and old subjects. Although the group reported strong correlations between

the various DTI metrics in calf muscles such that the parameters tended to

decrease with age, no correlations were found between height, weight or body

mass index and the DTI indices (Galbán et al., 2007).

While Galban and colleagues demonstrated the dependence of diffusiv-

ity measures on age (Galbán et al., 2007), others looking at fiber tractography

visualization in the calf (Okamoto et al., 2010), DTI metrics in the thigh (Ker-

marrec et al., 2010) or DTI indices in the lower back musculature (Jones et al.,

2013) failed to establish correlations with aging. With regards to gender dif-

ferences, literature observations are mixed, with some studies demonstrating

differences in water diffusion (Galbán et al., 2005) and tractography visual-

ization of fibers (Okamoto et al., 2010) between the sexes, while others failing

to demonstrate any differences (Kermarrec et al., 2010; Jones et al., 2013).

In the studies that show differences between males and females, the eigenval-

ues and ADC are generally higher in females than in males, while the FA is
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generally lower in females (Galbán et al., 2005). In addition, the differences

in the DTI metrics between the sexes range from approximately 2%-13% for

the various metrics and calf muscle groups (Galbán et al., 2005). The source

of the observed gender-related differences in DTI metrics is not clear (Galbán

et al., 2005).

Besides studies that assess muscle structure and architecture in healthy

subjects, diffusion imaging has also been applied to evaluate muscle injuries

and pathologies (Zaraiskaya et al., 2006; Heemskerk et al., 2006, 2007; Qi et al.,

2008). In injured calf muscles, where the injury is a muscle tear or an intramus-

cular hematoma, increases in the eigenvalues and ADC have been reported,

with reductions in the FA, in comparison to healthy calf muscles (Zaraiskaya

et al., 2006). The observed differences in the DTI metrics between healthy and

injured calf muscles were approximately 30%- 60% for the various parameters

(Zaraiskaya et al., 2006). The diffusive changes that accompany muscle lesions

were presumed to stem from modifications of muscle microstructure that ac-

company muscle injury (Zaraiskaya et al., 2006). The structural abnormalities

associated with the injury were also evident when muscle fibers were tracked

in the damaged muscle regions (Zaraiskaya et al., 2006).

Diffusion imaging has been shown to be capable of monitoring skele-

tal muscle injury following ischemic damage (Heemskerk et al., 2006, 2007).
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Ischemia induced by fifty minutes of occlusion of mouse hindlimb was ac-

companied by a decrease in ADC of approximately 15% in the tibialis anterior

muscle, while no change was observed in the gastrocnemius muscle (Heemskerk

et al., 2006). During reperfusion, the ADC increased in both muscles, how-

ever, although it renormalized to its initial values in the tibialis anterior after

twenty-four hours, it remained enhanced in the gastrocnemius muscle following

twenty-four hours (Heemskerk et al., 2006). The reason behind the nonuniform

changes observed between the muscle groups was attributed to the differences

in fiber composition of the two muscles. Similar observations have been found

in another study tracking ischemic skeletal muscle injury and repair using DTI

(Heemskerk et al., 2007).

Diffusion imaging has also been used in evaluating muscle myopathies

and tracking disease progression. In inflammatory myopathies, higher diffu-

sivity values are obtained in the inflamed muscle compared to healthy muscles,

with a 24% increase in the diffusivity of the inflamed muscle (Qi et al., 2008).

This is likely due to the expansion of the extracellular space that accompanies

the inflammatory state, resulting in greater diffusion (Qi et al., 2008). Se-

vere fat infiltration results in the reduction of the water content in the muscle

and as such, reductions in diffusivity of approximately 30% are observed in

fat-infiltrated muscles compared to unaffected muscles (Qi et al., 2008).
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Numerous studies have examined the diffusion metrics following changes

in muscle microstructure due to various ankle positions (Deux et al., 2008;

Hatakenaka et al., 2008; Schwenzer et al., 2009; Okamoto et al., 2010; Sinha

and Sinha, 2011; Sinha et al., 2011). Compared to plantarflexion, dorsiflexion

resulted in an increase in λ2 and λ3 of the anterior tibialis muscle with an

accompanying increase in the mean diffusivity and a decrease in the fractional

anisotropy in one study (Schwenzer et al., 2009). The opposite diffusional ef-

fect was observed in the antagonist muscles. In another study, increases were

seen in λ1 with plantar flexion and no changes were reported in λ3 in the medial

gastrocnemius muscle (Okamoto et al., 2010). Although the sources of discrep-

ancies between the studies are not clear, it is evident from all evaluations that

muscle fiber architecture affects the measured DTI indices.

Since the DTI metrics have been shown to be sensitive to subtle mi-

crostructural changes in skeletal muscles, it is not surprising that the appli-

cation of external pressure to calf muscles would result in observable changes

in the various DTI parameters (Hata et al., 2012). In one study that applied

pressure using a cuff and measured the DTI indices in the soleus and anterior

tibialis muscles at varying levels of pressure (0, 100 and 200 mmHg), significant

increases were observed in the FA with the increase in pressure (Hata et al.,

2012). These increases were approximately 8% in the anterior tibialis muscle
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and 17% in the soleus muscle at 200 mmHg compared to baseline. Significant

reductions, on the order of 8% compared to baseline, were also observed in λ3

with pressure application (Hata et al., 2012).

Changes in diffusion indices of skeletal muscles have also been reported

following exercise (Okamoto et al., 2008; Yanagisawa et al., 2009; Cermak

et al., 2012). In one study that involved unilateral exercise of the right calf by

plantar flexion and dorsiflexion of the foot, significant decreases were observed

in the FA in the soleus and gastrocnemius muscles of the exercise-loaded leg

following the exercise (Okamoto et al., 2008). It was also observed that the

FA took seventy-two hours to recover to baseline following the exercise in the

subject that was loaded for thirty minutes, while it took one week to recover in

the subject that had a stronger loading (sixty minutes of exercise) (Okamoto

et al., 2008). Another study explored the use of DTI to detect microstruc-

tural changes in the vastus lateralis muscle following strenuous unaccustomed

exercise (Cermak et al., 2012). The group observed that the FA values de-

creased twenty-four hours after the exercise, while the ADC values increased

post-exercise compared to the baseline measurements (Cermak et al., 2012).

These changes were suggested to reflect a more disorganized fiber geometry

due to the exercise induced muscle damage (Cermak et al., 2012). An in-

crease in ADC has also been reported following exercise by another group of
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researchers (Yanagisawa et al., 2009). Besides studying the effects of exercise

on water diffusion, the group also investigated the effect of cooling skeletal

muscles using diffusion imaging (Yanagisawa et al., 2009). They reported a

decrease in ADC with muscle cooling (Yanagisawa et al., 2009).

1.3 Blood Oxygen-Level Dependent Imaging of

Skeletal Muscles

For over a decade, researchers have tried to gain insight into skeletal

muscle function by probing tissue oxygenation using BOLD contrast (Partovi

et al., 2012; Jacobi et al., 2012; Noseworthy et al., 2003, 2010). The BOLD

signal within a region is related to the ratio of oxyhemoglobin (oxyHb) to

deoxyhemoglobin (deoxyHb). Changes in tissue oxygenation result in changes

in local signal dephasing, detected using gradient echo T2* weighted images

(refer to section 2.3 for BOLD imaging details).

Most BOLD muscle examinations involve the use of a stimulus or a

paradigm to perturb the blood oxygenation status within the muscle and in-

duce a measurable change in the detected BOLD signal (Partovi et al., 2012).

Assessment of the BOLD time course by evaluating the various characteristics

of the BOLD signal, such as the time it takes the signal to peak after the

paradigm or the maximal BOLD signal reached, provide insight into muscle
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microcirculation and its functional status. To date, various paradigms have

been used to provoke changes in the local ratio of oxyHb to deoxyHb in skele-

tal muscle. These include ischemia induced by cuff compression (Lebon et al.,

1998; Ledermann et al., 2006,b; Duteil et al., 2006; Schulte et al., 2008; Kos

et al., 2009; Sanchez et al., 2010; Partovi et al., 2012), electrical stimulation

(Jordan et al., 2004), exercise challenges (Meyer et al., 2004; Jordan et al.,

2004; Wigmore et al., 2004; Bulte et al., 2006; Damon et al., 2007), and the

intake of vasoactive substances (Bulte et al., 2006). Of the various paradigms

used to perturb muscle oxygenation, the cuff compression protocol is one of

the earliest used techniques to assess the muscle BOLD effect (Lebon et al.,

1998).

In ischemia-reactive hyperemia protocols, a cuff is used to compress the

leg at the mid thigh region, thereby temporary occluding blood supply to the

lower leg (Partovi et al., 2012). Such paradigms usually require subjects to lay

in the supine position for five to fifteen minutes before the examination begins

(Partovi et al., 2012, 2013). This is because venous filling and draining have

been shown to influence the BOLD response in ischemia-hyperemia paradigms

(Duteil et al., 2006). Specifically, vascular filling, induced by dangling the

leg for a period of twenty minutes, results in a higher BOLD signal intensity

compared with vascular draining or a standard supine position (Duteil et al.,
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2006). Thus, since the BOLD contrast during reactive hyperemia is affected

by the degree of vascular filling, most ischemia-hyperemia protocols require a

resting period before beginning data collection.

A typical paradigm involving cuff compression begins with one minute

of rest, followed by fast cuff inflation to produce leg ischemia, which lasts

anywhere from three to six minutes (Partovi et al., 2013, 2012). Cuff deflation

then results in reactive hyperemia/ post occlusive recovery. To characterize the

BOLD time course of the various calf muscles from such experiments, numerous

parameters have been used (Jacobi et al., 2012; Partovi et al., 2012) . For the

ischemic portion of the curve (figure 1.5), the minimal BOLD signal during

ischemia, the time to half of the ischemic minimum and the ischemic declining

slope have been measured to characterize the ischemic period of the paradigm.

The hyperemic portion of the curve (figure 1.5) has been studied by measuring

the peak BOLD signal during hyperemia, the time it takes the BOLD signal to

reach its maximal value following cuff deflation (time to peak), the hyperemic

declining slope and the mean BOLD signal during the last few seconds of

data collection (end value) (Jacobi et al., 2012; Partovi et al., 2012). These

parameters have been mostly manually determined from the signal intensity

time course by an operator and no standard methods were used to measure

these values. However, recently, a fitting algorithm has been developed to
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Figure 1.5: Typical BOLD time course from an ischemia-hyperemia paradigm
of healthy subjects. Numbers show the key parameters that are commonly
measured in such experiments: 1. time to half of ischemic minimum or ischemic
declining slope 2. minimum signal value during ischemia 3. time between cuff
deflation and maximum signal during hyperemia 4. hyperemic signal peak value
5. slope of declining portion of the curve, measured for various intervals 6. mean
signal during the last few seconds of data collection.

model the reactive hyperemia portion of the curve based on a gamma variate

and a sigmoidal function (Schewzow et al., 2012).

The ischemia-hyperemia technique has been used to understand the

effects of aging (Schulte et al., 2008; Kos et al., 2009) and to assess patients

with various diseases, including peripheral arterial occlusive disease (Leder-

mann et al., 2006b; Potthast et al., 2009; Huegli et al., 2009), systemic sclerosis

(Partovi et al., 2012, 2013) and granulomatosis with polyangiitis (Jacobi et al.,

2013). With regards to aging, notable differences have been observed between
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the BOLD signal of young volunteers (30.3 ± 6.5 years) and elderly subjects

(64 ± 6.4 years) (Schulte et al., 2008). These include a reduced hyperemic

peak value in the elderly, which peaks quickly and has a higher end value

reflecting a slower declining signal (Schulte et al., 2008). Another study also

found a reduced minimum ischemic signal in the elderly (Kos et al., 2009). The

observed differences in the BOLD time course of young and older subjects are

presumed to stem from more rigid vessel walls and reduced capillary density

that accompany aging (Schulte et al., 2008).

Peripheral arterial occlusive disease (PAOD) is characterized by a de-

crease in blood flow to the limb due to occlusions in the arteries of the ex-

tremity (Ledermann et al., 2006b). This results in impaired perfusion to the

dependent musculature. To gain insight into micro-circulation and muscle

oxygenation status of sufferers from PAOD, the ischemia-hyperemia BOLD

paradigm has been applied with notable differences observed between healthy

controls and PAOD patients (Ledermann et al., 2006b; Potthast et al., 2009).

Both healthy and diseased subjects show an initial exponential decrease of the

BOLD signal due to cuff inflation (Potthast et al., 2009). However, unlike the

continuous decrease in T2* of the control group over the full ischemic period,

the PAOD muscle BOLD signal seems to decrease more slowly and stabilize

after the initial rapid reduction, resulting in a lower T2* end value in PAOD
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patients (Potthast et al., 2009). The observed differences between the two

groups during the ischemic portion have been attributed to a reduced oxygen

consumption (Potthast et al., 2009), likely stemming from the various muscle

alterations (reduced capillary density or metabolic changes) that accompany

PAOD (Ledermann et al., 2006b). Post-ischemia, PAOD patients show a de-

creased hyperemic peak that takes longer to peak (Ledermann et al., 2006b).

The reduced time to peak of the T2* signal is presumed to arise from the lack

of inflow of freshly oxygenated blood (Ledermann et al., 2006b). With regards

to PAOD, the ischemia BOLD paradigm has also been applied to assess the

gastrocnemius muscle one day before and six weeks following percutaneous

transluminal angioplasty of the femoral artery (Huegli et al., 2009). Since

stenosis treatment improves circulation, evaluations of the BOLD response of

the muscle could be useful in assessing treatment success (Huegli et al., 2009).

It was noted that post intervention, the BOLD signal of PAOD patients shows

an increase in the hyperemic peak value and a decrease in the time that the

signal takes to peak (Huegli et al., 2009). Thus, the angioplasty treatment

tended to shift the BOLD signal parameters towards those of healthy volun-

teers (Jacobi et al., 2012), although the observed changes with the intervention

did not reach significance but did demonstrate a hemodynamic change (Huegli

et al., 2009).
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Systemic sclerosis (SSc) involves damage to the endothelium (cells that

line vessel walls) and vessel modifications leading to impairments in small

blood vessels (Partovi et al., 2012). The ischemia-hyperemia BOLD paradigm

has been used to probe skeletal muscle micro circulation in SSc sufferers and

notable differences were observed between healthy subjects and SSc patients

(Partovi et al., 2012). These include a reduced minimum ischemic signal,

longer time to peak and a decreased hyperemic peak value in the SSc subjects

in comparison to healthy controls (Partovi et al., 2012). The observed differ-

ences in the BOLD time course are likely due to precapillary occlusion, reduced

capillary density or reduced vasodilator reserve in SSc patients (Partovi et al.,

2012).

Recently, in a case study looking at calf BOLD response of a patient

suffering from granulomatosis with polyangiitis (GPA) (an inflammation of

small vessels), alterations were observed in the BOLD signal time course of

the GPA patient when compared to a healthy subject (Jacobi et al., 2013).

These included a reduced minimum ischemic signal, lower hyperemic peak

signal and a higher end value reflecting slower decline of the signal in the

GPA patient (Jacobi et al., 2013). The observed signal modifications were

speculated to stem from a decreased flow in muscle microvessels and higher
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oxygen consumption in the GPA patient, leading to a reduced hyperemic peak

and a lower minimum ischemic signal, respectively (Jacobi et al., 2013).

Although most studies that use the ischemia-hyperemia protocol have

been performed in the calf region, extension of the technique to examine mus-

cles in the foot region has been recently explored (klarhofer et al., 2008; Kos

et al., 2009). Compared to the soleus muscle, the adductor hallucis muscle

in the foot showed a lower signal change during reactive hyperemia and this

change was observed to occur over a longer time interval in healthy subjects

(klarhofer et al., 2008). In addition, comparisons of the BOLD response of

foot muscles in young (26.1 ± 3.9 years) and old (69.0 ± 7.4 years) subjects

revealed that the minimum ischemic value was lower in the older subjects and

that the signal took longer to peak in this group, reaching a lower hyperemic

peak value compared to young subjects (Kos et al., 2009). The noted dif-

ferences were attributed to stem from modifications in reserve capacity with

aging, leading to quicker deoxygenation during ischemia (Kos et al., 2009).

Besides the ischemia-hyperemia protocol to investigate the BOLD re-

sponse, hyperoxia induced BOLD signal changes have been observed in calf

muscles due to the inhalation of 100% O2 (Noseworthy et al., 2003; Bulte et al.,

2006). Using a square ideal waveform to represent the cycles of normal air and

100% O2, correlations have been observed between the measured BOLD signal
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and the predicted model in the soleus and gastrocnemius muscles (Nosewor-

thy et al., 2003). The performance of strenuous exercise has been shown to

result in variations in the BOLD response of these two muscles. In addition,

ingestion of vasoactive substances has been observed to affect the BOLD signal

of the two muscle regions differently due to their differing fiber types (Bulte

et al., 2006).

Numerous studies have used exercise as a paradigm to investigate mus-

cle oxygenation and examine the BOLD response (Meyer et al., 2004; Wigmore

et al., 2004; Towse et al., 2005; Damon et al., 2007; Towse et al., 2011; Slade

et al., 2011). A positive transient BOLD effect has been observed in the an-

terior tibialis muscle after the performance of a single, brief (one second in

duration) muscle contraction (Meyer et al., 2004). A mean signal intensity

increase of 2.6 ± 0.6% was measured after muscle contraction, which took ap-

proximately 8 s to peak post the contraction (Meyer et al., 2004). The group

also noted that the magnitude of change in the signal intensity was higher at a

larger field strength (Meyer et al., 2004). Another study looked at the BOLD

effect following single contractions in the anterior tibialis muscle of healthy

physically active subjects and sedentary individuals (Towse et al., 2005). The

group noted that the transient BOLD peak magnitude was significantly higher

in active subjects (5.5 ± 1% change in signal intensity) compared to sedentary
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individuals (1.5 ± 0.4% change in signal intensity) (Towse et al., 2005). The

post contraction BOLD technique has been used to assess the response of pa-

tients with diabetes and investigate the effects of aging (Slade et al., 2011). No

differences were observed in the average peak BOLD response between controls

and sufferers from diabetes (Slade et al., 2011). In addition, a negative relation

was found between muscle BOLD response and age (Slade et al., 2011). Al-

though this study found that contraction-induced BOLD was similar between

healthy individuals and people diagnosed with diabetes, the researchers rec-

ommended that the utility of the muscle BOLD technique should be further

investigated in compromised populations, as their study had only a small set

of individuals with diabetes (n=31) (Slade et al., 2011).

A few studies have attempted to understand the physical mechanism

responsible for the observed BOLD transient response following brief contrac-

tions (Wigmore et al., 2004; Damon et al., 2007; Towse et al., 2011). In one

study, positive BOLD transients were observed following single contractions

using short echo time, TE (6 ms) and long echo time(46 ms) (Damon et al.,

2007). By comparing the BOLD results with data from near infrared spec-

troscopy (NIRS), it was concluded that changes in blood volume are primarily

reflected when a short TE is used in the BOLD acquisition, whereas the use

of longer TE reflects blood oxygenation (Damon et al., 2007). Recently, re-
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searchers acquired blood flow, blood volume and saturation measurements to

try and explain the contribution of each of the measured metrics to the post

contractile BOLD signal time course (Towse et al., 2011). The study confirmed

that the BOLD signal is not just related to blood flow, as a weak relationship

was found between peak post contractile anterior tibial artery flow and anterior

tibialis BOLD signal. It was concluded that the post contractile BOLD peak

was dependent on both blood volume and oxygen saturation (Towse et al.,

2011).

Although BOLD MRI studies of skeletal muscles are mostly paradigm

based, interest has been recently shown in assessing skeletal muscles in the

resting state (Zuo et al., 2012). This is because in a clinical setting, patients

tend to have poor health conditions or show physical weakness, making a rest-

ing state approach to examine muscles more tolerable than one that requires

the performance of a task (Zuo et al., 2012). Resting state analysis of BOLD

signals has become a widely applied technique for analyzing brain BOLD sig-

nals (Maxim et al., 2005; Kiviniemi, 2009; Wang et al., 2011). Although nu-

merous methods can be used to examine the resting signal of functional MRI

time series exhibiting BOLD contrast, in recent years, researchers have shown

interest in applying fractal analysis to such time series. Most papers have ex-

amined the fractal nature of the BOLD signal of the brain (Maxim et al., 2005;
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Kiviniemi, 2009; Wang et al., 2011; Warsi et al., 2012). However, BOLD sig-

nals of tumors (Wardlaw et al., 2008) and skeletal muscle (Noseworthy et al.,

2010) have also been investigated using fractals. The fractal method of an-

alyzing biological time series is not a new technique (Schepers et al., 2002);

it has been used in the past decades to characterize electroencephalographic

(EEG) signals (Paramanathan and Uthayakumar, 2008). Fractals do not just

represent dynamic signals (as are many physiological time series), they can

also represent geometrical structures (Lopes and Betrouni, 2009; Kalliokoski

et al., 2003). For instance, the bronchial tree (Goldberger and West, 1987) or

koch’s curve, shown in figure 2.15, both represent fractal structures.

Several methods are available to calculate the fractal dimension (FD)

or the Hurst exponent, H, of a time series (Eke et al., 2000, 2002; Schepers

et al., 2002; Delignières et al., 2005; Lopes and Betrouni, 2009; Eke et al.,

2012) (refer to section 2.3 for a detailed explanation of fractals). They all

rely on the fact that a signal that may seem random can be represented by

a complex pattern of correlations when examined using various time scales.

Thus, such a randomly seeming signal could exhibit self similarity. Assessing

signal complexity, by computing the FD index, has been shown to be useful

in highlighting regions that demonstrate changes in microvascularity, such as
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tumors (Wardlaw et al., 2008) and healthy muscles following moderate exercise

(Noseworthy et al., 2010).

Besides analyzing the BOLD signal using fractals, another technique

to analyze the time series is by looking at the frequency distribution in the

signal. This method was used to assess muscle BOLD data from a patient

affected with compartment syndrome and a lack of physiological signals was

noted in the affected muscle (Noseworthy et al., 2010).
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Chapter 2

Technical Details

Magnetic resonance imaging (MRI) is a technique that produces images

of the body by probing the magnetic properties of certain nuclei. In most

clinical MR imaging, the nucleus of the hydrogen atom is responsible for the

signal that is detected. There are applications where nuclei of other elements,

such as phosphorus or sodium, are used to gain further insight into specific

pathological and physiological conditions. However, since most of the human

body contains water molecules (H2O) and fat chains (-CH2-), the hydrogen

nucleus is abundant in the body. Thus, imaging using the 1H atom is favorable

since it enables strong MR signals to be easily collected from a given region of

interest. It should be noted that most scanners that are available on the market

for clinical use do not come with the additional hardware or software that may

be necessary to image and analyze nuclei other than hydrogen. Therefore,

the following description of MRI will focus on the properties of the hydrogen

nucleus. A discussion of other nuclei is beyond the scope of this thesis and

interested readers are encouraged to look for appropriate textbooks. Most of

the content about MR physics in this chapter has been adapted from (Liang
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and Lauterbur, 2000; de Graaf, 2007; Hashemi et al., 2004; McRobbie et al.,

2003; Bernstein et al., 2004; Prince and Links, 2006).

Although anatomical images are the conventional way to assess disease

status, as such images provide depictions of the structure of the tissue being

examined, functional MR imaging approaches are becoming popular in clinical

settings as they are sometimes able to detect subtle changes within a tissue

and assess abnormalities before they manifest themselves and become visible

on conventional anatomical images. Diffusion tensor imaging (DTI) and blood

oxygen level dependent (BOLD) MRI are two functional imaging techniques

that were investigated in this project, thus an introduction to these approaches

is given in the chapter.

2.1 Basic MRI Physics

2.1.1 Nuclear Properties

MRI is derived from nuclear magnetic resonance (NMR). Thus, an un-

derstanding of the nucleus and its interactions within a magnetic field is es-

sential in order to comprehend how MRI works. The nucleus of a given atom

is made up of a certain number of protons and neutrons. Some of the prop-

erties of these particles are listed in table 2.1. The spin property, which will
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Particle

Property Neutron Proton

Charge (C) 0 1.602×10−19

Mass (kg) 1.6749×10−27 1.6726×10−27

Spin 1/2 1/2

Table 2.1: Some properties of the proton and the neutron.

be denoted by the letter s for a given particle, needs some explanation as it

is not as intuitive as mass or charge. From a classical representation, spin

can be thought of as the physical rotation of a particle about its axis. Since

the components of a given nucleus (the neutrons and protons) each have an

intrinsic spin, s, the nucleus has a net spin that can be described by a nuclear

spin quantum number, I. The general rules for determining the net spin of a

nucleus are given in table 2.2. Nuclei with a zero nuclear spin quantum num-

ber, such as 12C or 16O, are NMR inactive. For the 1H nucleus, which has a

single proton, the associated nuclear spin quantum number is I = 1/2. Other

nuclei with an I = 1/2 are 31P and 13C. 23N is an example of a nucleus with

a spin quantum number of 3/2. Nuclei of the same type, such as a collection

of 1H nuclei, are commonly referred to as a nuclear spin system.

Moving particles possess momentum. Essentially, momentum can be

thought of as the tendency of a particle to continue its motion. Linear mo-
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Nuclear Composition

Mass Number Charge Number Nuclear Spin, I

Even Even 0
Even Odd Integer
Odd Even or Odd Half an integer

Table 2.2: Rules to deduce the nuclear spin, I, based on the mass and charge
numbers of the nucleus of interest. Recall that the mass number is the number
of nucleons (protons and neutrons) whereas the charge number is the number
of protons.

mentum is a vector quantity that is defined as the product of the mass and

velocity for a particle undergoing linear motion. Consequently, spinning par-

ticles have angular momentum. The angular momentum, ~L, associated with

a nuclear spin has a magnitude given by:

L =
h

2π

√
I(I + 1) (2.1)

where h is Planck’s constant (6.626068×10−34 m2kg/s) and I is the nuclear

spin quantum number (see table 2.2).

2.1.2 Nuclei in a Magnetic Field

Nuclei that have nonzero spin are able to interact with a magnetic field.

This is because such nuclei possess a magnetic moment, ~µ. Basically, magnetic

moment describes the magnetic field that is generated by a nucleus. It is known
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Figure 2.1: A spinning charge can be thought of as a small magnet that
generates a magnetic field.

from electromagnetic theory that a moving charge generates a magnetic field.

Thus, a nucleus with a nonzero spin can be classically thought of as a spinning

charged entity that creates a magnetic field (figure 2.1). The magnetic moment

and angular momentum of a given particle are related through:

~µ = γ~L (2.2)

where γ is a nucleus-dependent constant known as the gyromagnetic ratio. For

the 1H nucleus, γ/2π = 42.57 MHz/ T.

In the absence of an external magnetic field, the direction of the mag-

netic moment vectors within a sample is random. If an external magnetic

field, commonly referred to as the ~B0 field, is applied as is done in MRI, the

magnetic moment vectors try to align with the field. Typical clinical MRI

scanners have B0 field strength of 1.5 or 3T. In comparison with the Earth’s

magnetic field (which is approximately 0.05mT), the magnetic field of a 1.5T
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scanner is about 30,000 times stronger. The external magnetic field, ~B0, is

conventionally applied along the z-direction, which is typically along the bore

of the MR scanner. Thus,

~B0 = B0~z (2.3)

Application of ~B0 results in the alignment of the magnetic moment vectors

with the field. However, the magnetic moments only assume a certain set of

orientations because of the laws of quantum mechanics. The z-component of

the angular momentum vector, Lz, is given by:

Lz =
h

2π
m (2.4)

where m is the magnetic moment quantum number and can have 2I+1 values

ranging from -I ≤ m ≤ +I. From equations 2.2 and 2.4, the z-component of

the magnetic moment vector becomes:

µz = γLz = γ
h

2π
m (2.5)

The 2I + 1 orientations that the magnetic moments can assume with respect

to the external magnetic field are such that the angle, θ, between ~µ and ~B0

(see figure 2.2) is given by:

cos θ =
µz
µ

=
m√

I(I + 1)
(2.6)
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Figure 2.2: The angle between the magnetic moment and the applied external
field is defined as θ and is calculated using equation 2.6.

Hence, for nuclei with I= 1/2, like the 1H nucleus, m= ± 1/2 and the nucleus

has two allowed spin states, where the magnetic moment vectors are at θ =

54.74◦ relative to the ± z-axis in the presence of an external magnetic field

(figure 2.3).

Placement of the magnetic moments in an external magnetic field has

thus far resulted in the distribution of the moments at discrete angles, θ, on the

surface of 2I + 1 cones (where for a spin-1/2 system, the spins are distributed

on two cones as seen in figure 2.4). Since ~µ does not perfectly align with the

field, it continues to experience a torque (i.e. a rotating force), given by:

~τ = ~µ×B0~z (2.7)
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Figure 2.3: In the absence of ~B0, the direction of the magnetic moment
vectors is random. Application of a ~B0 field causes the magnetic moments for
I= 1/2 nuclei to align with or against the field at an angle of 54.74◦ relative to
the direction of ±B0.

Figure 2.4: For a spin-1/2 system in the presence of an external field, B0, the
spins precess about the B0 in one of two possible orientations: either parallel or
antiparallel to the field. Although they spin with the same frequency, they are
out of phase with each other (i.e. the precession is incoherent).
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Figure 2.5: The precession frequency of the nucleus, ω0, also known as the
Larmor frequency. For the 1H nucleus and in a 1.5T field, ω0 = 63.86 MHz.

Using equation 2.2, and from the definition of torque, which is the rate of

change of the angular momentum, the equation for the motion of a spin in an

external magnetic field becomes:

d~µ

dt
= γ~µ×B0~z (2.8)

Setting ω0=γB0 and solving the differential equation yields:

µx(t) = µx(0) cos(ω0t) + µy(0) sin(ω0t)

µy(t) = µy(0) cos(ω0t)− µx(0) sin(ω0t)

µz(t) = µz(0)

(2.9)

where µx(0), µy(0) and µz(0) are the initial conditions. Thus, the magnetic

moment precesses around the z-axis (figure 2.5) with a frequency known as

the Larmor frequency, given by:

ω0 = γB0 (2.10)
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2.1.3 Magnetization of a Sample

When a sample or object is placed in an external magnetic field, the

behavior of the spin system is described using a magnetization vector, ~M ,

which is the vector sum of all the individual magnetic moments and may be

referred to as the bulk or net magnetization. Thus,

~M =
N∑
i=1

~µi (2.11)

where N is the total number of magnetic moments. For a spin-1/2 nucleus, the

spins may take one of two possible orientations, parallel or antiparallel, when

placed in an external magnetic field (figure 2.3). Each of these spin states has

an associated energy, E, given by:

E = −µzB0 (2.12)

Using equation 2.5 for µz, the energy of the spins becomes:

E = −γ h
2π
mB0 (2.13)

Since m = ±1/2 for spin-1/2 systems, the two energy levels that a particle

can occupy in the presence of an external magnetic field are:

Em=+1/2 = E↑ = −γ h
4π
B0

Em=−1/2 = E↓ = γ h
4π
B0

(2.14)
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Figure 2.6: For a system with I = 1/2, Zeeman splitting results in two energy
states, where the low energy state corresponds to the parallel orientation of the
magnetic moments with the B0 field.

The energy difference between these two alignment states is referred to as the

Zeeman splitting (figure 2.6) and is calculated to be:

∆E = E↓ − E↑ = γ
h

2π
B0 (2.15)

Whether a spin is aligned in the parallel or antiparallel direction in

the presence of the magnetic field is dependent on the internal energy of the

individual spin. Using the Boltzmann distribution, the population difference

between the two spin states is given by:

N↑
N↓

= exp(
∆E

κT
) (2.16)

where N↑ is the number of spins pointing upwards (in the low energy state), N↓

is the number of spins in the high energy state, κ is the Boltzmann constant
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(1.38×10−23J/K) and T is the absolute temperature. Using expansion and

truncation, equation 2.16 becomes:

N↑
N↓
≈ 1 +

∆E

κT
≈ 1 +

γhB0

2πκT
(2.17)

At body temperature (37◦C = 310.15K) and a field strength of 3T, the ratio of

spins in the low energy state to those in the high energy state can be calculated

to be:

N↑
N↓
≈ 1 +

(42.57× 106Hz/T )(3T )(6.6× 10−34Js)

(310.15K)(1.38× 10−23J/K)
= 1.0000198 (2.18)

The result of equation 2.18 implies that for every million spins in the high

energy state, there are a million and twenty spins in the low energy state. The

small population difference in the spin distribution contributes to an observ-

able net magnetization vector as given by equation 2.11. At equilibrium, this

net magnetization is referred to as ~M0. It can be seen from figure 2.4 that

there is no transverse component of ~M0 at equilibrium because the spins are

out of phase with each other. Thus, ~Mxy=0. The excess fraction of spins in the

low energy state results in a net magnetization that points along the direction

of the applied magnetic field, a longitudinal magnetization, ~Mz. Using equa-
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tions 2.5, 2.11 and 2.17, the magnitude of the net longitudinal magnetization

becomes:

M0 =
NB0γ

2h2

16κTπ2
(2.19)

The small net magnetization vector is on the order of micro tesla. As can

be seen from equation 2.19, the magnitude of M0 depends on the strength of

the external field, the temperature of the object being imaged, and the total

number of spins that are being probed.

2.1.4 RF Excitation

In order to detect an MR signal, the net longitudinal magnetization

vector must be tipped away from the equilibrium position and towards the

transverse plane. By applying an RF pulse, denoted as ~B1(t), ~M0 rotates

towards the xy plane. ~B1(t) oscillates in the radio-frequency range (MHz) and

has a magnetic field strength that is on the order of milli tesla. It is typically

turned on for a short period of time (on the order of micro or milli seconds)

then turned off. From a quantum mechanical description, the applied RF pulse

excites some of the nuclear spins and results in the induction of transitions from

the low energy state to the high energy state. This happens if the energy of

the excitation pulse matches the energy difference between the spin states. In

other words:

~ωrf = ~ω0 (2.20)
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Thus, if the resonance condition (equation 2.20) is met, excitation occurs and

phase coherence is generated between the spins. Macroscopically, application

of the ~B1(t) field, which is perpendicular to the ~B0 field, exerts a torque on

the longitudinal magnetization, resulting in the rotation of ~M0 from the z-

axis and towards the xy-plane. If observed from the stationary frame, the

magnetization vector, which precesses about ~B0 and rotates towards ~B1(t)

will seem to follow a spiral path known as nutation. It is easier to describe the

behavior of the magnetization vector after excitation using a frame that rotates

clockwise with angular frequency ω0. In this frame, following excitation, the

bulk magnetization vector will simply be tipped onto the transverse plane

(figure 2.7).

The RF field that is used to tip the bulk magnetization can be linearly

polarized or circularly polarized. A linearly polarized field is equivalent to two

circularly polarized fields that rotate in opposite directions. However, since

one of the components rotates in the direction opposite to that of the spins, it

does not effect the spin system and it only results in exposing the patient to

more RF energy. The circularly polarized field is given by:

~B1(t) = BA
1 (t)[cos(ωrf t)~x− sin(ωrf t)~y] (2.21)

47



Ph.D Thesis –– Alyaa H. Elzibak –– McMaster University - Med. Phys. & App. Rad. Sci. –– 2014

Figure 2.7: The motion of the bulk magnetization vector following excitation
is complex when viewed from a stationary frame. If viewed from a frame that
rotates at ω0, the magnetization vector is simply tipped into the xy plane as a
result of the RF application.

where BA
1 (t) is the envelope function of the pulse and ωrf is the pulse’s carrier

frequency. Thus, the overall field felt by the spins when the RF pulse is on is

the sum of ~B0 and ~B1(t).

The behavior of the net magnetization vector over time in response to

the applied RF pulse is described using the Bloch equation, given by:

d ~M

dt
= γ ~M × ~B +

M0 −Mz

T1

~z − Mx~x+My~y

T2

(2.22)

where M0 is the net magnetization before the application of the RF pulse and

T1 and T2 are relaxation constants that describe the relaxation of the spin
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system after the RF is turned off. During RF excitation, the relaxation terms

can be ignored. Thus, equation 2.22 becomes:

d ~M

dt
= γ ~M × ~B (2.23)

Since the overall field felt by the magnetization vector when the RF is applied

is the sum of ~B0 (equation 2.3) and ~B1(t) (equation 2.21), the Bloch equation

can be written as:

d ~M

dt
= γ ~M × (BA

1 (t)[cos(ωrf t)~x− sin(ωrf t)~y] +B0~z) (2.24)

In a frame that rotates clockwise with ω relative to the stationary frame,

equation 2.24 becomes:(
d ~M

dt

)
rot

= γ ~M ×
(
BA

1 (t)[cos(ωrf − ω)t~x′ − sin(ωrf − ω)t~y′] + (B0 −
ω

γ
)~z′
)

(2.25)

If the resonance condition is met (equation 2.20), then equation 2.25 becomes:(
d ~M

dt

)
rot

= γ ~M ×BA
1 (t)~x′ (2.26)
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Thus, on resonance excitation results in the precession of the magnetization

vector about the x-axis, where the ~B1(t) field is applied. The solution to

equation 2.26 under initial conditions of Mx′=My′=0 and Mz′=M0 is:

Mx′(t) = 0

My′(t) = M0 sin
(
γ
∫ t

0
BA

1 (t′)dt′
)

Mz′(t) = M0 cos
(
γ
∫ t

0
BA

1 (t′)dt′
) (2.27)

where the flip angle, α (figure 2.8), is defined as

α = γ

∫ t

0

BA
1 (t′)dt′ (2.28)

For a rectangular RF pulse (also referred to as a ”hard” pulse), the flip angle is

equal to γB1T , where B1 is the amplitude of the pulse and T is the duration of

the pulse. An RF pulse that tips the magnetization vector by α◦ is commonly

referred to as an α◦ pulse. Thus, a 90◦ pulse results in the tipping of the

magnetization vector completely onto the xy-plane. If the resonance condition

is not met, then equation 2.25 becomes:(
d ~M

dt

)
rot

= γ ~M ×
(
BA

1 (t)~x′ + (B0 −
ω

γ
)~z′
)

(2.29)

and the magnetization vector precesses about an effective field given by the

bracketed term in equation 2.29.
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Figure 2.8: The magnetization vector is tipped through an angle of α, given
by equation 2.28 due to the application of the B1 field.

Once the magnetization vector has been tipped by the RF pulse towards

the transverse plane, its precession causes a changing magnetic flux, Φ, to be

experienced by the receiver coil. This changing flux induces an electromotive

force, emf , in the coil that surrounds the sample and is given by Faraday’s

law as:

emf = −dΦ

dt
(2.30)

2.1.5 Relaxation Mechanisms

Since the spins begin to return to their equilibrium position after the

RF field is turned off, loss of phase coherence between the spins results in the

exponential decay of the MR signal. Two relaxation processes occur immedi-
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ately after the RF pulse is turned off, referred to as longitudinal and transverse

relaxation.

2.1.5.1 Longitudinal Relaxation

Longitudinal relaxation, which is also known as T1 relaxation or spin-

lattice relaxation, refers to the transfer of RF energy from the spins back to

the surrounding lattice. As the spins lose the deposited energy, they move

from the high energy state back to the lower energy one and a recovery of the

longitudinal magnetization occurs. The change in longitudinal magnetization

is described using:

dMz

dt
=
M0 −Mz

T1

(2.31)

where T1 is the time constant that describes the recovery of the magnetization

to the equilibrium position along the z-axis. Solving equation 2.31 yields:

Mz = M0 + (Mz0 −M0)e
− t
T1 (2.32)

Figure 2.9 shows the recovery of T1.

2.1.5.2 Transverse Relaxation

Transverse relaxation, which is also known as spin-spin relaxation or

T2 relaxation describes the loss of phase coherence that occurs between the

spins after they had been tipped onto the xy-plane. This happens because
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Figure 2.9: T1 recovery curve.

interactions between the spins result in some of the spins experiencing a higher

magnetic field while others experience a lower field. Thus, the precessing

spins eventually fan out and phase coherence is lost. The change in transverse

magnetization over time can be given by:

dMxy

dt
= −Mxy

T2

(2.33)

where T2 is the time constant that describes the decay of the transverse mag-

netization in the xy-plane. Solving equation 2.33 gives:

Mxy = Mxy0e
− t
T2 (2.34)

Figure 2.10 shows the decay of T2. The transverse magnetization does

not only decay due to the spin-spin interactions. Local magnetic field inho-

mogeneities also result in a loss of phase coherence between the spins. T2
∗ is a
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Figure 2.10: T2 decay curve

decay constant that takes into account both intrinsic (spin-spin interactions)

and extrinsic (local field inhomogeneity) effects. T2
∗ is given as:

1

T2
∗ =

1

T2

+
1

T2
′ =

1

T2

+ γ∆B0 (2.35)

T2
∗ decay is thus always faster than T2 decay since it includes magnetic field

inhomogeneity effects in addition to transverse relaxation.

2.1.5.3 T1 and T2 in Tissues

T1 and T2 are inherent properties of the specific tissue and T2 is always

shorter than T1. In biological tissues, these constants are on the order of

milli seconds. Table (2.3) lists values of T1 and T2 for some tissues at 3T.

Since T2 describes spin-spin interactions, molecules with structures that allow

many interactions to occur between their constituents have short T2 values.
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Tissue T1 (ms) T2 (ms)

Skeletal muscle1 1420 ± 38 31.7 ± 1.9
Synovial fluid1 3620 ± 320 767 ± 49

Gray matter2 1331 ± 13 110 ± 2
White matter2 832 ± 10 79.6 ± 0.6
Cerebral spinal fluid3 4163 ± 263

Table 2.3: T1 and T2 values of some tissues measured in humans at 3T. 1Data
from (Gold et al., 2004) (shown are mean ± standard deviation). 2Data from
(Wansapura et al., 1999), showing mean ± standard error. 3Data from (Lin
et al., 2001) (mean± standard deviation).

This is because the close proximity of the spins to each other facilitates quick

dephasing. For example, solids dephase faster than water-based or fat-based

tissues, which dephase faster than fluids. Hence, fluids have longer T2 values.

T1 describes the ability of the spins to exchange their energy with the lattice.

As a general rule, fluids are less efficient at this energy exchange than fat.

2.1.6 Spatial Localization

In order to achieve spatial localization and obtain images from a desired

location within an object, gradients are used in MRI. Gradient coils produce

linearly varying magnetic fields that can be applied along any desired axis.

The magnitude of the gradient is typically on the order of milli Tesla per

meter. Application of a gradient field, ~G, results in a linear distribution of
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the precessional frequency of spins based on their location along the gradient.

The effect of a gradient, ~G, applied along a direction, ~r, on the frequency of

precession is such that:

ω(~r) = γ ~G · ~r (2.36)

2.1.6.1 Slice Selection

The first step in spatial localization is selecting a specific slice or slab

from within the imaged sample. This is achieved using a slice selection gradient

in conjunction with an RF pulse. For instance, when axial slices are acquired,

a gradient is applied along the z-direction, Gz, resulting in variations in the

larmor frequency along the z-axis. This gradient is referred to as the slice

select gradient. The application of an RF pulse of a certain frequency at the

same time as the slice select gradient results in the selection of a slice from

a position along the gradient where the precessional frequency of the spins

matches the RF center frequency. Changing the center frequency of the RF

pulse results in the selection of a slice from a different position. To vary the

slice thickness, gradient strength or RF transmit bandwidth must be changed.

Increasing the gradient strength or decreasing the transmit bandwidth of the

RF result in the selection of thinner slices.
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2.1.6.2 Phase and Frequency Encoding

Following slice selection, spatial localization of the MR signal within a

slice is achieved by applying gradients along the two remaining axes, Gx and

Gy. Pictorially, application of gradients along each of these axes would result

in each voxel within a slice having a unique phase and frequency. However,

this is an oversimplification of the spatial encoding process. To comprehend

how the signal is localized from a slice, it is important to realize that the

raw MR data collected during an imaging session is not the MR image, but

a representation of it in terms of spatial frequencies. These frequencies are

organized in a grid that is referred to as k-space. This space has coordinates

of kx in the horizontal direction and ky in the vertical direction, where the

units of these coordinates are in inverse length (i.e. cm−1). By performing a

2D Fourier transform on the k-space data, the MR image can be reconstructed

and is then displayed on the scanner console.

In order to localize the MR signal from within a slice, gradients have

to be applied in such a way that enough information can be collected to fill

k-space. The rate at which k-space is sampled in the x and y directions is given

by ∆x and ∆y, respectively. Application of a frequency (readout) encoding

gradient while the signal is being collected results in the filling of one line of

k-space. To move the readout to a different row in k-space, a phase encoding
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gradient is applied. The phase encoding gradient has to be incremented during

the imaging sequence so that all of k-space can be filled.

2.1.7 Pulse Sequences

Pulse sequences are timing instructions that layout the steps needed

to manipulate the magnetization within a sample. A pulse sequence diagram

usually shows the various MR components (gradients, RF pulses) that must

be applied at certain times during the scanning session to generate an MR

signal. Two commonly used pulse sequences in MR imaging are the spin echo

and gradient echo sequences.

2.1.7.1 Spin Echo

In a standard spin echo (SE) sequence (figure 2.11), application of a 90◦

RF pulse tips the magnetization vector onto the xy-plane. Due to spin-spin

interactions, a loss of phase coherence results between the spins and thus, the

spins “fan out”. Using a 180◦ RF pulse, spin rephasing is achieved and an echo

(the MR signal) is generated. The interval between the application of the first

RF pulse and the production of the echo is known as the echo time, TE. In

order to be able to acquire all of k-space, the spin echo technique has to be

repeated while varying the phase encoding gradient. TR is the time interval
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Figure 2.11: Pulse sequence for a spin echo along with the corresponding
effect on an ensemble of spins.

between each of the repetitions. In a standard spin echo sequence, one line of

k-space is collected during each TR.

A modification of the conventional spin echo is the fast spin echo (FSE)

sequence. In an FSE sequence, multiple lines of k-space are filled during each

TR. Instead of collecting one echo, a number of echoes (referred to as an echo

train length, ETL) is acquired . For instance, if an ETL of 8 is used, then

8 lines of k-space are gathered. Thus, for an image with 512 phase encoding

steps, the process would only have to be repeated 64 times (i.e. 512/8) as

opposed to 512 times as in the standard SE sequence.
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Figure 2.12: Pulse sequence for a gradient echo along with the corresponding
effect on an ensemble of spins.

2.1.7.2 Gradient Echo

A standard gradient echo (GRE) sequence (figure 2.12) begins with the

application of an excitation RF pulse that typically results in the flipping of

the magnetization vector through an angle of less than 90◦. The use of a small

flip angle allows for fast image acquisition speeds and thus, GRE is commonly

applied when fast imaging is desired. Following excitation, a negative gradient

lobe, referred to as a dephasing or prephasing lobe, is used to dephase the spins.

The application of a readout gradient of opposite polarity results in the spins

becoming in phase and an echo is formed.
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2.1.7.3 Echo Planar Imaging

A very fast and commonly used MR acquisition technique is echo planar

imaging (EPI). This technique is especially useful when monitoring of rapid

physiological changes is needed as is the case with functional imaging. In EPI,

all of the lines of k-space can be acquired during one repetition time (single

shot). However, single shot EPI images usually have lower resolution (less

than 128x128). To collect all of k-space in one shot, EPI relies on the use of

gradients that rapidly oscillate to allow all of k-space to be traversed in a short

time.

2.2 Diffusion Tensor Imaging

Diffusion describes the random microscopic motion that particles un-

dergo when suspended in a fluid. This is sometimes referred to as Brownian

motion, after the botanist Robert Brown who observed the movement of pollen

grains when they were suspended in fluid. Diffusion can be driven by a concen-

tration gradient, where particles move from a region with a high concentration

to one of lower concentration. In this case, Fick’s first law is used to model

the diffusion process such that (de Figueiredo et al., 2011):

J = −D∇C (2.37)
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where J gives the rate of flow per unit area (the flux), D is the diffusion

coefficient and C is the particle concentration. The diffusion coefficient has

dimensions of length2time−1 and is usually expressed in mm2s−1. However it

may sometimes be given in m2s−1 or cm2s−1. The negative sign in the equa-

tion shows that the diffusion goes in the opposite direction of the increasing

concentration.

Although diffusion commonly refers to the movement of particles down

a concentration gradient, diffusion can occur even in the absence of a concen-

tration gradient. In this case, it is referred to as “self diffusion” (Winston,

2012) and the particles’ motion is the result of the thermal energy that they

possess. The Einstein equation describes the rate of diffusion in this case, and

is given by (Mukherjee et al., 2008):

〈R2〉 = 6Dt (2.38)

where 〈R2〉 is the mean squared displacement, t is the diffusion time and D is

the diffusion coefficient. The self-diffusion coefficient of pure water is 2.02 ×

10−3 mm2/s and 2.92 × 10−3 mm2/s at 20 ◦C and 35 ◦C, respectively (Dietrich

et al., 2010).

The inclusion of the diffusive mechanisms into the Bloch equation

(equation 2.22 ) was made by Torrey, and the Bloch equation is sometimes
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referred to as the Bloch-Torrey equation to indicate the addition of diffusion

(Basser and Jones, 2002). Stejskal and Tanner proposed a way to measure the

diffusion coefficient with MRI using a pair of diffusion sensitizing gradients

(de Figueiredo et al., 2011) or motion probing gradients (Mukherjee et al.,

2008). These gradients are also sometimes referred to as the Stejskal-Tanner

diffusion gradients (Dietrich et al., 2010). Figure 2.13 shows a spin echo scheme

with diffusion gradients used to produce diffusion weighted images. Following

excitation, the spins are tipped by 90◦. Application of the first diffusion en-

coding gradient results in the introduction of a phase difference between the

spins, depending on their location along the gradient. When the 180◦ pulse

is applied, it reverses the phase of the spins. Application of the second gradi-

ent then induces a phase shift. For spins that are stationary, the amount of

dephasing and rephasing caused by the gradient lobes is identical and thus,

the transverse magnetization is not affected. For spins that move along the

direction of the gradient, the random motion that they undergo causes them to

move to a different position during the time between the gradients, ∆. When

the rephasing gradient is then applied, the spins experience a different field

than the one that was introduced by the initial dephasing gradient. Thus,

complete refocusing does not occur when the second gradient is applied and

the observed transverse magnetization is decreased, which is the same as say-
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Figure 2.13: Simplified pulse sequence diagram used to capture diffusion. The
b-value depends on the interval between the two gradients, ∆, the duration, δ,
and amplitude, G, of the gradients.

ing that the observed signal is attenuated, resulting in regions of low intensity

where diffusion occurs along the gradient (Hagmann et al., 2006).

The attenuation of the observed signal due to molecular diffusion is af-

fected by some factors (Mori, 2007). These are the timing between the gradi-

ents (∆), the diffusion constant (D) and the gradient duration (δ) and strength

(G). The higher these parameters are (longer time between gradients, larger

diffusion constant, stronger or longer gradients), the larger the observed signal

loss (greater diffusion weighting) due to the corresponding greater amount of

molecular motion (Mori, 2007).

In order to measure the diffusion coefficient along one direction, two MR

acquisitions (at least) are needed. If S0 represents the signal intensity in the

absence of any gradients and S represents the intensity after the application
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of the Stejskal-Tanner diffusion gradients, then signal attenuation (S/S0) can

be written as (Mori, 2007):

S

S0

= e−γ
2G2δ2(∆−δ/3)D (2.39)

where γ is the gyromagnetic ratio, G, ∆ and δ are as defined in figure 2.13

and D is the diffusion coefficient. Equation 2.39 can also be written as:

S

S0

= e−bD (2.40)

where b is known as the b-factor or b-value and is expressed as:

b = γ2G2δ2(∆− δ/3) (2.41)

Taking the natural logarithm of both sides of equation 2.40 gives:

ln(S) = ln(S0)− bD (2.42)

Having measured S and S0, the value of the diffusion coefficient can be deter-

mined by solving equation 2.42 (since b is a parameter of known variables).

In diffusion weighted imaging (DWI), gradients are applied along three

orthogonal directions (x, y, and z) and thus diffusion sensitization is achieved

along the right-left, anterior-posterior and superior-inferior directions (de Figueiredo

et al., 2011). It should be noted that when measurements are made in vivo,

the diffusion coefficient that is measured is referred to as the apparent diffusion
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coefficient, or ADC, as the presence of molecules or cell membranes hinders

the free diffusion of water (Dietrich et al., 2010). Thus, the “apparent” reduc-

tion in diffusion resulting from restricted water motion is what is measured in

vivo (Mori and Zhang, 2006) and in equations 2.39-2.42, D is replaced with

ADC for these measurements.

When diffusion of water molecules is isotropic, as is the case when their

are no restrictions or if the environment contains randomly oriented structures,

the diffusion will be equal along all directions and it can be characterized by

a sphere (figure 2.14) (Mori, 2007). This type of diffusion can be sufficiently

described by one parameter, the diffusion coefficient, as one number is enough

to characterize the shape of a sphere (Mori, 2007). In such a case, regardless

of the direction used for the diffusion sensitizing gradients, areas that exhibit

isotropic diffusion will always exhibit the same signal properties on DW images

and the ADC map will be identical in these regions for every gradient direction

(Mukherjee et al., 2008).

Anisotropic diffusion refers to molecular motion that has a preferred

direction due to the presence of barriers that restrict the free motion (figure

2.14). For tissues exhibiting anisotropic diffusion, the contrast of the gener-

ated ADC map in DW imaging is dependent on the direction of the applied

gradients (Winston, 2012). For instance, if a fiber runs along the left-right
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Figure 2.14: Diffusion can be isotropic (top row), where the molecule moves
freely in all directions and the diffusion is modeled as a sphere. This motion
occurs if the environment is unrestricted or contains random barriers. In the
case of anisotropic diffusion (bottom row), the molecular motion is hindered by
the presence of ordered structures, resulting in a diffusion ellipsoid.

direction (x-axis) and the gradient is applied along this direction, the mea-

sured ADC for this region will be higher than if the sensitizing gradients were

applied along either of the other two directions. This finding that the contrast

of the generated ADC maps in DWI depends on the direction of the applied

gradients and the tissue orientation resulted in the introduction of the diffusion

tensor to represent anisotropic diffusion.
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Anisotropic diffusion is best characterized by an ellipsoid, where the

longest axis corresponds to the direction of the greatest diffusion (figure 2.14).

This type of diffusion can be represented by a diffusion tensor, D given as:

D =


Dxx Dxy Dxz

Dyx Dyy Dyz

Dzx Dzy Dzz

 (2.43)

where the diagonal elements (Dxx,Dyy, Dzz) represent diffusion along the x, y

and z axes and the off diagonal elements contain information about the rota-

tions about these axes (Mori, 2007). Since the tensor is symmetric (Dij= Dji),

only six parameters are needed to characterize it. These require that at least

seven diffusion weighted images are collected. As was seen in equation 2.42, in

order to calculate the diffusion coefficient, D, at least two measurements were

needed. Thus, the six diffusion constants that make up the diffusion matrix,

D, require a minimum of seven diffusion weighted images to be collected. From

the acquired diffusion weighted images, the diffusion tensor can be calculated

using multivariate linear regression (Winston, 2012).

The obtained diffusion tensor has to be transformed to a diagonal ma-

trix, resulting in three eigenvalues given by λ1, λ2, λ3, and their corresponding

eigenvectors, ε1, ε2, ε3 that together characterize the diffusion along an ellip-

siod. The eigenvectors represent the directions of the molecular diffusion with
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ε1 being the primary eigenvector (Mukherjee et al., 2008) as it corresponds

to the principle axis of diffusion. The eigenvalues give the magnitude of the

diffusion along the directions given by the eigenvectors.

Numerous diffusion indices can be calculated from the three eigenvalues.

These include the mean diffusivity, MD, which may also be given as the ADC

and is simply the arithmetic mean of the three eigenvalues:

ADC = MD =
λ1 + λ2 + λ3

3
(2.44)

The MD can also be written as:

MD =
TrD

3
(2.45)

where TrD represents the mathematical sum of the three eigenvalues. Frac-

tional anisotropy, FA, is another commonly used index to characterize diffu-

sion. It scales between zero and one, where zero represents the case of perfect

isotropic diffusion as in a sphere (λ1 = λ2 = λ3). An FA of one represents

diffusion along only the principle eigenvector (Mukherjee et al., 2008) as in a

cylinder (λ1 � λ2 = λ3). The FA is calculated using:

FA =

√
3

2

√
(λ1 − λm)2 + (λ2 − λm)2 + (λ3 − λm)2

λ2
1 + λ2

2 + λ2
3

(2.46)
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where λm is the mean of the eigenvalues (equations 2.44 - 2.45).

2.3 Blood Oxygen Level-Dependent Imaging

BOLD (blood oxygen level-dependent) imaging relies on the oxygena-

tion status of the hemoglobin molecule as its endogenous contrast. Unlike

the diamagnetic oxygen-bound hemoglobin molecule, oxyhemoglobin (oxyHb),

deoxyhemoglobin (deoxyHb) is paramagnetic. Thus, the presence of deoxyHb

results in local field distortions that can be detected in the MR signal. The

ratio of oxyHb to deoxyHb in a given region is influenced by numerous fac-

tors including blood flow, blood volume, oxygen extraction and metabolism

(Partovi et al., 2012).

Numerous methods are available to analyze the BOLD signal collected

during an MR imaging session. In task based studies that evaluate the BOLD

response before and after the subject is exposed to a stimulus, a fit is usually

made between the collected BOLD signal and the predicted hemodynamic re-

sponse function. This hypothesis driven approach requires an idealized wave-

form to be developed so that it can be used to model the response.

Another way of analyzing the BOLD signal is by evaluating the various

characteristics of the signal’s time course, as is done in studies that use cuff
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compression for instance (Partovi et al., 2012; Jacobi et al., 2012). These

characteristics could include the time it takes the signal to peak after the

paradigm or the maximal BOLD signal reached (see figure 1.5). The collected

BOLD time course can be analyzed manually by an operator or a model can

be fit to the signal, allowing for the extraction of the various characteristics

(Schewzow et al., 2012).

Recently, BOLD signals have been analyzed using fractal methods

(Maxim et al., 2005; Wardlaw et al., 2008; Kiviniemi, 2009; Noseworthy et al.,

2010; Wang et al., 2011). Fractal interpretation is a way of examining the

complex fluctuations that such waveforms might exhibit, providing new in-

sight into the underlying phenomena governing the signals.

To characterize a fractal structure, the dimension of the fractal is mea-

sured as it gives an indication of how the shape occupies space. Fractals

have a fractional or noninteger dimension (Goldberger and West, 1987), un-

like Euclidean structures that are characterized by integer dimensions. Thus,

the dimension of Koch’s curve (figure 2.15), which is an example of a frac-

tal structure, is between that of a line (dimension =1) and that of a square

(dimension =2).

A geometrical fractal, although a complex seeming structure, is actually

the result of repetitive application of a certain algorithm. The second iteration
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Figure 2.15: Koch’s curve is an example of a geometrical fractal with a
dimension of 1.26189. Shown are four iterations of the curve. At each iteration,
replacement of the shape in step one in place of the line segments produces the
curve of the next iteration.
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of Koch’s curve (figure 2.15), for instance, can be produced by starting with

the initial shape (the generator or stage 1 of figure 2.15) and replacing each

line segment with the generator. Subsequent generations can be produced by

repeating this process.

Structures that exhibit fractal properties can be classified as being exact

fractals or statistical fractals (Eke et al., 2002). Exact fractals are made of

elements that are rescaled replicas of the whole shape, like Koch’s curve (figure

2.15). Statistical fractals, on the other hand, do not look like exact reduced

copies of the large shape, but exhibit statistical properties similar to those of

the large shape, as do most biological signals showing fractal characteristics

(Eke et al., 2002).

Several methods are available to compute the fractal dimension (FD)

or the Hurst exponent, H, of a signal (Eke et al., 2000, 2002; Schepers et al.,

2002; Delignières et al., 2005; Lopes and Betrouni, 2009; Eke et al., 2012). H

and FD are related through (Bassingthwaighte et al., 1994):

FD = 2−H (2.47)

Fractal analysis methods have been recently evaluated and it was demonstrated

that a signal classification step must proceed the application of fractal analysis

to ensure that the signal can be appropriately analyzed (Eke et al., 2000, 2002).
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In all fractal techniques, the idea is that a randomly seeming signal may

contain a complex pattern of correlations when examined using various time

scales, thereby exhibiting self similarity. All fractal analysis methods have

a set of common steps, although each approach may use a slightly different

algorithm to evaluate the signal (Lopes and Betrouni, 2009). In any of the

fractal techniques, certain properties of the signal (P ) are first examined at

various measurement scales (S). A power law scaling relationship defines all

fractals such that:

P ∝ Sξ

P = cSξ
(2.48)

where ξ is a negative scaling exponent and c is the proportionality constant

(Eke et al., 2002). A plot of the logarithm of the examined property (logP )

versus the logarithm of the scale (logS) then reveals a linear trend according

to:

logP = log c+ ξ logS (2.49)

By fitting a regression line through the plotted points, the slope of the line

(ξ) allows for an estimation of the fractal dimension of the signal (Eke et al.,

2002).

In order to apply the appropriate fractal analysis technique to a sig-

nal, the signal must first be classified using a dichotomic model (Eke et al.,
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2000, 2002). In this model, a distinction is made between processes that are

defined as fractional Brownian motions (fBm) and those that represent frac-

tional Gaussian noise (fGn) (Eke et al., 2000). An fBm signal is one whose

variance is not constant and increases with time, thereby making the signal

nonstationary (Eke et al., 2002). An fGn signal, on the other hand, is a sta-

tionary signal whose variance is constant over time. Signals in physiology are

generally classified as fBm as they tend to be nonstationary (Eke et al., 2002).

Fractal analyses can be applied to the collected data either in the fre-

quency domain or in the time domain (Eke et al., 2002). The frequency domain

approach is a simple one, requiring the fast Fourier transform of the signal to

be computed, from which the power spectral amplitude, |A|, can then be de-

termined. For a fractal signal,

|A|2 ∝ 1
fβ

|A|2 = c
fβ

(2.50)

where f is the frequency, β is referred to as the spectral index and c is the

proportionality constant (Eke et al., 2002). Plotting the logarithm of the

squared amplitude against the logarithm of the frequency should reveal a linear

fit in the case of a fractal signal. The negative of the fitted slope is then a
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measure of the spectral index. The FD can be obtained from the spectral

index using:

FD = 2− (β+1)
2

for fGn signals

FD = 2− (β−1)
2

for fBm signals

(2.51)

Although this method is sometimes used in literature to find the fractal dimen-

sion of a signal, the technique is not accurate (Iyengar et al., 1996; Eke et al.,

2000). Thus, preprocessing steps have been proposed to improve the accuracy

of this frequency domain approach (Eke et al., 2000). These steps include

removing the mean of the series from the value of each time point and then

applying a parabolic window. End matching (or bridge detrending) follows,

where the line connecting the first and last points of the signal is removed from

the data (Eke et al., 2000). By applying these steps, a fractal signal should

show a linear trend on a double logarithmic plot. If this pattern persists over

a two decade range, fractal analysis should be undertaken (Eke et al., 2000).

The first step in fractal analysis, after observing a non-zero β exponent

on a log-log plot of the squared fourier amplitude versus frequency is to de-

termine β̂. This spectral index is obtained by excluding high frequencies (f >

1/8) when fitting for β. The preprocessing steps and the inclusion of only low

frequencies in the fit have been given the term lowPSDwe (Eke et al., 2000).

The next processing steps depend on the obtained value for β̂, as shown in
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figure 2.16. If β̂ is between -1 and 0.38, then the signal is classified as fGn and

the appropriate method of finding FD (or the Hurst exponent, H) is by using

dispersional analysis (Eke et al., 2000). This method involves reshaping the

signal, or X(t), by binning adjacent points into groups. For each grouping (of

size n) the mean is calculated. The standard deviation of all the group means,

σ is then computed and obeys the relation (Eke et al., 2002):

σ ∝ nH−1

σ = cnH−1

(2.52)

where c is a proportionality constant and H is the Hurst exponent (FD=2-H).

Taking the logarithm of both sides of equation 2.54 gives:

log σ = log c+ (H − 1) log n (2.53)

Thus, on a double logarithmic plot of σ versus n, the slope represents H-1,

from which H or FD can be easily determined.

If, on the other hand, β̂ is between 1.04 and 3 (figure 2.16), the signal

is classified as fBm and the appropriate method of finding H (or FD) is us-

ing bridge detrended scaled windowed variance, bdSWV, analysis (Eke et al.,

2000). Scaled windowed variance begins by dividing the signal into non over-

lapping segments, as is done in the dispersional method. For each grouping
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Figure 2.16: Flow chart showing the analysis steps once a signal has been
determined to be fractal, according to the procedure of Eke and colleagues
(Eke et al., 2000). Depending on the obtained value of β̂ from the lowPSDwe

technique, the signal may be classified as fGn or fBm. For an fGn signal,
dispersional (Disp) analysis can be used to compute the fractal dimension. For
an fBm signal, the fractal dimension is calculated using the bridge detrended
scaled windowed variance (bdSWV) method. If a signal falls in the middle
region, signal summation conversion (SSC) has to be used to find the class of
the signal and then perform the appropriate analysis.

(of size n) the standard deviation is calculated. The average of all of the group

standard deviations, σ̄, is then computed and obeys (Delignières et al., 2005):

σ̄ ∝ nH

σ̄ = cnH
(2.54)

where c is a proportionality constant and H=2-FD. Eke recommends bridge

detrending the signal before applying the scaled windowed variance analysis

(Eke et al., 2000).

Finally, If β̂ falls in the middle region between that of fGn and fBm,

the signal must first be converted using a signal summation conversion (SSC)
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process (Eke et al., 2000). This requires cumulatively summing the original

signal, x(t), to obtain the summed signal, Y (t):

Y (tN) =
N∑
i=1

x(ti) (2.55)

The bdSWV method is then applied to the summed signal and based on the

value H ′ (the computed slope obtained from the double logarithmic plot of

σ̄ versus n), the signal can be classified as fGn or fBm (figure 2.16). If H ′ is

smaller than 0.8, the signal is fGn and disperional analysis may be used to find

the fractal dimension. If, on the other hand, H ′ is greater than 1, the signal is

classified as fBm and bridge detrended scaled windowed variance can be used

to analyze it. If the signal does not belong to either of these two classes, then

the above approaches can not be used to determine the fractal dimension, as

they require the signal to be first classified. In such a case, techniques that

are class-independent may be used (Eke et al., 2002).
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Chapter 3

Problem Definition and Thesis
Objectives

Diffusion tensor imaging (DTI) allows for the assessment of skeletal

muscle microstructure non-invasively by probing the diffusion of water molecules.

Blood oxygen-level dependent (BOLD) imaging provides information about

tissue oxygenation using deoxyhemoglobin as its endogenous contrast agent.

In the lower limb, DTI and BOLD investigations are most commonly applied

to study the calf region. This thesis had four objectives that were centered

around understanding baseline DTI and/or BOLD values in the lower limb

(calf and foot muscles) of healthy subjects.

DTI studies of the calf have been performed by numerous groups. Ear-

lier studies were set out to establish a normative range of DT metrics in healthy

populations and to characterize the diffusive properties of the calf muscles. DT

indices have also been shown to be sensitive to many factors that affect muscle

microstructure, including exercise, diseases and changes in ankle positioning,

as has been described in section 1.2. BOLD studies of the calf provide insight

into muscle oxygenation and can aid in understanding the functional status of
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muscle tissue. A number of parameters have been shown to impact the BOLD

response in skeletal muscle, including vascular volume, oxygen consumption

and blood flow, as has been described in section 1.3.

Even though DTI indices in the calf have been shown to alter in re-

sponse to various ankle positions, no studies exist in literature that evaluate

whether DTI metrics are modified due to movement from upright to supine po-

sition. In addition, there is no reported data on the effect of position changes

on BOLD signal characteristics. A search through the literature reveals that

a few studies try to standardize posture before data collection. Some BOLD

studies that investigate muscle tissue oxygenation using ischemia-hyperemia

set-ups tend to mention a resting time of five to fifteen minutes in the supine

position before MR scanning (Partovi et al., 2012, 2013). Also, one BOLD

study assessing the post contractile BOLD response reported a twenty minute

supine rest before data acquisition(Slade et al., 2011). Some imaging protocols

that examine muscle cross sectional area report a one hour resting period in

the supine position (Trappe et al., 2001).

The first objective of the thesis was to investigate whether calf muscle

microstructure, as measured by DTI metrics (eigenvalues, FA and ADC), is

sensitive to postural manipulation involving movement from standing to re-

cumbent position. The second objective of the thesis was to examine whether
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resting BOLD signal characteristics (signal intensity, standard deviation, frac-

tal dimension (FD) and underlying frequency components) are modified by

the same postural change. To test these speculations, we measured DTI and

BOLD signal metrics in the calf during an initial imaging session that fol-

lowed upright posture (baseline) and during two consecutive imaging sessions

at thirty and sixty minutes of supine rest. We hypothesized that these indices

would differ between the three measurement sessions, because position-related

changes in fluid volume distributions (Thompson et al., 1928; Hagan et al.,

1978; Maw et al., 1995) have been previously reported. In addition, measur-

able changes have been noted in leg volume and muscle cross sectional area

with posture (Waterfield, 1931; Berg et al., 1993; Conley et al., 1996).

To our knowledge, the effect of supine rest on calf muscle DTI and

BOLD indices has not been previously investigated. It seems that some re-

searchers are aware of the fact that postural changes influence the distribution

of body fluids and attempt to standardize posture by having the subjects lay

in the supine position for a predetermined time period (ranging from five min-

utes to an hour). However, no study has formally investigated the response of

BOLD and DTI indices to postural manipulation.

The third objective of the thesis was to examine foot muscles of healthy

subjects using diffusion tensor imaging. This is because lower limb DTI studies
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have only been performed in the thigh and calf region. However, foot tissue

is known to be compromised by a number of diseases (Greenman et al., 2005;

Hulsman et al., 2009). Since DTI has not been performed in this body region,

it is necessary to establish diffusion metrics (eigenvalues, FA and ADC) in a

disease free population so that the technique can later be extended to foot

muscles affected by various pathologies.

Based on the results of the first objective of the thesis, mainly that 34

minutes of supine rest seemed to be necessary to allow DTI indices to stabilize

and that the BOLD signal did not seem to be sensitive to small differences in

muscle use between the two postural states, the final objective of the thesis

was to investigate whether diffusion tensor metrics of the foot were altered

in response to movement from standing to supine position. In this fourth

investigation, we measured DT indices in foot muscles at baseline and at 34

minutes of supine rest.

3.1 Summary of Objectives

The objectives of the thesis can be summarized into the following four

main components, where each imaging experiment is carried out in young,

healthy subjects:
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• Examination of whether DT metrics (eigenvalues, ADC and FA) are

modified in calf muscles (anterior tibialis, posterior tibialis, soleus, me-

dial gastrocnemius, and lateral gastrocnemius) in response to movement

from upright to supine position by tracking the metrics for an hour after

posture change.

• Investigation of whether BOLD metrics (mean signal intensity, stan-

dard deviation, fractal dimension, underlying frequency components) are

modified in calf muscles (anterior tibialis, posterior tibialis, soleus, me-

dial gastrocnemius, and lateral gastrocnemius) following posture change

from standing to the supine position.

• Examination of foot muscles (quadratus plantae, abductor hallucis, flexor

hallucis brevis, flexor digitorum brevis, and abductor digiti mini) using

diffusion tensor imaging to establish a normal range of DT indices in this

region of the body in healthy subjects.

• Assessment of whether DTI metrics (eigenvalues, ADC and FA) in foot

muscles (quadratus plantae, abductor hallucis, flexor hallucis brevis,

flexor digitorum brevis, and abductor digiti mini) are affected by move-

ment from upright to supine posture.
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Chapter 4

Assessment of Diffusion Tensor
Imaging Indices in Calf Muscles
Following Postural Change from
Standing to Supine Position

Alyaa H. Elzibak, B.Sc., M.Sc., Michael D. Noseworthy, Ph.D., P.Eng.

4.1 Context of the Paper

Diffusion tensor imaging (DTI) has been shown to be sensitive to mi-

crostructural changes in skeletal muscles. Many groups have used the tech-

nique to investigate water diffusivity changes that arise from various ankle

positions (Deux et al., 2008; Hatakenaka et al., 2008; Schwenzer et al., 2009;

Okamoto et al., 2010; Sinha and Sinha, 2011; Sinha et al., 2011) or accompany

muscle injuries (Zaraiskaya et al., 2006; Heemskerk et al., 2006, 2007; Qi et al.,

2008). Changes in posture have been reported to modify fluid distributions in

the body (Thompson et al., 1928; Hagan et al., 1978; Maw et al., 1995) and

affect limb measured quantities such as volumes and cross sectional area (Wa-

terfield, 1931; Berg et al., 1993; Conley et al., 1996). In this manuscript, we
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used DTI to examine water diffusivity changes in calf muscles that accompany

movement from upright to supine position.
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4.3.1 Abstract

Object: To investigate whether postural change from erect to recumbent posi-

tion affects calf muscle water diffusivity.

Materials and Methods: Ten healthy adults (27.2 ± 4.9 years, 3 females) were

imaged at baseline (following assumption of recumbent position), and after 34

min (session 2) and 64 min (session 3) of laying supine within a 3T MRI scan-

ner. Diffusion tensor imaging (DTI) eigenvalues, fractional anisotropy (FA)

and apparent diffusion coefficient (ADC) were evaluated in five calf muscles

(anterior and posterior tibialis and triceps surae) during each of the three

imaging sessions.

Results: Significant decreases were observed in all of the eigenvalues and ADC

in each of the muscles with postural change. These reductions ranged from

3.2 to 6.7 % and 3.4 to 7.5 % for the various DTI metrics, following 34 and

64 min of supine rest, respectively (P <0.05). No significant differences were

noted in ADC or eigenvalues between the second and third imaging sessions

for any muscle. FA did not change significantly with postural manipulation in

any muscle compartment.

Conclusion: DTI indices were altered with postural change. As differences

were not apparent between the latter two imaging sessions, we suggest a short
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supine resting period (∼34 min) is sufficient for muscle diffusivity to stabilize

prior to quantitative MR imaging in healthy young adults.

Keywords: Diffusion tensor imaging (DTI), Skeletal muscle, Supine posture

.
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4.3.2 Introduction

Considerable interest has been shown in investigating skeletal muscle

microstructure noninvasively using diffusion tensor imaging (DTI). DTI pro-

vides information about tissue structure by probing the diffusion of water

molecules using diffusion encoding gradients. Due to the anisotropic structure

of skeletal muscle fibers, various groups have used DTI to study healthy calf

muscles [1-11]. DTI has also been applied to evaluate calf muscle injuries [12]

and thigh muscle disruptions due to eccentric exercise [13]. To describe the

diffusivity of water within a given region of interest (ROI), a number of dif-

fusion indices can be calculated from the diffusion tensor dataset [14]. These

include three eigenvalues (λ1, λ2, λ3) that provide information about diffusion

magnitude along a given direction (represented by eigenvectors), fractional

anisotropy (a combined metric of all three eigenvalues that describes the shape

of the diffusion ellipsoid) and the apparent diffusion coefficient or the mean

diffusivity (ADC or MD).

Although some groups have assessed the reproducibility of DTI metrics

in the calf by investigating the changes that accompany ankle positioning [6,

7], no study has looked at whether DTI indices (eigenvalues, ADC or FA) are

altered with movement from the erect to the recumbent position. Changes

in posture from standing to supine are known to influence the distribution of
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body fluids [15-17]. Specifically, upon assuming a horizontal position, increases

in intravascular volume are observed [15,16] that are likely due to movement

of fluid from the interstitial space into this compartment [15]. Shifts in bodily

fluids due to postural manipulations are accompanied by alterations in limb

volumes [18-20] and are known to influence the measured skeletal muscle cross-

sectional area (CSA) [19, 20]. Calf muscle CSA change due to supine rest has

been previously investigated using computed tomography (CT) and magnetic

resonance imaging (MRI) [19, 20]. It has been suggested that a resting period

of an hour might be necessary [19] before assessment of lower limb muscle CSA

to ensure effects of fluid shift can be minimized. Thus, many protocols that

investigate thigh or calf muscle CSA require subjects to remain in a horizontal

position for sixty minutes before conducting the study [21].

Besides studies that evaluate muscle CSA, standardization of posture

is also done in some blood oxygen-level dependent (BOLD) MR studies [22-

24]. Vascular filling and draining have been shown to affect BOLD contrast

during post ischemia reactive hyperemia protocols of the calf muscles [25].

Thus, studies that probe muscle tissue oxygenation using ischemia-hyperemia

BOLD paradigms usually report a 5-min resting time in the supine position

before data collection [23, 24]. To our knowledge, the effect of supine rest on

calf muscle DTI indices has not been previously investigated. Since postural
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changes are known to influence the distribution of body fluids, the goal of this

work was to assess the response of DTI indices (eigenvalues, FA and ADC)

to postural manipulation. We studied DTI metrics in calf muscles at baseline

(immediately following assumption of supine rest) and at 34 min and 64 min

of supine rest.

4.3.3 Materials and methods

4.3.3.1 Subjects and experimental design

Ten healthy adult subjects between 22 and 37 years of age (mean ±

SD: 27.2 ± 4.9 years, 3 females) took part in this study, approved by our

institutional review board. Participants were asked to fast for at least 4 h

prior to the study. All images were acquired while subjects lay in a supine

position. Subjects were instructed to remain still during the scanning session.

The calf muscles of the subject’s dominant leg were positioned feet first within

the coil in such a way as to avoid restricting any blood vessels. Leg dominance

was self-reported by each subject. A wooden footrest (Fig. 4.1) was used to

immobilize the foot and ensure the subject’s ankle was in a neutral position for

all scans. Data were collected from the region with the largest calf diameter,

approximately at 66% of the tibia length (from the distal end). This region

was visually selected after scout images were acquired of the calf.
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Figure 4.1: Wooden footrest used to suspend the calf muscles (arrow). Each
foot is placed on the designated spot within the footrest and an 8-channel knee
coil (shown in front of the footrest) surrounds the thickest part of the calf of
the dominant leg.
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Immediately following arrival to the imaging centre, subjects were asked

to change into a cotton hospital gown and positioned on the MRI table. Fol-

lowing baseline MRI measurements (session 1), images were acquired at 34

min (session 2) and 64 min (session 3) of supine rest. Subjects remained on

the imaging table in the MRI scanner during the entire imaging study, with

their leg in the immobilizing footrest. The MRI table was also not moved for

the duration of the experiment. This helped ensure that the subjects were

positioned in the same location for all image acquisitions.

4.3.3.2 Magnetic resonance imaging

Imaging was performed using a 3.0T MRI system (MR750, GE Health-

care, Milwaukee, WI) and an eight-channel phased array knee coil. High con-

trast, T1-weighted axial anatomical images were collected using a Fast Spin

Echo (FSE) sequence with the following parameters: TE/TR= 14.9/707ms,

5mm slice thickness, 0mm gap, FOV=16cm, 320x320 matrix, 20 slices, Echo

Train Length (ETL)=4, scan time=2.05 minutes. Subsequent DTI images

were collected from the same anatomical location as theT1-weighted images.

Diffusion weighted images were acquired using a dual spin spin-echo

EPI sequence with the following parameters: 15 optimized diffusion encoding

gradients, b value = 400 s/mm2, ASSET factor = 2, TE/TR= 68.8/6000ms,
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Table 4.1: The fifteen gradient directions used in the DTI acquisition

Gradient Gradient directions (Dx, Dy,
Dz)

1 (1,0,0)
2 (0.643, 0.766, 0)
3 (0.258, 0.307, 0.916)
4 (0.745, -0.594, 0.303)
5 (0.164, -0.507, 0.846)
6 (-0.796, -0.321, 0.513)
7 (0.761, 0.427, 0.489)
8 (-0.506, 0.833, 0.224)
9 (0.667, -0.158, 0.728)
10 (0.128, 0.959, 0.254)
11 (-0.178, -0.898, -0.403)
12 (0.255, -0.590, -0.767)
13 (0.340, -0.736, 0.585)
14 (-0.801, 0.329, 0.501)
15 (0.336, 0.043, -0.941)

5mm slice thickness, 0mm gap, FOV=16cm, 64x64 matrix, 20 slices, 4 NEX,

total scan time=6.08 minutes. The fifteen diffusion gradients that were applied

are listed in Table 4.1. To calculate the diffusion tensor, one b = 0 s/mm2

image was also collected. Each NEX was acquired separately so eddy current

and motion correction could be applied before merging and subsequent tensor

calculation (details below).
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4.3.3.3 Data analysis

Even though all the volunteers were healthy young adults, prior to anal-

ysis, images were visually inspected to rule out any subclinical gross pathology.

DTI derived metrics (eigenvalues, ADC and FA) were investigated in five calf

muscles: the triceps surae (the two heads of the gastrocnemius and the soleus)

and the anterior and posterior tibialis (Fig. 4.2). Analysis was completed of-

fline using a home-developed Bourne-again shell (BASH) script that calls the

FMRIB Software Library, FSL [26], analysis tools. An affine transform was

employed to correct for eddy current distortion using the FSL eddy correct

function, which is based on the FMRIB’s Linear Image Registration Tool,

FLIRT [27]. FLIRT was also was employed for motion correction. Both eddy

current and motion correction were applied with the reference being the b=0

s/mm2 image of the first NEX. Calculation of the diffusion tensor followed

eddy current and motion correction and was done using the analysis of func-

tional neuro-images (AFNI) software [28]. At each voxel, diagonalization of

the tensor produced the eigenvalues (λ1, λ2, λ3). ADC and FA were then

computed as:

ADC =
λ1 + λ2 + λ3

3
(4.1)
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FA =

√
3

2

√
(λ1 − 〈λ〉)2 + (λ2 − 〈λ〉)2 + (λ3 − 〈λ〉)2

λ2
1 + λ2

2 + λ2
3

(4.2)

where 〈λ〉 represents the mean of the three eigenvalues.

A single slice (at the thickest part of the calf) was analyzed for each

subject, at each time point (i.e. identical slice over the three time points). Re-

gion of interest drawing and extraction of DTI measures was done using AFNI

[28]. Care was taken to exclude blood vessels and fat when drawing ROIs,

as non-muscle tissues have been shown to have different diffusion properties

[29-31].

4.3.3.4 Statistical analysis

One-way repeated measures analysis of variance (ANOVA) was used

to determine whether each of the investigated MRI metrics varied across

time. Statistical significance level was defined as P<0.05. If significance was

achieved, the main effects were further examined using the Tukey honestly

significant difference (HSD) post hoc test. Statistical analyses were performed

using GraphPad Prism (Version 5.0c, GraphPad Software Inc., La Jolla, CA).
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Figure 4.2: Axial T1-weighted image showing the calf muscles investigated in
this study: anterior tibialis (ANT), posterior tibialis (POST), soleus (SOL), me-
dial gastrocnemius (MG) and lateral gastrocnemius (LG). In the upper corner,
a sagittal localizer is shown, from which twenty axial slices were prescribed.
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4.3.4 Results

The average eignevalues from each muscle group over the three consec-

utive imaging time points are shown in Fig. 4.3a-c. With regards to λ1 (Fig.

4.3a), the mean over all subjects was 2.17±0.02 (SE) × 10−3 mm2/s in the

anterior tibialis muscle at baseline. There was a marked decrease (P < 0.05)

in this value by 3.6±1.2% and 4.6±1.4% following 34 minutes and 64 min of

supine rest, respectively. However, no significant change was observed between

the latter two imaging times. A similar pattern was found in the remaining

four muscle groups, as well as the two other eignvalues (Table 4.2).
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Figure 4.3: a The mean of the first eigenvalue, λ1, for each of the five calf
muscles at the three imaging sessions. Vertical error bars represent the standard
error among subjects. *Significant reductions (P< 0.05) were observed between
baseline (i.e. session 1) and 34 min of supine rest and between baseline and 64
min of supine rest. We did not see any measurable changes between the latter
two imaging sessions. (ANT anterior tibialis, POST posterior tibialis, SOL
soleus, MG medial gastrocnemius, LG lateral gastrocnemius). b The averaged
second eigenvalue, λ2 (n=10 subjects, error bars represent SE) for all muscle
groups following 34 and 64 min of supine rest. *Significant decreases (P<0.05)
between baseline and 34 min of supine rest and between baseline and 64 min of
supine rest were noted for all muscles. (ANT anterior tibialis, POST posterior
tibialis, SOL soleus, MG medial gastrocnemius, LG lateral gastrocnemius). c
The mean of the third eigenvalue, λ3, for each of the five calf muscles at the
three imaging sessions. Vertical error bars represent the standard error among
subjects. *Significant reductions (P<0.05) were observed between baseline (i.e.
session 1) and 34 min of supine rest and between baseline and 64 min of supine
rest. (ANT anterior tibialis, POST posterior tibialis, SOL soleus, MG medial
gastrocnemius, LG lateral gastrocnemius)
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Figure 4.4 shows the mean ADC values from all muscle groups at base-

line and for the imaging sessions starting at 34 and 64 min of supine rest. As

with the eigenvalues, marked decreases (P < 0.05) were observed in the ADC

following 34 and 64 min of supine rest (Table 4.2). In addition, no significant

changes were observed in ADC between the second and third imaging sessions

for any muscle assessed.

The mean FA values in each muscle group for the three imaging sessions

are shown in Fig. 4.5. At baseline, average FA over each muscle was 0.22 ±

0.01 (anterior tibialis), 0.23± 0.01 (posterior tibialis), 0.22± 0.01 (soleus), and

0.26 ± 0.01 and 0.25 ± 0.01 (medial and lateral gastrocnemius, respectively).

The FA did not show any significant changes with time of supine posture for

any muscle investigated (anterior tibialis P=0.91; posterior tibialis P=0.87;

medial gastrocnemius P=0.07; lateral gastrocnemius P=0.33; soleus P=0.31).

4.3.5 Discussion

The goal of our study was to investigate whether postural change from

standing to supine position affects the observed DTI metrics in calf muscles.

To that end, we measured DTI indices (eigenvalues, FA and ADC) at baseline

(immediately following assumption of recumbent position) and at 34 min and

64 min of supine rest. We observed significant decreases in all of the eigenvalues
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Table 4.2: Baseline eigenvalues and ADC (mean ± SE × 10−3 mm2/s; n=10
subjects) for all muscle groups and % decrease in baseline value following 34
and 64 min of supine rest

Baseline % decrease fol-
lowing 34 min
of supine rest

% decrease fol-
lowing 64 min
of supine rest

Anterior tibialis
λ1 2.17 ± 0.02 3.6 ± 1.2 4.6 ± 1.4
λ2 1.68 ± 0.02 3.7 ± 0.9 4.2 ± 1.3
λ3 1.43 ± 0.01 3.2 ± 0.9 4.6 ± 0.8
ADC 1.74 ± 0.01 3.5 ± 1.0 4.5 ± 1.1
Posterior tibialis
λ1 2.24 ± 0.05 4.0 ± 1.0 3.4 ± 1.4
λ2 1.68 ± 0.03 4.3 ± 1.2 3.6 ± 1.2
λ3 1.43 ± 0.04 4.2 ± 1.3 3.9 ± 1.2
ADC 1.78 ± 0.04 4.1 ± 0.9 3.6 ± 1.2
Soleus
λ1 2.14 ± 0.04 6.1 ± 1.6 5.3 ± 1.1
λ2 1.61 ± 0.02 4.3 ± 1.4 3.7 ± 1.2
λ3 1.41 ± 0.02 5.2 ± 1.5 5.6 ± 1.6
ADC 1.72 ± 0.03 5.3 ± 1.4 4.9 ± 1.1
Medial gastrocnemius
λ1 2.20 ± 0.04 5.4 ± 1.9 4.8 ± 1.6
λ2 1.47 ± 0.03 6.0 ± 1.7 5.7 ± 1.0
λ3 1.37 ± 0.03 6.6 ± 2.0 7.5 ± 0.9
ADC 1.68 ± 0.03 5.9 ± 1.8 5.8 ± 1.1
Lateral gastrocnemius
λ1 2.13 ± 0.04 6.1 ± 0.9 6.4 ± 1.2
λ2 1.56 ± 0.03 6.7 ± 1.5 6.6 ± 1.7
λ3 1.29 ± 0.02 5.4 ± 1.6 4.5 ± 1.2
ADC 1.66 ± 0.03 6.2 ± 1.1 6.0 ± 1.2

Significant decreases between baseline and 34 min and between baseline and 64
min (P<0.05) were noted. However, no significant change was observed between
the latter two imaging times
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Figure 4.4: The averaged ADC (n=10 subjects, error bars represent SE)
for all muscle groups following 34 and 64 minutes of supine rest. *Significant
decreases (P< 0.05) between baseline and 34 minutes of supine rest and between
baseline and 64 minutes of supine rest were noted for all muscles. (ANT anterior
tibialis, POST posterior tibialis, SOL soleus, MG medial gastrocnemius, LG
lateral gastrocnemius).
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Figure 4.5: The mean FA for each of the five calf muscles at the three imaging
sessions. Vertical error bars represent the standard error among subjects. No
significant changes were observed in FA for any muscles (anterior tibialis P=0.91;
posterior tibialis P=0.87; medial gastrocnemius P=0.07; lateral gastrocnemius
P=0.33; soleus P=0.31). (ANT anterior tibialis, POST posterior tibialis, SOL
soleus, MG medial gastrocnemius, LG lateral gastrocnemius).
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(Fig. 4.3) and ADC (Fig. 4.4) in five calf muscles (anterior tibialis, posterior

tibialis, soleus, medial gastrocnemius, and lateral gastrocnemius) following 34

and 64 min of supine rest (P < 0.05) (Table 4.2). No significant changes

occurred in any of the eigenvalues or the ADC between the two latter imaging

sessions for any of the muscles assessed (Figs.4.3, 4.4). In addition, we did not

observe any changes in the FA for any muscle compartment with supine rest

(Fig.4.5).

Many groups have reported resting DTI of healthy human calf muscle.

Sinha et al. [4] observed values that ranged from 1.93× 10−3 to 2.29 × 10−3

mm2/s for λ1, 1.42× 10−3 to 1.58× 10−3 mm2/s for λ2 and 1.19× 10−3 to

1.40× 10−3 mm2/s for λ3 in various calf muscle groups. They found the ADC

and FA to range between 1.53× 10−3 to 1.67× 10−3 mm2/s and 0.18 to 0.33,

respectively. For further comparison, Zaraiskaya et al. [12] reported values

from 1.61× 10−3 to 1.72× 10−3 mm2/s for λ1, 1.26× 10−3 to 1.36× 10−3 mm2/s

for λ2 and 1.07× 10−3 to 1.10× 10−3 mm2/s for λ3 in calf muscles. An ADC

range of 1.31× 10−3 to 1.41× 10−3 mm2/s was observed in that study, with

FA varying from 0.20 to 0.23 for calf muscles. In our current study, baseline

λ1 ranged from 2.13× 10−3 to 2.24× 10−3 mm2/s, λ1 was from 1.47× 10−3

to 1.68× 10−3 mm2/s and λ3 from 1.29× 10−3 to 1.43× 10−3 mm2/s for the

various calf muscles. Also, we measured ADC and FA ranges of 1.66× 10−3
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to 1.78× 10−3 mm2/s and 0.22 to 0.26, respectively. Our observed results at

baseline are in agreement with those obtained by Sinha et al. [4], and are

slightly higher than those reported by Zaraiskaya et al. [12]. Although all

three studies were conducted using a 3T MRI scanner, there were differences

in the imaging parameters, such as number of gradient directions, b value, and

TE/TR that could have impacted the results. Besides differences in imaging

acquisitions, discrepancies might have arisen from the ROI selection process.

In the study by Zaraiskaya et al. [12], the entire muscle was selected as the

ROI. However, in both our study and that by Sinha et al. [4], small ROIs

were carefully selected from each muscle to avoid the inclusion of non-muscle

segments (fascia, fat, vessels). One last difference with our current study is the

approach to data analysis; that of doing motion and eddy current corrections

on each NEX prior to data merging and subsequent tensor calculation.

Diffusion imaging has been employed to understand skeletal muscle ar-

chitecture and gain insight into various muscle diseases [1-13, 29, 30]. Charac-

terization of the diffusive properties of calf muscles has revealed that different

muscle groups have distinguishable DTI parameters [2, 4]. The dependence

of calf muscle metrics on gender, pennation angle and muscle fiber length has

also been demonstrated [3, 5-7]. Changes in eigenvalues, ADC and FA have

been identified in calf muscle injury and the application of pressure [8, 12]. In
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the present study, DTI metrics were measured at baseline and during two ses-

sions starting at 34 minutes and 64 minutes of supine rest. Since dorsiflexion

and plantar flexion have been shown to affect DTI measures [5-7], we used a

footrest to ensure all subjects were imaged in a neutral position with the foot

at a 90◦ angle relative to the leg.

There is no reported data on whether hydration state affects muscle

DTI parameters in calf muscles. However, in kidney studies, baseline hydra-

tion status has been shown to affect the diffusion parameters [32, 33]. Since

the influence of the hydration status on muscle DTI metrics remains to be

investigated, we asked our subjects to fast for 4 h prior to the study (refrain

from food and drink) in an attempt to standardize our baseline DTI measures.

It should also be noted that none of our participants had engaged in vigorous

exercise over the 24 h preceding the study.

Numerous groups have examined the changes that accompany postural

manipulations by monitoring alterations in fluid volumes, hematocrit concen-

trations and muscle cross sectional area [15-20]. Hagan et al. [16] examined

healthy young males (28 ±4 (SD) years, n=7) during 35 min of supine rest

followed by 35 min in the erect position. They observed an expansion of 6.4

% in venous blood volume and 11.7 % in the plasma volume at the end of

the recumbent position with decreases of 7.0 % in the venous hemoglobin and
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hematocrit concentrations. The group also noted that no significant differences

were observed in the measured parameters between 20 minutes and 35 min of

supine rest. A study by Maw et al. [15] reported a decrease of 5.1 % in plasma

volume following movement from a seated position to an upright position in

healthy young active men (n = 8, 26 ±4 (SD) years). This reduction was

observed 15 minutes after subjects had switched to the standing position and

no significant differences were found between the 15 min and 30 min measure-

ments. The group also noted an accompanying significant expansion of the

interstitial fluid volume. Although the study did not involve transitions from

standing to a supine position, the movement from seated to supine position

reflected an increase in the blood volume that was accompanied by a decrease

in interstitial fluid volume. The tendency of an increase in the intravascu-

lar volume was presumed to reflect fluid movement away from the interstitial

space [15].

Changes in leg volume have been reported following supine posture.

Waterfield [18] showed that assuming a recumbent position results in decreases

of the leg volume, where most of the change occurs in the first 40 min. It was

also observed that several hours were required in order for the shrinkage to

completely stabilize. Changes in calf muscle CSA following horizontal supine

rest have also been measured using CT and MRI [19,20]. Berg et al. [19]
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monitored calf muscle CSA changes during 120 min of supine rest in physically

active young men (n=7, 27 ±5 (SD) years). They found a decrease of 5.5 %

in the CSA after two hours of supine rest and noted that most of the change

took place within the first hour of rest, with no significant differences observed

between 60 min and 120 min. The group also measured changes in fluid volume

in the calf and reported losses of 5.8 and 9.2 % of fluid in the calf after 20 min

and 60 min of rest, respectively [19].

In our study, we observed reductions in the three eigenvalues and ADC

in all of the investigated muscles with the postural manipulation involving

movement from erect to supine position. The decreases ranged from 3.2 to

6.7% and 3.4 to 7.5% for the various DTI metrics, following 34 and 64 min of

supine rest, respectively (P<0.05). It is worth noting that no changes occurred

in any of the eigenvalues or ADC between the second and third imaging sessions

for any muscle group we evaluated. This finding suggests that the effects

of fluid shifts associated with movement from standing to supine positions

on DTI metrics are probably complete following 34 min of rest. This time

needed for DTI indices to stabilize is in fair agreement with numerous studies

that suggested changes accompanying postural manipulations are complete

within15-40 minutes [15, 16, 18]. However, some studies have shown that

stability may require 60 min to be achieved [19].
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DTI metrics are known to be influenced by the signal-to-noise ratio

(SNR) [34, 35]. The SNR of our nonweighted image from all subjects in this

study was (mean ± SD): 79.2 ± 22.9 in the anterior tibialis muscle, 52.0

±18.7 in the posterior tibialis muscle, 55.2 ± 22.3 in the soleus muscle, 77.6

± 33.2 in the medial gastrocnemius muscle and 95.0 ± 30.9 in the lateral

gastrocnemius muscle. Based on the study by Froeling et al. [35], an SNR of

at least 25 is needed to ensure the accuracy of the obtained DTI metrics. For

further comparison, Damon’s [34] simulations suggest that for the b value in

the present study (400 s/mm2), the largest SNR required for an accuracy level

of 1 % in determining the eigenvalues and ADC is 28, while that needed for

FA is 42 (from Fig. 3). For an accuracy level of 5 % in determining the DTI

metrics, the largest SNR required is 21 (from Fig. 3) [34]. It is believed that

the DTI metrics in the current study were determined with an accuracy of

between 1 and 5 % since the obtained SNR for all muscles fell in that region.

Although excellent SNR was obtained with the use of our selection of DTI

parameters, higher in-plane resolution could have been achieved with the use

of a larger matrix size and no parallel imaging without likely deleterious loss

of SNR. We opted for higher SNR than better in-plane resolution, given the

use of our resolution was sufficient for assessing healthy muscle tissue. Parallel

imaging allowed shorter TE which translates to better SNR. Furthermore we
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choose to use parallel imaging because the shorter echo-train length of the EPI

readout minimizes geometric distortion and the magnitude of ghosting in the

phase encoding direction. Future studies should consider increasing the in-

plane resolution, especially when investigating pathological muscles, or those

of elderly subjects, where fat infiltration becomes an issue and higher in-plane

resolution might be needed to ensure accurate muscle inclusion.

T2 of skeletal muscle has been shown to have a multi-exponential nature,

with as many as four components that probably arise from macromolecules (T2

< 5 ms), intracellular water molecules (2 components with T2= 11and 39 ms)

and extracellular water molecules (T2 = 114 ms) [36]. Each of these proton

pools, being separable, is classified as having intermediate exchange, with re-

spect to the nuclear magnetic resonance (NMR) time scale of water. Since a

TE of 68.8 ms was used in the DTI acquisition in the current study, the calcu-

lated DTI parameters include a mixture of both intra and extracellular water

components, with more so being derived from the diffusion behavior of extra-

cellular water. We assume this because a large portion of the signal from the

intracellular component would have decayed by the time of readout sampling.

Thus, the observed decrease in ADC with supine rest in the current study is

assumed to be a consequence of reduced interstitial space impeding diffusion

of water. It is known that ADC is influenced by the ratio of the volume that
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cells occupy to the extracellular space volume, and also by the extracellular

space composition [37]. Interstitial edema is associated with increased diffu-

sion due to an increased extracellular space [37]. Since supine rest has been

associated with increased intravascular blood volume [16] likely due to fluid

movement away from the interstitial space [15], the decrease in ADC with

supine rest observed in our study is presumably the consequence of a reduced

extracellular space. The lack of change in FA for any muscles indicates that

muscle tissue anisotropy was not altered with the postural manipulation and

hence the overall shape of muscle diffusion ellipsoids remained constant.

Our study has several limitations that need mentioning, including the

small sample size and the evaluation of only young healthy adults. It is known

that aging affects calf muscular fat content [38] and water diffusivity [39] in

healthy subjects. It has also been suggested that older subjects show less fluid

shift with postural manipulations in comparison to young subjects [40]. With

regards to pathological conditions, some diseases including hypoalbuminemia

[41] have been shown to exhibit greater changes in blood volume with postural

manipulation in comparison with healthy subjects. Thus, extension of the

results of the current study to older populations or to people who suffer from

vascular diseases could not be justified without further investigation.
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4.3.6 Conclusion

In this study, we demonstrated that postural change from standing

to supine position alters some DTI metrics in calf muscles. Specifically, we

observed significant decreases in all of the eigenvalues and the ADC in the five

calf muscles investigated, relative to baseline, following 34 and 64 min of supine

rest. Since DTI indices were not significantly different between the second and

third imaging sessions, we suggest 34 min of supine rest, prior to quantitative

muscle MRI measurements as a sufficient length of time to establish resting

tissue equilibrium in healthy young adults. Supine rest for at least 34 min

prior to quantitative leg muscle diffusion tensor imaging could lead to more

consistent and reliable results.
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Chapter 5

Analysis of Calf Blood Oxygen-Level
Dependent (BOLD) Signal after
Supine Posture

Alyaa H. Elzibak, B.Sc., M.Sc., Michael D. Noseworthy, Ph.D., P.Eng.

5.1 Context of the Paper

Having noted that diffusion tensor metrics of calf muscles are altered

with position-related changes in the first manuscript (chapter 4), we were

interested to examine the effect of posture on blood oxygen-level dependent

(BOLD) calf signal characteristics. The BOLD signal represents contributions

from vascular volume, blood flow and tissue oxygenation (Partovi et al., 2012;

Jacobi et al., 2012; Noseworthy et al., 2003, 2010). Since fluid volumes have

been shown to alter with posture, we examined BOLD signal characteristics

in this manuscript during three measurement times. The first was collected

following upright posture and the second and third were acquired after thirty

minutes and sixty minutes of acquisition of the first measurement, respectively.

One of the metrics that we examined, in addition to global signal metrics, was

122



Ph.D Thesis –– Alyaa H. Elzibak –– McMaster University - Med. Phys. & App. Rad. Sci. –– 2014

the fractal dimension of the BOLD signal. This quantity has been shown to

be sensitive to subtle fluctuations (Noseworthy et al., 2010).

5.2 Declaration Statement
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5.3.1 Abstract

Objective: To examine the response of resting blood oxygen level-dependent

(BOLD) signal metrics (signal intensity, standard deviation, fractal dimension

(FD) and underlying frequency components) in calf muscles to supine posture.

Materials and Methods: Images of ten healthy young adults (26.7 ± 5.1

years) were collected using a 3T MRI scanner. BOLD signal time course was

evaluated in five muscle compartments (anterior and posterior tibialis, soleus,

medial and lateral gastrocnemius) at three consecutive measurement times at

time=0, 30 and 60 minutes of supine rest. Whole muscle cross sectional signal

characteristics were compared between each time point.

Results: Mean BOLD signal intensity and standard deviation did not show

significant changes with supine rest for any investigated muscle. Due to the

presence of power law scaling in muscle BOLD time course, fractal analysis

was performed. No statistically significant changes were observed in the FD

between the three measurements for any of the muscles. No apparent trends

were noted when investigating physiological peaks in the frequency spectrum

of BOLD data.

Conclusion: None of the investigated BOLD characteristics were modified

by supine rest. This suggests that resting calf BOLD metrics might not be
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sensitive to subtle difference in muscle use between the two postural states.

Key Words: blood oxygen-level dependent (BOLD), skeletal muscle, fractal,

supine rest
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5.3.2 Introduction

Blood oxygen-level dependent (BOLD) imaging has been successfully

applied to examine skeletal muscle microvasculature, providing insight into

muscle functional status (1). The BOLD technique is attractive due to its non-

invasive nature, as it employs changes in the oxygenation of the hemoglobin

molecule as endogenous contrast (2). Numerous parameters contribute to the

BOLD response of skeletal muscles, including changes in vascular volume,

oxygen extraction, metabolism and blood flow (1-4). By perturbing muscle

oxygenation status using various paradigms, investigations of muscle BOLD

response are possible. To probe skeletal muscle tissue oxygenation and induce

measurable BOLD signal changes, exercise challenges (5-9), ischemia induced

by cuff compression (10-13) and the intake of vasoactive substances (14) have

all been used. Of these stimuli, the cuff compression protocol is the only one

that has been clinically applied with success to a variety of diseased popu-

lations, including peripheral arterial occlusive disease (10), systemic sclerosis

(12) and granulomatosis with polyangiitis (13).

Examining the effect of the applied paradigm on the BOLD response

usually involves assessment of a collected time course from a muscle region of

interest (ROI). The BOLD signal in a given ROI can be evaluated by quan-

tifying signal characteristics such as the maximal signal reached or the time
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it takes the signal to peak (1, 10-13). Alternatively, examination of the un-

derlying frequency components of the signal may reveal some insight about

physiological status (4,15,16).

Recently, analysis methods employing fractal techniques have been used

to quantify BOLD time series (4, 17-19). Fractals describe structures that

exhibit self-similarity at different measurement scales (20). Many geometrical

structures and biological systems can be represented as fractals. For example,

snow flakes, the branching pattern of trees, the pulmonary system and blood

vessels are all described as fractals (20). Although these are spatial fractals,

many physiological time series also show temporal fractal characteristics. Some

examples are heart rate (21), cerebral hemodynamics (22,23), EEG (24) and

BOLD time series (17-19). Unlike Euclidean structures that have integer values

as their dimensions, fractals have a fractional dimension, FD (25).

Numerous methods can be used to calculate the FD of a time series (26-

29). All analyses are based on the idea that a signal, which may seem to contain

random fluctuations, has an underlying complex pattern of correlations when

examined at different scales. A power law scaling describes fractals, where the

power spectral amplitude, |A|, is related to the frequency, f , according to:

|A|2 ∝ f−φ (5.1)
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where φ is a scaling exponent, referred to as the spectral index (26-28).

Although the FD of a signal can be computed from the spectral index, a more

accurate method has been recently established to calculate the FD (26,27).

This involves classification of the signal into fractional Brownian motion (fBm)

or fractional Gaussian noise (fGn). Calculation of the FD then uses relative

dispersion (Disp) or bridge detrended scaled windowed variance (bdSWV) for

fGn and fBm signals, respectively (26,27).

The purpose of this study was to assess resting BOLD signal character-

istics (signal intensity, standard deviation, underlying frequency components

and FD) of calf skeletal muscles during three measurement times. The first

measurement was collected following upright posture. The second and third

measurements were acquired after thirty minutes and sixty minutes of acqui-

sition of the first measurement, respectively. Between measurements, the sub-

jects remained in the supine posture. This was done to investigate whether any

of the signal’s parameters were altered with positional change. It is well known

that supine posture results in modifications of structural features, including

fluid volumes, muscle cross sectional area (30-34) and water diffusivity char-

acteristics (35). The objective of this study was thus to investigate whether

functional (i.e. BOLD signal characteristics) are modified by supine posture.
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5.3.3 Materials and Methods

5.3.3.1 Subjects and data collection

Healthy young subjects between 23 and 33 years of age (mean = 26.7

years old, eight males and two females) were scanned using a GE 3.0T MR750

MRI system and an 8-channel phased array knee coil (GE Healthcare, Mil-

waukee, WI). Images of the dominant leg, as reported by each subject, were

collected from the calf region with the largest cross sectional area while sub-

jects were in the supine position. Participants were in a fasted state (refrained

from food and drink intake for four hours prior to the study). None of the sub-

jects reported a history of peripheral vascular disease or lower leg injury and

none of the subjects had participated in vigorous exercise in the twenty-four

hours prior to being imaged.

Following a 3-plane localizer, axial anatomical slices were acquired us-

ing a T1-weighted sequence (Fast Spin Echo (FSE), TE/TR= 14.9/707ms,

FOV=16cm, 320x320 matrix, 5mm thick, 0mm gap, 20 slices). T2*-weighted

BOLD slices were then collected using a GRE-EPI sequence with the following

parameters: TE/TR =35/250ms, α=33◦, 64x64 matrix, 2400 time points, slice

thickness=10mm, 3 slices, total scan time=10.10 minutes. In addition to lin-

ear shims, second order shims were applied to optimize the field homogeneity

and obtain high quality BOLD images. The first BOLD data set was acquired
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after the subject had been in the scanner for twelve minutes. After this first

imaging session, subjects rested inside the MR scanner. The second and third

sets of BOLD data were acquired thirty-minutes and sixty minutes after the

initial BOLD set, respectively. Subjects were asked to remain still during the

entire imaging session.

5.3.3.2 Data analysis

All MRI BOLD data was analyzed offline using in-house programs writ-

ten in Matlab (ver. 2010a, The Mathworks, Natick MA). Before analysis, im-

ages were spatially aligned using the MCFLIRT motion correction script (36)

from the FMRIB Software Library, FSL (37). A single slice was chosen for

each subject. This slice was the middle BOLD slice (of three). ROIs were

drawn on this middle slice in five different muscle groups: the anterior and

posterior tibialis, the soleus and the medial and lateral gastrocnemius. In

addition, an ROI was drawn in the image noise. The average BOLD time-

course was then extracted from each of the ROIs and used for further analysis.

For each time course, in each muscle ROI, mean BOLD signal intensity and

standard deviation were calculated. Measurement of BOLD signal temporal

fractal dimension was performed using the method of Eke et al (26,27). Ini-

tially, the data from each ROI was preprocessed. This involved the application
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of a parabolic window and bridge detrending. The parabolic window was given

by (26):

P (t) = 1− (
2t

N + 1
− 1)

2

for t =1,...,N (5.2)

where N is the signal’s length. Finally, the power spectral amplitude

was computed from the fast Fourier transform using the first 2048 volumes in

the analysis If the signal was found to be fractal (i.e. it followed a linear fit on

a double logarithmic graph given by equation (5.1), the spectral index, φ, was

computed from the slope of the best-fitted line on the double logarithmic graph

of the squared amplitude against frequency, fitting only to the low frequencies

(f < 1/8) (26). Based on the value of φ, the signal was classified into fBm

or fGn. For fGn signals, or those whose variance did not change over time

(27), φ was between -1 and 0.38. If φ was between 1.04 and 3, the signal

was classified as an fBm signal, where the variance changed with time (27).

Further classification, using signal summation conversion (SSC) was used for

signals that did not fall in the above ranges so that they could be classified

into fGn or fBm signals (26). Calculation of the FD for an fGn signal used

relative dispersion (Disp), whereas that for an fBm signal was based on the

bridge detrended scaled windowed variance (bdSWV) method (26,27). Both

of these methods assessed the variability of the signal by examining the BOLD
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time course using different measurement scales. By binning adjacent points

into windows of size n that did not overlap, a measure of the variability for

each window size was computed. In the case of Disp analysis, the standard

deviation of the window means, σ, was related to the window size as follows

(27):

σ ∝ nH−1 (5.3)

where H is known as the Hurst exponent and is related to FD (FD= 2-H). For

bdSWV, the mean of the window standard deviations,σ̄, was related to the

window size through (27):

σ̄ ∝ nH (5.4)

The slope of the double logarithmic plot of either equation 5.3 or 5.4 rep-

resented the quantity H-1 (for equation 5.3) and H (for equation 5.4), from

which the FD was easily determined. From the 2400 BOLD time points that

were acquired in this study, the first 2048 volumes were used in the analysis,

after the signal had reached steady state. Computation of either bdSWV or

Disp was done for nine window sizes.

Lastly, an investigation of the underlying frequency components in the

BOLD time course was performed. This was done by taking the fast Fourier

transform of the signal from the BOLD time course within each ROI.

133



Ph.D Thesis –– Alyaa H. Elzibak –– McMaster University - Med. Phys. & App. Rad. Sci. –– 2014

5.3.3.3 Statistical analysis

For each muscle ROIs, the mean BOLD signal intensity and FD from

the three imaging sessions were assessed for significance using a repeated mea-

sures analysis of variance (rmANOVA). A p-value <0.05 was considered sig-

nificant. GraphPad Prism was used for all statistical testing (Version 5.0c,

GraphPad Software Inc., La Jolla, CA).

5.3.4 Results

Fig. 5.1 shows a sample anatomical slice from one of the subjects,

along with the corresponding BOLD slice. The results of the measurement

of the mean BOLD signal intensity and standard deviation in each of the

muscles, and in the image noise, for the three measurement times are shown

in Table 5.1. BOLD signal intensity did not show significant changes with

supine rest for any muscle we investigated (anterior tibialis P=0.49; posterior

tibialis P=0.24; medial gastrocnemius P=0.28; lateral gastrocnemius P=0.96;

soleus P=0.59). The ROI drawn in the BOLD image noise had a mean signal

intensity of 3.8 ± 0.3 (SE) during the first measurement, 3.8 ± 0.3 during

the second measurement, and 3.9 ± 0.3 during the third measurement. These

values were not statistically different (P= 0.93). In addition, BOLD temporal

standard deviation in the muscles and image noise did not show significant
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Figure 5.1: Sample T1-weighted axial anatomical slice and the corresponding
T2* weighted image.

changes with supine rest (P=0.47 anterior tibialis, P=0.81 posterior tibialis,

P=0.29 medial gastrocnemius, P=0.07 lateral gastrocnemius, P=0.44 soleus,

image noise P=0.77).

Fractal analysis of the BOLD signal intensity revealed that the muscles’

BOLD time course could be treated as fractal, due to the presence of a linear

decreasing trend on the plot of the logarithm of the squared amplitude versus

the logarithm of the frequency (Fig. 5.2). For comparison, the double loga-

rithmic plot of a noise time course is also shown (Fig. 5.1). The calculated

FD values in each of the muscle ROIs during the three measurement times are

summarized in Table 5.2. No statistically significant changes were observed

in the FD between the three measurements for any of the muscles (anterior tib-
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ROI location Measurement
1

Measurement
2

Measurement
3

Anterior tibialis
SI 945.2 ± 45.2 967.0 ± 22.6 913.7± 38.2
SD 5.3 ± 0.6 4.4 ± 0.4 5.4 ± 0.9

Posterior tibialis
SI 750.8 ± 19.9 755.1 ± 18.9 725.3± 25.1
SD 6.6 ± 0.7 6.3 ± 0.1 7.2 ± 1.1

Medial gastrocnemius
SI 974.3 ± 68.7 1014.0 ± 63.7 1045.0±56.8
SD 4.7 ± 0.9 4.4 ± 0.4 4.9 ± 0.7

Lateral gastrocnemius
SI 944.8 ± 55.1 938.1.6 ± 68.6 937.4 ±56.5
SD 6.0 ± 0.9 6.3 ±0.9 7.1 ± 0.9

Soleus
SI 794.2 ± 21.9 805.5 ± 27.5 811.6 ±32.2
SD 6.2 ± 0.7 5.7 ± 0.5 7.6± 1.6

Image noise
SI 3.8 ±0.3 3.8 ± 0.3 3.9 ± 0.3
SD 0.6 ± 0.2 0.5 ± 0.2 0.5 ± 0.2

Table 5.1: BOLD signal was evaluated in 2400 serially acquired images (4 per
second) over 10 minutes. Mean temporal BOLD signal intensity (SI, in arbitrary
units) and standard deviation (SD), over the 10-minute scan are shown. The
three measurements represent the data from each of the three imaging sessions,
separated by 30 minutes of supine rest. Values for each measurement are mean
± SE averaged over all subjects (n=10). Statistical analysis revealed that any
observed variations between imaging sessions were random or due to chance (P
> 0.05).
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Figure 5.2: Power spectral density plots of an ROI from the medial gastroc-
nemius muscle (top) and one from the image noise (bottom). Power law scaling
relationship was observed in the muscle ROI (top) but not in the noise ROI
(bottom).

ialis P=0.35; posterior tibialis P=0.23; medial gastrocnemius P=0.11; lateral

gastrocnemius P=0.58; soleus P=0.10).

Investigation of the frequency spectra of the BOLD time course revealed

that the spectra were dominated by peaks in the low frequency range (<

0.1 Hz), with most of the power below 0.01 Hz (Fig. 5.3). Contributions

arising from cardiac (∼1 Hz) or respiratory (∼0.2 Hz) rate were not evident in

the spectra. Quantification of the spectra over the three measurement times
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ROI location Measurement
1

Measurement
2

Measurement
3

Anterior tibialis 1.88 ± 0.03 1.91 ± 0.01 1.86 ± 0.03
Posterior tibialis 1.91 ± 0.01 1.91 ± 0.02 1.87 ± 0.03
Medial gastrocnemius 1.88 ± 0.01 1.88 ± 0.02 1.85 ± 0.02
Lateral gastrocnemius 1.87 ± 0.03 1.87 ± 0.02 1.85 ± 0.01
Soleus 1.86 ± 0.03 1.86 ± 0.02 1.81 ± 0.03

Table 5.2: Fractal dimension of the BOLD signal in the various muscles. The
three measurements represent the data from each of the three imaging sessions,
separated by 30 minutes of supine rest. Values for each measurement are mean
± SE averaged over all subjects (n=10). No significant differences were ob-
served between the three measurements for any of the muscle groups (anterior
tibialis P=0.35; posterior tibialis P=0.23; medial gastrocnemius P=0.11; lateral
gastrocnemius P=0.58; soleus P=0.10).

proved to be ineffective, as no consistent trend was observed either across time

or among subjects (Fig. 5.4 - Fig. 5.6).

5.3.5 Discussion

The present study was set out to investigate whether postural change,

involving movement from upright to supine position, would modify resting

BOLD signal characteristics (signal intensity, standard deviation, fractal di-

mension (FD) and underlying frequency components). To that end, calf skele-

tal muscles signal metrics were assessed during an initial imaging session that

followed upright posture and during two consecutive sessions, separated by

thirty minutes of supine rest. Five calf regions were examined: the anterior
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Figure 5.3: Sample spectra of the BOLD time course from the lateral gastroc-
nemius ROIs. Low frequency contributions (< 0.1 Hz) dominated the spectra.
Similar frequency contributions were observed in spectra from all other muscles.
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Figure 5.4: Sample spectra of the BOLD time course from the soleus muscle
of one of the subjects during the first (top), second (middle) and third (last)
imaging sessions. No trend was observed when comparing spectra of various
subjects (see Fig. 5.5and Fig. 5.6).
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Figure 5.5: Sample spectra of the BOLD time course from the soleus muscle
of one of the subjects during the first (top), second (middle) and third (last)
imaging sessions. No trend was observed when comparing spectra of various
subjects (see Fig. 5.4and Fig. 5.6).
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Figure 5.6: Sample spectra of the BOLD time course from the soleus muscle
of one of the subjects during the first (top), second (middle) and third (last)
imaging sessions. No trend was observed when comparing spectra of various
subjects (see Fig. 5.4and Fig. 5.5).
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and posterior tibialis, the soleus, and the medial and lateral gastrocnemius. We

hypothesized that the computed signal characteristics would differ between the

three measurement sessions. The reason for this speculation was that position-

related changes have been well documented in literature (30-35, 38-42). Fluid

shifts have been reported to accompany postural changes (32-34). In addition,

changes in plasma volume (31), leg volume (30) and muscle cross sectional area

(33,34) have been established following postural manipulation from standing

to supine position. A few literature studies have also examined changes in

heart rate, oxygen consumption, muscle performance and leg blood flow in re-

sponse to position related changes (38-42). Since the BOLD signal represents

contributions from vascular volume, blood flow and tissue oxygenation (1-4)

and because postural manipulations have been reported to alter some of these

quantities, it was not unreasonable to investigate the effect of position changes

on BOLD characteristics.

The mean and standard deviation of the BOLD signal intensity were

the first metrics that were assessed, to obtain an idea of the global signal

characteristics. We failed to report any changes in mean BOLD signal inten-

sity or standard deviation with supine rest (Table 5.1). We expected image

noise to remain consistent throughout imaging sessions, as subjects were not

moved for the duration of the entire experiment. As for mean BOLD signal
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intensity, with the source of BOLD signal change being microvascular (i.e.

blood volume, blood flow and oxy:deoxyhaemoglobin ratio), we speculated

that baseline BOLD signal would be maximally changing as leg muscles would

have just switched from standing to supine posture. As our study showed lack

of change in BOLD signal intensity and its variability with supine rest, it is

suggested that global measures of resting BOLD signal measurement may not

be sensitive to the subtle difference in muscle use between the two postural

states.

Since calculation of signal temporal fractal dimension has been shown

to be sensitive to subtle fluctuations (4), we postulated that it could be useful

in determining if posture affects resting muscle BOLD signals. Fractals have

been used to describe many geometrical structures and physiological dynamics

(17-29). Fractals exhibit self-similarity. For a spatial fractal, this means that

sub units of the structure resemble the overall structure, as is seen in the

branching of trees. For temporal fractals, the pattern of fluctuations in the

signal is similar over various time scales. A power law scaling characterizes

fractal systems, as shown in Equation (5.1).

Fractal analysis has been applied to investigate the fluctuations seen

in many physiological time series, including heart beat recordings (21,25,43),

EEG recordings (24) and cerebral artery flow velocity and blood pressure (22).
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Fractals have also been recently used to quantify BOLD signal fluctuations in

time series collected from the brain (18,19,44), tumors (17), and skeletal muscle

(4). Spatial fractals have been used to characterize blood flow distributions

within skeletal muscles (45,46). Fractal analysis has also provided information

of diagnostic and prognostic value, especially when it comes to cardiovascular

dynamics. Losses of fractal scaling or alterations in the power law relationship

have been noted in some diseases (16,21,22) and with aging (21,42).

Our muscle BOLD time series, when investigated for fractal characteris-

tics, revealed a power law scaling (Fig. 5.2). According to the calculated spec-

tral index, φ, and using signal summation conversion when necessary (26,27),

muscle BOLD time series were classified as fBm. Signal class of many physio-

logical time courses has been reported to be fBm (20, 22, 27), although brain

BOLD signals fall in the fGn class (18,19). The FD of the investigated muscles

was around 1.87 (Table 5.2). FD values close to 1.0 represent smooth signals,

whose elements are positively correlated (20,26). On the other hand, values

close to 2.0 represent signals that exhibit negative correlation or ”roughness”

(20,26). We did not find any significant changes in the FD between the three

measurement times in any of the muscles (Table 5.2).

Spectral analysis is a useful way of examining time series and has been

employed by numerous groups to gain insight into the dynamics of many phys-
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iological signals (4, 15, 16, 47, 48). Once distinct peaks have been identified

in a power spectrum, quantification of the power at a given frequency is pos-

sible. Alterations in the characteristics of a power spectrum have been noted

to reflect disease states (4, 15, 16). When analyzing the BOLD time course by

looking at the spectral distribution in this study ((Fig. 5.3 - Fig. 5.6)), we

noted that low frequency peaks (below 0.1 Hz) were the major contributors

to the spectrum, with most of the fluctuations at frequencies lower than 0.01

Hz. From a physiological perspective, low frequency components in the range

of 1-15 cycles/ minute (0.017-0.25 Hz) have been attributed to vasomotion,

based on observations from blood flow measurements (15). Frequencies below

this range (<1-2 cycles /minute) have also been observed in blood flow data

and were postulated to result from a combination of vasoactiviy as well as

hemodynamic mechanisms (15). The low frequency peaks observed in BOLD

spectra in this study could reflect these phenomena. Our spectra revealed

variable response when comparing between muscles and subjects. It was dif-

ficult to identify an apparent trend or to pinpoint which of the frequencies

were of physiological origin or which ones reflected low frequency noise. Thus,

conclusions about changes in power spectrum between the three measurement

times were not possible to make.
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No studies exit in literature describing muscle oxygenation changes due

to postural change. However, two studies have investigated leg blood flow in

standing and supine posture (39, 40). In one study, leg blood flow did not

differ between supine and standing postures at rest (40), while another study

found significantly higher blood flow to the leg during upright exercise, in

comparison to supine exercise (39). In addition, one study has examined vas-

tus lateralis muscle deoxygenation during upright and supine cycling exercise

(41). Higher muscle deoxygenation was observed in supine cycling, compared

to upright cycling (41). Vascular filling (achieved by dangling the leg) and

vascular draining have also been reported to impact BOLD signal contrast in

calf muscles during reactive hyperemia induced by cuff compression (49). Nu-

merous parameters contribute to BOLD signal fluctuations, including vascular

volume and tissue oxygenation. Although BOLD signal measurement does not

necessarily reflect fluid shifts between compartments, since some studies have

reported blood flow and deoxygenation changes in skeletal muscles due to po-

sitional changes, we were interested in assessing the effects of body posture

on resting BOLD signal characteristics. Muscle BOLD signal is best studied

following a paradigm that perturbs tissue oxygenation (such as exercise or cuff

compression), however, recent interest has been shown in muscle assessment

in the resting state as it is more tolerable by patients who may show physical
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weakness (50). Since we did not find changes in any of the investigated rest-

ing BOLD signal characteristics, our results suggest that resting BOLD signal

is not sensitive to subtle differences in muscle use between the two postural

positions. If a paradigm (such as an exercise protocol) had been performed

in the standing and supine position, BOLD signal characteristics would have

probably been observed to differ between the two postures.

Our study has a few limitations. The response of BOLD signal char-

acteristics was only assessed in healthy young subjects. Further studies are

needed to investigate signal characteristics in subjects of varying age or those

with various pathologies. In addition, more postural manipulations (standing

to supine, supine to standing, seated to supine, ...) may help in assessing

whether the resting BOLD signal is affected by position related changes. Fi-

nally, partial voluming may be an issue masking any subtle changes that could

be occurring. Future work should perform mapping of FD to validate whether

muscle segments behave in the same way whole muscles do.

In conclusion, resting BOLD signal characteristics did not show changes

in response to postural change from upright to supine position in healthy young

adult subjects. These results imply that resting calf BOLD metrics might not

be sensitive the subtle difference in muscle use between the two postural states.

Extension of the results of the current study to BOLD experimental design in-
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volving other situations, such as exercise or cuff compression, is not warranted

without an assessment of postural manipulations on BOLD characteristics in

such designs.
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Chapter 6

Diffusion tensor imaging of the normal
foot at 3T

Alyaa H. Elzibak, M.Sc., Dinesh A. Kumbhare, MSc, MD, FRCPC, Srinivasan

Harish, MBBS, FRCPC, Michael D. Noseworthy, Ph.D., P.Eng.

6.1 Context of the Paper

Diffusion tensor imaging (DTI) has been used to examine numerous

skeletal muscles of the body. In the lower limb, which is the region of interest of

this project, diffusion imaging has been only applied to examine thigh (Budzik

et al., 2007; Qi et al., 2008; Kan et al., 2009; Gondin et al., 2010; Cermak et al.,

2012) and calf (Sinha and Yao, 2002; Galbán et al., 2004; Zaraiskaya et al.,

2006; Galbán et al., 2005, 2007; Heemskerk et al., 2010; Sinha and Sinha, 2011)

muscles. This manuscript aimed at extending the technique to the foot region,

by assessing the feasibility of diffusion imaging of foot muscles and establishing

baseline DT metrics in healthy subjects.
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6.3.1 Abstract

Objective: To establish normative diffusion tensor imaging (DTI) eigenvalues

(λ1, λ2, λ3), apparent diffusion coefficient (ADC) and fractional anisotropy

(FA) in asymptomatic foot muscles.

Methods: Ten healthy adults (25.9±4.3 years) were examined using a 3T

MRI scanner. DTI indices were evaluated in five muscles in the foot: quadratus

plantae (QP), abductor hallucis (AH), flexor hallucis brevis (FHB), flexor

digitorum brevis (FDB), and abductor digiti mini (ADM). Signal-to-noise ratio

(SNR) was also measured for each muscle.

Results: In the various foot muscles, λ1 ranged from 1.88× 10−3 - 2.14×

10−3 mm2/s , λ2 from 1.39× 10−3 - 1.48× 10−3 mm2/s, λ3 from 0.91× 10−3 -

1.27× 10−3 mm2/s , ADC from 1.48× 10−3 - 1.55× 10−3 mm2/s and FA from

0.21-0.40. Statistical differences were seen in some eigenvalues between muscle

pairs. Mean SNR ranged from 47.5-69.1 in the various muscles examined.

Conclusions: Assessment of anisotropy of water diffusion in foot muscles was

feasible using DTI. The measured DTI metrics in the foot were similar to those

in calf and thigh skeletal muscles.
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6.3.2 Introduction

Diffusion tensor imaging (DTI) has become a widely applied technique

to characterize the microstructure of anisotropic tissues. The method has been

used to noninvasively study various organs, such as the brain (1-3), liver (4),

kidney (5,6), heart (7), breast (8), prostate (9) and skeletal muscle (10-13).

Diffusion imaging measures the random displacement (Brownian motion) of

water molecules, which is isotropic in an unconstrained environment. How-

ever, in coherently oriented structures such as muscle fibers, molecular diffu-

sion is hindered by barriers that constrain the free diffusion. This results in

anisotropic diffusion, where water molecules move more easily along the axis

of the myofibril than perpendicular to it.

Diffusivity of water can be characterized using numerous metrics, in-

cluding three eigenvalues (λ1, λ2, λ3), where λ1 corresponds to diffusion along

the principle axis. The average of the eigenvalues is represented by the ap-

parent diffusion coefficient (ADC) or the mean diffusivity (MD). Fractional

anisotropy (FA) characterizes the shape of the diffusion ellipsoid and ranges

between zero for perfect isotropic diffusion and one for anisotropic diffusion,

as in an infinite cylinder. In skeletal muscle, an interpretation of the meaning

of DTI eigenvalues has been inconclusive. It is generally accepted that λ1 rep-

resents diffusion along the muscle fiber axis. Galban et al. suggested that λ2
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and λ3 might represent diffusion along sheets of fibers and within muscle fiber

cross-section, respectively (14).

Since its initial application to examine skeletal muscle in vitro by Basser

et al. (15), DTI has become a useful tool to probe muscle microstructure in

vivo to gain insight about the underlying architecture (16). The technique has

been applied to evaluate muscle health and has shown that injured calf muscles

are associated with increased eigenvalues and ADC, with a reduction in FA

(17). Tracking of muscle fibers in damaged zones further revealed structural

abnormalities with injury (17). Diffusion imaging has also been used to evalu-

ate pathological muscle conditions (18,19) and muscle disruptions induced by

exercise (20). Some DTI studies have demonstrated dependence of diffusivity

measures on age (21,22) and gender (23), while others failed to establish such

correlations (13,24). DTI metrics have also been shown to depend on muscle

fiber architecture and pennation angle (25-27). Changes in diffusion indices

have been reported following exercise (28-30), due to ischemic damage (31),

and in response to external pressure application (32).

Skeletal muscle DTI studies now span a range of muscles located through-

out the body, including the thigh (10,18,20), lumbar (13), forearm (11) and calf

(12,14,17,21-34) musculature. However, numerous pathologies are known to af-

fect foot tissue, such as peripheral vascular diseases and complex regional pain
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syndrome (35,36). These contribute to muscle weakness, disuse and atrophy,

and in severe cases, could lead to amputation of the affected limb. Although

conventional anatomical imaging may aid in diagnosing muscle impairments,

an understanding of muscle dysfunction usually requires biopsies or the use

of functional imaging methods. The imaging approach is more tolerable by

patient populations as biopsies are invasive, painful, and associated with com-

plications. In addition, biopsy of foot muscles is not routine clinical practice.

The importance of examining foot muscles using advanced functional imaging

methods has recently been elucidated by Kos et al. (37). The researchers

explored the use of foot blood oxygen level-dependent (BOLD) MR imaging.

Using an ischemia-hyperemia paradigm that is widely applied to calf studies,

the group demonstrated the feasibility of foot imaging in healthy volunteers

(37).

We believe that advanced imaging protocols such as functional imaging

and DTI could provide valuable clinically relevant information in the evalua-

tion of pathological conditions that manifest with symptoms in the foot. The

purpose of this study was to examine the diffusive properties of foot mus-

cles and establish a normative range of values in healthy subjects. To our

knowledge, DTI indices (eigenvalues, FA and ADC) have not been previously

investigated in the foot. Assessment of diffusion behavior in an asymptomatic
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population is necessary before future application of the technique to a diseased

group of subjects.

6.3.3 Materials and Methods

6.3.3.1 Subjects

Ten healthy adult subjects between 19 and 32 years of age (mean ±

SD: 25.9 ± 4.3 years, height: 173.9 ± 10.2 cm, weight: 69.9 ± 12.6 kg, 2

females) took part in the study. The foot muscles of the subject’s dominant

leg were imaged. None of the subjects reported having any pathology in the

imaged foot. Participants refrained from food and drink intake for at least

four hours prior to the study and none of the subjects performed strenuous

exercises in the twenty-four hours preceding the imaging session. These mea-

sures were imposed in an attempt to standardize our DTI metrics. Some DTI

studies require subjects to fast and refrain from intense exercise, while others

do not report any pre-measurement restrictions. All subjects underwent MR

screening before taking part in the study, which was approved by our local

research ethics board.

6.3.3.2 Magnetic resonance imaging

MR imaging was performed using a GE Signa MR750 3.0T MRI system

and an HD foot/ankle array coil (GE Healthcare, Milwaukee, WI). Subjects
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were placed feet-first and lay in the supine position in the MR scanner. Follow-

ing scout imaging, high contrast T1-weighted coronal (short axis) anatomical

images were collected using a Fast Spin Echo (FSE) sequence with the fol-

lowing parameters: TE/TR= 14.9/785 ms, 5mm slice thickness, 0mm gap,

FOV=16cm, 320x320 matrix, 20 slices, Echo Train Length (ETL) of 4. Im-

ages were acquired starting at the neck of the talus and moving towards the

distal end of the foot. DTI images were subsequently collected from the same

anatomical location as theT1-weighted images. A dual spin-echo EPI sequence

was used for DTI measurements with 15 diffusion encoding gradient direc-

tions ([1,0,0]; [0.643,0.766,0]; [0.258,0.307,0.916]; [0.258,0.307,0.916]; [0.164,-

0.507,0.846]; [-0.796,-0.321,0.513]; [0.761,0.427,0.489]; [-0.506,0.833,0.224]; [

0.667, -0.158,0.728]; [0.128,0.959,0.254]; [-0.178,-0.898,-0.403]; [0.255,-0.590,-

0.767]; [0.340,-0.736,0.585]; [-0.801,0.329,0.501];[0.336,0.043,-0.941]), one b=0

s/mm2 image, TE/TR= 68.8/4050ms, b-value=400 s/mm2, 5mm slice thick-

ness, 0mm gap, FOV=16cm, frequency encoding along the superior/ inferior

direction, 64x64 matrix, 20 slices and array spatial sensitivity encoding tech-

nique (ASSET) acceleration factor of 2. A shim volume was manually defined

in the DTI acquisition. Four DTI data sets with the same pre-scan values

were acquired (4 NEX) separately so that each set can be corrected before

calculation of the tensor (as described below). In skeletal muscle DTI studies,
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a range of parameters has been employed (b-values from 300-600 s/mm2, 6 or

12 gradient directions, 4-8 averages). The DTI parameters that we have used

here (12 gradient directions, ASSET application, separate NEX and b-value

of 400 s/mm2) are in the range of those typically employed in muscle DTI

studies and have been standardized in our lab for skeletal muscle imaging.

To determine the signal to noise ratio (SNR) for each muscle, an additional

identical DTI data set was collected so that the difference method (38) could

be used in the SNR computation (as described below).

6.3.3.3 Data analysis

Diffusion tensor imaging indices were measured in five muscular regions

of interest (ROI) in the foot: quadratus plantae (QP), abductor hallucis (AH),

flexor hallucis brevis (FHB), flexor digitorum brevis (FDB), and abductor

digiti mini (ADM) (Fig. 6.1). Before tensor analyses, the acquired DTI

data sets were corrected for motion and eddy currents using FMRIB’s linear

image registration tool, FLIRT (39), which is part of the FMRIB Software

Library, FSL (FMRIB Analysis Group) (40). The reference image for the

registration was set as the b=0 s/mm2 image of the first NEX. After image

registration and eddy current correction, the DTI data sets were summed and

tensor calculation was carried out using analysis of functional neuro-images

(AFNI) software (National Institute of Mental Health) (41). ROIs for each of
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the investigated muscles were drawn on five slices. SNR was first determined

for each muscle ROI. Since parallel imaging was used to acquire the DTI data,

SNR was calculated using the difference method as (38):

SNR =
1√
2
× µsum
σdiff

(6.1)

where µsum is the mean signal intensity of the ROI in the summed image and

σdiff is standard deviation of the ROI signal in the differenced image. This

technique requires the acquisition of two separate data sets, hence eight DTI

scans were performed and the two resulting summed images from each of the

four DTI sets were used to determine the SNR.

Calculation of the diffusion tensor at each voxel of the corrected DTI

set was done using AFNI (National Institute of Mental Health) (41) resulting

in three eigenvalues (λ1, λ2, λ3), ADC and FA, where ADC was computed as:

ADC =
λ1 + λ2 + λ3

3
(6.2)

and FA was calculated with:

FA =

√
3

2

√
(λ1 − 〈λ〉)2 + (λ2 − 〈λ〉)2 + (λ3 − 〈λ〉)2

λ2
1 + λ2

2 + λ2
3

(6.3)
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Figure 6.1: Coronal (short axis) T1-weighted image showing the foot muscles
that were investigated in this study: quadratus plantae (QP), abductor hallucis
(AH), flexor hallucis brevis (FHB), flexor digitorum brevis (FDB), and abductor
digiti mini (ADM).

where 〈λ〉 represents the mean of the three eigenvalues.

6.3.3.4 Statistical analysis

To determine if there was significant difference between muscle pairings

in terms of eigenvalues, FA or ADC, a repeated measured analysis of variance

(ANOVA) with Tukey honestly significant difference (HSD) post hoc test was

performed (significance was set at P < 0.05). Since five muscles were examined

in this study, ten different muscle pairings were possible in total (5 choose 2 =

10), because the order of each muscle pair did not matter (for instance the QP-
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AH pairing is the same as the AH-QP pairing). All statistical analyses were

performed using GraphPad Prism (Version 5.0c, GraphPad Software Inc.).

6.3.4 Results

Diffusion tensor metrics (λ1, λ2, λ3, ADC, FA) were measured in the

foot of 10 healthy volunteers (Table 6.1). A sample T1-weighted anatomical

image and the corresponding b=0s/mm2 DTI image from one of the subjects is

shown in Fig. 6.2 for two slice locations. Fig. 6.3 shows images of the three

diffusion eigenvalues along with the corresponding T1-weighted anatomical

slice for one of the subjects at one anatomic level.

Statistical differences were seen in λ1 between the following muscle pair-

ings: QP-AH, QP-FHB, AH-FDB, FHB-FDB, and FDB-ADM (Table 6.2).

None of the muscle pairings showed statistical differences in λ2. However, with

regards to the third eigenvalue, λ3, statistical differences were seen between

QP-FDB, AH-FDB, AH-ADM, FHB-FDB and FHB-ADM (Table 6.2). None

of the paired muscles showed statistical differences in ADC (Table 6.2).

The largest FA was measured in the FDB muscle with a mean (± SD)

of 0.40 ± 0.07, with all other muscles measuring below 0.30 ( Fig. 6.4).

Statistical differences in FA were seen between the following muscle pairs:
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Figure 6.2: Sample anatomical images at two slice locations (a, c) and the
corresponding b=0s/mm2 DTI images (b, d) of one of the subjects.

Figure 6.3: Sample anatomical slice (a) along with the tensor eigenvalues:λ1

(b), λ2 (c), and λ3 (d) from one of the subjects.
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Muscle λ1 λ2 λ3 ADC

Quadratus plantae
(QP)

2.05±0.14 1.44±0.10 1.17±0.12 1.55±0.10

Abductor hallucis
(AH)

1.88±0.13 1.43±0.14 1.27±0.09 1.52±0.12

Flexor hallucis brevis
(FHB)

1.91±0.19 1.48±0.20 1.25±0.14 1.55±0.18

Flexor digitorum
brevis (FDB)

2.14±0.19 1.39±0.18 0.91±0.22 1.48±0.17

Abductor digiti mini
(ADM)

1.95±0.15 1.40±0.12 1.07±0.19 1.48±0.14

Table 6.1: DTI eigenvalues (λ1,λ2,λ3) and apparent diffusion coefficient (ADC)
for muscles in the foot (mean± SD). Units of eigenvalues and ADC are expressed
as ×10−3 mm2/s.
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Muscle pair-
ings

λ1 λ2 λ3 ADC FA

QP-AH * *
QP-FHB * *
QP-FDB * *
QP-ADM
AH-FHB
AH-FDB * * *
AH-ADM * *
FHB-FDB * * *
FHB-ADM * *
FDB-ADM * *

Table 6.2: Statistical analysis (repeated measured analysis of variance
(ANOVA) with Tukey honestly significant difference (HSD) post hoc test) be-
tween pairs of muscle groups for DTI metrics. * Statistical significance defined
at P < 0.05 between muscles. QP= quadratus plantae, AH= abductor hallu-
cis, FHB= flexor hallucis brevis, FDB= flexor digitorum brevis, and ADM=
abductor digiti mini.
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Figure 6.4: The averaged fractional anisotropy, FA (n=10 subjects, error
bars represent standard deviation) for each of the five muscle groups: quadra-
tus plantae (QP), abductor hallucis (AH), flexor hallucis brevis (FHB), flexor
digitorum brevis (FDB), and abductor digiti mini (ADM).

QP-AH, QP-FHB, QP-FDB, AH-FDB, AH-ADM, FHB-FDB, FHB-ADM and

FDB-ADM (Table 6.2).

The measured SNR for each of the investigated muscles is given in

Table 6.3. The averaged SNR ranged from 47.5 - 69.1 in the various muscles

examined.
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Muscle SNR

Quadratus plantae (QP) 49.0 ± 16.0
Abductor hallucis (AH) 56.6 ± 25.5
Flexor hallucis brevis (FHB) 69.1 ± 27.4
Flexor digitorum brevis (FDB) 47.5 ± 17.4
Abductor digiti mini 55.7 ± 23.7

Table 6.3: The measured signal to noise ratio (SNR) for each of the investi-
gated foot muscles. Values shown are mean ± SD averaged over all subjects
(n=10). SNR was calculated using the difference method (38) as given by Equa-
tion 6.1.

6.3.5 Discussion

The aim of our study was to use diffusion tensor imaging to measure the

diffusion anisotropy of water in foot muscles of asymptomatic disease free adult

subjects. We characterized diffusion tensor metrics (λ1, λ2, λ3, ADC, FA) in

five muscles of the foot of healthy volunteers (n=10). The investigated muscles

were: the quadratus plantae (QP), the abductor hallucis (AH), the flexor

hallucis brevis (FHB), the flexor digitorum brevis (FDB), and the abductor

digiti mini (ADM). Although DTI has been previously applied to study various

skeletal muscles such as those of the calf (12,14,17,21-34), forearm (11), lumbar

(13), and thigh (10,18,20), to our knowledge, this is the first study that has

extended the technique to examine foot muscles.

DTI has been shown to provide useful insight into microstructural mus-

cular abnormalities of the calf and the thigh (17-20). DTI derived metrics have
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also been shown to alter in the presence of inflammatory markers in the brain

(42,43), the liver (4) and the knee joint (44). It is well known that numerous

pathologies, including complex regional pain syndrome (CRPS) (36), affect

foot tissue and result in muscular abnormalities of the affected limb (45,46).

There is also evidence suggesting the presence of inflammatory markers in the

affected CRPS limb based on blister fluid samples (47) and skin biopsies (48).

Due to its noninvasive nature and since it has been useful in examining muscu-

lar abnormalities and inflammatory changes, DTI of the foot could potentially

further our understanding of pathologies that affect this region of the body,

including CRPS and peripheral vascular diseases. We hope that this technique

may allow earlier diagnosis and allow treatment monitoring with serial scans.

Our study was thus performed to examine DTI metrics in foot muscles of

an asymptomatic population and demonstrate the feasibility of the technique

before future applications to a compromised group of volunteers.

In the current study, we measured λ1 to range from 1.88× 10−3 to

2.14× 10−3 mm2/s , λ2 from 1.39× 10−3 to 1.48× 10−3 mm2/s and λ3 from

0.91× 10−3 to 1.27× 10−3 mm2/s in the various foot muscles. Our ADC and

FA values were observed to range from 1.48× 10−3 to 1.55x× 10−3 mm2/s

and 0.21 to 0.40, respectively. Our measured DTI metrics are similar to those

obtained by other groups investigating skeletal muscle DTI (12,14, 49). In one
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study, λ1 was observed to vary from 1.93× 10−3 to 2.29 × 10−3 mm2/s, λ2

from 1.42× 10−3 to 1.58× 10−3 mm2/s and λ3 from 1.19× 10−3 to 1.40× 10−3

mm2/s in the muscles of the calf of healthy volunteers (12). ADC and FA

ranges of 1.53× 10−3 to 1.67× 10−3 mm2/s and 0.18 to 0.33 were reported in

that study, respectively (12). Another study investigating diffusive properties

of thigh muscles reported λ1 to range from 2.08× 10−3 to 2.09 × 10−3 mm2/s,

λ2 from 1.54× 10−3 to 1.58 × 10−3 mm2/s and λ3 from 1.13× 10−3 to × 10−3

mm2/s in the various muscles, with an ADC and FA ranges of 1.59× 10−3 to

1.62 × 10−3 mm2/s and 0.27 to 0.30, respectively (49). These reported DTI

values are in agreement with our measured metrics in foot muscles.

We observed variations in some of the DTI metrics between foot mus-

cles. Variation in DTI metrics between muscles (i.e. statistical differences

between muscle pairs for a given DT index) may be a consequence of varying

muscle composition or architecture (14). Specifically, statistical differences

were seen between QP-AH, QP-FHB, AH-FDB, FHB-FDB, and FDB-ADM

for λ1. We did not find any statistical differences in terms of λ2 between any

muscle pairs. However, we noted statistical differences in λ3 between QP-FDB,

AH-FDB, AH-ADM, FHB-FDB and FHB-ADM. Previous reports have shown

that there are variations in the eigenvalues across calf muscles (12,14). In the

study by Sinha et al., the largest number of statistically different muscle pairs
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was seen for λ1, while none of the muscles showed differences in terms of λ3

(12). Galban et al. reported a different pattern, where they found the smallest

number of pairs of muscles produced statistical differences on the basis of λ1

and the largest number of statistically different muscle pairs was seen for λ3

(14). The results of the current study show an equal number of statistically

different muscle pairs for λ1 and λ3. The variations seen in λ1 between muscle

groups have been suggested to stem from the presence of the mitochondria

and the sarcoplasmic reticulum, which would result in structural barriers that

would vary between muscles (14). Differences seen in λ3 across muscles have

been previously explained to be the result of variations in the radius of muscle

fibers (14).

SNR was calculated using the approach for parallel imaging, which

requires the acquisition of two DTI data sets (38). The same ROIs used for

determining the DTI indices were also employed in the SNR calculation using

the b=0 images. Our calculated SNR was 49.0 ± 16.0 in the QP muscle, 56.6

± 25.2 in the AH muscle, 69.1 ± 27.4 in the FHB muscle, 47.5 ± 17.4 in

the FDB muscle and 55.7 ± 23.7 in the ADM muscle. It has been previously

shown that the behavior of the DTI metrics depends on the SNR level and

the b-value used (50). The b-value in the current study was 400 s/mm2, and

from Fig. 3 of (50), it can be seen that with this b-value, for an accuracy
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of 5% in determining the DTI metrics, the required SNR is approximately 5

for λ1, 8 for λ2,13 for λ3, 9 for ADC and 20 for FA (50). For an accuracy of

1%, an SNR of 11 is needed for λ1, 18 for λ2, 28 for λ3,18 for ADC, and 43

for FA (50). The SNR calculated in our study was more than 35 in almost

all subjects and muscles examined. Thus, we believe our DTI metrics were

reliably determined (between 1% and 5% accuracy) since the SNR levels were

higher than minimum requirements, as predicted by (50).

In conclusion, we have demonstrated that DTI of the foot is feasible

and we have established a normative range of values for the diffusion tensor

metrics (λ1, λ2, λ3, ADC, FA) in healthy adult subjects. Our measured DTI

indices in the foot were similar to those obtained in calf and thigh skeletal

muscles. Future application of the technique to a compromised population

could potentially further our understanding of pathologies that affect foot

musculature.
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Chapter 7

Foot Diffusion Tensor Metrics:
Response to Supine Posture

Alyaa H. Elzibak, B.Sc., M.Sc., Dinesh A. Kumbhare, MSc, MD, FRCPC,

Michael D. Noseworthy, Ph.D., P.Eng.

7.1 Context of the Paper

Having noted that diffusion tensor metrics of calf muscles are altered

with position-related changes in the first manuscript (chapter 4) and having

established a normal range of DT metrics in healthy foot muscles in the third

manuscript (chapter 6), this paper aimed at evaluating whether DT indices

are altered in the foot with positional change. Since 34 minutes of supine rest

seemed to be necessary to allow DTI indices to stabilize in the calf (chapter

4), we measured diffusion metrics in the foot at baseline and at 34 minutes

of supine rest. BOLD signal characteristics were not investigated as they did

not seem to be sensitive to small differences in muscle use between the two

postural states, as observed in the second manuscript (chapter 5).
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7.3.1 Abstract

Objective: To determine the response of foot diffusion tensor eigenvalues (λ1,

λ2, λ3), apparent diffusion coefficient (ADC) and fractional anisotropy (FA)

to positional change from upright to supine posture.

Methods: The dominant foot of nine healthy adults (mean ± SD: 27.1 ± 6.5

years, 3 females) was imaged using a 3T MR scanner. Data was acquired at

baseline (measurement 1) and following 34 minutes of supine rest (measure-

ment 2). DT metrics were examined in five foot muscles (quadratus plantae

(QP), abductor hallucis (AH), flexor hallucis brevis (FHB), flexor digitorum

brevis (FDB), and abductor digiti mini (ADM)) during each of the two mea-

surement times.

Results: All three eigenvalues and ADC showed significant decreases in the

five muscles with positional change (P < 0.05). These reductions ranged

from 2.7-4.6% in the various foot muscles, following 34 minutes of supine rest

(P<0.05). No changes were noted in FA in any of the muscles with supine

rest.

Conclusions: The observed changes in the diffusivity of foot muscles with

movement from upright to supine position were similar to those previously

reported in calf DT metrics. This study further elucidates the need for im-
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posing a resting period in the recumbent position before DT data collection.

Key Words: diffusion tensor imaging (DTI), foot, positional change, skeletal

muscle
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7.3.2 Introduction

Diffusion tensor imaging (DTI) is an emerging technique that is be-

coming widely used to noninvasively characterize tissue microstructure. It has

been applied to study water diffusion in healthy organs (1-8), providing insight

into the underlying tissue architecture. Diffusion imaging has also become a

valuable tool in assessing numerous pathological conditions that are reflected

by modifications in the diffusion of water (9-15), including inflammatory dis-

eases (12-15).

The application of DTI to examine skeletal muscle architecture has

been promising, confirming that diffusivity changes accompany microstruc-

tural muscle alterations (9, 16-23). DTI measurements are based on the idea

that the presence of membranes and other cellular structures impedes the

isotropic diffusion of water molecules. In skeletal muscles, this leads to a

preferential diffusion of water molecules (24) such that the axis parallel to

the muscle fiber shows greater diffusion than that observed along transverse

directions (25, 26).

Various elements of the diffusion tensor have been used to express the

behavior of the diffusing molecules. These include eigenvalues (λ1, λ2, λ3),

apparent diffusion coefficient (ADC), and fractional anisotropy (FA). Several
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studies have revealed that these indices may be modified in the presence of

architectural or pathological muscle disruptions (16-23). For example, plantar

flexion and dorsiflexion have been reported to influence the measured diffusion

metrics, presumably reflecting changes in muscle fiber structure due to mus-

cle shortening or lengthening (27, 28). In addition, increased water diffusion

has been noted in the calf muscles of injured subjects, possibly the result of

modified muscle microstructure in these damaged regions (9).

Diffusion imaging of skeletal muscles is dominated by studies that ex-

amine the calf region (2,9, 20-23, 25-28), although muscles in other body lo-

cations have also been investigated (3,4,18, 19). Recent evaluations have been

performed to establish diffusion metrics in foot muscles and the feasibility of

examining this region has been demonstrated (6). The current study aims

at furthering our understanding of the diffusive behavior in foot muscles, by

examining the diffusion indices in the foot following positional change from

upright to supine posture.

Extensive research has been carried out to investigate the influence of

postural changes on body fluid volume distributions (29, 30) and the accom-

panying changes in leg volume (31) or muscle cross sectional area (32,33).

Recently, DT indices were shown to vary in response to movement from erect

to recumbent position in calf muscles (34). The authors noted that most of
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the change in the diffusion metrics took place within the first half an hour

of assuming the supine position (34). The current work aims at extending

the results of the previous research by examining the effect of posture on foot

DTI metrics. We measured diffusion indices (λ1, λ2, λ3, ADC and FA) in five

muscles of the foot (quadratus plantae (QP), abductor hallucis (AH), flexor

hallucis brevis (FHB), flexor digitorum brevis (FDB), and abductor digiti mini

(ADM)) of healthy subjects during two imaging sessions. Measurement 1 was

acquired after the subjects had arrived to the imaging centre and were ready

to be imaged. The second data set (measurement 2) was collected thirty-four

minutes after the 1st measurement. Subjects remained in the supine position

between these two measurements. We hypothesized that similar changes will

be observed in the DTI metrics of foot muscles in response to supine posture,

as were seen in calf muscles (34).

7.3.3 Materials and Methods

7.3.3.1 Subjects and Data Collection

Nine healthy adult subjects between 17 and 40 years of age (mean: 27.1

years, height: 173.5 ±11.1 cm, weight: 65.4 ± 12.8 kg, 3 females) participated

in this study. A GE 3.0T MRI system (MR750, GE Healthcare, Milwaukee,
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WI) and an HD foot/ankle array coil (GE Healthcare, Milwaukee, WI) were

used to scan the foot muscles of the dominant leg of each subject. Images were

acquired while subjects lay in the supine position, feet-first in the MR scanner.

Subjects were in the fasted state (had been asked to refrain from food and drink

intake for four hours prior the study) and had avoided participating in vigorous

exercise in the twenty-four hours before the study. The MR imaging session

involved two sets of measurements; the first (measurement 1) was collected

soon after the subjects had arrived to the centre and were ready to be imaged.

Following this first measurement, subjects remained in the supine position

in the MR scanner for thirty-four minutes, at which time a second data set

(measurement 2) was acquired.

Each data set consisted of coronal anatomical slices (Fast Spin Echo

(FSE), TE/TR= 14.9/785 ms, 5mm slice thickness, 0mm gap, FOV=16cm,

320x320 matrix, 20 slices) and DTI slices from matching anatomical loca-

tions (dual spin-echo EPI, 15 diffusion encoding gradient directions, TE/TR=

68.8/4050ms, b-value=400 s/mm2 and one b=0 s/mm2 image, 5mm slice

thickness, 0mm gap, FOV=16cm, 64x64 matrix, 20 slices, ASSET factor of

2, manual shim volume, 4 separate NEX). The neck of the talus bone was

used as the starting position for image acquisition as shown in Fig. 7.1.
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Figure 7.1: Sagittal localizer showing the position of the twenty coronal slices
(short axis) acquired in this study. Image collection started from the neck of
the talus bone.

7.3.3.2 Data Analysis

All DTI data was analyzed offline using analysis tools from FMRIB

Software Library, FSL (35) and analysis of functional neuro-images (AFNI)

(36). Before tensor analysis, images were corrected for motion and eddy cur-

rents using FMRIB’s linear image registration tool, FLIRT (37), as described

previously (6, 34). Five slices were chosen for DT metric analyses for each

subject. Regions of interest (ROIs) were drawn on these slices in five different

muscle groups: the quadratus plantae, the abductor hallucis, the flexor hallu-

cis brevis, the flexor digitorum brevis, and the abductor digiti mini. Diffusion
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tensor calculation, using AFNI, produced the DT eigenvalues (λ1, λ2, λ3) at

each voxel. The ADC was then computed as the mean of the three eigenvalues,

and the FA was calculated using:

FA =

√
3

2

√
(λ1 − ADC)2 + (λ2 − ADC)2 + (λ3 − ADC)2

λ2
1 + λ2

2 + λ2
3

(7.1)

A paired t-test was carried out to assess if the DT metrics varied be-

tween the two measurements for any of the muscles. Statistical analyses were

performed using GraphPad Prism (Version 5.0c, GraphPad Software Inc.) and

significance was set at P <0.05.

7.3.4 Results

Fig. 7.2 shows the mean of the DTI metrics in the quadratus plantae

muscle of the participants at the first and second measurement times. We

observed decreases in the eigenvalues and ADC, and no changes in the FA be-

tween the two measurement times. A similar behavior was noted for the DT

indices in all other muscles as listed in Table 7.1. The decreases in the eigen-

values and ADC noted when comparing the first and second measurements

were found to be significant in all investigated muscles, and ranged from 2.65
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Figure 7.2: Mean DT metrics in the quadratus plantae muscle at the two
measurement times (error bars represent SE). We noted significant decreases (
P < 0.05) between the first and second measurement for all DT indices, except
FA. A similar pattern was observed in all other muscle groups (Table 7.1).

to 4.59% (Table 7.2). No significant changes were noted in the FA (Table

7.1) of any of the muscles between the two measurements (quadratus plan-

tae P= 0.40, abductor hallucis P= 0.22, flexor hallucis brevis P= 0.13, flexor

digitorum brevis P= 0.35, abductor digiti mini P= 0.18).

7.3.5 Discussion

The present study was carried out to examine changes in water diffu-

sivity of foot muscles of healthy young subjects that accompany changes in
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Measurement 1 Measurement 2

Quadratus plantae
λ1 1.95 ± 0.03 1.89 ± 0.03
λ2 1.42 ± 0.03 1.38 ± 0.03
λ3 1.22 ± 0.02 1.18 ± 0.01
ADC 1.53 ± 0.03 1.48 ± 0.02
FA 0.24 ± 0.01 0.24 ± 0.01
Abductor hallucis
λ1 1.83 ± 0.04 1.74 ± 0.03
λ2 1.39 ± 0.04 1.33 ± 0.04
λ3 1.23 ± 0.03 1.19 ± 0.03
ADC 1.48 ± 0.04 1.42 ± 0.03
FA 0.21 ± 0.01 0.20 ± 0.01
Flexor hallucis brevis
λ1 1.87 ± 0.04 1.82 ± 0.03
λ2 1.45 ± 0.04 1.39 ± 0.04
λ3 1.26 ± 0.03 1.21 ± 0.03
ADC 1.53 ± 0.04 1.47 ± 0.03
FA 0.20 ± 0.01 0.21 ± 0.01
Flexor digitorum brevis
λ1 1.95 ± 0.04 1.89 ± 0.05
λ2 1.33 ± 0.04 1.29 ± 0.04
λ3 1.09 ± 0.05 1.04 ± 0.05
ADC 1.46 ± 0.04 1.41 ± 0.04
FA 0.30 ± 0.02 0.30 ± 0.02
Abductor digiti mini
λ1 1.92 ± 0.05 1.83 ± 0.04
λ2 1.34 ± 0.05 1.28 ± 0.04
λ3 1.09 ± 0.05 1.06 ± 0.05
ADC 1.45 ± 0.05 1.39 ± 0.04
FA 0.29 ± 0.02 0.28 ± 0.01

Table 7.1: Mean of eigenvalues, ADC and FA for the two measurement times
in each of the five muscles (n= 9 subjects; mean ± SE; eigenvalues and ADC
are × 10−3 mm2/s). Significant decreases (P < 0.05) were observed between
the first and second measurement for all DT indices (Table 7.2), except the
FA.
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% Decrease between
the two measurements
(P-value)

Quadratus plantae
λ1 3.22 ± 0.89 (P < 0.004)
λ2 2.94 ± 0.82 (P < 0.003)
λ3 3.66 ± 0.91 (P < 0.003)
ADC 3.26 ± 0.67 (P < 0.001)
Abductor hallucis
λ1 4.59 ± 0.71 (P < 0.001)
λ2 4.03 ± 1.09 (P < 0.004)
λ3 3.74 ± 1.46 (P < 0.02)
ADC 4.19 ± 0.92 (P < 0.002)
Flexor hallucis brevis
λ1 3.04 ± 0.88 (P < 0.006)
λ2 4.18 ± 1.39 (P < 0.005)
λ3 4.02 ± 0.90 (P < 0.002)
ADC 3.69 ± 0.84 (P < 0.002)
Flexor digitorum brevis
λ1 2.92 ± 1.00 (P < 0.01)
λ2 2.93 ± 0.84 (P < 0.004)
λ3 3.93 ± 1.65 (P < 0.03)
ADC 3.19 ± 0.64 (P < 0.001)
Abductor digiti mini
λ1 4.17 ± 1.03 (P < 0.002)
λ2 3.88 ± 0.97 (P < 0.004)
λ3 2.65 ± 1.76 (P < 0.02)
ADC 3.75 ± 0.79 (P < 0.001)

Table 7.2: % decrease in the DT metrics that showed significant differences
between the two measurement time. Data are mean ± SE.
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posture involving movement from upright to recumbent position. To that end,

DT metrics (λ1, λ2, λ3, ADC and FA) were measured during two imaging ses-

sions; the first one followed upright posture (measurement 1) and the second

one commenced following 34 minutes of supine rest (measurement 2). Exam-

inations were conduced on five regions of the foot: quadratus plantae (QP),

abductor hallucis (AH), flexor hallucis brevis (FHB), flexor digitorum brevis

(FDB), and abductor digiti mini (ADM).

DT imaging has been carried out in numerous skeletal muscles in the

body. However, extension of the technique to the foot region has only been

recently attempted (6). The baseline DT metrics obtained in the current

study agree well with those published in the foot study (6). We measured λ1

to vary from 1.83× 10−3 to 1.95× 10−3 mm2/s, λ2 from 1.33× 10−3 to 1.45×

10−3 mm2/s and λ3 from 1.09× 10−3 to 1.26× 10−3 mm2/s in the various foot

muscles during the first measurement. In the foot study, λ1 was observed to

vary from 1.88× 10−3 to 2.14× 10−3 mm2/s, λ2 from 1.39× 10−3 to 1.48× 10−3

mm2/s and λ3 from 0.91× 10−3 to 1.27× 10−3 mm2/s (6). The largest λ1 values

were found in the FDB and QP muscles in both studies, while the smallest

value was observed in the AH muscle. The FHB muscle had the highest λ2,

while the FDB muscle had the smallest value. λ3 values were smallest in both

FDB and ADM muscles.
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With regards to ADC and FA, we measured ADC to range from 1.45×

10−3 to 1.53× 10−3 mm2/s and FA from 0.20 to 0.30 in the foot muscles.

These values were also in fair agreement with those reported in literature for

foot metrics (6), where ADC and FA had been noted to range from 1.48×

10−3 to 1.55× 10−3 mm2/s and 0.20 to 0.40, respectively (6). The highest

ADC values were reported in the QP and FHB muscle in both studies, while

FA was highest in the FDB and lowest in the FHB and AH muscles.

We noted that all three of our measured eigenvalues and ADC were

reduced in all of the foot muscles following 34 minutes of supine posture, while

no significant changes were observed in the FA. The decreases that were noted

ranged from 2.65 to 4.59% (Table 7.2) in the various metrics. DT indices

have been recently shown to change in calf muscles due to supine posture

(34). Reductions of 3.2-6.7% have been reported in the eigenvalues and ADC

following 34 minutes of supine rest (34). The decreases that we observed in

the diffusion metrics in the foot are of the same magnitude as those observed

in the calf (34).

Changes in diffusion indices have been reported in response to numer-

ous muscle microstructural alterations, including injuries (9), exercise (21),

external pressure (22), and muscle lengthening or shortening (16,18,20). The

changes in diffusion metrics that accompany such stimuli range from 7-60 %.
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Values near the high end of this interval are seen in cases where traumatic

muscle alterations become evident, as in the case of muscle tears (9).

Reductions in water diffusivity, as observed with supine posture, have

been previously attributed to stem from reductions in the extracellular space

(34). It is generally accepted that supine posture is accompanied by increases

in intravascular volume (30). These are presumed to result from movement of

fluid from the interstitial space into the blood (30). Expansion of the extracel-

lular space has been speculated to lead to the observed increase in diffusivity

noted in inflammatory myopathies (12). Thus, a reduction in diffusivity as

noted in the current study could likely be due to a decrease in the extracellu-

lar space, as suggested previously (34).

DTI has already been used to look at muscle damage (9) and to study

inflammation in numerous body regions (12-15). Application of DT imaging

to understand diseases that show loss of motor activity in relation to sys-

temic inflammation, such as chronic obstructive pulmonary disease (COPD)

or complex regional pain syndrome (CRPS) could be useful in furthering our

understanding of muscle status in such pathological conditions. Since we have

noted reductions in the diffusion metrics with posture in this study, it is im-

portant to first test the effect of posture in any compromised population. Once

an understanding of the response of diffusion metrics to positional change has
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been established in a diseased population, any necessary supine posture can

be implemented prior to DTI acquisition, leading to accurate DT metric eval-

uations.

In conclusion, diffusion tensor metrics were examined in foot muscles

of young healthy adults in response to positional change involving movement

from upright to supine posture. Our results revealed that all three eigenvalues

(λ1, λ2, λ3) and ADC were reduced following 34 minutes of supine rest. The

measured reductions were similar to those reported in calf skeletal muscles.

This study further elucidates the need for imposing a resting period in the

supine position before commencing DTI data collection.
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Chapter 8

Conclusions and Future Directions

8.1 Summary of Findings

This thesis helped further our understanding of baseline DTI/ BOLD

metrics in calf muscles of healthy subjects. The following were the main find-

ings:

• Examination of calf muscles (anterior tibialis, posterior tibialis, soleus,

medial gastrocnemius, and lateral gastrocnemius) using DTI revealed

that all three eigenvalues and ADC were reduced in response to move-

ment from the upright to supine position.

• Reductions of 3.2-6.7% and 3.4-7.5% were measured in the various calf

DTI metrics, following 34 and 64 minutes of supine rest, respectively

(P<0.05).

• No significant changes were noted in any of the eigenvalues or ADC

between the second and third imaging sessions for any muscle compart-

ment.
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• The FA did not change in any of the investigated calf muscles with supine

rest.

• The obtained SNR of the nonweighted image for our calf DTI metrics

was (mean ± SD): 79.2 ± 22.9 in the anterior tibialis muscle, 52.0 ±18.7

in the posterior tibialis muscle, 55.2 ± 22.3 in the soleus muscle, 77.6

± 33.2 in the medial gastrocnemius muscle and 95.0 ± 30.9 in the lat-

eral gastrocnemius muscle, leading us to conclude that the indices were

accurately determined.

• Examination of calf muscles (anterior tibialis, posterior tibialis, soleus,

medial gastrocnemius, and lateral gastrocnemius) using BOLD imaging

revealed that measures of global signal characteristics (mean and stan-

dard deviation) did not change with supine rest.

• Investigating the BOLD time series using fractals revealed a power law

scaling in all investigated calf muscles, and the signals were classified as

fBm and had FD values around 1.87.

• We did not find any significant changes in the FD between the three

measurement times in any of the calf muscles.
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• Spectral analysis of BOLD time series revealed that low frequency peaks

(below 0.1 Hz) were the major contributors to the spectrum, with most

of the fluctuations at frequencies lower than 0.01 Hz.

• Since variable responses were noted in the power spectra when comparing

between muscle compartments and subjects, and due to the difficulty

in identifying which frequencies were of physiological origin and which

ones reflected low frequency noise, conclusions about changes in power

spectrum between the three measurement times were not possible to

make.

• Examination of foot muscles (quadratus plantae (QP), abductor hallucis

(AH), flexor hallucis brevis (FHB), flexor digitorum brevis (FDB), and

abductor digiti mini (ADM)) using DTI revealed that assessing diffusion

anisotropy of water in this body region is feasible.

• The measured DTI metrics in the various foot muscles were: λ1: 1.88×

10−3 to 2.14× 10−3 mm2/s , λ2: 1.39× 10−3 to 1.48× 10−3 mm2/s, λ3:

from 0.91× 10−3 to 1.27× 10−3 mm2/s, ADC: 1.48× 10−3 to 1.55x× 10−3

mm2/s and FA: 0.21 to 0.40.

• DTI metrics in the foot were similar to those observed in thigh and calf

skeletal muscles.
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• Variations were noted in the DTI metrics between foot muscles, that

could result from differences in muscle architecture or composition (Galbán

et al., 2004). The observed differences were seen between: QP-AH, QP-

FHB, AH-FDB, FHB-FDB, and FDB-ADM for λ1. QP-FDB, AH-FDB,

AH-ADM, FHB-FDB and FHB-ADM for λ3.

• The obtained SNR of the nonweighted image for our foot DTI metrics

was (mean ± SD): 49.0 ± 16.0 in the QP muscle, 56.6 ± 25.2 in the AH

muscle, 69.1 ± 27.4 in the FHB muscle, 47.5 ± 17.4 in the FDB muscle

and 55.7 ± 23.7 in the ADM muscle.

• Examination of foot muscles (quadratus plantae (QP), abductor hallucis

(AH), flexor hallucis brevis (FHB), flexor digitorum brevis (FDB), and

abductor digiti mini (ADM)) using DTI revealed that all three eigenval-

ues and ADC were reduced in response to movement from the upright

to supine position.

• Reductions of 2.7-4.6% were measured in the various foot DTI metrics,

following 34 minutes of supine rest (P<0.05).

• The FA did not change in any of the investigated foot muscles with

supine rest.

217



Ph.D Thesis –– Alyaa H. Elzibak –– McMaster University - Med. Phys. & App. Rad. Sci. –– 2014

8.2 Contributions of this Work

The studies examining alterations in diffusivity with positional changes

(chapter 4 and chapter 7) were the first, to our knowledge, to show that

supine rest might be necessary before calf or foot DTI studies are conducted in

order to allow for diffusivity metrics to stabilize. Our results further validated

data obtained from studies looking at fluid volume changes that accompany

postural manipulations, in that a similar time interval (approx. 30 minutes)

seems to be reported by many of these studies in order to allow for the mea-

sured metrics to reach a steady value in healthy young subjects. These novel

findings could change the way future DTI studies are performed. Posture

standardization will most likely be implemented, leading to more reliable met-

ric estimates. We have already started to use a half an hour resting period

prior to data collection in skeletal muscle DTI studies being performed in our

laboratory.

The study where we set out to establish diffusion metrics in the foot

(chapter 6) serves as a starting point for many future studies to examine

diffusivity changes that accompany diseases of this region of the body, such as

peripheral vascular diseases and complex regional pain syndrome. Establishing

feasibility of the technique in a region that has not been explored before was

a necessary first step that has opened the door for further explorations.
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Although investigating BOLD characteristics with positional changes

provided negative results (chapter 5), it was an important examination to

perform, given that the BOLD signal contains information about blood volume

and tissue oxygenation and since our DTI studies did show significant changes

with posture manipulations. The observed lack of changes in BOLD signal

characteristics suggests that resting BOLD signal measurements may not be

sensitive to the subtle differences in muscle use between the two postural states.

This study has further revealed that BOLD time series of skeletal muscles could

be analyzed using fractals, due to the presence of a power law scaling.

8.3 Future Work

Although our studies have added valuable knowledge to that existing

in the DTI and BOLD literature of lower limb skeletal muscles, they have

opened up the possibility for many more future investigations. First of all, all

of the studies were conducted in young, healthy subjects. It remains unknown

whether the same positional changes will be seen in the measured metrics of

people of different ages or health conditions.

Secondly, in our BOLD work, the fractal dimension was used as a mea-

sure of signal complexity. This is a relatively new technique in terms of skeletal

muscle BOLD assessments. It is speculated that the use of this method to as-
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sess impairment of skeletal muscle microcirculation could be valuable. This is

because fractal analysis has provided information of diagnostic and prognostic

value previously. Also, losses of fractal scaling or alterations in the power law

relationship have been noted in some diseases. Future BOLD studies should be

performed on a pixel by pixel basis. This would help eliminate partial volume

effects. It would also shed some light on the consistency of the BOLD time

series within a muscle group.

For the foot study, the next step is to examine older healthy subjects.

This would lead to an understanding of diffusion metrics in the foot region

with aging. Following such an extension, foot DTI could be used to inves-

tigate muscle status in diseases that show an inflammatory muscle response,

providing insight into muscle microstructure. Since the technique is non inva-

sive, repeated studies of the same muscle can be undertaken if needed, allowing

for disease status to be tracked.
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