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Abstract

Diffusion tensor imaging (DTI) is a magnetic resonance imaging (MRI) method that

resolves structures by three-dimensional measurement of water movement, and has

shown to benefit studies of anisotropic tissues such as brain and skeletal muscle.

While many studies have used DTI to non-invasively study static tissue architecture,

little attempt has been made to use this technique to temporally characterize muscle

during post-exercise recovery. Thus, the goal of this work was to use DTI to study

the timecourse of changes in skeletal muscle following exercise.

The first study was performed to test stability of DTI eigenvectors (ε1 ε2 ε3), and

to determine how time-expensive parameters such as increased number of diffusion

directions (NDD) or signal averages (NSA) improve vector stability. The ε2 vector

was found to have more directional variability than ε1, and showed less improvement

than ε1 with increased NDD or NSA. Furthermore, decreasing directional variability

of ε1 was correlated with increasing NDD, not NSA (p<0.0008), while decreased

variability of ε2 was correlated with increasing NSA, not NDD (p<0.0005). The

variation in ε2 indicated that combining the corresponding minor eigenvalues into a

measure of Radial Diffusivity is more robust than analyzing λ2 and λ3 eigenvalues

separately.

The second study tested the use of DTI to characterize temporal calf muscle
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changes following a mild in-bore dorsiflexion-eversion exercise. DTI volumes were

acquired before and immediately after exercise. Anterior tibialis (ATIB), extensor

digitorum longus (EDL), and peroneus longus (PER) showed significantly-elevated

mean diffusivity (MD) post-exercise, while soleus (SOL) and lateral gastrocnemius

(LG) did not (p<0.0001). The EDL showed greater initial MD increase and re-

mained significantly elevated across more time points than ATIB or PER (p<0.05

to p=7.41x10−10). Significant signal increases were observed in post-exercise EDL

b=0s/mm2 volumes (S0) relative to other muscles across the majority of timepoints

(p<0.01 to p<0.001). The notable differences of EDL temporal MD and S0 relative

to ATIB and PER may be related to the physiology of the increased Type-II fiber

content in this muscle.

The third and final study investigated the feasibility of a ’sliding window’ multiple-

timescale temporal DTI approach, intended to acquire data with high temporal reso-

lution and ongoing structural representation. Continuous diffusion data was acquired

in the calf before and after four plantarflexion tasks, which varied by number of flex-

ions (10 or 60), and weight load (10% or 40% of individual max). Apparent diffusion

coefficient (ADC) and S0 were calculated from 3-direction subunits, while 15-direction

subunits produced DTI measures such as mean diffusivity (MD). Four different post-

exercise temporal patterns were observed for ADC, S0, and MD amongst the measured

muscles: ’elevated-decline’, ’latent peak’, ’sub-to-peak’, and ’horizontal’. The 10-flex

10% condition elicited ’elevated-decline’ in active muscles, particularly SOLlat. Exer-

cise of greater intensity produced ’latent peak’ and ’sub-to-peak’ patterns, with peak

height related to greater workload. The 10-flex 40% trial produced a ’sub-to-peak’
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pattern across all subjects only in the LG and MG, but ’latent-peak’ in these mus-

cles 60-flex 40%. The specificity of temporal diffusion patterns according to muscle

and task indicate that this technique could be beneficial to future studies of muscle

function.

These experiments have demonstrated the limits of DTI in the study of skeletal

muscle, yet established a basis for future investigation of muscle dynamics using

temporal diffusion methods.
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Notation and abbreviations

ADC - Apparent Diffusion Coefficient (DW and DWI)

ADP - Adenosine Diphosphate

ANOVA - Analysis of Variance

ATIB - Anterior Tibialis muscle (calf)

ATP - Adenosine Triphosphate

b - Amount of diffusion weighting applied during acquisition

CPMG - Carr-Purcell-Meiboom-Gill (MRI sequence)

CO2 - Carbon Dioxide

dir - Directions, pertaining to number of diffusion gradient vectors

DTI - Diffusion Tensor Imaging

DW - Diffusion weighted

DWI - Diffusion Weighted Imaging

EDL - Extensor Digitorum Longus muscle (calf)

EMG - Electromyography

EPI - Echo Planar Image

ε1 - First eigenvector (Diffusion Tensor Imaging)

ε2 - Second eigenvector (Diffusion Tensor Imaging)

ε3 - Third eigenvector (Diffusion Tensor Imaging)

FA - Fractional Anisotropy (Diffusion Tensor Imaging)

FOV - Field of View

Hz - Hertz. Cycles or repetitions per second

λ1 - First eigenvalue (Diffusion Tensor Imaging)

λ2 - Second eigenvalue (Diffusion Tensor Imaging)

λ3 - Third eigenvalue (Diffusion Tensor Imaging)
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LG - Lateral Gastrocnemius muscle (calf)

MD - Mean Diffusivity (Diffusion Tensor Imaging)

MG - Medial Gastrocnemius muscle (calf)

MRI - Magnetic Resonance Imaging

MWSF - Maximum (Woody) Weight Single Flex

n - Number of subjects

N - Number of diffusion directions

NDD - Number of diffusion directions

NMR - Nuclear Magnetic Resonance

NSA - Number of Signal Averages

PCr - Phosphocreatine

PD-FatSat - Proton Density Fat-Saturation (anatomical MRI sequence)

PER - Peroneus Longus muscle (calf)

PGSE - Pulsed Gradient Spin Echo (MRI sequence)

Pi - Inorganic Phosphate ion

RD - Radial Diffusivity - mean of second and third eigenvalues ( (λ2 + λ3)/2 )

RF - Radiofrequency

ROI - Region of Interest

RPBM - Random Permeable Barrier Model (Sigmund et al., NMR Biomed 2014.)

S0 - Signal intensity of the b=0 s/mm2 image (DTI)

SD - Standard Deviation

SE - Spin Echo

SEM - Standard Error of the Mean

SNR - Signal-to-noise Ratio

SOL - Soleus muscle (calf)

SOLlat - Soleus muscle (calf; lateral compartment)

STE - Standard Time Equivalency

T - Tesla (MRI static field strength)

T1 - Longitudinal relaxation time (67% of longitudinal magnetization recovery (MRI)

T2 - Transverse relaxation time (67% of transverse magnetization loss (MRI)

TE - Echo Time (MRI)

TR - Repetition Time (MRI)
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Chapter 1

Introduction

The following dissertation pertains to the assessment of post-exercise skeletal muscle

response as measured by Diffusion Tensor Imaging (DTI), a magnetic resonance ap-

proach. A particular focus is the use of repeated DTI acquisition for the creation of

temporal patterns representative of individual muscle recovery dynamics.

Chapter 2 contains a review of skeletal muscle, metabolism, and exercise, as well

as a description of the human calf.

Chapter 3 contains a review of magnetic resonance imaging (MRI) techniques that

are used or referenced within this body of work.

Chapter 4 describes a pilot study of weighted plantarflexion that inspired further

investigation into using DTI in a temporal manner to study skeletal muscle dynamics.

Details of how this pilot study determined the direction of this thesis projects are

provided, as well as the Study Objectives.

Chapter 5 presents a published paper regarding the stability of individual DTI

output measures, with particular focus on the tensor eigenvectors. This paper also

discusses the gains in eigenvector stability at the cost of temporal resolution.
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Chapter 6 presents a published paper that expands on the pilot study work. A

timecourse DTI analysis is used to study diffusion changes invoked within individual

calf muscles by dorsiflexion-eversion exercise with minimal workload. Furthermore,

a theory that post-exercise skeletal muscle temporal diffusion patterns are related to

tissue composition is proposed.

Chapter 7 describes the development and testing of a novel ’sliding window’ diffu-

sion acquisition technique intended to produce data at a higher temporal resolution,

but capable of recombination to achieve the structural representation provided by

DTI. This technique is then used to investigate human calf muscle function following

four plantarflexion exercises of differing intensity.

Finally, Chapter 8 contains a summary and conclusion of this body of work, as

well as suggestions for future directions.

2



Chapter 2

Skeletal Muscle

NOTE: The following chapter largely contains material from two textbooks (<Guyton

and Hall, 2006> and <Marieb and Hoehn, 2010>) unless specifically referenced.

2.1 The structure of skeletal muscle

Skeletal muscle makes up approximately 40% of the mass of the human body. This

tissue is responsible both for the support of the skeleton, as well as the majority

of voluntary movement, due to its attachment to bone via collagenous tendons and

capability for contraction. Skeletal muscle also has elastic properties, which allow for

elongation in muscles counter to contraction. There are at least 640 different skeletal

muscles within the human body, each responsible for a specific motion, although

muscles often act as group, with agonists (”prime movers”) and synergists (secondary

muscles which support the ”prime movers”).

Skeletal muscle is comprised of progressively smaller sub-units, each sheathed by

fascia, a tough connective tissue that maintains muscle shape and integrity during

3



Ph.D. Thesis - Conrad Peter Rockel McMaster - Biomedical Engineering

Figure 2.1: Architecture of skeletal muscle. (A) Illustration of concentric muscle
subunits. (B) Micrograph depicting longitudinal axis of skeletal muscle fiber. Visible
are the parallel arrangement of fibers, as well as striations (banding) along the fiber
length. (Credits: Figure 2.1a based on an illustration from studyblue.com; Figure
2.1b from commons.wikimedia.org.)

contractions (Fig. 2.1).

2.1.1 Micro-anatomy

At the cellular level, skeletal muscles consist of multinucleate cylindrical fibers 10-

40mm in length and 10-80 µm in diameter <Bonny and Renou, 2002>, and arranged

in a parallel fashion within the tissue. A single skeletal muscle fiber contains several

hundred to several thousand large polymerized protein molecules known as myofibrils.
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Each myofibril is composed of roughly 1500 myosin (”thick”) filaments and 3000

actin (”thin”) filaments. One end of an actin filament is attached to a z-disc, a

strip of filamentous protein connected to fascia that passes through and between the

myofibrils (Fig. 2.2). The other end of the actin filament is overlapped by a myosin

filament, which extends a series of protrusions known as cross-bridges. The opposite

end of the myosin filament is overlapped by another actin filament, which is in turn

connected to a second z-disc. The configuration of actin and myosin filaments lying

between two z-discs is collectively known as a sarcomere. Each sarcomere is roughly

2µm in length, and multiple sarcomeres are connected end-to-end in a chain to form

the myofibril.

Figure 2.2: The muscle fiber. (A) Illustration of a muscle fiber showing overlap of
actin and myosin within A-bands, as well as I-bands (myosin only), and the banding
of Z-discs. (B) Electron micrograph indicating bands within striated muscle fibers.
The dashed line depicts the range of one sarcomere, and is oriented to fiber direction.
(C) Depiction of a myosin cross-bridge bound to actin. (Credits: Figures 2.2a and
2.2b used with permission from <Guyton and Hall, 2006>, see Appendix C; Figure
2.2c adapted from open.umich.edu)

Muscle fibers are wrapped with a membranous structure known as the sarcolemma.

This membrane coating serves to house the nuclei of the muscle cell, as well as main-

tain an ionic gradient important in the transmission of action potentials along the

muscle fiber. Within the sarcolemma, the myofibrils are bathed in a fluid known as
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sarcoplasm, which is dense with organelles, dissolved proteins, macromolecules, and

ions necessary for cellular function. Throughout this cellular matrix is a membrane-

ous network known as the sarcoplasmic reticulum, which serves to store calcium ions,

needed for the process of muscle contraction.

The muscle fibers are in turn surrounded by interstitial fluid, which also contains

proteins and ions, although at a density far less than the sarcoplasm within the fiber.

The interstitial fluid serves to transport nutrients from the bloodstream to the fiber,

as well as removal of waste products from the fiber back to the bloodstream.

2.2 Contraction of Skeletal Muscle

Muscle contraction is initiated by a neural impulse which travels down the nerve

and elicits secretion of the neurotransmitter acetylcholine, which in turn acts upon

local areas of the muscle fiber at the neuromuscular junction. This signal is then

carried along the sarcolemma via sodium-potassium channels and a wave of membrane

depolarization (the ”action potential”) into the center of the myofibril via membrane

invaginations known as T-tubules.

This action potential triggers the release of calcium ions from the sarcoplasmic

reticulum <Allen et al., 2008>, which in turn initiates attractive forces between actin

and myosin filaments by activating binding sites for cross-bridges. The cross-bridges,

fueled by the energy produced by hydrolysis of adenosine triphosphate (ATP), go

through a cycle involving extension of the cross-bridge, attachment to actin, bending

of the cross-bridge (the ”power stroke”), and then detachment from actin (Fig. 2.3a).

If the binding sites are still activated, the cycle will begin again. This produces a

ratchet-like motion which causes the actin and myosin filaments to slide into one
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another (Fig. 2.3b). As a result, the sarcomeres shorten and pull on the z-discs,

thus shortening the muscle fibers which collectively contract the muscle.

Figure 2.3: Contraction of skeletal muscle. (A) Cycle of myosin cross-bridge shape
change, attachment to actin, power stroke, and detachment. (B) Depiction of actin
sliding within myosin filaments as the sarcomere contracts. ’Z’: Z-discs, ’I’: I-band
(myosin only), ’A’: A-band (overlap of actin and myosin). (Credits: Figure 2.3a from
open.umich.edu; Figure 2.3b used with permission from <Guyton and Hall, 2006>,
see Appendix C.)

2.2.1 Types of Contraction

Muscle contraction can be broken down into 2 main categories: an increase of muscle

tension while length remains static (isometric), and an increase in muscle tension with

changes in its length (isotonic). Isometric contractions are ”holding” contractions,

such as standing on tiptoe or pushing against a wall. Isotonic contractions consist of

2 types: concentric contractions, which involve increased tension and the shortening

and fattening of the muscle (e.g. a bicep curl); and eccentric contractions, which

involve increased tension yet elongation of the muscle (e.g. lowering the weight after
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a bicep curl).

2.2.2 Physiology of Contraction

Adenosine triphosphate (ATP) is the primary source of energy of skeletal muscle.

Energy is released when ATP interacts with enzymatic proteins within the muscle,

which break the high-energy chemical bonds (7300 calories/mol), thus producing

adenosine diphosphate (ADP) and a free phosphate radical (Pi). The energy released

by the cleaving of the phosphate bond is transferred to the muscular system, activating

changes in the shape of muscle proteins in order to induce contraction or activate

membrane-based ion pumps.

However, the ATP immediately available for use by the muscle lasts only for ap-

proximately 3 seconds, and thus must be continuously regenerated. Therefore, ATP

is reconstituted from ADP by the muscle cells via three pathways: direct phosphory-

lation, anaerobic glycolysis, and aerobic respiration (Fig. 2.4).

During direct phosphorylation, phosphocreatine (PCr) stored in the muscle trans-

fers a phosphate group to ADP to reform ATP. This is an immediate and efficient

reaction, such that the level of ATP available for use changes very little. A muscle

stores 2-3 times as much PCr as ATP, and with the phosphorylation of PCr, muscle

can sustain maximal power (work x time) for about 8-10 seconds (Fig. 2.4a).

As muscle stores of ATP and PCr become exhausted, ATP is then obtained from

glucose found in the bloodstream or released from glycogen stores within the muscle.

Initially, glucose is broken down to pyruvic acid, producing some ATP in the process.

The pyruvic acid is in turn broken down by two different metabolic pathways.

If oxygen is not present, the pyruvic acid regenerates ATP by anaerobic glycolysis
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Figure 2.4: Metabolic pathways for regeneration of ATP during muscle activity.
(A) Direct phosphorylation. (B) Anaerobic glycolysis. (C) Aerobic respiration.
PCr: Phosphocreatine, ADP: Adenosine Diphosphate, ATP: Adenosine Triphosphate.
(Credit: based on <Marieb and Hoehn, 2010>)

(Fig. 2.4b). This reaction can sustain maximal muscle power for about a minute,

but produces lactic acid as a by-product.

Should oxygen be available, pyruvic acid enters the mitochondria and undergoes

aerobic respiration (Fig. 2.4c). The body contains approximately 2 litres of oxygen

available for aerobic (oxidative) reactions without the need for additional breathing,

consisting of that contained in the lungs, dissolved in body fluids, and combined with

hemoglobin in the blood or myoglobin in the muscle. The mitochondria regenerate

large amounts of ATP while producing only CO2 and water. Aerobic respiration can

continue to supply ATP indefinitely for light to moderate muscle demands as long as

the requisite oxygen supply is available. Aerobic respiration produces 19-times more
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ATP per molecule of glucose than does anaerobic glycolysis (i.e. 38 ATP vs 2 ATP),

yet at a production rate that is 2.5-times slower.

Typically, for short bursts of power such as a sprint, the muscle collectively uses

direct phosphorylation to maintain ATP. For longer periods of on-and-off bursts, such

as a soccer match, the muscle relies on anaerobic glycolysis, while for daily activities

or endurance exercise, ATP is regenerated using aerobic respiration.

2.3 Fiber Type

Skeletal muscles in the human body are comprised of two broad classes of muscle

fibers: slow-twitch (Type I) and fast-twitch (Type II). Slow-twitch fibers enable pro-

longed activity, though they react much slower than fast-twitch fibers. They rely

on aerobic processes for the production of energy, with their small diameter allowing

for efficient diffusion of oxygen and nutrients <Guyton and Hall, 2006; Polgar et al.,

1973>. Furthermore, they have extensive blood vessel and capillary systems to enable

the supply of oxygen, and contain high concentrations of mitochondria for oxidative

(aerobic) metabolism <Andersen and Kroese, 1978>. Slow-twitch fibers also contain

large amounts of myoglobin, a protein complex similar to hemoglobin, the role of

which is to store and shuttle oxygen throughout the muscle cell.

Fast-twitch (Type II) fibers have a greater diameter than slow-twitch fibers<Guyton

and Hall, 2006; Polgar et al., 1973>, and have great strength and speed of contrac-

tion, though only for short durations. They have an extensive sarcoplasmic reticulum,

which allows for the rapid release of contraction-inducing calcium ions, and a large

amount of glycolytic enzymes that enable fast production of energy. Fast-twitch
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fibers are primarily anaerobic (Type IIb), and due to the decreased reliance on oxy-

gen, they have less extensive blood supply and fewer mitochondria than slow-twitch

fibers. However, there exists a hybrid form of fast-twitch fiber (Type IIb) that utilizes

oxidative metabolism (Type IIa), as well as an additional form that is only found in

non-human animals (Type IIx) <Fitts and Widrick, 1995>.

All human skeletal muscles have varying percentages of fast- and slow-twitch

fibers, depending on the function of the muscle <Johnson et al., 1973>. Muscles

that typically require fast and forceful contractions contain a large percentage of

fast-twitch fibers, while supportive and stabilizing muscles tend to contain higher

percentages of slow-twitch fibers.

2.4 Exercise

Exercise is a dynamic activity that increases demand on skeletal muscle function

beyond the typical levels required for mobility and skeletal support. As such, exercise

can range from quick bursts of maximal muscle power (e.g. shot putting), to short

periods of repetitive contraction (e.g. sprints in soccer or hockey), or to prolonged

periods of repetitive contraction (e.g. endurance sports such as marathon running).

As described in Section 2.2.2, the metabolic mechanism utilized by these exercise

conditions ranges from direct phosphorylation, to anaerobic glycolysis, to aerobic

respiration, respectively <Guyton and Hall, 2006; Marieb and Hoehn, 2010>.

As the duration of exercise progresses, the demand on the muscle to maintain PCr

and ATP levels exceeds its availability, and thus numerous changes take place within

the human body regarding water and blood distribution, and respiratory functions

in order to increase the amount of oxygen available to muscle tissue. As contractile
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muscle tissues become oxygen-deprived, local arterioles dilate in order to increase

the flow of oxygenated blood, while blood vessels within resting muscles undergo

vasoconstriction in order to redirect blood to the active tissues. This is followed by

heavier breathing and increased heart rate and stroke volume, all of which contribute

to a greater rate of blood perfusion through the lungs and skeletal muscle tissue, and

thus availability of oxygen and nutrients such as glucose <Guyton and Hall, 2006>.

Furthermore, the venous system undergoes vasoconstriction, serving to increase the

rate at which oxygen-depleted blood returns to the heart and lungs.

However, there are elements of exercise that complicate the presence of water

and nutrients during exertion. First, the expanded diameter of contractile muscles

in contraction compresses local blood vessels and capillaries, impairing the flow of

oxygen-rich blood to the muscle fibers <Guyton and Hall, 2006; Marieb and Hoehn,

2010>. Secondly, 60% of the energy released by cleaving the phosphate bonds of

ATP produces heat, requiring mechanisms such as thermal radiation from the skin

surface and sweating in order to maintain internal body temperature and homeostasis

<Marieb and Hoehn, 2010>. Unless rehydration occurs, especially during intense

exercise, the loss of water due to sweating impacts both the amount of blood and

global interstitial fluid volumes, leading to loss of muscle performance or even death

<Guyton and Hall, 2006>. Finally, prolonged or intense exercise can result in micro-

tearing of myocytic membranes, thus impairing the ability of tissues to maintain

excitatory ion gradients or otherwise perform optimally <Duner and Penrow, 1958>.

As exercise continues, the ability of the muscles to produce force begins to decline,

a condition known as fatigue. There are a multitude of contributory causes of muscle

fatigue that have been investigated, such as the ability of the sarcoplasmic reticulum
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to release calcium ions <Allen and Westerblad, 2001>, the ability of the sarcolemma

to carry an action potential <Allen et al., 2008>, the availability of nutrients such as

oxygen, glucose, glycogen or ATP <Guyton and Hall, 2006; Marieb and Hoehn, 2010;

Bergstrom et al., 1967>, or an accumulation of waste products such as lactic acid

<Westerblad et al., 2002; McKenna and Hargreaves, 2008>. In short, muscle fatigue

is due to a temporary chemical imbalance within the tissue caused when demand

exceeds availability, thus requiring a subsequent period of lesser demand and return

to equilibrium before the muscles can regain their maximum force.

2.4.1 Recovery

In the minutes following the conclusion of strenuous exercise, the flow of blood to

active tissues slowly decreases due to slowing of the heart rate and relaxation of

sympathetic vasoconstriction. The rate at which these changes occur is dependent on

the severity of oxygen debt acquired within the tissue during exercise. Additionally,

an individual continues to breathe heavily following exercise in order to supply the

blood with oxygen. During this ”repayment” of oxygen debt, homeostatic levels of

dissolved oxygen are restored, ATP and PCr are aerobically constituted, and lactic

acid is converted back into pyruvic acid. The liver is key in the process of oxidative

conversion of lactic acid and free glucose into substances to be readily available for

consumption for future intense contractions, although reconstitution of glycogen may

take days following a session of intensive exercise <Guyton and Hall, 2006; Marieb

and Hoehn, 2010>.
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2.5 Muscles of the Human Calf

The muscles within the lower leg which are distal to the knee but proximal to the

ankle are collectively known as the calf (Fig. 2.5). This set of muscles, which

surround the medial, lateral, and anterolateral sides of the tibia bone, are responsible

for support and stabilization of the body while standing, as well as movement of the

foot about the ankle, aiding in balance as well as propulsion (Fig. 2.6) .

Figure 2.5: The human calf. (A) Anterior and posterior views depicting mus-
cles in the calf. Blue line represents approximate location of axial slice. (B) Axial
T1-weighted MR image at widest cross-section of calf, showing key muscles, blood
vessels, and bones of the lower leg. ATIB: Anterior Tibialis; EDL: Extensor Digi-
torum Longus; PER: Peroneus Longus; PTIB: Posterior Tibialis; SOL: Soleus; LG:
Lateral Gastrocnemius; MG: Medial Gastrocnemius. (Credit: Figure 2.5a adapted
from bodybuilding-mauritius.blogspot.ca)

The human calf serves as a convenient model with which to study the effects of

exercise upon skeletal muscle, as this limb is easily isolated, and controlled move-

ments of the foot can induce contraction in specific sets of muscles depending on the
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particular movement, body center of gravity, or angle of the knee joint <Basmajian

and de Luca, 1985; Miaki et al., 1999>. Furthermore, individual muscles which make

up the calf are known to differ in terms of their typical fiber distribution <Johnson

et al., 1973; Edgarton et al., 1975>, fiber angle <Okamoto et al., 2012>, and blood

supply <Andersen and Kroese, 1978>.

Figure 2.6: Movements of the foot around the ankle. MG: Medial Gastrocnemius,
LG: Lateral Gastrocnemius, ATIB: Anterior Tibialis. (Credit: Partially adapted from
<Okamoto et al., 2010>.)

There are several key muscles that make up the majority of muscle volume within

the calf. The first is the gastrocnemius, which is made up of lateral and medial com-

partments (MG and LG), and is found in the posterior portion of the calf (Fig. 2.5).

Contraction of the gastrocnemius pulls the end of the foot and toe downward, known

as plantarflexion <Basmajian and de Luca, 1985> (Fig. 2.6). Both compartments

of this muscle have been found to contain approximately equal amounts of fast-twitch

and slow-twitch fibers <Johnson et al., 1973; Edgarton et al., 1975>, and thus this

muscle serves to contract rapidly to provide fast limb movement for running and
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jumping.

The second muscle is the soleus (SOL), found in the central portion of the calf,

posterior to the tibia and fibula (Fig. 2.5). The soleus provides long-term plantarflex-

ion to support the body’s weight when standing <Basmajian and de Luca, 1985>,

propulsion during walking <Snell, 2012>, and is particularly active in plantarflexion

when the the knee is bent <Miaki et al., 1999> (Fig. 2.6). The soleus contains a

large percentage of slow-twitch fibers (about 70-87% <Johnson et al., 1973; Edgarton

et al., 1975>), as well as a high density of capillarization, allowing for a greater supply

of oxygen via the blood.

The third considerable calf muscle is the anterior tibialis (ATIB), found antero-

lateral to the tibia (Fig. 2.5). Contraction of this muscle pulls the end of the foot

and toes upwards (dorsiflexion) (Fig. 2.6), and also assists in supporting the arch

of the foot. The ATIB has been found to have a greater percentage of slow-twitch

fibers (73.1%) than fast-twitch <Johnson et al., 1973>.

In addition to these muscles, there are numerous smaller muscles within the calf

such as the peroneus longus, posterior tibialis, extensor digitorum longus (EDL),

and extensor hallucis longus. These muscles assist the three main muscles in foot

stabilization against body weight, and are responsible for fine movements of the foot,

such as eversion and inversion (Fig. 2.6).

2.5.1 Blood Supply to Calf Muscles

(NOTE: This summary is based on <Guyton and Hall, 2006> and <Snell, 2012>).

Blood flow to the calf is supplied by the popliteal artery, which is an extension of

the femoral artery. Distal to the patella, this artery splits into two main branches:
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the anterior tibial artery and the posterior tibial artery. A further branch of the

posterior tibial artery produces the peroneal artery. In the region of calf, all three of

these arteries are located deep within the leg (Fig. 2.5). The anterior tibial artery

supplies blood to muscles such as the anterior tibialis and extensor digitorum longus,

while the peroneal artery supplies the peroneus longus and other lateral muscles. The

posterior tibial artery remains the largest of these three arteries, and supplies muscles

such as gastrocnemius and soleus.

Small branches extend from these arteries, reducing in diameter to a network of

capillaries that penetrate the muscle. After blood has passed through the muscle,

these capillaries empty into venules and then larger veins. Veins in the calf contain

valves that allow only unidirectional blood flow, an anti-gravity adaptation that di-

rects blood back up to the heart. Furthermore, these perforative veins are arranged

in a manner whereby any contraction of a muscle squeezes blood out of the tissue,

providing additional pressure to venous blood movement, a construct known as the

”venous pump”.

Ultimately, these smaller veins empty into either the great saphenous or small

saphenous veins, which travel under the surface of the skin and deep fascia along

the medial aspect of the calf or between the heads of the gastrocnemius, respectively

(Fig. 2.5).
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Chapter 3

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a diagnostic imaging modality that allows for

non-invasive assessment and measurement of soft tissues in vivo. MRI uses radiofre-

quency (RF) pulses and magnetic field gradients within a strong static magnetic field

to excite nuclei within tissue, and uses RF coils (i.e. antennae) to monitor the return

of these nuclei to equilibrium. The nucleus typically targeted by MRI is that of hy-

drogen, the most abundant atom in the human body, and can occur in the form of

free water, fats, and as bound to macromolecules. MRI is routinely used clinically for

the evaluation of diseases, injuries, and vascular insufficiency. This chapter describes

the primary MRI scan used in this thesis (diffusion imaging) and also T2 mapping

due to its use in the MRI exercise literature.
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3.1 Diffusion Imaging

Diffusion imaging is based on a nuclear magnetic resonance (NMR) technique, first

proposed by Stejkal & Tanner <Stejkal and Tanner, 1965>, that allows the mea-

surement of free water mobility through the use of direction-specific magnetic field

gradients and refocusing RF pulses <McRobbie et al., 2006>.

Within a liquid medium, individual particles (in this case, hydrogen nuclei within

free water molecules) are propelled by thermal energy throughout the medium, yet

collide with other particles to produce a random and erratic three-dimensional tra-

jectory, a process known as Brownian motion. However, within tissue, membranous

barriers inhibit the spatial range of Brownian motion, allowing the structure of the

tissue to be probed according to this restriction of free water. By measuring the net

movement of water for a given location, diffusion MRI can provide valuable insight

into tissue structure and dynamic behaviour.

3.1.1 Acquiring diffusion images using MRI

Diffusion MRI relies upon the spin-echo (SE) phenomenon. To generate a spin echo, a

90 degree RF pulse tips proton magnetization into the transverse plane, upon which

the magnetization begins to dephase. A subsequent 180 degree RF pulse then in-

verts the magnetization and causes the dephasing protons to now rephase, eventually

producing an echo which is measured by the RF coil of the MRI (at time TE ).

Diffusion imaging involves a further manipulation to the typical SE-MRI acqui-

sition strategy by employing two identical gradients on either side of the 180-degree

RF pulse, known as the Pulsed Gradient Spin Echo (PGSE) (Fig. 3.1). These gra-

dients can be oriented along any three-dimensional direction, as they are comprised
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of a combination of X-, Y-, and Z-axis components from separate MR gradient coils.

Once a diffusion gradient is applied, the precession speed of the hydrogen protons is

linearly increased or decreased along the length of the gradient.

Figure 3.1: Simplified pulse sequence diagram of diffusion acquisition. The timing of
the radiofrequency pulses (RF), diffusion gradients, and resulting signal are depicted.
TE is the time between initial 90o pulse and echo (signal acquisition), G is gradient
magnitude, δ is the gradient pulse width, and ∆ is the center-to-center time between
the two diffusion gradients.

The first diffusion gradient serves to impose a phase shift on protons dependent

upon where along the gradient the proton is located (Fig. 3.1). Following the SE

180-degree pulse, the second diffusion gradient is applied, after which the echo occurs

and detected by the RF coil. Theoretically, if protons have not moved during time

∆ there is full recovery of the spin echo, and thus a large signal is induced in the

RF coil. However, if a proton has moved along the particular gradient, the spins are
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incompletely refocussed. The greater the net movement along the gradient, the less

the rephasing, and thus the echo magnitude is reduced.

The amount of diffusion to which the MRI is sensitized (the ”diffusion weighting”)

is achieved by adjusting the timing and amplitude of the gradients. The parameters

are combined to produce a ”b-value” (measured in units of seconds/mm2) according

to the following equation:

b = γ2G2δ2
(

∆− δ

3

)
(3.1)

where γ is the gyromagnetic ratio of hydrogen nuclei, G is gradient magnitude, δ is

the gradient pulse width, and ∆ is the center-to-center time between the two diffusion

gradients (see Fig 3.1).

Diffusion imaging with a small b-value (e.g. b=50 s/mm2) will thus use small

gradients with minimal inter-gradient time, and be sensitive only to fast-moving pro-

tons, such as blood flow or perfusion <LeBihan et al., 1986>. Conversely, the use of a

high b-value (e.g. b>2000 s/mm2) can probe the slow movements of protons attached

to macromolecules. Typical b-values used in the brain are b=900-1200 s/mm2 (e.g.

<Mabbott et al., 2006>), while studies of muscle tend to use b=400-500 s/mm2 (e.g.

<Damon, 2008; Lansdown et al., 2007>).

3.1.2 Quantification of Diffusion Imaging

In order to measure the effect of diffusion weighting on signal loss, acquisition of a

baseline image must accompany collection of diffusion-weighted images. The baseline

image is acquired with the same MR parameters as the diffusion-weighted images, but

without diffusion gradients (therefore b=0 s/mm2). The loss of signal in the diffusion-

weighted image is then compared against the b=0 image to provide an estimate of
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diffusion along the gradient direction for each location in the image, according to the

following equation:

D =
−1

b
ln

(
S(b)

S(0)

)
(3.2)

where b is the diffusion weighting, S(b) is the signal intensity of the diffusion-weighted

image, and S(0) is the signal intensity of the baseline image. The value obtained (D)

is referred to as the Apparent Diffusion Coefficient or ADC (”apparent” being added

to account for the potential media heterogeneity represented for each location, or

voxel, as a net value), and is measured in units of mm2/second.

3.1.3 Diffusion within tissue

Within tissue, the self-diffusion of hydrogen protons (as free water) is restricted by

physical barriers, such as cell membranes, organelles or other large structures, and

further governed by factors such as viscosity, temperature, and the presence of blood

perfusion <LeBihan et al., 1986, 2001>. Acquisition of diffusion measures along

multiple gradient directions therefore allows a three-dimensional representation of

net fluid mobility to be estimated, and thus provides insight into the local tissue

microstructure.

For example, the acquisition of diffusion measurements from three orthogonal

gradient directions has been shown to have great clinical value, as it can detect alter-

ations in tissue structure not apparent on routine anatomical MRI scans <Moseley

et al., 1990>. Furthermore, this method is often used in assessment of acute stroke,

where diffusion images aid in distinguishing necrotic from affected yet viable tissue,

known as diffusion-perfusion mismatch <Neumann-Haefelin et al., 1999>. However,

while this 3-gradient strategy has shown to be suitable in qualitatively contrasting the
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Figure 3.2: Representation of hydrogen proton mobility through tissue. (A) Direc-
tional flow, such as within blood vessels. (B) Isotropic diffusion (unhindered Brow-
nian motion). (C) Restricted diffusion (Brownian motion confined within barriers).

overall diffusion between tissue states, it is less than adequate for quantitative rep-

resentation of anisotropic tissue. Elongated tissues, as found in the brain or skeletal

muscle, provide substantial barriers to diffusion along the cross-section of the fibers,

with less inhibition along the long axis of the fiber.

Individual measurements of diffusion along each orthogonal gradient direction

have been shown to reflect anisotropy in cerebral tissues <Moseley et al., 1990>.

This implies that quantitative measurements are affected by the angle between fiber

orientation and diffusion gradient directions (i.e. rotational variance). In short, ADC

calculations of the three axes would differ if the relationship between fiber orientation

and gradient direction were to change, as in being parallel to one particular gradient

direction rather than being oblique to all three directions, the latter preventing the

true long axis from being accurately measured. This issue has been addressed by

the development of a technique that better quantifies the orientation of fibers within

three dimensional space: Diffusion Tensor Imaging.

23



Ph.D. Thesis - Conrad Peter Rockel McMaster - Biomedical Engineering

3.1.4 Diffusion Tensor Imaging (DTI)

Diffusion Tensor Imaging (DTI) is a rotationally-invariant form of diffusion imaging

that calculates a three-dimensional ellipsoidal representation of diffusion within MRI

space, regardless of the orientation of tissue relative to diffusion gradients (and thus

rotational invariance). Based on the work of Basser et al <Basser et al., 1994;

Basser and Pierpaoli, 1996>, this method utilizes diffusion volumes from at least six

non-collinear gradient directions, which are in turn combined by multivariate linear

regression to calculate the tensor ellipsoid (Fig. 3.3).

Figure 3.3: The diffusion tensor ellipsoid. The eigenvectors (ε1, ε2, ε3) represent the
vector orientation of the three main ellipsoidal axes, while the eigenvalues (λ1, λ2, λ3)
represent the length of each of these vectors.

A number of software tools for diffusion tensor calculation and image analysis have

been made freely available for academic research purposes. Examples of such tools

are FDT (part of the FMRIB Software Library (FSL) <Jenkinson et al., 2012>),

DTIStudio <Jiang et al., 2006>, and Diffusion Toolkit (www.trackvis.org).

The length of the 3 major orthogonal axes of the ellipsoid, sorted from longest to
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shortest, are referred to as the eigenvalues (λ1, λ2, λ3), while the directional orienta-

tion of these axes within three-dimensional space are referred to as the eigenvectors

(ε1, ε2, ε3).

The potential utility of DTI was demonstrated with evidence that the orientation

of the principal eigenvector (ε1) corresponded with the fiber orientation of targeted

tissue <Basser et al., 1994>. These findings imply that measures of the tensor ellip-

soid can be used as indicators of tissue structure. This is most commonly performed

by using the three eigenvalues to calculate scalar indices representing the size (mean

diffusivity) and shape (fractional anisotropy) of the tensor ellipsoid.

Mean Diffusivity (MD) represents the overall amount of diffusion for a given

location, based upon the long axis of the ellipsoid, and is measured in units of

mm2/second:

MD =

(
λ1 + λ2 + λ3

3

)
(3.3)

The shape of the ellipsoid is represented by the measure of Fractional Anisotropy

(FA), calculated as follows:

FA =

√
3

2

√√√√(λ1 −MD)2 + (λ2 −MD)2 + (λ3 −MD)2

λ21 + λ22 + λ23
(3.4)

Measures of FA are unitless and range from 0 to 1 (Fig. 3.4). A value of 0 indicates

that all three eigenvalues are equal, and indicate diffusion within a medium that is

unhindered, or hindered equally in all directions. On the other hand, an FA value of

1 indicates a line with no three-dimensional cross area, with the ideal example being

the first eigenvalue (λ1) having infinite length, while the two minor eigenvalues (λ2,

λ3) having a length of zero.
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Figure 3.4: Visualization of FA range. White arrow represents approximate FA
values for major white matter tracts in the brain, gray arrow represents approxi-
mate FA of skeletal muscle. Dashed orange line represents typical FA cutoff used in
fibertracking algorithms within the brain.

Within the scientific literature, FA measures are often used as an index to quantify

the integrity of anisotropic tissue. For example, within the brain, a decrease in FA for

white matter tracts indicates greater freedom of water movement perpendicular to

the fiber, and thus could indicate decreased fiber packing and/or neuronal myelina-

tion <Beaulieu, 2002>. Additionally, FA measures of white matter have been found

to correspond with both age and neuropsychological assessments <Mabbott et al.,

2006>.

Radial Diffusivity (RD) represents the mean of the two minor eigenvalues (λ2, λ3),

and is measured in units of mm2/second:

RD =

(
λ2 + λ3

2

)
(3.5)

Measures of RD are used to represent diffusion perpendicular to the long axis of the

ellipsoid in DTI studies where indices of the individual minor eigenvalues are of less
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concern (e.g. cylindrical neural fibers) or directionally uncertain.

A further use of DTI is to perform fiber tracking of anisotropic tissue based on the

connectivity of ε1 between adjacent voxels. While fiber-tracking has served to further

popularize the use of DTI in both brain <Mori et al., 1999> and muscle <Heemskirk

et al., 2005> to represent tissue architecture, not to mention production of impressive

computer renderings, this technique is difficult to quantify and as such not utilized

in this thesis.

3.1.5 Diffusion Imaging, DTI, and Skeletal Muscle

It has been shown that the anisotropy of mammalian ex vivo skeletal muscle can be

detected using the 3-gradient DWI method <Cleveland et al., 1966>, and further,

that DTI measures of ε1 correspond with fiber orientation <van Doorn et al., 1996;

van Donkelaar et al., 1999; Damon et al., 2002b>. However, diffusion imaging of

in vivo human muscle presents more challenges than ex vivo tissue samples, as the

magnetic field strength of clinical MRI machines is lower than research NMR units,

and assessment of diffusion is complicated by factors such as fluidics within the living

tissue, subject movement, and the potential for signal-to-noise (SNR) differences with

distance from the RF coil.

Nonetheless, DTI has been used been used to investigate the structure of skeletal

muscle in many regions of the human body, such as jaw <Liu et al., 2016>, forearm

<Froeling et al., 2012>, lower back <Jones et al., 2013>, female pelvic floor <Zijta

et al., 2013>, thigh <Budzik et al., 2002; Kermarrec et al., 2010>, calf <Galban

et al., 2004; Sinha et al., 2006; Karampinos et al., 2009>, and foot <Elzibak et al.,

2014>. Furthermore, it has been demonstrated that tractography is feasible within
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human skeletal muscle despite lower FA values than observed in the brain (see Fig.

3.4), and the fiber tracking appears to correspond with fiber orientation <Deux et al.,

2008; Heemskirk et al., 2010; Lansdown et al., 2007; Zaraiskaya et al., 2006>.

It has been further observed that the cross-section of ellipsoids (i.e. λ2 and λ3) cal-

culated from human calf muscle tend to be themselves anisotropic (i.e. λ2>λ3 rather

than λ2=λ3), prompting one study to suggest that λ2 represents movement across a

sheet or layer of muscle, while λ3 is indicative of cross-fiber diffusion <Galban et al.,

2004>. This theory appears to correspond with reports that the cross-sectional shape

of the underlying muscle fibers is more elliptical rather than circular <Campos et al.,

2002; Karampinos et al., 2009>. However, little work has been performed to substan-

tiate this theory of eigenvalue meaning within human skeletal muscle. Furthermore,

simulation studies have reported that the individual eigenvalues can also be affected

by MR acquisition conditions, such as low values of signal-to-noise ratio (SNR) con-

tributing to over-estimation of λ1 and underestimation of λ3 <Damon, 2008>.

An additional consideration in the study of skeletal muscle using diffusion imaging

is that this tissue is pliable rather than rigid. DTI measures have shown to be sensitive

to changes in muscle shape and body positioning. For example, calf muscles that are

contracted either passively or without weighting demonstrate decreases in λ1 and

increases in λ2 and λ3, attributed to fattening of the sarcomere and the bulbous

nature of the overall muscle <Deux et al., 2008; Hatakenaka et al., 2008, 2010>.

Elongation of the opposing muscles appear to have the opposite effect. The changes

in eigenvalues in turn play into calculations of FA, which thus decreases in contracted

muscle, and increases in elongated muscle <Deux et al., 2008; Hatakenaka et al.,

2008, 2010>. Furthermore, external compression on resting muscle has been shown
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to affect results by decreasing λ3 and increasing FA <Hata et al., 2012>. Finally, DTI

measures in the calf have been shown to be affected by changes in body positioning

from standing to lying supine, thought to represent a redistribution of body water

<Elzibak and Noseworthy, 2014>.

Pathological skeletal muscle tissue has also been investigated using DTI. Within

animal models, increases in MD and decreases in FA have been observed at points

of injury, associated with loss of muscle force, and shown to disrupt fiber tracking

<McMillan et al., 2011>. Similar DTI results have been found in studies of human

subjects with muscle injury <Zaraiskaya et al., 2006>. DTI has also been used to

investigate muscle features of more chronic conditions, such as pennation angle and

force modelling in patients with lateral patellar dislocation <Kan et al., 2009>, eleva-

tions in the MD of affected muscles in inflammatory conditions such as polymyositis

and dermatomyositis <Ai et al., 2014>, and comparisons of ADC (MD) and FA with

gradations of fatty infiltration in patients with Duchenne Muscular Dystrophy <Li

et al., 2016>.

3.1.6 Diffusion Imaging, DTI, Muscle, and Exercise

Skeletal muscle under the influence of exercise is different from resting muscle due to

increased blood flow, increased cross-sectional area, increased temperature, metabolic

changes, potential membrane damage, and the gradual onset of fatigue <Guyton

and Hall, 2006; McKenna and Hargreaves, 2008>. Therefore, observation of the

functional behaviour of this tissue in response to a task can provide complementary

information to static assessments regarding muscle dynamics or health. Acquisition

of diffusion imaging during exercise is currently not possible due to motion artifacts,
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although some studies have investigated the changes in muscle using DTI during

resistive isometric contraction <Okamoto et al., 2010>. However, once the exercise

is complete and the exercised region returned to a motionless position, MRI can then

be used to investigate the effects of exercise upon diffusion within skeletal muscle

tissues.

A number of groups have used diffusion MRI techniques to evaluate the acute

changes occurring within human skeletal muscles following a bout of exercise. Early

studies observed that diffusion in muscle would increase from baseline following ex-

ercise <Morvan, 1995; Nygren and Kaijser, 2002; Ababneh et al., 2008>. Moreover,

by acquiring a series of consecutive scans, these studies observed that post-exercise

diffusion then gradually decreased from this initial elevation over the course of 10-20

minutes <Morvan, 1995; Nygren and Kaijser, 2002; Ababneh et al., 2008>. Fur-

thermore, greater work loads during exercise were found to induce greater diffusion

increases <Nygren and Kaijser, 2002>. While these studies were able to demonstrate

an acute timecourse of diffusion changes within the muscle, the directional resolution

of diffusion-encoding gradients was minimal, due to both temporal constraints and

MRI hardware and gradient limitations.

With the advent of DTI, research into post-exercise muscle changes shifted to-

wards using static assessment of tissue structure. The fractional anisotropy (FA)

was found to decrease following exercise, indicating that water movement through-

out the tissue became more isotropic <Okamoto et al., 2008>. Strenuous eccentric

exercise was found to demonstrate reduced FA and increased mean diffusivity (MD)

for several days after the exercise, the levels of which correlated with soreness and

histological evidence <Yangisawa et al., 2011; Cermak et al., 2012>. Longer exercise
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tasks, such as a marathon, have been found to show elevated MD in thigh muscles up

to three weeks post-event while no detectable changes were observed in corresponding

anatomical scans <Froeling et al., 2015>.

While the forementioned DTI studies have assessed a longer time period in re-

sponse to damaging exercise, little literature exists using consecutive DTI acquisition

to assess acute temporal muscle changes.

3.2 T2 measurements of skeletal muscle

Within the fields of NMR and MRI, the term ”T2” represents the loss of transverse

magnetization in hydrogen protons within a medium due to interactions with other

protons, and thus is also known as spin-spin relaxation.

Strictly speaking, the T2 of a medium is the time needed for the signal to exponen-

tially decay from the maximum level (immediately after RF excitation) to 37 % of the

original signal, and is essentially independent of magnetic field strength <McRobbie

et al., 2006; Stanisz et al., 2005>. Pure water has a long T2, as the free hydrogen

protons are able to influence the magnetization of one another, but protons bound to

macromolecules and other tissue structures have shorter T2, as their binding inhibits

their ability to maintain transverse magnetization.

Therefore, should adjacent tissue regions have differing water compartmentaliza-

tion, this may produce differing relaxation rates of transverse magnetization. MRI

can exploit this phenomenon by acquiring data at times that accentuate differences

in remaining transverse magnetization, thus providing contrast between tissues. As

an example, Stanisz et al. found that within the bovine brain, white matter has a T2

of 69 ms at 3 Tesla, and thus appears darker than gray matter, which has a T2 of 99
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ms <Stanisz et al., 2005>. In comparison, the same study found that T2 of musine

skeletal muscle is shorter than cerebral tissue, with a T2 of 50 ms, while human blood

has a long T2 of 275 ms <Stanisz et al., 2005>.

Figure 3.5: Depiction of T2 measurement using the CPMG sequence. A 90◦ RF pulse
is initially administered to induce transverse magnetization, followed by a series of
180◦ RF pulses which produce a chain of spin echoes. MR signal is acquired at each
echo time (TE, red dots), and a curve is fitted to these signal measurements (T2, blue
oval). Although this diagram depicts three echoes, the number of echoes is typically
much higher, and results in a multi-exponential curve fit. (Credit: courtesy of Dr.
MD Noseworthy)

The precise T2 decay curve for a given tissue is quantified using the Carr-Purcell-

Meiboom-Gill (CPMG) sequence, which acquires a chain of MR images with increas-

ing signal acquisition echo times <Carr and Purcell, 1954; Meiboom and Gill, 1958>
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(Fig. 3.5). This technique allows the detailed modelling of T2 relaxation within tis-

sues, and it has been shown that skeletal muscle has a multi-exponential T2 relaxation

rate with up to 4 components. These components are believed to belong to (in order

of increasing T2): macromolecules, intracellular (2 components), and extracellular

water <Saab et al., 1999>. There is some debate as to whether these compartments

represent differing rates of hydrogen proton exchange, exchange of magnetization,

or true anatomical compartmentalization <Fung and Puon, 1981; Saab et al., 1999;

Noseworthy et al., 1999>. Blood oxygenation has also been shown to have influence

longer T2 components in this multi-exponential analysis <Noseworthy et al., 1999>.

Nonetheless, the acquisition of a single T2-weighted image of skeletal muscle will have

contributions of each of these components, dependent on the time of acquisition.

3.2.1 T2, muscle, and exercise

Numerous studies have investigated the relationship between T2 and activation within

skeletal muscle. T2 relaxation does not change when human calf muscles are passively

contracted or elongated <Hatakenaka et al., 2008>, yet there are marked increases in

T2 within active muscles following exercise <Fleckenstein et al., 1988; Fisher et al.,

1990; Ploutz-Snyder et al., 1997; Saab et al., 2000; Ababneh et al., 2008>. Further-

more, studies have used these T2 increases to identify recruited muscles for a partic-

ular exercise task <Fleckenstein et al., 1988; Green and Wilson, 2000>. Correlations

have also been found between the level of exertion during exercise and subsequent

increases in T2 signal <Fisher et al., 1990; Adams et al., 1992; Nygren and Kaijser,

2002>. However, some debate exists as to how accurately T2 change represent the

full range of exercise intensity, as only conditions of greater exercise intensity seem
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to induce these T2 increases <Fleckenstein et al., 1988; Nygren and Kaijser, 2002>.

There have many explanations proposed for this post-exercise increase in T2, such

as an increase in extra-cellular water or exercise-related edema <Fleckenstein et al.,

1988>. However the T2 change of edema is different than that seen following exercise

<Ploutz-Snyder et al., 1997> or venous occlusion of passive muscle <Fisher et al.,

1990>. Additionally, T2 increases are seen even in the absence of arterial blood flow

<Fleckenstein et al., 1988>. Other suggestions have been that the T2 increase is

related to a reorganization of tissue water, such as the release of bound intracellular

water to free compartments <Saab et al., 2000; Nygren and Kaijser, 2002; Ababneh

et al., 2008>, or osmotic water shifts induced by the accumulation of acidic metabolic

byproducts of anaerobic glycolytic metabolism <Fung and Puon, 1981; Fisher et al.,

1990; Prior et al., 2001; Damon et al., 2002a>.
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Chapter 4

Problem Statement and Objectives

4.1 Preliminary Study and Inspiration for Thesis

Early in the project that evolved into this dissertation, an exploratory experiment

was undertaken to study the effect of caffeine on DTI measures following exercise.

The present chapter briefly describes the rationale, methods, and results of this initial

experiment, and then delves into how the research direction drastically shifted based

on this preliminary study.

Based on the literature described in the previous chapter, it seemed that post-

exercise increases in ADC or MD reflected workload experienced by the muscles during

exercise. Caffeine (trimethylxanthine) is a substance known to have stimulatory,

vasodilatory, and calcium-release moderating properties, and thus its performance-

enhancing attributes have been the focus of many exercise studies (as reviewed in

<Graham, 2001>). The initial experiment proposed that the presence of caffeine

prior to exercise would reduce the diffusion increases observed in skeletal muscle

following exercise.
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4.1.1 Methods (Analysis v1.0)

Muscles in the human calf were chosen for this study, with weighted plantarflexion

of the ankle used as an exercise model to initiate dynamic changes within the active

muscles, specifically the gastrocnemius and soleus <Snell, 2012>. The widest cross-

section of the calf in 6 volunteers (4 males, mean age 29.8 yrs) was scanned prior to

and immediately following a session of plantarflexion. Two trials were performed in

random order on separate days, one trial with 200mg caffeine consumed an hour prior

to exercise, and a second trial performed without caffeine.

Figure 4.1: Experimental Setup. (A) Example of subject positioning within wooden
MRI-compatible ergometer used for plantarflexion experiments. (B) Temporal layout
of DTI acquisition with exercise. Eight 15-direction DTI volumes were acquired in
succession prior to exercise (Pre-Ex), plantarflexion was performed for 2.5 minutes,
and then another eight 15-direction volumes (Post-Ex) were acquired immediately
after cessation of exercise.

Prior to scanning, a custom-built MRI-compatible ergometer (”Woody”) was used

to estimate the ”maximum weight, single flex” (MWSF) of each subject for plan-

tarflexion using this equipment (Fig. 4.1a).
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The exercise protocol during the experiment consisted of in-bore plantarflexion

using ”Woody” at 50% MWSF at a rate of 0.5 Hz for 2.5 minutes. DTI data sets

were acquired before and immediately after the exercise, with each set consisting of

eight consecutive 15-direction DTI volumes (108 seconds/volume) (Fig. 4.1b). The

multiple volumes of each set were acquired with the intention of combining them into

a single volume during post-processing in order to increase the signal-to-noise ratio

(SNR).

4.1.2 Results and Conclusions (v1.0)

The results of this study indicated that the plantarflexion induced a large increase

in the gastrocnemius MD from baseline, while the soleus showed minimal change.

Furthermore, the similarity of MD between caffeinated and non-caffeinated trials

suggested that the presence of caffeine did not affect post-exercise diffusion (Fig.

4.2).

The Inspiration (aka Change in Project Direction)

A curious result was observed when examining the diffusion volumes in the consecutive

order in which they were acquired, rather than the combined volume as was originally

intended. The gastrocnemius was found to have negligible change from baseline at

the first post-exercise DTI volume (108 seconds post-exercise), but was followed by a

substantial increase in MD at the second volume (∼216 seconds post-exercise), and

then a decline towards baseline (Fig. 4.3a). In contrast, the soleus revealed a slight

increase from baseline after the first DTI volume, after which it decreased to baseline

levels.
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Figure 4.2: Comparison of DTI mean diffusivity (MD) measures within gastrocne-
mius and soleus with (orange bars) and without (cyan bars) the presence of caffeine.
Graph represents MD measures prior to (PRE-EX) and following (POST-EX) a ses-
sion of plantarflexion. The presence of caffeine did not have a significant effect on
either pre- or post-exercise MD measures. Graphs indicate mean MD ± SD.

These results indicated that by collecting several DTI volumes in a row imme-

diately following exercise, dynamic changes in the muscles could be observed, and

furthermore, that individual muscles displayed differing patterns of diffusion change.

It was therefore decided that the original investigation of caffeine would be abandoned

due to its negligible effects on DTI in post-exercise calf muscle, and instead temporal

DTI as a tool to study exercise would be pursued.

4.1.3 Methods (Analysis v2.0 - Timecourse)

The non-caffeine DTI data was thus re-analyzed to assess the timecourse of muscles

beyond the gastrocnemius and soleus in reaction to the exercise protocol, namely
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Figure 4.3: Results of exploratory DTI study into calf muscle with plantarflexion.
(A) Timecourse assessment of individual muscles following exercise. Normalization
values for each muscle were calculated using the post-exercise MD value per time-
point divided by the mean of 8 pre-exercise baseline values. Dashed horizontal lines
represent mean variation of baseline values across timepoints. (B) Baseline mean
diffusivity (MD) values of each muscle according to published measures of fiber per-
centage <Johnson et al., 1973>.

the anterior tibialis (ATIB), the extensor digitorum longus (EDL), and the peroneus

longus (PER). Additionally, the two heads of the gastrocnemius (lateral (LG) and

medial (MG)) were analyzed separately rather than combined. Post-exercise values

were assessed according to the percentage change from baseline.

4.1.4 Results and Conclusions (v2.0)

This timecourse analysis of the DTI data revealed at least three differing patterns

of diffusion change following exercise (Fig. 4.3a). First, the two heads of the gas-

trocnemius (LG and MG) behaved remarkably alike, in that they showed similarity

to baseline after the first DTI volume (the first timepoint), a large increase after the
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second volume (the second timepoint), and subsequent decline. The second pattern

was that of PER, which showed a moderate increase at the first timepoint, continuing

a gradual increase which peaked at the fourth timepoint, and then subsequently de-

creasing. The third pattern was minimal departure from baseline, observed in muscles

not expected to be active in plantarflexion (ATIB and EDL). The SOL produced a

temporal diffusion pattern which was akin to that of uninvolved muscles, which was

initially surprising. However, after further background research, it became apparent

that the soleus results were likely due to the minimal activation of this muscle during

supine straight-legged plantarflexion <Miaki et al., 1999; Price et al., 2003; Yangisawa

et al., 2003>.

In seeking a possible explanation for the differing temporal diffusion patterns

between gastrocnemius and peroneus (and at the time, soleus), it was found that

published studies of muscle fiber content had shown greater percentages of slow-twitch

muscle fibers in the soleus and peroneus than in the gastrocnemius <Johnson et al.,

1973>, differences that were not apparent during routine scans nor static diffusion

imaging (Fig. 4.3b). The results of this study initiated a new line of inquiry into the

potential of timecourse DTI to investigate functionality differences between individual

muscles.

4.2 Thesis Objectives:

The overall purpose of this body of work was to further explore how DTI, a modality

commonly used for assessment of static tissue structure, can be utilized in a functional

timecourse manner to characterize dynamic changes within skeletal muscle following

exercise.
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The notable change in gastrocnemius observed in the preliminary study (Section

4.1) was governed by a time resolution of 108 seconds/volume. By increasing the

time resolution, it was felt that muscle behaviour of individual muscles following

a particular session of exertion could be better quantified and perhaps interpreted.

Therefore, by reducing the number of directions used, and acquisition parameters

such as repetition time (TR), temporal resolution could be increased.

However, the use of MRI requires trade-offs between scan acquisition time and

subsequent image quality. The less time spent on scan acquisition, whether in terms

of individual volumes or number of gradient directions, the greater the likelihood

of reduced scan quality in terms of SNR, spatial resolution, or in the case of DTI,

directional resolution.

Furthermore, to assess the utility of a temporal DTI approach in the study of

post-exercise skeletal muscle, this technique would need to be tested in other exper-

imental situations beyond that of the preliminary study. Examples of this would be

measurement of post-exercise change in other muscle groups, or comparison of differ-

ent levels of exercise within one set of muscles.

Therefore, the objectives of this thesis were:

(1) - to develop temporally-optimized DTI acquisition strategies for assessment of

dynamic muscle changes

(2) - to determine the stability of the three eigenvectors expected from a single DTI

volume, as well as assess the benefits of time-expensive image improvement strategies
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(e.g. increased directions or signal averages) upon eigenvector stability. Assessments

of eigenvector stability would indicate the capability of the corresponding individual

eigenvalues to represent actual tissue structure.

(3) - to investigate the post-exercise diffusion patterns within multiple muscle groups,

with attention paid to the patterns of individual muscles, as well as published values

of their fiber content

(4) - to assess the sensitivity of a temporal DTI method to changes of individual

muscles following exercises of different intensity

The following chapters describe projects collectively undertaken to achieve these

objectives. Chapter 5 addresses the issue of eigenvector stability within the human

calf using a range of diffusion tensor acquisition parameters. Chapter 6 discusses

the use of a temporally-optimized DTI strategy to assess diffusion changes in the

antero-lateral muscles of the calf following a session of mild dorsiflexion-eversion ex-

ercise. Chapter 7 discusses the development of a novel ’sliding window’ DTI acquisi-

tion strategy intended to provide even finer temporal resolution in diffusion measures

while producing viable ongoing DTI representation of dynamic tissue structure. This

chapter also discusses the initial results of a human in vivo experiment using the ’slid-

ing window’ DTI strategy to assess post-exercise temporal diffusion patterns within

individual muscles following four intensities of plantarflexion exercise.
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Chapter 5

An Exploration of Diffusion Tensor

Eigenvector Variability Within

Human Calf Muscles

Conrad P Rockel, B.A., Michael D. Noseworthy, Ph.D., P.Eng.

5.1 Context of Paper

The goal of this project was to generate a timecourse of diffusion from consecutive

DTI volumes, and thus it was important to get an estimate of how a single timepoint

volume would be able to represent underlying tissue structure.

Previous studies using diffusion tensor imaging (DTI) to study skeletal muscle

have attributed meaning to each individual eigenvalue (λ1, λ2, λ3), namely that these

measures represent diffusion along the muscle fiber, across a sheet or layer of fibers,

and across the fiber, respectively <Galban et al., 2004>. However, only the first
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eigenvector (ε1) has been addressed regarding directional stability and validity in

representing muscle fibers, whereas the vector directions of the minor eigenvectors

have not undergone such scrutiny.

The following experiment was performed to assess the stability of the second

and third eigenvectors (ε2 and ε3) in a volume of resting human calf muscle, with

the expectation that future studies involving exercise would demonstrate dynamic

changes in these measures. Furthermore, acquisition parameters expected to increase

eigenvector stability, such as more signal averages or number of diffusion directions,

were explored as to their actual impact on stability within in vivo human subjects in

comparison to the temporal cost of their implementation.

5.2 Declaration

Conrad Rockel provided the concept for this study, generated data, performed statis-

tics, and wrote the initial manuscript draft. Michael D Noseworthy (corresponding

author) provided funding, statistical analysis using Matlab, contributed substantial
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This paper was published in the Journal of Magnetic Resonance Imaging (JMRI):

Rockel C, Noseworthy MD. An exploration of diffusion tensor eigenvector variability

within human muscles. J Magn Reson Imaging 2016; 43(1):190-202. doi: 10.1002/jmri.24957

44



Ph.D. Thesis - Conrad Peter Rockel McMaster - Biomedical Engineering

5.3 Paper

An Exploration of Diffusion Tensor
Eigenvector Variability Within

Human Calf Muscles

Conrad Rockel1,2 and *Michael D. Noseworthy1,2,3,4,5

1McMaster School of Biomedical Engineering, McMaster University, Hamilton,
Ontario, Canada.

2Imaging Research Centre, St. Josephs Healthcare, Hamilton, Ontario, Canada.

3Department of Radiology, McMaster University, Hamilton, Ontario, Canada.

4Department of Electrical and Computer Engineering, McMaster University,
Hamilton, Ontario, Canada.

5Department of Medical Physics and Applied Radiation Sciences, McMaster
University, Hamilton, Ontario, Canada.

*Corresponding Author:
Dr. Michael D. Noseworthy, PhD, PEng.
Imaging Research Center, Fontbonne Bldg, F-126-4
St. Joseph’s Healthcare,
50 Charlton Ave. East.
Hamilton, Ontario L8N 4A6, Canada.
VOICE: (905) 522-1155 x35218
EMAIL: nosewor@mcmaster.ca

45



Ph.D. Thesis - Conrad Peter Rockel McMaster - Biomedical Engineering

5.3.1 ABSTRACT

Purpose: To explore the effect of diffusion tensor imaging (DTI) acquisition pa-

rameters on principal and minor eigenvector stability within human lower leg skeletal

muscles.

Materials and Methods: Lower leg muscles were evaluated in 7 healthy subjects at

3T using an 8-channel transmit/receive coil. Diffusion-encoding was performed with 9

signal averages (NSA) using 6, 15, and 25 directions (NDD). Individual DTI volumes

were combined into aggregate volumes of 3, 2, and 1 NSA according to number of

directions. Tensor eigenvalues (λ1, λ2, λ3), eigenvectors (ε1, ε2, ε3), and DTI metrics

(fractional anisotropy, FA, and mean diffusivity, MD) were calculated for each com-

bination of NSA and NDD. Spatial maps of SNR, λ3:λ2 ratio, and zenith angle were

also calculated for ROI analysis of vector orientation consistency.

Results: ε1 variability was only moderately related to ε2 variability (r=0.4045).

Variation of ε1 was affected by NDD, not NSA (p<0.0002), while variation of ε2 af-

fected by NSA, not NDD (p<0.0003). In terms of tensor shape, vector variability

was weakly related to FA (ε1:r=-0.1854, ε2:ns), but had a stronger relation to λ3:λ2

ratio (ε1:r=-0.5221, ε2:r=-0.1771). Vector variability was also weakly related to SNR

(ε1:r=-0.2873, ε2:r=-0.3483). Zenith angle was found to be strongly associated with

variability of ε1 (r=0.8048) but only weakly with that of ε2 (r=0.2135).

Conclusions: The second eigenvector(ε2) displayed higher directional variability

relative to ε1, and was only marginally affected by experimental conditions which

impacted ε1 variability.

Keywords: diffusion tensor imaging (DTI), eigenvector, skeletal muscle, calf,

reliability
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5.3.2 INTRODUCTION

Diffusion tensor imaging (DTI) is a magnetic resonance technique sensitive to ther-

mally driven mobility of water molecules in vivo. The efficiency of random water

proton diffusion through muscle tissue is slowed or restricted by fascia, collagen lat-

tices, cellular membranes, as well as the intracellular and extracellular biophysical

matrix [1]. DTI utilizes bipolar magnetic field gradients along multiple directions

[2] resulting in an array of micromotion-sensitized images that in turn are used to

calculate 3-dimensional diffusion properties for each voxel location [3]. The simplest

form of DTI results in a diffusion ellipsoid, calculated as a rank-2 diffusion tensor, and

gives three eigenvectors (ε1, ε2, ε3), representing the vectors of axis orientation, and

corresponding eigenvalues (λ1, λ2, λ3) representing the magnitude along each of the

principal axes. Typically, the eigenvalues are further combined into scalar measures

such as fractional anisotropy (FA), a measure of ellipsoid shape, and mean diffusivity

(MD), an average of the three eigenvalues.

The stability of ε1 has been addressed in simulations catering to brain tissue [4-6],

although the models typically only consider anisotropy greater than that found in

skeletal muscle [7]. Nonetheless, these simulations demonstrated that vector consis-

tency diminishes with decreasing anisotropy [4]. Computer simulations of DTI spe-

cific to characteristics of skeletal muscle (e.g. parallel fiber arrangement, presence of

lipids, low SNR, and low anisotropy) have modelled gradations in SNR requirements

for ε1 magnitude and angular accuracy [7,8], as well as numbers of diffusion-encoding

directions (NDD) required for levels of variability in ε1 [7]. The validity of ε1 as rep-

resentative of human skeletal muscle has been explored through visual comparison of

vector fields with anatomy [9], success of fiber-tracking [10], positional changes [11,12]
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and reproducibility studies [13-15].

The minor eigenvalues (λ2, λ3) are of particular note in DTI studies of calf skeletal

muscle, as they offer the potential for insight into the nature of cross-fiber tissue

architecture. DTI studies of skeletal muscle have noted significant asymmetry between

the two minor eigenvalues, assumed to represent diffusion in the plane orthogonal to

the muscle fiber [11,16,17], although there is debate as to the structural origin of

this asymmetry [18]. For example, Galban and colleagues studied muscles in the calf

[16], and suggested that the asymmetry between λ2 and λ3 reflects water movement

across the endomysium and through the fiber radius, respectively. Karampinos et

al. [17] have further suggested that this asymmetry reflects the actual cross-sectional

shape of the fibers, and is related to strain fields during contraction. However, there

exists a potential for sorting bias of the eigenvalues [7], whereby the classification of

each depends simply on magnitude. While the asymmetry between second and third

eigenvalue has been noted in studies with high SNR (e.g. [13]), the corresponding

eigenvectors were not investigated.

The minor eigenvalues have been shown to increase during passive muscle contrac-

tion and decrease with passive elongation [9,12]. Studies of active muscle contraction

have reported differing results regarding changes in minor eigenvalues, possibly due

to differences in muscle loading [11,18]. Despite the expected changes in gross mus-

cle shape, orientations of the corresponding minor eigenvectors were not considered.

Furthermore, only a few DTI studies of calf skeletal muscle have actually considered

the orientation of the minor eigenvectors (ε2, ε3), but only qualitatively so [17,19].

Simulations of the effect of SNR on DTI indices indicated that stability of the minor

eigenvalues require far higher SNR than that of the principal eigenvalue [8], and that
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ε2 has more angular error than ε1 for a given level of SNR [7].

In order to more effectively utilize and interpret the three-dimensional nature of

DTI in the quantitative study of human skeletal muscle, a better spatial and musculo-

centric understanding of the eigenvector behaviour of tensors calculated using empir-

ical data is needed. If vector directions truly represent structural components of

immobilized human muscle tissue, then the 2nd and 3rd eigenvectors should be con-

sistent with repeated scanning of static muscle. Thus, the purpose of this study was

to explore the effect of acquisition parameters on in vivo eigenvector stability within

human lower leg skeletal muscles. The objectives were to (i) create spatial represen-

tations of the consistency of each eigenvector, (ii) evaluate the regional relationship

between primary and minor eigenvector consistency, (iii) determine the impact of

number of diffusion encoding directions and number of signal averages (NSA) on vec-

tor stability, and (iv) to understand the impact of SNR spatial variation on vector

stability.

5.3.3 MATERIALS and METHODS

Subjects

Seven healthy volunteers (2 females, age 27.9±7.0) were recruited for this study.

Body Mass Index (BMI) of subjects was calculated to be 21.9±3.2 kg/m2, indicat-

ing normal weight status (BMI 18.5-24.9). All subjects engaged in regular physical

activity and reported no past or present clinical issues related to skeletal muscle.

Furthermore, a registered MRI technologist with 20 years of clinical MRI experience

ascertained that the involved anatomical regions were devoid of cysts, hematomas,
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or unspecified pathology associated with edema. Subjects were asked to refrain from

unnecessary physical activity for at least four hours preceding scanning. Our study

was approved by the local ethics review board, and informed consent was obtained

from all subjects prior to their participation.

Imaging

MRI data was collected at 3T (MR750, GE Healthcare, Milwaukee WI) using

an 8-channel transmit/receive knee coil (Invivo, Gainsville FL). Each volunteer lay

supine for 30 minutes prior to acquisition to allow for the potential redistribution of

body water [20] after which they were transferred to the MRI bed.

Subjects were placed supine on the MRI bed in a foot-first orientation. The RF coil

was centered around the widest section of the right calf, approximately 10 cm distal

to the patella. The right foot was placed in a wooden stand fixed to the MRI bed, and

held to a footrest with straps around both the ankle and toes to prevent movement

and potential changes in muscle length. The footrest was a pedal angled 10◦ from

vertical, holding the foot in a slightly plantar flexed position. In order to prevent

compression of the muscle by the rigid coil construction, and to minimize signal bias

(higher loading when on the coil), the leg was centered throughout the length of

the coil and allowed to suspend freely, with the tibia approximately horizontal and

parallel to the main magnetic field. The body position of the subject was modified

with padding under the buttocks and heel to accommodate this position as well as

provide comfort throughout the scan duration. Further strapping was placed around

the thigh in order to secure the leg. Strapping was made snug, keeping subject

comfort and free circulation to the lower limb in mind. Subjects were asked to relax

and refrain from moving.
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Initial scanning included localization, calibration for parallel imaging (ASSET)

and acquisition of a proton density scan with fat saturation (PD-FatSat), performed

to rule out any underlying subclinical pathology.

DTI acquisition was centered upon the widest axial slice of the calf, with additional

axial slices extending proximal and distal from this slice position. DTI was acquired

using a dual echo spin echo EPI sequence (b=400 s/mm2, TR/TE=6000/70ms, 16

slices 4mm thick, 16cm FOV, 64x64, ASSET factor = 2). Importantly, DTI scans were

done separately using three numbers of diffusion-encoding directions (NDD) (6, 15,

or 25 directions). Nine individual signal averages (NSA) were collected as separate

volumes for each NDD condition, per subject, in a randomized order. Scanning

time for each NDD was 24m18s (25dir), 15m18s (15dir), and 7m12s (6dir). The

experimental design is shown in Figure 5.1.

All scans were visually assessed for overt signs of muscle movement using a movie

utility (FSLVIEW [21]). With dynamic viewing of multiple volumes, this tool made

clear any signal dropouts or positional changes of the calf (greater than 1 voxel)

that occurred during an individual DTI-NDD acquisition, either within the multiple

diffusion-weighted volumes required for each DTI acquisition, or across the 9 repeats

needed for a complete NDD set. It was vital that minimal motion took place within

an NDD set, as no inter-volume motion correction was done to avoid the influence

of interpolation on the results, and to mimic the output of a multi-NSA DTI scan.

Typically an MRI system will add all the individual NSA together without motion or

eddy current correction, which then would be done afterwards. We wanted to avoid

interpolation schemes but yet still have the ability to potentially reject data if motion

was an issue.
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Figure 5.1: Overview of experimental design. In total, 9 individual signal average
volumes (NSA) were acquired per experimental condition (6, 15 and 25 diffusion en-
coding directions (NDD)) for each subject. Individual volumes (1NSA) were combined
to create the 2NSA and 3NSA volumes as indicated by the grey parentheses. The
table (lower left) indicates the standard time equivalency (STE) of each experimental
condition relative to the 6NDD/1NSA condition (assigned a value of 1).

Analysis

Following acquisition, raw individual DTI volumes were combined into aggregate

volumes of 3, 2, and 1 NSA according to number of directions (Fig. 5.1). Once com-

bined, the majority of skin and subcutaneous fat was removed from each individual

or composite volume using an automated algorithm (BET) [22] followed by man-

ual editing. Tensors and DTI indices (fractional anisotropy (FA), mean diffusivity

(MD), eigenvalues (λ1, λ2, λ3) and eigenvectors (ε1, ε2, ε3)) were then calculated for

each experimental combination of NSA and NDD using a constrained least-squares

algorithm (FSL) [23]. Spatial maps of the λ3:λ2 ratio were calculated for comparison

with vector variability to determine the extent to which the asymmetry of the minor
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eigenvalues plays a role in vector variability. All spatial maps calculated for this study

were produced using custom scripts written in Matlab (version R2009b, Mathworks,

Natick MA).

The nine combinations of NSA and NDD implies that total scan time varies be-

tween experimental conditions. Therefore, a measure of standard time equivalency

(STE) was calculated for each experimental condition [6]. For all DTI acquisitions, the

repetition time (TR) was 6000ms. An STE unit of 1 was allotted for each directional

(or non-) diffusion-weighted image, and summed for each experimental condition.

An STE value was thus calculated for each experimental condition, considering both

NDD and NSA (Fig. 5.1).

In the absence of external validation of vector orientation, and to avoid simply

comparing deviations from a potentially-flawed mean vector orientation of all vol-

umes, it was decided to instead compare vector variability between volumes, and

obtain a mean value of deviation of these fluctuations between two individual vol-

umes in degrees. In order to determine the spatial arrangement of vector variability

between volumes, sets of 3 volumes or composite volumes were compared. Voxel-wise

differences in eigenvector orientation (θ) were calculated in degrees between each pair

of volumes (A and B):

θ = cos−1

(
A •B

| A || B |

)
(5.1)

and subsequently averaged between each set of volume pairs [5,24]. It should be

noted that the maximum mean vector variation between 3 volumes is 120 degrees,

while the maximum vector difference between two volumes is 180 degrees. In either

case, a distribution not exhibiting any vector variability would have all measured

volumes with a zero degree variation between their combinations. Vector differences
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greater than 90◦ were left uncorrected in order to determine the spatial location of

these occurrences. Spatial maps of mean vector variation were generated for all three

eigenvectors per subject for each combination of number of directions and NSA.

Because inter-subject longitudinal positioning and anatomical variability made

direct overlay of MRI volumes of human calf difficult, histograms of the spatial vector

variation maps were generated to allow initial qualitative visualization of variation

distribution in degrees between each experimental condition and eigenvector. Prior

to histogram calculation, each DTI volume was further masked to include only the

five central slices. This was performed in order to reduce histogram contamination

by peripheral regions along the longitudinal axis of the receive coil, thus restricting

the analysis to the region of best signal and homogeneous magnetic field.

Signal-to-noise ratio (SNR) maps spatially corresponding to the vector variation

maps were calculated representing each voxel of the b=0s/mm2 image for each exper-

imental condition per subject, allowing for voxel-wise SNR quantification for different

locations within a single volume, as well as between subjects or experimental condi-

tions (Fig. 5.2).

As parallel imaging was used, SNR was calculated by comparing two consecutive

volumes according to Dietrich [25] and Rogers [26]. In calculating SNR of different

NSA conditions, the consecutive volumes were chosen in the following manner (based

on 9 separate volumes, Fig. 5.1): 1NSA = volume 1 vs. 2; 2NSA = (volume 1+2)

vs. (volume 3+4); and 3NSA = (volume 1+2+3) vs. (volume 4+5+6).

The zenith angle between ε1 (representing fiber orientation) and the main mag-

netic field (vector [0,0,1]) [17] was calculated using Equation 5.1 so as to assess

the potential impact of fiber pennation obliqueness on measures of minor eigenvector
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Figure 5.2: Examples of signal-to-noise spatial maps in one volunteer. Left to right
is calculated SNR for the 1NSA, 2NSA and 3NSA conditions. The SNR increased
with increased NSA, particularly within peripheral regions of the calf, such as gas-
trocnemius. Central regions display far less SNR than peripheral regions.

variability. The maps of the zenith angle were generated for each of three volumes

within each experimental condition (Fig. 5.1) per subject. Voxels containing degrees

of difference >90◦ were corrected by subtracting the value from 180. These maps were

subsequently averaged to give an overall estimate of fiber obliqueness for each voxel.

In order to quantify regionally-specific interactions between each experimental

condition, SNR, zenith angle, and eigenvector behaviour, and to reduce contamina-

tion from masking or non-muscle artifacts, a series of regions-of-interest (ROIs) were

manually drawn on a composite image of all 9 b=0s/mm2 volumes within an NDD

set for each subject using FSLVIEW [21]. ROIs were dispersed throughout the image

determined by muscle boundaries. Targeted muscle units for analysis were anterior

tibialis (exterior), anterior tibialis (interior), extensor digitorum longus, peroneus

longus, posterior tibialis, soleus (lateral), soleus (central), soleus (anterior), lateral

gastrocnemius, medial gastrocnemius (posterior), and medial gastrocnemius (ante-

rior) (Fig. 5.3a). ROIs were placed by an experienced DTI researcher with over 13
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years of experience in diffusion ROI analysis (CR).

The ROIs consisted of two 2x2-voxel squares across 5 central contiguous axial

slices within each muscle group, equaling 40 voxels per ROI, representing 1 cm3. If

2x2 squares could not be used due to small muscle area, an equivalent number of

Figure 5.3: Calf regions used in analyses. (a) Outlined are muscles of the lower
leg under investigation (TA: Tibialis Anterior, TP: Tibialis Posterior, EDL: Extensor
Digitorum Longus, PL: Peroneus Longus, SOL: Soleus, LG: Lateral Gastrocnemius,
MG: Medial Gastrocnemius). (b) Placement of regions-of-interest (ROIs) used to
determine relative DTI values of individual muscles or muscle subsections, each ROI
distinguished by separate colours. (c) Aggregate ROI created by amalgamation of
individual ROIs in order to represent similar anatomy across multiple experimental
conditions.

single-voxel squares were used instead. Care was taken to avoid fascia, blood vessels,

chemical shift artifacts, and mask borders, as well as to place ROIs in approximately
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the same position across subjects (Fig. 5.3b). These ROIs were subsequently applied

to each individual volume per NDD set and NSA combination. Despite all scans

having been checked for movement, each ROI was visually inspected on every volume

to ensure they remained within muscle boundaries and avoided non-muscle tissue

such as fascia or blood vessels.

All eleven muscle ROIs were subsequently combined into an aggregate ROI con-

sisting of 440 voxels (11 cm3) (Fig. 5.3c). This aggregate ROI was used to evaluate

differences in overall DTI measures between experimental conditions while accommo-

dating assumed similar heterogeneity of diffusion between individual muscle composi-

tion, fiber angulation, and position relative to the RF coil. MD, FA, and eigenvalues

(λ1, λ2, λ3) were calculated using the aggregate ROI for each subject within each

experimental condition.

Individual and aggregate muscle ROIs were used to analyze ε1 and ε2 vector

variability spatial maps as well as maps of SNR, λ3:λ2, ratio and zenith angle for

each experimental condition per subject. Due to orthogonality of ε3 to both ε1 and

ε2, maps of ε3 were not deemed to provide any extra information, thus were not

considered for ROI analysis.

Statistical Analysis

Statistical analysis was done for each eigenvector metric (ε1 and ε2 variability),

SNR and zenith angle using a 3-way Analysis of Variance (ANOVA), with factors

being NDD, NSA, and replicate of measurement within a muscle. Furthermore, each

scalar measure (MD, FA and eigenvalues) was similarly assessed. For each statistical

analysis interaction terms between all three factors was investigated, and a Kruskal-

Wallis test for normality was also performed. When the ANOVA showed significance
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(i.e. p>0.05), multiple comparisons analysis was performed using Scheffes test. All

statistical analysis was done using the statistics toolbox of Matlab (ver. R2014a,

Mathworks, Natick MA).

The individual muscle ROI measures of ε1 and ε2 vector variability under each

experimental condition were entered as data points into a series of Spearman correla-

tions (two-tailed). Variables such as FA, MD, λ3:λ2 ratio, SNR, zenith angle, and STE

were each assessed as to their relationship with ε1 and ε2 variability. Additionally,

possible correlates between ε1 and ε2 variability were investigated. Finally, corre-

lation analyses were further sub-divided into sets by NDD or NSA for comparisons

between SNR and eigenvector variability, as well as relationships between ε1 and ε2

variability. All correlations were performed using Prism 5.0 (GraphPad Software Inc,

La Jolla, CA).

5.3.4 RESULTS

Subjects

Despite the measures taken to immobilize subjects, two subjects were removed from

analysis due to excessive positional shifting and/or movement during acquisition

within at least one NDD DTI set. Thus the resultant acceptable data used in subse-

quent analysis was from 5 subjects (1 female, age 27.6±8.5, BMI 23.2±2.7).

Spatial Maps and Histograms

Spatial maps revealed that ε1 varied in a coherent gradual manner, with minimal

variation in peripheral muscles of the calf (gastrocnemius, anterior tibialis) (Fig.

5.4a). In contrast, central muscles (posterior tibialis, soleus) displayed higher ε1

variability. Interestingly, the soleus demonstrated increased variation in comparison
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to other muscles, extending into its periphery. The variability of ε2 had a similar

spatial distribution to ε1 per experimental condition, although overall displayed higher

values of vector variability, as well as a speckled incoherent pattern of high-variability

voxels (Fig. 5.4b).

Figure 5.4: Spatial maps of vector variability within one volunteer across all exper-
imental conditions. (a) Variation of the primary eigenvector (ε1). (b) Variation of
the secondary eigenvector (ε2).

Qualitative examination of histograms revealed differences in the volumetric distri-

bution of vector variation in spatial maps between eigenvectors, as well as experimen-

tal conditions. Histograms of vector variation showed the majority of ε1 per volume

varied less than 10◦ (Fig. 5.5). The histograms further demonstrate there is little

tissue volume where ε1 varies between 20◦ and 100◦. However, a secondary peak was

noted between 100-120◦. Inspection of spatial maps (Figs. 5.4a and 5.4b) showed

this secondary peak originated predominantly in the central calf region, soleus, as
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well as mask edges and large blood vessels. In contrast to ε1, the vector variability

of both ε2 and ε3 was widespread, as shown by the reduced amplitude and increased

width of the dominant histogram peak between 0 and 20◦, as well as visually-evident

increased area under the curve between 20◦ and 100◦ (Fig. 5.5).

For both ε2 and ε3, increasing NDD and NSA increased the height of the low

variability peak, narrowed the peak width, and brought the peak closer to zero (in

terms of degrees variability). Furthermore, less area under the curve was noted in the

middle region (20◦ to 100◦ vector difference) with increasing NDD and NSA (Fig.

5.5).

Aggregate ROI: Scalar Values

The aggregate ROI was used to examine the effect of NDD and NSA on values of MD

and FA. The mean MD, depending on experimental condition, ranged from 1.55

Figure 5.5: Histograms of vector variability per experimental condition. Left to
right: ε1, ε2, and ε3. The bulk of ε1 variability, over the aggregate ROI was less
than 20◦, peaking at 10◦. Both ε2 and ε3 variability were nearly identical also with a
peak in variability around 10◦, however, with much greater variability over the range
between 0 and 120◦. Furthermore a larger secondary peak at 120◦ was notably visible
for both radial eigenvectors.

to 1.58 x10−3 mm2/s, and no statistical differences were found between experimental

conditions, nor did replicates contribute to any significant sources of variability for
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any of the parameters measured (Fig. 5.6a). The FA values, noted to be non-

parametric, ranged from 0.23 to 0.28, and using Kruskal-Wallis tests significantly

decreased with increasing NDD (p<0.0001) and increasing NSA (p<0.0014) (Fig.

5.6b). A significant interaction term between NSA and NDD was noted (p<0.0055).

Individual eigenvalues were also assessed with the aggregate ROI (Figs. 5.6c-e).

The λ1 of the 6 NDD condition was found to be significantly larger than both the 15-

and 25-direction conditions and was also found to be non-parametric (Kruskal-Wallis,

p<0.000005). NSA was not significant in determining λ1 (p<0.1968). Replicate ROIs

within muscle groups were not a significant source of variability (p<0.7995), nor were

there any contributing sources of interaction as a result of ROI with NDD (p<0.9983)

or NSA (p<0.9678).

The second eigenvalue (λ2) was significantly greater using the 6 NDD condition

(p<0.0045). Similar to λ1, the value of λ2 was noted to be non-parametric and

was significantly affected by NDD (p<0.000003). Neither NSA (p<0.6259) nor ROI

replicate (p<0.8427), nor combination of interaction of terms, were significant factors

in determining λ2.

The third eigenvalue, λ3 was significantly lower with both the 6 NDD acquisition

(p<0.000002) and the 1 NSA condition (p<0.0248). Both were found to be non-

parametric and as such significance was through Kruskal-Wallis testing. Again, ROI

replicates did not contribute to a significant source of variability (p<0.9336). No

interactions between factors were significant in determining λ3.

The ratio of λ3:λ2 (Fig. 5.6f) was significantly lower for the 6 NDD (p<0.000001)

and 1 NSA conditions (p<0.000001). Both NDD and NSA were found to be significant

and non-parametric (Kruskal-Wallis test) in their contribution to the λ3:λ2 ratio.
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Figure 5.6: Box and whisker plots indicating scalar results of DTI analysis (Aggre-
gate ROI) for each experimental condition. (a) Mean Diffusivity (MD). (b) Fractional
Anisotropy (FA). (c)-(e) First (λ1), second (λ2), and third (λ3) eigenvalues, respec-
tively. (f) Ratio of the third (λ3) to second (λ2) eigenvalues where a value of 1.0
indicates parity. All distributions were noted to be non-normal, based on Kruskal-
Wallis tests, except MD (NDD and NSA), λ1 (NSA) and λ2 (NSA). Differing symbols
above bars indicate significance (p<0.05) from other experimental conditions.

Aggregate ROI: Eigenvector Variation

Aggregate ROI eigenvector variation showed the most ε1 variation with the NDD

6 direction scan, decreasing for 15, and then 25 NDD (Fig. 5.7a). The NDD was a

significant factor in determining ε1 variability and it was noted to be non-parametric

(Kruskal-Wallis, p<0.0008). NSA did not have a significant effect on ε1 variation.

The ε2 variation was always much greater than ε1 (Fig. 5.7a-b). Decreased ε2

variation was observed with increasing NSA (Kruskal-Wallis, p<0.0005). NDD was

not a significant contributor to ε2 variation.

The SNR was not affected by NDD. However SNR was noted to be significantly
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Figure 5.7: Results of DTI-derived spatial maps for each condition, measured us-
ing aggregate ROI. (a) ε1 variation; (b) ε2 variation; (c) Signal-to-noise ratio. All
distributions were noted to be non-normal, based on Kruskal-Wallis tests, except ε1
(NSA), ε2 (NDD), and SNR (NDD). Differing symbols above bars indicate significance
(p<0.05) from other experimental conditions.

affected by NSA (Kruskal-Wallis, p<0.0036). In terms of zenith angle, both NDD

(parametric statistics p<0.0186) and NSA (Kruskal-Wallis p<0.0098) played signifi-

cant roles.

Eigenvector Variation of Individual Muscle Regions

The amount of eigenvector variation (in degrees) for each muscle ROI (see Fig.

5.3b) is summarized as a comparison between the lowest STE condition (6dir, 1 NSA,

STE=1) and highest (25dir, 3NSA, STE=11.14) in Table 5.1.

Correlation Analysis: DTI Scalar Indices and Eigenvector Variation

FA showed a significant but very weak correlation with ε1 (r=-0.185; p<0.0001)

but not ε2 (r=0.018; p>0.05). MD showed significant very weak correlations with ε1

(r=0.181; p<0.0001) and ε2 (r=-0.177; p<0.0001). The ratio of λ3:λ2 ranged from

0.699 to 0.946, with mean of 0.860. Correlations of λ3:λ2 with ε1 and ε2 were both neg-

ative and significant, but the relationship between λ3:λ2 and ε1 (r=-0.522; p<0.0001)

proved to be much stronger than that of ε2 (r=-0.177; p<0.0001).
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ROI Condition ε1 Variation ε2 Variation SNR Zenith
Mean SD Mean SD Mean SD Mean SD

ATib out 6d 1nsa 13.7 16.9 44.9 8.0 38.1 17.9 17.2 10.3
25d 3nsa 7.6 5.3 33.4 7.6 52.6 15.8 15.9 2.9

ATib in 6d 1nsa 13.6 9.7 64.4 9.7 33.3 15.4 9.5 8.5
25d 3nsa 7.7 3.8 55.9 9.9 45.6 7.9 7.0 0.3

PTib 6d 1nsa 62.1 16.3 76.3 8.1 30.2 10.9 37.5 17.2
25d 3nsa 16.1 12.2 63.6 13.7 32.2 6.0 27.6 7.2

EDL 6d 1nsa 10.1 7.7 65.1 16.5 34.0 14.9 10.2 4.3
25d 3nsa 5.9 0.9 58.1 14.9 46.6 12.3 8.3 2.2

PER 6d 1nsa 9.3 7.2 51.5 15.8 34.6 14.2 14.2 3.9
25d 3nsa 5.3 1.0 38.9 17.2 47.0 10.6 13.6 1.6

SOLlat 6d 1nsa 56.5 17.0 68.4 6.5 41.1 14.9 39.0 17.1
25d 3nsa 38.9 16.9 55.6 12.6 56.6 7.8 39.0 5.0

SOLcent 6d 1nsa 55.4 11.6 70.0 8.4 28.7 9.8 37.9 7.4
25d 3nsa 39.9 20.4 59.2 6.9 39.7 8.2 37.1 5.8

SOLant 6d 1nsa 39.1 14.8 74.1 4.8 22.6 9.1 23.5 13.7
25d 3nsa 18.6 10.2 60.3 7.9 31.0 7.4 20.3 5.3

LG 6d 1nsa 6.0 4.2 58.9 13.5 42.9 16.5 10.2 3.0
25d 3nsa 3.7 0.5 45.0 25.0 58.8 8.6 9.7 2.0

MGpost 6d 1nsa 7.5 5.8 65.1 15.3 37.9 14.2 12.6 3.1
25d 3nsa 4.3 0.7 51.8 13.1 51.5 8.0 12.0 2.5

MGlat 6d 1nsa 13.2 11.1 57.0 15.2 33.6 18.5 16.5 3.8
25d 3nsa 7.1 5.9 47.5 8.4 44.7 4.0 15.5 5.2

Table 5.1: Measurements from individual muscle ROIs, based on n=5. Condition
indicates whether measurement is from experimental condition of minimum STE
(NDD=6, NSA=1) or maximum STE (NDD=25, NSA=3). Values for ε1 variation,
ε2 variation, and Zenith (zenith angle) are in degrees, while SNR is unitless.

Correlation Analysis: SNR and Eigenvector Variability

When combining all experimental conditions per subject, SNR was found to signif-

icantly negatively correlate with ε1 (r=-0.287; p<0.0001) and ε2 variation (r=-0.348;

p<0.0001). Correlating ε1 variability with ε2 variability showed moderate association

(r=0.405; p<0.0001), indicating that consistency of ε2 decreases when ε1 orientation

becomes unstable. However, the region of highest ε1 stability (i.e. from 0 to 20◦,

representing 37% of data points) also showed the widest range and density of ε2
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variability (Fig. 5.8a). It should be noted that only 3 of 495 data points displayed

values greater than 90◦, indicating that ROI placement independently excluded voxels

contributing to the upper variability peak (100 to 120◦) observed in the histograms.

When varying NDD, all correlations between SNR and ε1 and ε2 variability were

significant and negative, yet ranged from weak to moderate in strength (r=-0.333 to

-0.498) (Table 5.2). The relationship between ε1 and ε2 variability was moderate

and

Figure 5.8: Scatterplots of data from individual muscle ROIs. (a) Relationship
between ε1 and ε2 variation. Out of 495 included data points, 190 points (38%)
fall between 0 and 10◦ of ε1 variation (dashed line), while 306 points (62%) fall
between 0 and 20◦ (dotted line). Note that of 495 ROIs, only 3 (2 for ε1, 1 for ε2)
produced variability values greater than 90 degrees (shaded area). (b) Effect of zenith
angle upon ε1 variability (closed circles) and ε2 variability (open circles). Note that
ε1 variation was strongly correlated with zenith angle (r=0.8048; p<0.0001) while
ε2 variation was only correlated weakly (r=0.2135; p<0.0001) as calculated using
Spearman rank correlations. (c) Relationship between Standard Time equivalency
(STE) and vector variability. (ε1 variation = closed circles, ε2 variation = open circles,
nudged slightly right for clarity).

positive (r = 0.348 to 0.441), and appeared greatest for the NDD=25 condition, and

weakest for the NDD=15 condition.

When grouped by NSA, correlations between SNR and ε1 variability were again
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Correlation Summary by NDD
NDD = 6 NDD = 15 NDD = 25

SNR vs ε1 -0.463**** -0.373**** -0.498****
SNR vs ε2 -0.333**** -0.457**** -0.409****
ε1 vs ε2 0.390**** 0.348**** 0.441****
Correlation Summary by NSA

NSA = 1 NSA = 2 NSA = 3
SNR vs ε1 -0.180* -0.250*** -0.194**
SNR vs ε2 -0.181* -0.324**** -0.334****
ε1 vs ε2 0.399**** 0.362**** 0.304***

Table 5.2: Summary of correlation values between signal to noise ratio (SNR) and
eigenvector ε1 and ε2 variability, as influenced by number of diffusion encoding direc-
tions (NDD) and number of signal averages (NSA). (*p<0.05, **p<0.01, ***p<0.001,
****p<0.0001).

negative but weak (Table 5.2). Examination of ε2 variability with SNR showed that

within the 3NSA and 2NSA conditions, the correlations were moderately stronger

than that of ε1. The correlations between ε1 and ε2 variability were positive and

highly significant across all NSA conditions (Table 5.2). Furthermore, increased ε2

variability was weakly related to ε1 variability, and this relationship increased with

decreasing NSA.

Correlation Analysis: Zenith Angle and Eigenvector Variability

Zenith angle was found to be quite strongly correlated with ε1 variation (r=0.8048;

p<0.0001), which contrasts with the weak correlation between zenith angle and ε2

variation (r=0.2135; p<0.0001) (Fig. 5.8b). Curiously, when the soleus ROIs (rep-

resenting 135 data points) were removed the correlation between zenith angle and ε1

variation dropped to moderate strength (r=0.5870; p<0.0001), while the relationship

between zenith angle and ε2 variation was not significant.
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Correlation Analysis: Standard Time Equivalence and Eigenvector Vari-

ability

The STE (Fig. 5.1) had a moderate negative correlation with ε1 variation (r=-

0.4419; p<0.0001) (Fig. 5.8c). However, the correlation between STE and ε2 varia-

tion was found to be weak (r= -0.2595; p<0.0001) (Fig. 5.8c).

5.3.5 DISCUSSION

As DTI becomes more commonplace in the study of human skeletal muscle, it is

important to consider the precision of in vivo measures obtained by this method

using clinical-strength MRI scanners within appropriate exam times. Using the im-

mobilized lower leg as an accessible model of skeletal muscle, we have empirically

demonstrated that the directional variability of minor eigenvectors (represented by

ε2) is substantially high in experimental conditions capable of producing minimal

directional variation in the principal eigenvector (ε1) of the calf. Furthermore, this

study has demonstrated that experimental efforts to improve vector stability were

far more effective in improving ε1 than ε2. The findings of the present study appear

to replicate the simulation work of Froeling [7], who calculated greater degrees of

directional error and variability in ε2 than ε1 for a given level of SNR. However, our

study expands on that work by using real subjects, as well as localizing the regions

and conditions under which these errors occur.

Variation in vector direction beyond 45◦, such as that observed within ε2, indi-

cates a risk that the eigenvalue representing this eigenvector is being misclassified

according to the ranking system used in tensor calculation [3], bringing into question
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the validity of reporting minor eigenvalues, especially when reporting experimental

effects. Therefore, this study seeks to impress upon the reader that caution should

be taken in interpreting the values of individual minor eigenvalues in skeletal muscle

research, particularly in studies involving comparison between muscles or states of

flexion, or comparing muscles of different composition and architecture.

The use of DTI in the study of skeletal muscle was initiated by findings that the

anisotropic movement of water within the elongated and parallel tissue of skeletal

muscle could be detected using diffusion imaging [27,28], as well as evidence that

the principal eigenvector (ε1) of the DTI ellipsoid corresponded with muscle fiber

direction in high-field experiments using animal models [29,30]. As such, numerous

in vivo human DTI experiments of skeletal muscle at clinical field strengths have been

performed, using the thigh [31,32] or calf [16,19] in particular. DTI studies of human

calf muscle have found differences in both diffusivity [11,19], and fiber orientation (ε1)

[12,17,19] between individual muscles.

The notion that DTI indices reflect muscle shape and function have prompted

further studies into the biomechanics of muscles within the lower leg, with findings of

relationships between individual eigenvalues and standing-to-supine positioning [20],

passive angulation of the foot between dorsiflexed, neutral, and plantar positions

[9,12], as well as effects of active isometric calf contraction [11,18]. While inter-

pretations of the meaning of the minor eigenvalues were asserted in these studies,

rarely were orientations of their respective eigenvectors actually reported, much less

assessed.

By reporting individual eigenvalues, or comparing these eigenvalues between con-

ditions, it is implicitly assumed that individual eigenvectors are stable metrics that
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reflect anatomical structures and thus warrant comparison. The results of the present

study of eigenvector stability suggest that while this may be appropriate for the prin-

cipal eigenvector and eigenvalue, these assumptions may not be valid with regard to

the minor eigenvalues due to their high directional variability.

Studies using computer simulation have modeled experimental conditions such

as SNR and NDD and their impact upon DTI indices of skeletal muscle. For ex-

ample, Damon [8] noted that increasing levels of SNR are needed for accurate FA

estimation (SNR>30), accurate MD estimation and prevention of λ2 underestimation

(SNR>40), and prevention of λ3 underestimation and reduction of ε1 variability to

±9◦ (SNR>60). Damon [8] further asserted that SNR levels required to reduce the

variability of ε2 to acceptable levels would be unrealistically high for human stud-

ies. Simulations by Froeling et al. [7] suggested that diffusion gradient schemes use

greater than 12 directions, as schemes with low NDD resulted in directional bias for

fibers coinciding with one of the gradient directions. Our experimental results un-

questionably supported these findings as NDD of 6 resulted in the greatest degree of

variability. However, it has been acknowledged that simulated results may differ from

experimentally-acquired data [5,7], as simulations often do not account for factors

such as subtle movement or physiological noise which occur during data acquisition.

Furthermore, simulations tend to consider muscle a homogeneous material, when in

fact tissue composition, architecture, and vascularity are quite different between indi-

vidual muscles [33,34]. The present study was therefore undertaken within the human

calf to investigate the complex relationships between muscle location and architecture,

experimental condition, SNR, and eigenvector variability when using standard DTI

protocols, as well as to better anticipate the potential errors of scanning in realistic
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settings.

Spatial mapping of eigenvector variation visibly indicated that ε2 direction was

much less consistent between consecutive volumes than that of ε2 across all NDD and

NSA conditions, which in turn could be observed in volume of high-variation voxels

observed in the histograms. Visual inspection of the spatial variation maps indi-

cated that variation was lowest in the outer regions of the calf, becoming increasingly

variable towards the central muscle areas. This effect appeared to coincide with the

concentrically-decreasing SNR with distance away from the RF coil, an effect that was

anticipated based on the work of Damon [8]. However, the statistical results of the

present study found only a weak although significant negative relationship between

SNR and vector variability when considering all muscle regions, indicating that SNR

cannot be the sole determinant of vector stability. This agrees with the findings of

Landman et al. [6], who found that increasing SNR does not necessarily relate to

improvements in consistency of DTI results.

Further inspection of the vector variability maps revealed the soleus contrasted

with the concentrically-increasing variation pattern in comparison to adjacent mus-

cles. As such, it displayed increased variation of ε1 and ε2 in both its central and

peripheral regions. The soleus consists of fibers oriented far more obliquely to the

tibia than other muscles, as observed in the results of the present study as well as

previous studies [17]. Furthermore, it contains smaller and more highly-capillarized

fibers [33,34], and has been cited in past studies as being troublesome for DTI anal-

ysis [35]. These differences in vector variation according to anatomical boundaries

further suggest that vector variability is not simply due to heterogeneous SNR within

an image, but of muscle geometry and composition as well.

70



Ph.D. Thesis - Conrad Peter Rockel McMaster - Biomedical Engineering

Efforts to improve SNR within skeletal muscle, and thus DTI accuracy, often uti-

lize time-consuming strategies such as increased numbers of signal averages (NSA) or

numbers of gradient directions (NDD) [7,13,17], although extra acquisition time in-

creases the risk of artifacts due to bulk motion, physiological pulsation, or equipment

noise. Accordingly, our results show that increasing NSA resulted in overall increases

of SNR, while increases in NDD did not.

The effect of increasing the time spent on scan acquisition (STE) showed a modest

impact on improving ε1 variability, an effect noted in previous studies of the brain

[5,6]. However, the present study found that increases in STE were only weakly related

to improved ε2 stability, an effect that can also be observed within the histograms of

vector variation maps. Our results also indicate that increasing the NDD decreased

the overall ε1 variability, while increasing the NSA served to reduce the overall ε2

variability. Interestingly, however, decreasing NSA served to increase the correlation

between ε1 and ε2 variability, indicating that factors affecting directional stability are

shared between eigenvectors in conditions of low NSA.

The present study also investigated the relationships between various DTI scalar

outputs and their directional variability, given the intrinsic relationship between eigen-

vectors and their respective eigenvalues. Mean diffusivity (MD) did not significantly

change according to experimental condition, indicating the utility of a DTI acquisi-

tion scheme with minimal STE (e.g. 6 NDD and 1NSA) is adequate if this is the

only intended measure. This effect has been previously observed in the brain [5,6].

Shape-based measures such FA and ratio of λ3:λ2 were assessed with the expectation

that as eigenvalue relationships approached sphericity or radial equality, the vari-

ability in calculated vector direction or classification would increase [4]. The FA of
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skeletal muscle is typically quite low (0.18 to 0.40) [11,12,16,19], meaning that the

three eigenvalues that contribute to this measure are approaching equality. While the

present study was able to replicate the low FA measures of prior studies, correlations

between FA and vector variability were quite weak or not significant. The ratio of

λ3:λ2, assessed to investigate relationships between radial parity and eigenvector vari-

ability, displayed an extremely weak correlation with ε2 variability, indicating that

similarity between the two minor eigenvalues had little to do with the stability of

their respective eigenvectors. Curiously, λ3:λ2 showed a stronger correlation with ε1

variability than that of ε2. This finding could perhaps be due to the underestimation

of λ3 in low SNR situations [5,8], with low SNR also contributing to instability of the

ε1 direction.

Calculations of zenith angle, representing angulation of fiber orientation relative

to the main magnetic field, provided the strongest results of this study. Increased

variability of ε1 was strongly correlated with increases in the obliqueness of the calcu-

lated fiber orientation, an effect which has been previously noted [35]. This effect was

downgraded to moderate when the soleus, known to contain fibers more oblique than

adjacent muscles [17,19], was removed from the analysis. In contrast, the relationship

between zenith angle and ε2 variability was found to be weak and no more prominent

than any of the other experimental variables assessed. However, we approach these

findings regarding zenith angle with caution, as the measure with which we used to

determine zenith angle (namely, ε1) also demonstrated the most variability due to

obliqueness.

It was hypothesized that increases in ε1 variability would impact the variability

of ε2, however correlation analysis found only a minor relationship between the two.
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The widest range and highest levels of ε2 variability occurred in regions of least ε1

variability. This seems to indicate that while increased ε1 variability is related to

increased ε2 variability, ε1 stability does not ensure stability in ε2. This result, in

addition to the other observations and analyses used in the present study, leads us to

conclude that while the behaviour of ε1 variation within human calf muscle is fairly

stable and can be influenced by experimental conditions in a moderately predictable

fashion, the direction of ε2 remains quite variable regardless of condition.

There are several limitations regarding this study. First, our choice to not perform

eddy current and gross motion corrections may seem a detriment given the availability

of correction algorithms available today. However, the purpose of the present study

was to illustrate the variability present under different experimental conditions, and

identify how well individual and collective muscle regions may perform without the

need for processing. Given the variety of correction algorithms available, and the

fact that they are tailored to studies of the brain, it was thought best to evaluate

the vector variation without post processing, lest the present study become a com-

parison of algorithm efficacy and errors in interpolation. Additionally, by not using

post-processing, this study mimics the output of clinical scans utilizing multi-NSA

acquisition. Finally, these measures of vector precision perhaps serve as a baseline

with which to assess the efficacy of post-processing algorithms.

A second potential limitation of the present study is that the voxel dimensions

were not isotropic. This could potentially bias assessment of vector variability, as

spatial information is thus better represented across an axial slice than through it.

Structures not aligned with the main axis of anisotropic voxels risk having spatial and

angular information obscured due to partial voluming [36]. Indeed, the present study
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found that the calculated obliqueness of fiber direction had a strong relationship with

the variability of the first eigenvector, and it is possible that voxel anisotropy played

a role in this finding. However, there is no current evidence that voxel anisotropy

plays a role in the stability of eigenvectors within skeletal muscle, therefore future

empirical work examining the nature of voxel shape and ability to represent muscle

structure is warranted.

The present study is also limited by the lack of external validation regarding the

orientation of calculated eigenvectors. This limitation is most notable regarding our

assessment of zenith angle, where the present study found a high relationship between

fiber obliqueness and principal eigenvector variability, with the principal eigenvector

direction being the measure by which we calculated zenith angle. As noted by Jones

[4], precision can be assessed, but accuracy requires a gold standard. A temptation

in designing the present study was to assess vector variability by deviation from an

aggregate of all 9 volumes within each NDD scheme. However, it was felt that using

such a standard would merely demonstrate that increasing NSA approaches a mean,

rather than whether the data was accurate and representative of anatomy. Future

work into assessing the validity of DTI eigenvectors, particularly the radial eigenvec-

tors, would benefit from the use of complementary methods to visualize muscle fiber

arrangement, such as ultrasound [35].

Finally, the present study is limited by the small sample size. While we were able

to demonstrate differential variation in the stability of principal versus minor eigen-

vectors as well as statistical relationships between many of the variables assessed, it is

believed that a larger cohort would aid in determining the influence of experimental

conditions upon vector variability, especially given the non-normal behaviour of our
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data.

In conclusion, this study demonstrates that the minor eigenvectors are prone to

high directional variability despite stability of the principal eigenvector, and that

experimental efforts which improve ε1 stability may not be nearly as effective in

improving the stability of the minor eigenvectors. Thus, we recommend caution in

allotting anatomical meaning to the individual minor eigenvalues unless the stability

of their respective eigenvectors can be ascertained. Indeed, it is perhaps the better

strategy to consider the mean of the second and third eigenvalues (Radial Diffusivity,

RD) as used in studies of the brain [37].
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Chapter 6

Dynamic DTI (dDTI) Shows

Differing Temporal Activation

Patterns in Post-Exercise Skeletal

Muscles

Conrad P. Rockel, B.A., Alireza Akbari, Ph.D., Dinesh Kumbhare, M.D., Michael D.

Noseworthy Ph.D., P.Eng.

6.1 Context of Paper

The following experiment was performed in order to expand on the initial findings

of post-exercise temporal diffusion described in Chapter 4. This study utilized a

timecourse DTI acquisition strategy designed to enhance the temporal resolution in

comparison to that of the pilot study. The time needed for acquisition of a single DTI
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volume (aka timepoint) was reduced from 108 to 35 seconds by limiting the number

of diffusion gradients to N =6, as well as reducing the repetition time (TR) from 6000

to 4000 ms (see Appendix A).

In addition to TR optimization, this experiment targeted a different grouping of

calf muscles than that described in Chapter 4, as the exercise task involving repetitive

dorsiflexion-eversion of the foot was expected to involve antero-lateral muscles of the

calf rather than muscles posterior to the tibia <Basmajian and de Luca, 1985>. Fur-

thermore, a minimal level of resistance to the exercise motion was utilized in order to

test the sensitivity of this DTI technique to exercise-derived temporal changes in dif-

fusion. Concurrent temporal signal changes in the reference T2-weighted image (S0)

were also examined with respect to the DTI findings in order to determine the inter-

pretive value of this measure in comparison to diffusion data. Finally, post-exercise

temporal diffusion behaviour of individual muscles for both active and inactive mus-

cles were measured in this study, and the tissue composition of each muscle was

considered in the interpretation of the results.

It should also be noted that the present study was performed following a substan-

tial hardware upgrade of the MRI scanner and related equipment in relation to that

used in the preliminary study. The scanner was upgrade from a GE HD (software

v.12) to a MR750 Discovery system (software v.22).

6.2 Declaration

Conrad P Rockel, in collaboration with Alireza Akbari, designed and performed the

experiment. Conrad P Rockel performed data and statistical analyses, and wrote the

initial manuscript, as well as proofread and edited further manuscript incarnations.
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Dinesh Kumbhare provided some equipment, offered clinical and physiological per-

spective, as well as proofreading. Michael D Noseworthy provided funding, statistical

advice, substantial proofreading, editing, reformatting, and tirelessness in the role of

corresponding author.

This paper was published in Magnetic Resonance Materials in Physics, Biology

and Medicine (MAGMA):

Rockel C, Akbari A, Kumbhare DA, Noseworthy MD. Dynamic DTI (dDTI) shows

differing temporal activation patterns in post-exercise skeletal muscles. MAGMA
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6.3.1 ABSTRACT

Object: To assess post-exercise recovery of human calf muscles using dynamic diffu-

sion tensor imaging (dDTI).

Materials and Methods: DTI data (6 directions, b=400s/mm2) were acquired

every 35 seconds from 7 healthy males using a 3T MRI, prior to (4 volumes) and

immediately following exercise (13 volumes, ∼7.5 minutes). Exercise consisted of 5

minutes in-bore repetitive dorsiflexion-eversion foot motion with 0.78kg resistance.

Diffusion tensors calculated at each time point produced maps of mean diffusivity

(MD), fractional anisotropy (FA), radial diffusivity (RD), and signal at b=0s/mm2

(S0). Region-of-interest (ROI) analysis was performed on 5 calf muscles: tibialis ante-

rior (ATIB), extensor digitorum longus (EDL), peroneus longus (PER), soleus (SOL)

and lateral gastrocnemius (LG).

Results: Active muscles (ATIB, EDL, PER) showed significantly-elevated initial MD

post-exercise, while predicted inactive muscles (SOL, LG) did not (p<0.0001 ). The

EDL showed greater initial MD increase (1.90 x10−4mm2/s) than ATIB (1.03x10−4mm2/s)

or PER (8.79x10−5mm2/s) (p=7.40x10−10), and remained significantly-elevated across

more timepoints than ATIB or PER. Significant increases were observed in post-

exercise EDL S0 relative to other muscles across the majority of timepoints (p<0.01

to p<0.001 ).

Conclusions: dDTI can be used to differentiate exercise-induced changes between

muscles. The differences are suggested to be related to differing fiber composition.

Keywords: DTI, skeletal muscle, exercise, recovery, time course, human
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6.3.2 INTRODUCTION

Diffusion weighted imaging (DWI) and its more directionally-resolved offspring, dif-

fusion tensor imaging (DTI), are magnetic resonance imaging (MRI) techniques that

probe water proton mobility and restriction within tissues to assess tissue microstruc-

ture. DTI caters well to skeletal muscle, as it is able to represent diffusion as a

three-dimensional rotationally-invariant ellipsoid, from which measures of diffusivity,

shape, and orientation are obtained.

The anisotropic nature of diffusion within skeletal muscle has been detected using

DWI [1], and the principal ellipsoidal axis from DTI shown to align with muscle fiber

direction [2]. Studies of human skeletal muscle have used DTI to investigate tissue

microstructure in the thigh [3] and calf [4-7], and the impact of exercise training

on muscle structure [8, 9]. MRI diffusion techniques have also been used to study

human skeletal muscle following a single session of exercise. Typically, post-exercise

muscles have displayed increased diffusivity [10-18] and a fattening of shape (i.e.

reduced fractional anisotropy) [15-18]. A small group of studies have investigated the

acute time course of post-exercise diffusion change by acquiring repeated diffusion

volumes across time [10-12, 19], a technique that may provide further insight about

muscle dynamics beyond the simple ”snapshot” approach. These studies, which often

consider only one diffusion-encoding direction, have observed diffusion is initially

elevated following exercise cessation, then subsequently decreases back to baseline

across time. However, these studies either focused on a single muscle [10, 12] or

measured a group of muscles as a single unit [11, 19].

It is known that skeletal muscle is not a homogeneous tissue, but instead com-

posed of fibers that belong to two broad classes: Type-I (slow-twitch) and Type-II
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(fast-twitch). These fiber types have different sizes [20], metabolism (aerobic versus

anaerobic) [21] and densities of supporting vasculature [22]. Each muscle contains

a mixture of both fiber types, although in differing proportions between individual

muscles.

To take the lower leg as an example, the soleus and anterior tibialis are com-

posed of largely slow-twitch fibers (87.7±9.6% and 73.5±7.8% Type-I, respectively)

while the lateral gastrocnemius is largely composed of fast-twitch fibers (46.9±6.9%

Type-I) [23]. It is therefore conceivable that muscles of differing composition and

physiology would show differing temporal patterns in diffusion values following a ses-

sion of exercise. Furthermore, the level of exertion is important in that it determines

the metabolism used by the muscle as a whole, with increasing levels of exertion

resorting to more anaerobic means of metabolism [24].

The time evolution of acute exercise-induced diffusion changes within muscles

of differing fiber content has not been thoroughly studied with directionally-resolved

diffusion techniques such as DTI. In a previously-reported pilot study [25], consecutive

DTI acquisitions were used to investigate temporal changes in human calf muscles

before and immediately following a 2.5 minute session of in-bore load-bearing plantar

flexion. The authors showed how the gastrocnemius (containing a lower percentage

of slow-twitch fibers) demonstrated a temporal pattern of mean diffusivity (MD)

involving delayed increase, a peak 4 minutes following exercise cessation, then gradual

decline, which is a pattern inconsistent with some previous time course studies [10-12]

but similar to others [19]. In contrast, the soleus (mostly composed of slow-twitch

fibers) showed a minor increase from baseline, and remained slightly elevated across

all time points. These differential patterns warranted further investigation using this
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temporal DTI approach to evaluate leg muscles of different fiber composition.

The purpose of the present study was to use DTI in order to evaluate the tempo-

ral post-exercise characteristics of muscles in the antero-lateral compartment of the

leg, consisting of muscles known to be predominantly composed of slow-twitch fibers

(anterior tibialis and peroneus longus) and those presumed to have more equal ratios

of fast- and slow-twitch fibers (extensor digitorum longus). A mild exercise paradigm

was utilized to test the sensitivity of the DTI measures, as well preserve the default

metabolism of each muscle.

6.3.3 MATERIALS and METHODS

Subjects

Seven male volunteers (mean age 28.8±5.4 yrs; BMI 24.2±3.1kg/m2) participated

in this study. All subjects participate in exercise or sport at least one day a week, with

no subjects performing at an elite level. Subjects self-reported whether they had ever

received any important leg injury or had been diagnosed with any disorder that could

affect skeletal muscle health. Furthermore, the MRI technologist who performed the

scanning, having more than 20 years of musculoskeletal imaging experience, did not

note any abnormalities in any scans. Subjects were asked to refrain from exercise for

at least 12 hours before the study. The work was approved by our institutional ethics

review board and informed consent was obtained from each volunteer.

Prior to scanning, each volunteer lay supine on a bed, during which they were

instructed on how to perform the exercise task (dorsiflexion-eversion of the foot)

(Fig. 6.1).

They continued to lie supine with relaxed legs and feet for 30 minutes prior to
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Figure 6.1: Experimental set up, including time required for each section. Four
baseline DTI volumes were acquired. Exercise (repeated dorsiflexion-eversion per-
formed at 1 Hz) is immediately (*) followed by 13 post-exercise DTI volumes (i.e. 13
timepoints).

scanning to allow for potential body water redistribution and to ensure muscle rest

for the experiment [26]. Subjects were then transferred to the MRI table, lying supine

and entering the bore feet-first, positioned with the distal end of the calf (proximal

to the Achilles tendon) propped in a home-built wooden stand identical to that de-

signed and built by others [26]. The leg was positioned to allow calf muscles to hang

suspended through the MRI RF coil, avoiding compression on anterior or posterior

muscles. The leg was then secured to the MRI table to prevent gross movement, us-

ing a strap about the thigh with enough tension to prevent gross movement without

compromising subject comfort or blood flow, while still allowing the foot freedom to

pivot about the ankle with the heel. A 3cm-wide strip of rubber exercise band (Blue

Theraband; Pro HeathCare Products, www.prohealthcareproducts.com) was placed

around the foot and the stand to provide 0.78kg resistance and assist the foot in
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returning to baseline position post-contraction. All scans were acquired with the foot

relaxed at approximately 5◦ from right angle to the tibia (neutral position).

MRI Scanning and Exercise

MRI data was acquired using a GE 3T Discovery MR750 (General Electric Health-

care, Milwaukee WI) and an 8-channel transmit-receive knee coil (Invivo Corporation,

Gainsville, FL), targeting the widest cross section of the calf (approximately 10 cm

distal to the patella). DTI data was acquired using a single-shot dual echo spin echo

EPI sequence (b=0 and 400s/mm2, TR/TE=4000/70ms, 6 directions, 16 contiguous

slices 4mm thick, 16cm FOV, 64x64 matrix, ASSET factor =2 and spectral-spatial

RF excitation pulses). Each DTI volume took 32 seconds to acquire, followed by a

3-second dead time between successive acquisitions (i.e. 35s per temporal volume)

(Fig. 6.1). All DTI data were acquired with the same prescan values (i.e. shim,

centre frequency, RF transmit gain), obtained for the first rest volume.

Following resting baseline acquisition (4 volumes), subjects were instructed to

move their foot in a dorsiflexion-eversion motion (i.e. toes up and laterally) at 1Hz

for a period of 5 minutes (Fig. 6.1). The muscles targeted with this movement

were the tibialis anterior (ATIB), extensor digitorum longus (EDL), and peroneus

longus (PER) [21]. Subjects were instructed to let their foot relax to the neutral

position between contractions and following cessation of the exercise task. This vol-

untary movement was self-paced using the timer on the front of the MRI scanner.

Post-exercise DTI acquisition (13 consecutive volumes) began immediately following

cessation of the in-bore exercise task, with pre-scan preparation having been com-

pleted prior to commencement of foot motion. Post-exercise scanning lasted for 7
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minutes and 32 seconds.

DTI Analysis

Post-processing of DTI data involved affine registration and sinc interpolation

of all 6 direction diffusion-weighted images to the T2-weighted zero diffusion image

(b=0s/mm2), for each time-based volume, using the FLIRT utility in FSL [27]. The

diffusion tensor was calculated for each timepoint, after which mean diffusivity (MD),

fractional anisotropy (FA), and eigenvalues (λ1-λ3) were calculated using FSL [27].

Radial diffusivity (RD) was calculated as the mean of λ2 and λ3. The T2-weighted

signal intensity (S0) of the b=0s/mm2 volume (acquired for diffusion calculations)

was also assessed at each timepoint. Although T2-weighted contrast mechanisms may

differ from that of diffusion [10,11,28], S0 was considered a DTI output (though only

semi-quantitative) for the purposes of this study. Each DTI volume was measured in

native space to minimize the effect of interpolation on tensor calculations.

Registration matrices were calculated between b=0s/mm2 volumes across all time

points within each pre-exercise and post-exercise dataset, and a composite volume

was created for each dataset consisting of all time points. Regions of interest (ROIs)

representing individual muscles were drawn on the composite volume for each DTI set

and consisted of two 2x2 voxels across 5 slices (1 cm3) (Fig. 6.2). Muscle analysis

is often performed by including the entire muscle as the ROI. However, the 2x2-voxel

approach allows repeated measures analysis (to identify sources of variance), and

there is a dramatic reduction in measurement error because the ROIs can be placed to

avoid fascia, blood vessels, and artifacts from chemical shift across volumes [29]. The

muscles investigated were tibialis anterior (ATIB), extensor digitorum longus (EDL),

peroneus longus (PER), soleus (SOL), and gastrocnemius lateralis (LG). ROIs were
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Figure 6.2: Axial view of human calf. (A) Outlines of muscles under study. ATIB =
Anterior Tibialis, EDL = Extensor Digitorum Longus, PER = Peroneus Longus, SOL
= Soleus, LG = Lateral Gastrocnemius. (B) Red squares denote region-of-interest
size and placement. Yellow oval represents muscles expected to be active during
exercise protocol, while orange oval represents muscles not expected to be active.).

drawn separately for pre- and post-exercise datasets to prevent mis-registration due

to bulk movement resulting from exercise. All ROIs were drawn by a researcher

with 12 years of MRI-based anatomical and DTI analysis. Subsequent inversion of

the b=0s/mm2 registration matrices allowed ROIs to be spatially adjusted, using

nearest-neighbour interpolation, to each DTI time point for calculation of indices.

Pre-Exercise Baseline Calculation

Baseline DTI measures (MD, FA, λ1, RD, and S0) were calculated for each muscle

ROI as a mean value across 4 time point volumes prior to the onset of exercise.

Spatial maps of signal-to-noise ratio (SNR) were calculated using the baseline

b=0s/mm2 images (i.e. S0), and since parallel imaging was used in DTI acquisition,

SNR was calculated according to the two-volume method of Dietrich [30, 31]. The two
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volumes necessary for this method of SNR calculation were collected in three pairs

from the 4 baseline volumes (i.e. 1-2, 2-3, 3-4), with separate maps being produced for

each pair. Measures of SNR from each ROI, per pair, per subject were subsequently

combined to provide overall observed SNR for each muscle.

Post-Exercise Calculation

The magnitude of post-exercise change for each muscle DTI metric (MD, FA,

λ1, RD, and S0) was calculated as the respective measurement unit difference from

baseline. Percent change from baseline was also calculated to relate our present results

to previous literature.

Statistical Analysis

Pre-exercise baseline data was assessed for each muscle ROI across 4 replicates for

each subject for each of the experimental measures (MD, FA, λ1, RD, S0, and SNR).

These measures were compared using a 3-way analysis of variance (ANOVA; Type

III, constrained sums of squares) with subject, muscle and replicate as factors. Post-

exercise data was analyzed by applying a 1-way ANOVA to the magnitude change

values, per individual muscle, for each time point across all subjects. Both skewness

and kurtosis were assessed to validate normality for each dataset. When the ANOVA

test showed significance (i.e. p<0.05 ), post hoc multiple comparisons was performed

using Scheffé’s test. All statistical analysis was performed using the Statistics Toolbox

of Matlab (v7.9; Mathworks, Natick MA). Following statistical analysis, data was

visually presented as means ± standard error, generated using Prism (v5.0; GraphPad

Software, La Jolla, CA).
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6.3.4 RESULTS

Pre-Exercise Baselines

Significant differences were found between subjects, and between muscles, for

each of the DTI metrics (MD, FA, λ1, RD) (p<0.0001 ) (Figs. 6.3a-d), while no

significant results were found between the 4 pre-exercise baseline volumes for any of

these measures (p=0.1119 to 0.7470 ).

Significant differences in baseline T2-weighted b=0s/mm2 image intensity (S0)

Figure 6.3: Baseline measures of individual muscles for each DTI measure. (A)
Mean diffusivity (MD; * = significantly less than ATIB, EDL, and PER; ** = signif-
icantly less than all other measured muscles; p<0.0001 ). (B) Fractional anisotropy
(FA; * = significantly less than PER; ** = significantly less than all other measured
muscles; p<0.0001 ). (C) Principal eigenvalue (λ1; * = significantly less than ATIB,
EDL and PER; p<0.0001 ). (D) Radial diffusivity (RD; * = significantly greater than
PER, SOL and LG; ** = greater than SOL and LG; *** = significantly less than all
other measured muscles; p<0.0001 ). (E) Baseline signal intensity of zero-diffusion
image (S0 ; * = greater than ATIB and EDL; ** = greater than all other muscles,
p<0.0001 ). (F) Signal-to-noise ratio (SNR; * = significantly greater ATIB and EDL;
** = significantly greater than all other measured muscles; p<0.0001 ).
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were observed between subjects (p<0.0001 ), as well as between individual muscles

(p<0.0001 ). Furthermore there was also a significant muscle-by-subject interaction

(p<0.0003 ), but no muscle-by-replicate interaction effect (p=0.4373 ). Notably the

LG had significantly higher S0, likely due to proximity to the receiver coil. Also,

PER and SOL each had significantly greater baseline S0 than both ATIB and EDL

(p<0.0001 ) (Fig. 6.3e).

The SNR recorded from all ROIs across all subjects and volume pairs ranged from

20.6 to 72.9 with the mean individual muscle SNR being 40 or greater (Fig. 6.3f).

The LG showed significantly higher SNR than other measured muscles (p<0.0001 ).

The SNR of PER and SOL were each significantly greater than both ATIB and EDL

(p<0.0001 ) (Fig. 6.3f).

Post Exercise

Immediately following exercise, the muscles predicted to be involved in the foot

dorsiflexion/eversion motion (ATIB, EDL, PER) [21] showed a notable MD magnitude

increase, ranging from 0.88 to 1.90x10−4 mm2/s (∼6-12% increase) across muscles at

the first timepoint, while the MD of muscles predicted to be minimally-involved (SOL,

LG) only changed +0.79 to -1.14 x10−5 mm2/s (∼±2%) from baseline values (Fig.

6.4a). The EDL showed the largest difference of MD in response to the exercise

protocol, with a significant increase of 1.90±0.30x10−4 mm2/s (12%) from baseline at

the first DTI timepoint (35 seconds) (p=7.40x10−4). The amount of MD change from

baseline then decreased over the next 4 timepoints (70-175 seconds), while remaining

significantly different from baseline (Fig. 6.4a and Table 6.1).

ATIB and PER also showed a significant mean increase of 1.03±0.17x10−4 mm2/s
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Figure 6.4: Temporal measures of post-exercise magnitude change in individual
muscles for each DTI measure. (A) Mean diffusivity (MD) (* represents significant
difference from baseline. Asterisks (*) represent significant difference from baseline.
See Table 6.1 for significance values and between-muscle differences. All error bars
represent standard error of the mean. (B) Fractional anisotropy (FA). Symbols in-
dicate timepoints with significant differences (+ p<0.05, ++ p<0.01 ; $ indicates
significance between EDL and LG). (C) Principal eigenvalue (λ1). Symbols indicate
timepoints with significant differences (+ p<0.05, ++ p<0.0001 ; * indicates differ-
ence from baseline; $ indicates significance between EDL and LG or SOL. (D) Radial
diffusivity. Asterisks (*) represent significant difference from baseline. See Table 6.1
for significance values and between-muscle differences. All error bars represent stan-
dard error of the mean.
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(7%) and 8.79±1.41x10−5 mm2/s (6%) respectively from baseline at the first DTI

timepoint (p=7.40x10−4), after which the difference of MD from baseline decreased.

The MD of LG, which was predicted to be less active during exercise, is worth noting

for comparison since mean LG MD change is slightly decreased from baseline for

every timepoint following exercise (ranging -0.31x10−5 to -2.56x10−5 mm2/s across

timepoints), though not significantly so. However, significant differences between the

post-exercise LG MD and the predicted highly-active muscles (EDL, ATIB, PER)

were found for 11 of 13 post-exercise timepoints (Fig. 6.4a and Table 6.1).

The temporal progression of mean FA deviation from baseline demonstrated statis-

tical significance at only 3 of 13 post-exercise timepoints (1 (p<0.05 ), 2 (p<0.01 ), and

7 (p<0.05 )) (Fig. 6.4b). No individual muscles demonstrated significant difference

from baseline. However, at the first 2 post-exercise timepoints, the EDL FA showed

a notable decrease (-0.028±0.008 and -0.020±0.005; -10% and -7%) that was signifi-

cantly different from the slight increase in LG FA (0.0057±0.007 and 0.0091±0.004;

2% and 3%) (p=0.0176 and p=0.0051, respectively) (Fig. 6.4b). The EDL FA then

appeared to increase back towards baseline across subsequent timepoints, while the

non-significant increase of LG FA from baseline persisted at a seemingly stable level.

Post-exercise changes of λ1 were only significant between muscles or from base-

line for 4 of 13 post-exercise timepoints (timepoints 1 (p<0.0001 ), 2 (p<0.0001 ), 3

(p<0.05 ), and 10 (p<0.05 )) (Fig. 6.4c). Of these, only the first two timepoints

demonstrated any differences between muscles or baseline following testing for mul-

tiple comparisons, namely the increases in EDL λ1 at timepoint 1 (1.88±0.50 x10−4

mm2/s; 8.5%) and timepoint 2 (1.66±0.37 x10−4 mm2/sec; 7.5%) were found to be

significantly different from baseline, SOL and LG (p=3.85x10−5 and p=6.33x10−6,
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MD Timepoint P-value ATIB EDL PER SOL LG
1 7.41x10−10 X, XX, XXX X, +, ++ XX, + XXX, ++
2 2.47x10−08 X +, ++, +++ +, $ ++ X, +++, $
3 6.60x10−07 X +, ++, +++ + ++ X, ++
4 2.00x10−04 +, ++ + ++
5 7.00x10−04 +, ++ + ++
6 4.20x10−03 + +
7 2.00x10−04 X +, ++ + X, ++
8 3.00x10−04 +, ++ + ++
9 4.90x10−03 + +
10 9.15x10−07 X +, ++ + X, ++
11 3.60x10−02

12 1.80x10−02

13 2.50x10−03 + +
RD Timepoint P-value ATIB EDL PER SOL LG

1 4.96x10−09 X, XX +, ++ $, $$ X, +, $ XX, ++, $$
2 2.61x10−06 X +, ++ + X, ++
3 1.79x10−06 X +, ++, +++ + ++ X, +++
4 3.60x10−03 + +
5 6.00x10−04 +, ++ + ++
6 1.72x10−02 + +
7 5.10x10−03

8 3.70x10−02 + +
9 7.40x10−03

10 3.73x10−07 X, XX +, ++ $ X, + XX, ++, $
11 ns
12 1.17x10−02 + +
13 1.70x10−03 $ $

S0 Timepoint P-value ATIB EDL PER SOL LG
1 1.70x10−03 +, ++, +++ + ++ +++
2 3.70x10−03 +, ++ + ++
3 2.20x10−03 +, ++, +++ + ++ +++
4 8.98x10−04 +, ++, +++ + ++ +++
5 1.50x10−03 +, ++ + ++
6 2.10x10−03 +, ++ + ++
7 1.00x10−03 +, ++, +++ + ++ +++
8 4.00x10−04 +, ++, +++ + ++ +++
9 9.10x10−03 + +
10 1.70x10−03 +, ++ + ++
11 3.00x10−03 +, ++, +++ + ++ +++
12 2.30x10−03 +, ++, +++ + ++ +++
13 5.00x10−03 +, ++ + ++

Table 6.1: Between-muscle differences for each post-exercise timepoint (MD, RD, S0

only; FA and λ1 are excluded due to fewer significant timepoints. Symbols indicate
pairs of muscles found to be significantly different from one another per timepoint (see
P-value column for significance). For each timepoint (following multiple comparisons),
X, XX, and XXX pairs reflect those muscles significantly different from ATIB; +,
++, and +++ pairs the muscles significantly different from EDL; and $, $$ pairs the
muscles significantly different from PER.
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respectively).

The radial diffusivity (RD) of individual muscles immediately following exercise

showed a similar temporal pattern to that of MD, as 12 of 13 timepoints showed

significant differences between muscles or from baseline (Fig. 6.4d and Table 6.1).

At timepoint 1, the muscles hypothesized to be highly active (ATIB, EDL, and PER)

showed a significant increase in RD from baseline (p=4.96x10−4), while muscles ex-

pected to be less active (e.g. SOL, LG) did not (Table 6.1). Furthermore, all muscles

predicted to be highly-active were found to be significantly different from the less-

involved muscles at this timepoint (Table 6.1). Within the active muscles, the mean

change in EDL RD at timepoint 1 (1.92±0.29x10−4 mm2/s; 13.5%) appeared to be

greater than that of ATIB (1.11±0.22x10−4 mm2/s; 7.7%) or PER (9.83±1.44x10−5

mm2/s; 7.0%), but this difference was found to be non-significant (Fig. 6.4d and Ta-

ble 6.1). After timepoint 1, EDL, ATIB, and PER all exhibit decreasing RD towards

baseline across subsequent timepoints, with EDL alone maintaining significance from

baseline at timepoints 2, 3 and 5 (p=2.61x10−4, p=1.79x10−4, and p=0.0006 ) (Fig.

6.4d and Table 6.1). To contrast these results, the temporal behaviour of post-

exercise LG RD showed a slight but non-significant decrease from baseline across all

timepoints (-0.73±2.36 x10−5 to -3.15±1.4 x10−5 mm2/s; -0.6 to -2.5%) (Fig. 6.4d

and Table 6.1). This slight decrease in LG RD was found to be significant from the

predicted highly-active muscles in 10 of 13 timepoints (more notably the EDL) (Fig.

6.4d and Table 6.1).

In assessing post-exercise S0 magnitude change, only the EDL displayed significant

differences from baseline, showing increased signal intensity of 62.2±25.2 a.u. (12%)

and 64.4±32.4 a.u. (13%) at the first two timepoints (p=1.70x10−3), after which
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Figure 6.5: Effect of exercise upon signal intensity of b=0 s/mm2 (S0). (A) Tem-
poral measure of post-exercise S0 magnitude change. No measurements were signif-
icantly different from baseline, although EDL S0 change was different from other
measured muscles for all timepoints. See Table 6.1 for significance values and
between-muscle differences. (B) Pre- and post-exercise S0 images of one subject
demonstrating specific increased signal in EDL following exercise (orange oval). All
error bars represent standard error of the mean.

the amount of change from baseline slightly receded (Fig. 6.5a and Table 6.1).

Furthermore, this increase in EDL S0 was significantly different from all other muscles,

across most timepoints (p=0.0091 to p=0.0009 ) (Table 6.1). Aside from EDL,

the remaining muscles displayed stable although non-significant offsets from baseline

(Fig. 6.5a and Table 6.1). In this sense, the inter-muscular pattern of change

from baseline was different between S0 and that seen for DTI (e.g. MD or RD). The

conspicuous increase in post-exercise EDL S0 relative to adjacent muscles can be seen

in Fig. 6.5b.
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6.3.5 DISCUSSION

Although diffusion tensor imaging (DTI) is commonly used as a tool to assess static

tissue structure, the present study demonstrates the utility of this technique to ob-

serve dynamic physiological activity within individual human muscles following mild

exertion. Furthermore, this work provides insight into how individual muscles differ

in terms of their post-exercise temporal patterns of response and recovery. The most

noteworthy findings of the present study regarding post-exercise temporal DTI were:

(i) the increased mean diffusivity (MD) in muscles expected to be involved with the

exercise protocol (ATIB, EDL, and PER) [21]; (ii) the conspicuous increase in EDL

MD, both initially and across timepoints, relative to ATIB and PER; (iii) the dis-

tinct S0 increase observed only in EDL, both initially and across time; and (iv) the

inter-muscular pattern of post-exercise MD change being different from that of S0.

The effects within skeletal muscle related to a single episode of physical activity

have previously been studied in humans with diffusion imaging, with increases of

MD (i.e. apparent diffusion coefficient (ADC)) observed following periods of hand

gripping [10, 13], calf plantar flexion [11, 17, 19, 25], dorsiflexion [12], or strenuous

running tasks [14, 16, 18], with post-exercise diffusion increasing approximately 5 to

20 percent from baseline. The MD increases of 6 to 12 percent seen in the active

muscles at the first timepoint fall within this range. In the one study assessing

dorsiflexion exercise [12], the initial increase in diffusivity of the anterior tibialis was

approximately 13 percent, while our results indicate an increase of 7 percent for this

muscle. This may be due to factors such as (i) the level of exertion, where the cited

study [12] utilized dorsiflexion to exhaustive levels, while the present study used a

mild dorsiflexion-eversion exercise; and (ii) the cited study used a one-dimensional
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linescan diffusion protocol, while the present study used DTI.

The time course of acute post-exertion skeletal muscle diffusion using consecutive

diffusion volumes has been measured in the human arm [10] and lower leg [11, 12, 19].

In these studies, a typical pattern within active muscles involves increased diffusivity

in the scan acquisitions subsequent to exercise, followed by a decrease towards base-

line, although this pattern is not universally found [19]. The results of the present

study seem to echo this overall pattern, although direct comparisons are difficult be-

cause of the nature of the exercise and the individual muscles under investigation.

This could also be why the results of the present study display different temporal

patterns than the previous pilot study [25], which used a greater resistive load upon

the posterior calf compartment.

The time course of MD change in the present study reveals that, upon cessation

of mild exercise, ATIB and PER lose significance from baseline by timepoint 4 (2min

20s) while EDL finally loses significance from baseline at timepoint 11 (6min 25s).

This time length for restitution from post-exercise diffusion increase is similar to

a previous study using a similar resistive device [19], while another study using a

foam ball observed approximation to baseline after 20 minutes [10]. The intensity

of exertion appears to play a role in return to baseline values, as diffusion increases

have been shown to last for hours [16], days [17], or weeks [18] following sessions of

strenuous or exhaustive exercise.

The immediate post-exercise increases in MD have been attributed to a combi-

nation of increases in muscle water or blood volume [10-12], shifts of water from

vascular compartments to interstitial spaces [11, 32] or from macromolecular-bound

to free states [11, 33]. Post-exercise membrane damage, allowing more freedom of
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diffusion, has also been considered [17, 18]. Finally, temperature can also contribute

to diffusion increases measured following exercise [10, 12, 34].

While these explanations may help to explain the general increases of post-exercise

diffusion within activated skeletal muscle, our study also found differences between

individual human calf muscles. Specifically, while EDL, ATIB, and PER all showed

a significant increase from baseline at the first post-exercise timepoint (35s), the

EDL MD increase was also found to be significantly different from that of ATIB.

Furthermore, the EDL MD remained elevated from baseline across more time points

than did that of ATIB or PER, suggesting that different recovery mechanisms must

exist between EDL and ATIB or PER. We hypothesize that these inter-muscular

diffusion differences are attributed (at least in part) to the physiology associated

with the differing fiber composition of EDL versus that of ATIB and PER.

Skeletal muscles are composed of different proportions of two overarching classes of

myofiber, namely Type-I (slow-twitch) and Type-II (fast-twitch). These fiber classes

are differentiated by their respective metabolism for regeneration of adenosine triphos-

phate (ATP), the molecule that provides energy to the muscle for contraction and

physiological function. Briefly, Type-I fibers utilize oxygen to regenerate ATP in a

slow metabolic reaction that ultimately produces greater amounts of energy. These

fibers are smaller and heavily capillarized in order to maintain a steady supply and

efficient distribution of blood-borne oxygen [22], making them less prone to fatigue.

In contrast, Type-II fibers rely on anaerobic metabolism of stored high-energy phos-

phates and glycogen. These large fibers are capable of strong, rapid contractions,

yet are faster to fatigue and more prone to damage [17, 24]. Replenishment of ATP

and removal of metabolic waste products within predominantly Type-II muscle tissue
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demands increased blood flow upon relaxation of the contracted muscle, a process

known as reactive hyperemia.

Human muscles contain a combination of both fiber types, ranging from roughly an

equal distribution of each fiber class, to those with an increased percentage of Type-I

fibers [23]. With regards to muscles measured in this study, the lateral head of the

gastrocnemius has previously shown a mean of 46.9±6.9% Type-I fibers, indicating

a roughly equal fiber type ratio, while the anterior tibialis has 73.5±7.8% Type-I,

peroneus longus 62.5±9.6% Type-I, and soleus 87.7±9.6% Type-I, establishing these

muscles as predominantly slow-twitch [23, 35].

The scientific literature is remarkably sparse as to the fiber content of the human

EDL, the muscle showing the greatest post-exercise diffusion change in the present

study. The function of the EDL is not stabilizing or supportive, but assistive to the

anterior tibialis in dorsiflexion and eversion of the foot about the ankle [21]. Muscles

local to the EDL that play similar secondary roles (e.g. extensor digitorum brevis

or flexor digitorum brevis) were found to be composed of a roughly equal fiber ratio

(e.g. 45.3±15.2% and 44.5±11.6% Type-I content, respectively) [23]. Furthermore,

the EDL is routinely used as a model of fast-twitch muscle in animal studies [36],

although extrapolation between quadruped and biped fiber content is not necessarily

accurate [37]. That said, we presume that EDL is made up of roughly equivalent

percentages of fast- and slow-twitch fibers, rather than a predominance of slow-twitch

fibers.

The baseline DTI results did not reflect the diversity in fiber composition. Our

MD results appeared to be within range of values from a survey of existing literature

[4-7, 17, 26, 34], although no consistent pattern of inter-muscular MD seemed to

103



Ph.D. Thesis - Conrad Peter Rockel McMaster - Biomedical Engineering

exist within this survey. Furthermore, our baseline MD data did not appear to be

conspicuously associated with published values of muscle fiber percentages [23, 37],

as the ranking of our muscle MD results did not match the ordering of mean fiber

content values.

Unlike the MD results, a slight consistency of FA relationships between muscles

emerged with our literature survey, in that the soleus displays the lowest FA of mea-

sured muscles [4, 5, 7, 17, 26], and the peroneus longus displays higher FA than most

other muscles [4], a pattern echoed in the results of the present study. The soleus

contains the highest concentration of Type-I fibers, so it is possible that smaller fiber

size and accompanying capillarization contribute to the low FA value for this mus-

cle. However, this interpretation fails to explain why the peroneus longus, another

slow-twitch-dominant muscle, would have the highest FA.

The baseline results indicate that DTI measures of resting muscle are not related

to fiber composition in an obvious manner, and that a multitude of other factors

should be considered, such as fiber size, cross-sectional area, packing of fibers, fluid

volume in interstitial and intracellular compartments, as well as heterogeneity in fiber

composition between individual human subjects [23, 37, 38]. Numerous models have

been proposed to address this complexity (e.g. the random permeable barrier model

(RPBM) as per reference 14), but the relationship between tissue composition of

resting skeletal muscle and DTI remains unclear.

Assessment of the activation and recovery states of skeletal muscle can reveal de-

tails beyond those of the muscle at rest. As mentioned, the present study observed dif-

ferences in the magnitude of temporal diffusion increase between the individual active
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muscles following the mild exercise task, with EDL showing greater and sustained in-

creases across time relative to ATIB and PER. Furthermore, EDL was the only muscle

to display a post-exercise increase in S0, while all other muscles showed only minimal

offsets from baselines across time. We theorize that these between-muscle differences

in post-exercise diffusivity measures are associated with fiber-related physiology. For

example, the large capillary density of slow-twitch-dominant muscles [22] may be able

to better maintain ATP and cellular metabolism during exercise, thus demonstrating

lesser flow changes from baseline upon cessation of exertion. In contrast, muscles with

a greater proportion of fast-twitch fibers would likely require increased blood flow for

replenishment of ATP and disposal of anaerobic waste products.

These changes in vascular flow would alter DTI measures in a number of ways.

First, an increase in perfusion would confound our measures because only two b-values

were used, one of which was b=0 s/mm2. Studies using more than two b-values have

found diffusion within tissue to be at least bi-exponential, with a fast-diffusing com-

partment attributed to perfusion, and a slower compartment attributed to tissue

water [39]. However, these non-tensor diffusion studies have observed increased dif-

fusion even when perfusion has been accounted for [13]. An additional consequence

of perfusion could be that the pulsatile nature of blood flow causes subtle motion

disturbance in the infused tissue, contributing to signal attenuation, and thus greater

estimates of diffusion [11]. Second, an influx of blood will increase the water content

within the tissue, both interstitially and intracellularly, allowing more freedom for

water to diffuse without encountering obstacles or restrictions [10, 11, 13].

Our measurement of the zero-diffusion image signal intensity (S0) offers additional
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information into the recovery dynamics of individual calf muscles following mild exer-

tion. As mentioned, the EDL demonstrated increased S0 from baseline following the

cessation of exercise, and did not begin to decrease until timepoint 3. This temporal

S0 behaviour contrasted with that of the adjacent muscles, which demonstrated only

slight offsets from baseline across time.

The S0 is a T2-weighted image, the image signal being governed predominantly

by the state of transverse relaxation (T2) within the muscle tissue at the time of echo

acquisition. While true quantification of T2 requires several data points [33], increases

in S0 following exercise, as seen for EDL in contrast to adjacent muscles, can be

suggestive in the underlying T2 of the measured muscle tissue. A more complete model

for the S0 signal change would require both diffusion and multi-echo T2 measures, but

since post-exercise muscle changes happen quickly, the time required for acquisition

of a multi-echo T2 map (CPMG) [33, 40], precluded the use of this technique in the

present study.

It is known that exercise induces increased tissue T2 and thus T2-weighted signal

intensity with active human muscles [12, 41, 42] that can last days in the case of

damaging eccentric exercise [17]. Additionally, it has been demonstrated that there

are correlations between workload levels of individual muscles and increases observed

in multi-echo T2 measurements [11, 42-44]. The cause of these T2 increases following

exercise remains unclear, although they have been attributed to the release of intra-

cellular tissue water from bound to free compartments [11, 12, 33]. inflammation [17],

or osmotic water shifts induced by the accumulation of acidic metabolic byproducts

of anaerobic glycolytic metabolism [28, 42, 45]. Acidic byproducts are more likely to

increase in muscles with a greater proportion of Type-II (fast-twitch) fibers, and thus
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induce greater compartmental shifts than in Type-I (slow-twitch) dominant muscles

[45].

Interestingly, studies reporting increases in slow-twitch-dominant muscle T2 val-

ues, such as soleus [44] and anterior tibialis [12, 42], utilized strenuous or exhaustive

exercise prior to T2 measurement, meaning these muscles may have needed to utilize

glycolytic as well as aerobic metabolism. In contrast, our exercise protocol was quite

mild, allowing for the slow-twitch-dominant muscles (e.g. ATIB) to function aerobi-

cally and not demonstrate the increase in S0 observed for the EDL, which likely has

a more equal ratio of fiber types.

Several studies of post-exercise skeletal muscle have investigated the relationship

between diffusion and multi-echo T2 measurements, particularly regarding their corre-

sponding temporal patterns. While similarities have been reported regarding the time

course of these measures [12], differences have been found in their respective return

to baseline, with T2 demonstrating a faster rate of return than diffusion [10, 11], in-

dicating these measures represent different recovery processes. These findings appear

to differ from those of the present study, as mean S0 (single-echo) of EDL was still

considerably elevated from baseline at the final timepoint (7min 32s), by which time

the mean MD had decreased to baseline proximity. Furthermore, the present study

observed increases in the MD and RD of ATIB and PER which were not reflected in

S0, indicating that assessment of S0 may provide complementary information to the

standard outputs of DTI in studies of post-exercise skeletal muscle.

In fairness, we raise the possibility that these inter-muscular diffusion differences

could be due to factors aside from those related to fiber physiology. One alternate

explanation could be that individual muscles experienced different levels of workload
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during the exercise, with the notable increase of EDL MD indicating that this muscle

performed greater work than other muscles during the exercise task. In fact, a major

criticism of previous pilot work [25] was that the minimal increase observed for post-

exercise soleus could be accounted for by its lack of involvement in the supine plantar

flexion exercise task [21]. However, with regards to the present experiment, there is

literature to support that ATIB, EDL, and PER are all involved in the dorsiflexion-

eversion exercise [21]. Attributing our present results solely to workload would then

beg questions as to the workload threshold needed to induce EDL S0 increase relative

to ATIB and PER within the mild exercise task, given that MD increases imply that

all three muscles were involved. We feel that differing physiology of the underlying

muscle composition is a better explanation of our results, although the workload upon

individual muscles may contribute to their diffusion and S0 results.

There are several potential limitations to our study. First, muscle fiber content for

each subject, and for each muscle, were not histologically assessed due the invasive-

ness and impracticality of performing biopsies on so many lower leg muscles. Thus,

fiber composition was instead based on published values from previous studies. Other

researchers have acknowledged heterogeneity in fiber composition within muscles be-

tween human subjects [23, 37, 38], and potentially affected by training regimen [46].

It would be beneficial for future studies relating post-exercise diffusion behaviour to

tissue content to acquire subject-specific measurements of fiber composition, either

by biopsy, or perhaps with by non-invasive approaches such as T1 mapping [38].

The second limitation was lack of subject monitoring. Although instructions were

given to volunteers, their behaviour was not strictly controlled, either prior to scan

acquisition or during the exercise task. Subjects were asked not to drink caffeinated
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beverages, eat, or exercise before the experiment, but no detailed assessment of pre-

experiment activity or diet was obtained. Also, although subjects had learned the

exercise task prior to MRI acquisition, and the imaged leg was firmly secured, dur-

ing the actual exercise period subjects were self-paced. There was no regulation or

quantification of exertion with which to assess subject compliance with the task.

The third limitation was that we did not utilize corroborative MRI sequences or

other forms of external validation aside from scientific literature to substantiate the

presented hypothesis of post-exercise muscle diffusion change according to fiber com-

position and physiology. Corroborative MRI sequences were not performed because

they would have needed to be performed in series. Ideally, we would have added

multiple b-value diffusion measurements, magnetization transfer (MT) and CPMG

measures of T2 to fully understand the behaviour of water within multiple tissue

pools. However, this would have been impractical due to the poorer temporal res-

olution and added scan length necessitated by each. It has been shown that the

effects of prior exercise can have a lasting effect on T2-mapping measurements and

diffusion values [11], and thus the addition of further sequences to a scanning session

would introduce complications due to order effect. Performing corroborative MRI

scans on an alternate day is possible, but factors such as water and food intake or

muscle usage are difficult to control. Thus, future studies would benefit from using

MRI-compatible modalities concurrent with exercise and MRI acquisition, such as

electromyography (EMG) to assess level of muscle activation [43, 44], fiber-optic tem-

perature readings, near infrared spectroscopy (NIRS), or perhaps Doppler ultrasound

to provide temporally-matched information of blood flow. While the interaction of

some of these devices with MRI acquisition is still under investigation, any additional
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data could perhaps enhance the interpretation of temporal diffusion results from this

current study.

Finally, we acknowledge that our study used a small and somewhat homogeneous

subject pool. Future studies would benefit from greater numbers of subjects, and

perhaps inclusion of groups with different sex, training, or clinical status, to get a

better sense of how these results apply to the population, and to perhaps provide

more statistical power between muscles per timepoint.

Conclusion

In conclusion, mild exercise was shown to elicit differing temporal patterns in DTI

between inactive and active muscles, as well as within the active muscle group. The

differences in post-exercise temporal diffusion patterns between active muscles can

potentially be explained by their relative fiber composition and associated physiol-

ogy. Therefore, consecutive DTI acquisition immediately following exercise cessation

shows promise in the characterization of dynamic processes within muscles of the

lower leg.
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Chapter 7

A Sliding-Window Diffusion Tensor

Technique for Temporal Study of

Post-Exercise Skeletal Muscle

Dynamics

Conrad P. Rockel, B.A., Michael D. Noseworthy Ph.D., P.Eng.

7.1 Context

After performing several experiments using DTI to investigate skeletal muscle, some

of which are included in this dissertation, it appeared that the measure of mean

diffusivity (MD) was being preferentially used to assess post-exercise effects, rather

than the other outputs of which DTI is capable. Given this, it was tempting to

simply use an approach based on clinical Diffusion Weighted Imaging (DWI), which
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combines diffusion information from three orthogonal gradient directions to produce

the measure of Apparent Diffusion Coefficient (ADC). While this would allow the

temporal resolution to be further increased, it would mean sacrificing the potential

to use the additional structural detail provided by DTI.

After further consideration, along with a small dose of inspiration, a concept was

devised whereby repeated sets of 3 orthogonal directions could be acquired to allow

for ADC calculation, but by orienting each of these sets, the diffusion information

could be combined into larger groupings to allow for DTI calculation. Furthermore,

by limiting the number of 3-direction positions, a ”sliding window” analysis could be

performed to allow for ongoing DTI measurements. In theory, this would allow for

higher temporal resolution without the sacrifice of spatial information, and provide

further insight into both the timing and structural changes involved in skeletal muscle

dynamics following exercise.

The following chapter and related appendix describe the development of this

conceptual diffusion acquisition scheme, the efficacy of combining the 3-orthogonal-

direction sets into larger groupings for DTI calculation, as well as the feasibility of

this technique in monitoring in vivo skeletal muscle post-exercise. In that regard, a

plantarflexion exercise task was used at four different intensities to investigate the

utility of this technique in assessment of individual muscle recovery.
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Conrad P. Rockel conceptualized the technique outlined in the present study, per-
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7.3.1 ABSTRACT

Purpose: to develop and test a multiple timescale diffusion acquisition strategy

allowing for higher temporal resolution while retaining the structural representation

for functional assessment of skeletal muscle

Materials and Methods: The calfs of 4 healthy volunteers (3♂:29.9±3.7yrs,1♁:30.5yrs)

were evaluated using temporal DTI method (b=0/450 s/mm2, 15-dir, and custom

gradient table. Volumes were grouped into 3-direction sets to produce measures of

Apparent Diffusion Coefficient (ADC) and b=0 signal intensity (S0), and 15-direction

sets to produce DTI measures of Mean Diffusivity (MD), Fractional Anisotropy (FA),

principal eigenvalue (λ1), and Radial Diffusivity (RD; mean of λ2,λ3) using a ’sliding

window’ approach. Diffusion volumes were acquired before and immediately following

in-bore exercise (plantarflexion @0.5 Hz for 20sec or 2min) using an MRI-compatible

ergometer. Baselines consisted of 40 volumes (10 timepoints), while post-exercise

consisted of 60-120 volumes (15-30 timepoints, ∼4-8 min). Experiment duration

(scanning, exercise, rest) was 90 min. Five plantarflexion exercises were performed,

each separated by 5 or 10min rest, and varied by load (10% and 40% of subject

max) and duration (10 or 60 flexes), with the 10% 10-flex condition performed twice.

Regions-of-interest (ROIs) were drawn for anterior tibialis (ATIB), peroneus longus

(PER), lateral soleus (SOLlat), lateral gastrocnemius (LG), and medial gastrocnemius

(MG), each consisting of three 2x2-voxel squares across 5 axial slices and applied to all

timepoints of each measure (ADC, S0, MD, FA, λ1, RD). Subject-wise post-exercise

magnitude change was calculated for each timepoint per DTI measure by subtracting

baseline mean from timepoint value. Comparisons were made between each of the

four exercise conditions, as well as between the two 10% 10-flex conditions.
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Results:

Four different post-exercise temporal patterns were observed in the ADC, S0, and

MD amongst the measured muscles: ’elevated-decline’ (initial increase of measure

followed by decrease towards baseline); ’latent peak’ (initial values proximal to base-

line, followed by a peak); ’sub-to-peak’, (initial values below baseline, followed by a

peak); and ’horizontal’ (values proximal to baseline for all timepoints). The 10-flex

10% condition elicited ’elevated-decline’ in muscles particularly SOLlat, a muscle not

expected to be active in plantarflexion. Exercise of greater intensity produced ’latent

peak’ and ’sub-to-peak’ patterns, with peak height associated with greater workload,

particularly in PER. The ’sub-to-peak’ pattern was only observed for the 10-flex 40%,

and only within LG and MG. The 60-flex 40% condition induced a large ’latent peak’

in MG. Repeat analysis of the 10-flex 10% condition demonstrated that SOLlat ac-

tivation is repeatable, with Time 2 of this analysis producing a slight increase in S0

temporal measures.

Conclusions: A novel sliding window DTI approach shows promise in measuring

post-exercise dynamics within individual skeletal muscle dynamics. The approach

appears robust although more validation is required.

.
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7.3.2 INTRODUCTION

Diffusion imaging is a magnetic resonance imaging (MRI) technique increasingly em-

ployed in the study of skeletal muscle, due its ability to probe tissue anisotropy. On

modern clinical MRI scanners, diffusion can be assessed using Diffusion Weighted

Imaging (DWI), a technique that encodes diffusion as images from three orthogo-

nal directions, and subsequently combines these volumes to produce an estimate of

overall diffusion, known as the Apparent Diffusion Coefficient (ADC). Diffusion can

also be assessed using Diffusion Tensor Imaging (DTI), which incorporates at least

6 non-collinear diffusion directions, and has been found to produce better spatial

assessments of anisotropic tissue structure than single or 3-direction ADC estimates

[1]. However, greater numbers of gradient directions and/or signal acquisitions are

needed for reasonable spatial representation [2-4].

Diffusivity is known to increase in skeletal muscle following exercise [5], and more

recently, DTI measures of mean diffusivity (MD) have been shown to increase in post-

exercise skeletal muscles [6-8]. However, the DTI studies often acquire a single volume

”snapshot” to represent diffusion immediately following exercise, and also have used

an exercise protocol consisting of high intensity tasks known to be damaging to skele-

tal muscle (e.g. exercise to exhaustion, downhill or marathon running), allowing

for exercise-based changes in DTI measurements to be observed via the ”snapshot”

approach over the course of days or weeks.

An alternate approach to the assessment of post-exercise muscle diffusion is to

create an acute timecourse of diffusion change. This is achieved by collecting a series

of consecutive diffusion volumes within a single scan immediate to exercise, and then
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observing the measures of diffusion within specified locations for each volume (”time-

point”). Early studies that employed this technique to study sub-maximal exercise

observed that diffusion is initially high in activated muscles following exercise, and

subsequently decreases across time [9, 10]. These studies also collected concurrent T2

information, and observed that the rate of return to baseline was different between

these two measures, suggesting that diffusion and T2 have different origins within

the muscle [9, 10]. Although pioneering in their approach, these timecourse stud-

ies have become somewhat antiquated, as diffusion data was collected using either a

single diffusion direction or outdated acquisition strategies (e.g. tetrahedral gradient

strategies). Many advancements have been made in the field of MRI since these stud-

ies were performed, such as higher field strengths, faster acquisitions, better RF coils

(e.g. phased array), not to mention the advent of techniques such as DTI.

Few studies have been performed which investigate acute post-exercise temporal

skeletal muscle using DTI, although this field is emerging [11, 12]. When performing

a timecourse analysis using DTI, as described in Chapters 4 and 6 of this dissertation,

it appears that increased temporal resolution has the potential to reveal more intri-

cate information about post-exercise muscle temporal behaviour. However, temporal

information comes at the expense of diminished representation of accurate structure.

Thus, in order to assess muscle behaviour following a single episode of exercise using

current diffusion MRI methods, one must opt for either temporal resolution or accu-

rate structural representation, but not both, and thus a second episode of exercise

must be performed either within the same scan session or on an alternate day. Unfor-

tunately, there is no guarantee that both episodes of exercise would be identical, due

the influence of previous exercise, or perhaps differing amounts of daily muscle usage,
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diet, water consumption, sleep, and overall wellness, not to mention experimental

factors such as subject or coil positioning.

The purpose of the present study was to develop and test a novel diffusion acqui-

sition/analysis strategy capable of producing diffusivity measures of dynamic tissue

with high temporal resolution while also allowing for ongoing accurate structural

representation. In essence, this strategy involves acquiring a series of 3-orthogonal-

direction (”triplet”) sets, each preceded by a b=0 s/mm2 image, in order to calculate

an estimate of diffusion according to current DWI methods, thus providing diffusion

measures that are more time-resolved than DTI. The triplet sets would be oriented

in five different positions, allowing the resultant diffusion data to be combined into

greater numbers of directions sufficient to calculate the diffusion tensor. Finally, a

’sliding window’ analysis would allow ongoing inclusion of the triplets, providing tem-

porally progressive DTI measures of skeletal muscle following exercise.

7.3.3 MATERIALS and METHODS

Stage 1: Development of the Gradient Table

DTI, irrespective of MRI vendor, uses a ”gradient table” which is a N -by-3 table

that defines the X-, Y-, and Z-encoding gradients used by the scanner to produce

each of N diffusion vector directions. The default gradient table used by our local

MRI scanner (GE 3T Discovery MR750, General Electric Healthcare, Milwaukee,

WI) includes a single volume of b=0 s/mm2 prior to N non-collinear vectors with

greater diffusion weighting (e.g. b=450 s/mm2), with N determined by the user. The

individual vectors for each value of N from 6 to 75 diffusion directions are evenly
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distributed throughout a sphere, based on an electrostatic repulsion algorithm. Pre-

vious work has shown that N =15 provides reasonable spatial representation of the

skeletal muscle diffusion tensor [3], and thus N =15 was used in the present study.

However, the proposed N =15 gradient table would need to differ from the default

table in three essential ways:

(1) Additional b=0 s/mm2 volumes would need to be inserted into the gradient table

every three vector directions in order to allow timepoint-based calculation of 3-dir

ADC estimates, as well as provide a measure of S0 (b=0 signal intensity) for that

timepoint (Fig. 7.1a).

(2) Within each 3-dir set, the three vector directions would need to be orthogonal to

provide the least directional bias possible with three vectors, thus conforming with

clinical measures of ADC. The default N =15 gradient table uses vector directions

based on electrostatically-dispersed charge distributions over a sphere, and thus none

are orthogonal, especially within 3-dir sets. Furthermore, five distinct positions of

3-dir orthogonal vector sets would be needed to produce a 15-dir non-collinear vector

set.

(3) The acquisition ordering of diffusion directions would need to be addressed, since

default 15-dir vector sets are acquired with the intention of calculating a single DTI

volume, rather than consideration of temporal acquisition of sub-units within the

main 15-direction set. In order to generate diffusion measures from sub-units (i.e. 3-

or potentially 6- or 9-directions), it was essential that the temporal distribution of
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Figure 7.1: Comparison of DTI acquisition strategies. (A) Conventional method,
consisting of an initial b=0 volume, followed by N =15 DW volumes, the directions of
which are dispersed throughout a sphere. (B) Proposed sliding window method. An
additional b=0 image is acquired prior to every 3-DW-image ”triplet”. The gradient-
encoded diffusion directions within a triplet are orthogonal to one another, but the 5
triplets have different orientations within space. The grouping of the acquisition into
3- and 15-dir sub-units during post-processing is shown, as well as how the ”sliding
window” incorporates progressing groups of triplets for temporal measures of N =15
DTI.

all 3-dir sets be as equally distributed as possible to maintain equivalency between

each consecutive timepoint. It was also important that the wrap-around sets of vec-

tor ordering be considered, such that 3-dir sets occurring at the end of the 15-dir

gradient table have the same spatial relationships to those at the start of the gradient

table as that found between consecutive sets found within the 15-dir table. As the

proposed diffusion acquisition strategy was to involve a series of consecutive 15-dir

datasets, this would allow better continuity in the timecourse generated by 3-dir sets,

better equivalency between sub-units of <15 directions, and less potential temporal
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bias in progressing across time when using 15-direction groupings in a sliding-window

manner (Fig. 7.1b).

Summary of Gradient Table Testing

(NOTE: Details of these experiments can be found in Appendix B )

Many potential gradient tables were generated by different strategies, and then

assessed based on dispersion of the five triplets, similarity of between-triplet angles,

and stability of DTI measure across time within phantom studies. Eventually, one

candidate table (test name ”02 s7”) was found to perform better than the other test

tables in meeting the three requirements listed above (Fig. 7.2).

Sub-divisions of 6- and 9-dir (of the N =15 table) were found to produce improb-

able values (e.g. FA>1.0) or less than satisfactory temporal stability. Therefore, the

next stage of this preliminary experiment (in vivo with exercise) only included 3- and

15-dir sliding window analysis.
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Figure 7.2: Dispersion of gradient table vectors from three-dimensional (3D) and
X-Y perspectives. (A) Default N =15 table found on GE 3T 750 MRI. (B) Best can-
didate table for present multi-timescale analysis (test name ”02 s7”). (C) Example
of table rejected due to poor vector dispersion.

Stage 2: In vivo Testing of Sliding Window Strategy

Having settled upon a satisfactory gradient table (”02 s7”), the next stage of

experimentation was to use the ’sliding window’ strategy to acquire diffusion data

from human volunteers following exercise performed inside the MRI scanner bore.

The objectives of the following experiment were to (i) assess the sensitivity of

this diffusion acquisition technique in detecting post-exercise changes within individ-

ual muscles; (ii) assess the specificity of this technique by having subjects perform

different levels of exercise intensity; (iii) compare the results between diffusion mea-

surements based on different sub-unit length; and (iv) to compare the post-exercise
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measures of diffusion with signal changes of b=0 s/mm2 (S0) for individual muscles

across conditions of exercise intensity.

METHODS:

Subjects: Three male volunteers (age 29.9±3.7 years; BMI 23.6±2.1 kg/m2) partic-

ipated in the main exercise intensity experiment, which involved a series of in-bore

exercise tasks of increasing intensity within a single scanning session. A second exper-

iment, investigating repeatability of the lightest exercise condition (described below),

utilized the data from two of these subjects, plus an additional female (age 30.5 years;

BMI 23.0 kg/m2). Subjects were asked to refrain from exercise for at least 12 hours

before the scan. The study was approved by our institutional ethics review board,

and each subject gave informed consent prior to participating.

MRI Scanning: The field of view was centered in the sagittal plane around the widest

axial cross section of the calf. DTI data was acquired using a dual echo spin echo

EPI sequence (b=0 and 450 s/mm2, TR/TE=4000/69.6ms, custom 15-dir gradient

scheme (”02 s7”), 16 slices 4mm thick, 16cm FOV, 64x64 matrix, ASSET = 2).

Diffusion volumes were acquired prior to and immediately following each of five

exercise sessions (Fig. 7.3). A single diffusion acquisition triplet set consists of one

b=0 s/mm2 volume, and 3 diffusion-weighted volumes (b=450 s/mm2), each with an

orthogonal gradient direction relative to the other two directions within the set (Fig.

7.1b). One triplet set produces a single timepoint representative of the preceding 16

seconds of time. Baseline DTI acquisitions consisted of 10 sets while post-exercise
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acquisitions consisted of 15 (lightest exercise condition) or 30 sets (remainder of ex-

ercise conditions; utilizing spinescan once to trigger acquisition of the latter 15 sets),

accounting for ∼4 or 8 minutes of post-exercise diffusion. Post-exercise scanning

commenced immediately following cessation of the exercise task. The experiment du-

ration, including multiple sessions of scanning, exercise, and rest, was approximately

90 minutes.

Exercise Protocol: Exercise consisted of repeated plantar flexion using a custom MRI-

compatible ergometer (Fig. 7.3 (inset)). Exercises were varied by the weight

Figure 7.3: Experimental set up, depicting the ordering of MRI scanning, exercise,
and rest periods. The clusters of scanning and exercise included in each of the two
overall analyses (”Exercise Intensity” and ”10-flex 10% Repeat”) are indicated with
horizontal parentheses. Inset shows a picture of foot positioning within the MRI-
compatible ergometer (pictured out of bore) as well as a diagram of the plantarflexion
motion used as an exercise model.
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pressed by the foot pedal (based on a previously-measured maximum weight, single

flex (MWSF) per individual volunteer), as well as the number of flexions at 0.5 Hz.

The mean 10% MWSF was 4.0±0.8 kg, while the mean 40% MWSF was 14.3±2.6

kg. Each flex consisted of the weight moving vertically by 7 cm via a single pulley

attached to the ergometer foot pedal.

Five sessions of exercise were performed, each separated by a rest gap of 5-10 min-

utes during which no scans were acquired (Fig. 7.3). The first two exercise sessions

(1a and 1b) each consisted of 10 flexes at 10% MWSF (10flex10%), acquired in du-

plicate due to pilot studies showing unpredicted diffusion increases for this particular

exercise condition. The intensity of exercise was then altered for each subsequent

exercise set by manipulation the number of flexes and the weight pressed: (2) 60

flexes at 10% MWSF (60flex10%); (3) 10 flexes at 40% MWSF (10flex40%); and (4)

60 flexes at 40% MWSF (60flex40%). Note that 2 of the 3 male subjects participated

in all 5 exercise conditions, while the third participated in only conditions 1a, 2, 3,

and 4. An additional female subject participated in exercise session 1a and 1b that

was not preceded by other exercise. It is therefore expected that the results of the

main exercise intensity condition may differ slightly from the repeatability analysis

of the 10flex10% condition.

It was expected that lateral gastrocnemius (LG), medial gastrocnemius (MG),

and peroneus longus (PER) would be actively involved in the exercise, that soleus

(SOLlat) would not be involved due to the supine nature of the exercise, and that

anterior tibialis (ATIB) would only be passively elongated [13-15].

In this preliminary study, we acknowledge that an ordering effect may be present
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Figure 7.4: Cross section of the human calf, depicting anatomy under investigation.
(A) Boundaries of investigated muscles as shown on a T1-weighted MR image. ATIB:
Anterior Tibialis, PER: Peroneus Longus, SOL: Soleus, SOLlat: lateral Soleus, LG:
Lateral Gastrocnemius, MG: Medial Gastrocnemius. (B) Examples of ROIs used for
measurement of each muscle, overlaid on a T2-weighted b=0 image.

by our use of identical task ordering for each subject. It is possible that the diffu-

sion results for an exercise task in this experiment are systematically influenced by

the task preceding it. However, randomization of ordering would mean that the ex-

pected post-exercise effects of the most intense exercise condition (60flex40%) would

confound subsequent diffusion measurements if placed anywhere but the end of the

scanning session, especially given the small number of subjects. Therefore, task or-

dering was kept constant between subjects for this round of experimentation. In order

to minimize the effects of previous exercise tasks within the scanning session, a rest

period of 5 (post-10flex10%) to 10 minutes (remainder of tasks) was observed follow-

ing each post-exercise DTI acquisition, itself a a period of ∼4-8-minutes. Hence, the

total rest time between tasks was ∼10 minutes following the 10flex10% condition,
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and ∼20 minutes following the remainder of tasks.

Post-Processing: For each pre- and post-exercise acquisition, the individual DICOM

output files were compiled into a single 4-dimensional (4D) volume. Each 4D volume

was then registered to a common space, typically the first pre-exercise volume per

individual subject, using FLIRT with sinc reconstruction [16, 17]. The 4D volumes

were then broken into 3- and 15-direction subunits subsequent to each b=0 s/mm2

image, allowing for a sliding-window of 4D volumes to representing ongoing diffusion

across all timepoints (Fig. 7.1b). Intermittent b=0 s/mm2 images within a 15-dir

set were omitted when calculating diffusion for that particular 4D volume.

Apparent Diffusion Coefficients (ADCs) [18] were calculated for each 3-dir subunit

using a custom script within Matlab (v7.9; Mathworks, Natick MA). The signal inten-

sity (S0) of each b=0 s/mm2 image was measured to provide comparative information

relating to changes in muscle T2 as well as insight into calculation of the diffusion

measures. The diffusion tensor was calculated for each 15-dir subunit using FSL [17,

19]. The diffusion tensor calculations produced maps of the three eigenvalues (λ1-λ3)

representing the shape of the tensor ellipsoid, from which maps of mean diffusivity

(MD), and radial diffusivity (RD, representing the mean of λ2 and λ3) were generated.

Data from the 3- and 15-dir subunit time scales were temporally aligned according to

the final diffusion-weighted image contributing to the 3- or 15-dir set, meaning that

15-dir measures did not commence until Timepoint 5 (Fig. 7.5).

Regions-of-Interest (ROIs): Muscle ROIs were drawn for anterior tibialis (ATIB),
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Figure 7.5: Example of inter-timescale alignment for comparison of diffusion mea-
sures. Depicted are the b=0 and 450 s/mm2 volumes needed to produce Timepoint 5
at each of the tested time scales. Inter-timescale subunits were aligned according the
last diffusion weighted (b=450 within the set.

peroneus longus (PER), lateral soleus (SOLlat), lateral gastrocnemius (LG), and me-

dial gastrocnemius (MG) (Fig. 7.4). Each ROI consisted of three 2x2-voxel squares

on each of 5 contiguous axial slices. ROIs were applied to each subunit to create a

timecourse of diffusion for each measure (3-dir ADC, S0, 15-dir MD, λ1, RD).

ANALYSES

Baseline Assessments: The temporal diffusion measures (3-dir ADC, S0, 15-dir MD,

λ1, RD) were acquired for each muscle per subject prior to each exercise session, and

then averaged across timepoints (10 timepoints for 3-dir, 6 timepoints for 15-dir) to

provide baseline values. The individual baseline measures were then averaged across

subjects (n=3) to produce an overall mean baseline for each exercise. This was per-

formed in order to assess possible changes in diffusion values due to multiple exercise

periods within a single scanning session.
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Post-Exercise Assessments: In order to assess the effect of exercise on diffusion mea-

sures, the magnitude change for each DTI output was obtained by subtracting the

mean baseline measure from each post-exercise timepoint on a subject-wise basis per

exercise condition and ROI. Post-exercise magnitude change data from each subject

was subsequently combined into a mean of all subjects for each timepoint per exercise

condition.

The main ”Exercise Intensity” analysis consisted of comparing the post-exercise

temporal diffusion patterns following the four differing intensities of plantarflexion

(Fig. 7.3). Note that the second 10flex10% condition (Post-Ex 1b) was used for this

analysis if present. Post-exercise diffusion was assessed per individual muscle across

each of the four exercise conditions. Although this experiment provided quantitative

data, the described preliminary comparisons between muscles or diffusion measures

(ADC, S0, MD) muscles are largely qualitative descriptions due to low statistical

power. Additionally, the relative temporal patterns of magnitude change in 15-dir λ1

and RD were compared within each muscle per exercise in order to determine whether

diffusion changes were preferentially occurring along or across the tensor ellipsoid.

A second analysis involved comparison of the two 10flex10% conditions acquired

at the beginning of each scan (”10-flex 10% Repeat”; Fig. 7.3). This was undertaken

to assess the repeatability of post-exercise muscle diffusion changes found to occur for

this particular exercise condition, based on pilot tests of this experiment. Essentially,

the pilot data demonstrated large increases of S0 within SOLlat, a muscle not expected

to be involved in this exercise, and thus this experiment was performed to determine

whether the pilot results were related to the particular exercise task, or perhaps due

to the task being performed first after the pre-exercise 30-minute rest period. For the
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sake of expediency, only ADC and S0 of PER, SOLlat, and LG were assessed for this

second analysis.

7.3.4 RESULTS

Baseline Assessments

Figure 7.6: Baseline data for individual measured muscles obtained prior to each
of the tasks in the ”Exercise Intensity” analysis. ’Pre1’ is prior to 10flex10%, ’Pre2’
prior to 60flex10%, ’Pre3’ prior to 10flex40%, and ’Pre4’ prior to 60Flex40%. ’ATIB’:
Anterior Tibialis, ’PER’: Peroneus Longus, ’SOLlat’: lateral Soleus, ’LG’: Lateral
Gastrocnemius, ’MG’: Lateral Gastrocnemius.

In examination of the baseline measures acquired prior to each exercise condition,

it appears that 3-dir ADC and 15-dir MD are roughly equivalent for LG and MG

(Fig. 7.6) across exercise sessions. The ADC and MD of ATIB appears to slightly

decrease with additional exercise sessions. Furthermore, SOLlat appears to slightly

increase with additional exercise sets, and PER appears to slightly increase after 10-

flex conditions and decrease after 60-flex conditions. However, the range of values

(standard error of the mean (SEM)) for each muscle across conditions indicate that

ADC and MD measures are not substantially different prior to each exercise across

conditions. Additionally, measures of S0 appear to be equivalent prior to each exercise

condition for all assessed muscles.
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Post-Exercise: Patterns

With one exception (MG at 60flex 40% MWSF), the mean temporal measures

return to baseline during the post-exercise scanning period (∼8 minutes). Several

notable patterns of change from baseline are evident in the timecourse of post-exercise

diffusion measures (Fig. 7.7). In order to better describe the following results, these

patterns will be used as nomenclature and thus are described below:

Figure 7.7: Depictions of four general patterns observed in the post-exercise data.
See text for full description.

- ’Elevated-Decline’ (Fig. 7.7a): This pattern displays increased diffusion measures

immediately following exercise cessation. The magnitude change values then return to

baseline across timepoints, although the slope of this decline varies between muscles

and exercise conditions.

- ’Latent Peak’ (Fig. 7.7b): Diffusion values are proximal or slightly elevated from

baseline following exercise cessation, and then display increasing change from baseline

measures across subsequent timepoints, before peaking and declining.

- ’Sub-to-Peak’ (Fig. 7.7c): This pattern displays diffusion values that are dis-

tinctly below baseline values immediately following exercise cessation. Then, as with
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the Latent Peak pattern, the diffusion values increase to a peak before returning to

baseline.

- ’Horizontal’ (Fig. 7.7d): This pattern displays a horizontal trajectory across time-

points and little change from baseline values, although slight fluctuations may occur.

Post-Exercise: EXERCISE INTENSITY Analysis

Figure 7.8: Post-Exercise temporal measures of 3-dir ADC for individual muscles
according to exercise task. ’ATIB’: Anterior Tibialis, ’PER’: Peroneus Longus, ’SOL-
lat’: Lateral Soleus, ’LG’: Lateral Gastrocnemius, ’MG’: Lateral Gastrocnemius.
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3-direction ADC (Fig. 7.8) The ATIB appeared to show little departure (’hori-

zontal’ pattern) from baseline following any of the four exercise conditions.

The PER shows an ’elevated-decline’ pattern following the 10flex10% condition,

but produces ’latent peak’ patterns for the 60flex10%, 10flex40%, and 60flex40% con-

ditions, with greater peak magnitudes, representing change from baseline, associated

with increasing exercise intensity. It is possible that 60flex40% PER results could

be also suggestive of an elevated-decline pattern. Furthermore, the PER 60flex10%

peaks at timepoint 2, while both the 10flex40% and 60flex40% conditions peak at

timepoint 1.

The SOLlat displays an ’elevated-decline’ pattern for both 10-flex conditions, while

a ’horizontal’ pattern is observed for the 60-flex conditions, however the results are

somewhat noisy for this muscle.

For LG, both of the 10% MWSF conditions (i.e. 10flex10% and 60flex10%) pro-

duce a horizontal pattern that is proximal to baseline, however the exercises using

40% MWSF (i.e. 10flex40% and 60flex40%) invoke distinct post-exercise change from

baseline, although in unique ways. The 10flex40% condition produces a ’sub-to-peak’

pattern that is consistent across subjects, while the 60flex40% condition produces

a ’latent peak’ pattern with values remaining elevated from baseline until approxi-

mately timepoint 10. Both the LG 10flex40% and 60flex40% conditions achieve their

peak departure from baseline at timepoint 3.

Within MG, the 10flex10% condition appears to show a slight ’elevated-decline’

pattern, while the 60flex10% condition shows a ’horizontal’ pattern that is proximal

to baseline. However, like LG, the 40% MWSF conditions invoke notable but distinct

responses. The 10flex10% condition displays a ’sub-to-peak’ pattern that peaks at
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timepoint 2, while the 60flex10% condition elicits a substantial ’latent peak’ pattern

that does not peak until timepoint 5, and maintains a sustained elevation from base-

line across the remaining timepoints.

Signal Intensity of b=0 s/mm2 (S0) (Fig. 7.9)

The temporal results of ATIB S0 indicate a slight ’elevated-decline’ pattern fol-

lowing all exercise conditions, with the 10flex40% condition invoking the greatest

magnitude of change.

Figure 7.9: Post-Exercise temporal measures of b=0 s/mm2 signal intensity (S0) for
individual muscles according to exercise task. ’ATIB’: Anterior Tibialis, ’PER’: Per-
oneus Longus, ’SOLlat’: lateral Soleus, ’LG’: Lateral Gastrocnemius, ’MG’: Lateral
Gastrocnemius.
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In PER, the 10flex10% condition elicits an ’elevated-decline’ pattern, while the

60flex10% results in a ’horizontal’ pattern that is proximal to baseline. Both PER

40% MWSF conditions show indications of a ’latent peak’ pattern, though some initial

elevation is observed. Both 40% MWSF conditions have similar magnitude that peak

at timepoint 2, although the 60flex40% condition elicits a second gradual increase

that peaks at timepoint 24 but demonstrates an unusually wide range of error (upon

investigation, driven by one subject).

Within SOLlat, both of the 10-flex conditions induce distinct ’elevated-decline’

patterns, with a greater magnitude observed for 10flex10%. The 60flex10% condi-

tion shows a slight ’elevated-decline’ pattern, while the 60flex40% condition appears

to drop below baseline and remaining decreased for the remainder of timepoints,

although the wide range of error makes interpretation difficult.

For LG, the 10flex10% produces a slight ’elevated-decline’ pattern, while the

60flex10% produces a ’horizontal’ pattern that demonstrates a decrease from baseline

between timepoints 4 and 8. The 40% conditions are suggestive of a ’latent peak’

pattern, with the 10flex40% showing a larger magnitude peak than the 60flex40% con-

dition, although the wide error range of the first 6 timepoints makes interpretation

difficult.

With regards to the MG, the 10flex10% condition produces an ’elevated-decline’

pattern, while the 60flex10% condition produces a ’horizontal’ pattern that remains

proximal to baseline across all timepoints. Both of the 40% MWSF conditions induce

’latent peak’ patterns in post-exercise MG S0, although the number of flexes produce

quite different results. The 10flex40% condition has a peak of moderate height at

timepoint 2, while the 60flex40% condition invokes a considerable increase of S0 that
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does not reach a peak until timepoint 5, a result that remains relevant despite the

extremely wide range of error. The differing timelines of S0 change between muscles

and exercise conditions, as well as the restriction of these changes to muscle bound-

aries, can be seen in Figure 7.10.

Figure 7.10: Comparisons of S0 timepoint images following the lowest intensity
(10flex10%) and highest intensity (60flex40%) tasks in the present study. S0 in-
creases according to muscle boundaries are apparent. The orange rectangle indicates
the timepoint of peak S0 signal following each task. The 10flex10% condition demon-
strates S0 increase in soleus, while the 60flex40% condition does not. Furthermore,
the peak S0 signal appears delayed in the 60flex40% condition relative to that seen
for 10flex10%.

15-direction MD (Fig. 7.11)

The post-exercise MD of ATIB displays a slight ’elevated-decline’ pattern for the

10% MWSF conditions, with the decline continuing until timepoint 10. Meanwhile,

both of the ATIB 40% MWSF conditions suggest a ’latent peak’ pattern, peaking at
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Figure 7.11: Post-Exercise temporal measures of 15-dir mean diffusivity (MD) for
individual muscles according to exercise task. Note that 15-dir DTI data begins on
Timepoint 5 (see Figure 7.5). ’ATIB’: Anterior Tibialis, ’PER’: Peroneus Longus,
’SOLlat’: lateral Soleus, ’LG’: Lateral Gastrocnemius, ’MG’: Lateral Gastrocnemius.

timepoint 6. The 10flex40% condition appeared to show a greater increase in MD

than the 60flex40%.

The PER 10flex10% condition produces an ’elevated-decline’ pattern that demon-

strates the greatest magnitude of MD change in this muscle of all exercise conditions,

and does not reach baseline by timepoint 15. The 60flex10% condition produces

a slight ’elevated-decline’ pattern that becomes proximal and level with baseline at

timepoint 11. Both 40% MWSF conditions produce a ’latent peak’ pattern, peaking
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at timepoint 6 with roughly the same magnitude, although the 60flex40% condition

shows a greater initial post-exercise increase at timepoint 5, almost suggestive of an

’elevated-decline’ pattern.

Within SOLlat, all exercise conditions produce an ’elevated-decline’ pattern, al-

though the 60flex40% condition also suggests a ’latent peak’ pattern that peaks at

timepoint 6. Both 10-flex conditions, particularly 10flex10%, show a greater magni-

tude of initial increase than the 60-flex conditions, which show similar initial magni-

tude. Furthermore, the 10flex10% becomes proximal to baseline at timepoint 13, the

10flex40% at timepoints 9 to 12, and the 60-flex conditions at timepoint 8.

For LG MD, the 10flex10% condition produces an ’elevated-decline’ pattern, while

60flex10% displays a ’latent peak’ pattern showing a small peak at timepoint 7, and

eventually both become proximal to baseline at timepoint 11. The 60flex10% MD

then demonstrates a roughly horizontal pattern across remaining timepoints, although

notable increases from baseline occur at timepoints 17 and 27. As for the 40% MWSF

conditions, 10flex40% produces a distinct ’sub-to-peak’ pattern within LG, with the

peak occurring at timepoint 7, while the 60flex40% condition induces a ’latent peak’

pattern that peaks at timepoint 6, although there is a wide range of error in this

temporal vicinity. The peaks observed for LG at timepoints 6 to 7 seem to increase

according to intensity of exercise condition.

The MG MD showed an ’elevated-decline’ pattern for the 10flex10% exercise con-

dition, with a notable initial elevation from baseline that was equivalent to LG and

PER. The 60flex10% condition showed a ’elevated-decline’ pattern with slight increase

from baseline, and appeared to be proximal from baseline from timepoint 9 onwards.

Both of the 40% MWSF conditions produce a ’latent peak’ pattern, both of which are
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also suggestive of ’sub-to-peak’ but for the wide SEM range at timepoint 5. However,

the 10flex40% condition shows a moderate peak height that occurs at timepoint 6

and becomes proximal to baseline at timepoint 11, while the 60flex40% condition dis-

plays a huge peak magnitude that does not occur until timepoint 9. Furthermore, the

60flex40% condition remains elevated from baseline across all remaining timepoints.

Post-Exercise: λ1 vs RD Analysis (Fig. 7.12 )

The post-exercise changes of λ1 and RD appeared quite similar to another across

most muscles and exercise conditions, with their patterns akin to those found in their

corresponding MD, and are thus not described further. However, it was found that

within the 10flex10% condition, PER displays an increase in λ1 greater than that of

RD for Timepoints 7-10 and 14, while in the 10flex40% condition, PER displays an

increase of RD greater than λ1 for timepoints 12-14 and 16-20.

Figure 7.12: Comparison of post-Exercise λ1 and RD measures in the peroneus
longus. These examples are the only instances of differences between λ1 and RD in
the current study. Note that 15-dir DTI data begins on Timepoint 5 (see Figure
7.5). Also, only 15 timepoints were collected for the 10flex10% condition, but 30
timepoints collected for the 10flex40%.
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Post-Exercise: 10-FLEX 10% MWSF REPEAT Analysis

The 10flex10% exercise condition was performed twice in three subjects to verify ob-

servations made for this condition in a pilot test. Note that the subject group used

in this experiment is changed by one individual subject, therefore the 10flex10% re-

sults presented for this experiment differ slightly from those described for the main

exercise intensity experiment. Only ADC and S0 measures of PER, SOLlat and LG

were assessed for this experiment.

3-direction ADC (Fig. 7.13)

PER and SOLlat demonstrate an ’elevated-decline’ pattern of similar magnitude

to one another for both Time 1 and Time 2, with the magnitude of change being quite

similar for both trials, PER in particular. Time2 of SOLlat, while showing similar

values of ADC increase to Time 1 for the first 5 timepoints, demonstrated a slight

increase in ADC relative to Time1 for timepoints 6 to 14. The LG demonstrated a

relatively horizontal pattern of ADC change across timepoints for both Time 1 and

Time 2, although within Time 2, there is a slight peak that is distinct from baseline

at timepoint 3. However, the level of this ADC ’horizontal’ pattern differs between

trials, as Time 1 displays values slightly decreased from baseline, while Time 2 shows

values slightly increased from baseline. The Time 2 ADC of LG is thus suggestive of

increase from Time 1, particularly across the first seven timepoints.

Signal Intensity of b=0 s/mm2 (S0) (Fig. 7.13)

Upon exercise cessation, PER displays a slight ’elevated-decline’ pattern for both

trials, with Time 2 displaying a slight increase from Time 1 for timepoints 2 to 5.
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Figure 7.13: 10-flex 10% MWSF Repeat Analysis. Comparison of Time1 and Time2
trials of the 10flex10% exercise task. SOLlat shows an initial elevation of ADC and
S0 for both the first and second trials (Time 1 and Time 2). Time 2 displays a slight
increase relative to baseline for ADC and S0 in all muscles except for PER ADC.
Exercise/scanning trials were separated by 5 minutes rest. ’PER’: Peroneus Longus,
’SOLlat’: lateral Soleus, ’LG’: Lateral Gastrocnemius.

Both Time 1 and Time 2 of SOLlat display notable ’elevated-decline’ patterns, with

Time 1 showing a moderate S0 increase at timepoint 1, and Time 2 showing a larger

S0 increase. Furthermore, later Time 1 timepoints appear to decrease to a level that is

decreased from baseline values, while Time 2 appears to settle at a level that is prox-

imal to baseline. For LG, both trials display a ’horizontal’ pattern following exercise.

However, Time 1 maintains a level of post-exercise S0 that is decreased from baseline,

whereas Time 2 displays S0 values proximal to baseline, aside from a decrease seen in

the vicinity of timepoint 8.
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7.3.5 DISCUSSION

The in vivo results of the present study demonstrate that this diffusion technique is

sensitive to changes in skeletal muscle following exercise paradigms of different load

and duration. Furthermore, by measuring multiple muscles with increased temporal

resolution, fresh insights are offered regarding muscle responses to each paradigm

that are unique with respect to the current muscle diffusion MRI literature. However,

these results also indicate challenges for continuing research, such as interpreting the

complexity of human calf muscles and their individual reaction to different motor

tasks, and determining the appropriate means of DTI calculation and quantification

within a dynamic physiological medium.

The key findings of the present study were that (i) diffusion increases were observed

in muscles expected to be involved in plantarflexion (PER, LG, MG) while those not

expected to be involved did not (ATIB); (ii) the SOLlat, not expected to be involved

in supine straight-legged plantarflexion [13-15], in fact showed strong changes across

all subjects in the lightest and short duration exercise conditions; (iii) post-exercise

temporal diffusion responses tended to differ between individual muscles, with SOLlat

typically showing ’elevated-decline’, LG and MG demonstrating a ’latent peak’ (or

’sub-to-peak’ for short duration exercise), and PER showing ’latent peak’ in ADC but

’elevated-decline’ for S0; (iv) for muscles exhibiting ”peaking” diffusion responses,

the peak magnitude appears associated with exercise intensity; and (v) based on

the post-exercise diffusion increases, muscle recruitment differs by exercise condition,

with SOLlat active in short duration conditions, LG and MG active in conditions

of heavier load, and MG particularly active in the heavy load condition with longer

duration.
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The increase in diffusion immediately following exercise has previously been ob-

served, with this effect being associated with increased volume of free water and blood

within the muscle [9, 10, 20-22]. Disruption of myocytic membranes has also been

suggested as a cause of increased diffusion in cases of intensive exercise [6, 7]. Finally,

temperature is known to increase within muscle tissue during exercise [23, 24], and it

has been shown that this can significantly impact diffusion results [25].

The signal intensity (S0) of the b=0 s/mm2 volume used within the present study

is governed in part by the transverse magnetization properties (T2) of the calf muscle,

with increases of T2 indicating that protons within the tissue are taking longer for

magnetization to relax to equilibrium (hence more signal). True measurement of T2

within tissue requires a multi-echo acquisition approach [21] that is capable of distin-

guishing multiple water compartments. Although superior for assessing tissue water

pools, this approach has very a poor temporal resolution (7-10 minutes). Therefore,

while S0 values are not themselves quantitative measures of underlying tissue T2,

changes in the S0 following exercise are suggestive of alterations in the transverse

magnetization relaxation time within the tissue.

A number of studies have investigated post-exercise skeletal muscle T2 increases [9,

21, 26]. Some groups have observed differential increases between muscles following

a common task, suggestive of muscle recruitment [27, 28], while other groups have

demonstrated this inter-muscular pattern of T2 increase can change depending on limb

joint positioning during exercise [15]. Additionally, increases in T2 within muscles

have been correlated to gradations of workload intensity within an exercise task [10,

29, 30]. The causes of this post-exercise T2 increase are not well understood, although

many explanations have been proposed. For example, increased muscle T2 has been
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associated with tissue water increases [25, 30] due to post-exercise hyperemia [10, 21],

although it has been shown that water volume is not the sole cause of T2 increase

[29, 31], nor is the amount of perfusion [10]. Other explanations for post-exercise T2

increase involve intracellular processes, such as the mobilization of bound water from

macromolecules [21, 22, 30] or the accumulation of acidic byproducts of metabolism

[28, 29, 31, 32].

Regardless of the underlying causes of the changes in S0, axial visualization of the

temporal volumes acquired by this diffusion technique undeniably indicate that these

changes are invoked by different sets of muscles at different timepoints by the same

exercise task under different intensities. Furthermore, as Figure 7.10 shows, these

changes are confined by muscle boundaries, indicating that these S0 measures are

endemic to the measured muscles rather than extraneous factors such as proximity

to the RF coil.

Interpretation of the Temporal Patterns

The temporal diffusion acquisition used in the present study reveals that not only

do muscles active in an exercise task display elevated diffusion, but also that the time

course of these increases have differing patterns of temporal trajectory depending on

the exercise intensity and muscle measured. Increases in diffusion indicate increased

mobility of water molecules, which can result due to increased volume of water, fewer

subcellular obstacles (i.e. lipid bilayers), fluid flow, or increased temperature. While

this experiment was not designed to parse the contributions of these factors, we

speculate that temporal diffusion changes are related to the changes in blood flow to

individual muscles, as well as metabolic activity. With this in mind, we attempt to

150



Ph.D. Thesis - Conrad Peter Rockel McMaster - Biomedical Engineering

interpret what is occurring during each of the observed temporal diffusion patterns

(Fig. 7.7).

The ’elevated-decline’ pattern indicates the processes affecting diffusion have in-

creased from baseline values during the exercise, and subside following exercise ces-

sation. Both the initial elevation and subsequent decline to baseline are potential

components of interest in this pattern. The initial increase in diffusion indicates that

diffusion has been elevated during the exercise task. Curiously, this pattern tended

to occur within the short duration (10-flex) exercise tasks, and so it does not seem to

be associated with exercise intensity per se. It is possible that the initial elevation is

related more to metabolic activity involving available nutrients (e.g. ATP, phospcre-

atine, glucose) rather than blood flow, or alternatively, the lightest condition (10-flex

10% MWSF) presented the least hindered blood flow during the task due to muscle

contraction. The rate at which the initial elevation returns to baseline may be of

relevance, as it indicates the time needed for a muscle to return to equilibrium, with

a steeper slope indicating more regulatory mechanisms to maintain homeostasis at

that exercise level.

The ’latent peak’ pattern suggests that factors affecting diffusion are minimal

during exercise, but increase upon cessation of exercise. This pattern occurred in

PER, LG, and MG, and the height of the peak seemed to be associated with exercise

intensity. It is possible that this pattern is a result of blood influx and perfusion that

occurs following exercise cessation, and is proportionate to the task. Based on the

results of the present study, this suggests that PER is more involved in the lighter

intensity exercise, while LG and especially MG become active in the heavier exercise

tasks. The delay in peak could be due to the time needed for the muscle to relax and
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cease compression on local capillaries, or perhaps for the processes of vasoconstriction

and vasodilation to take effect and direct blood to the recently-active muscles.

The ’sub-to-peak’ pattern is a special circumstance, as it only appeared in LG

and MG within the task of short duration with heavier load (10-flex 40% MWSF).

This pattern, which was found in all subjects, indicates that diffusion has actually

decreased from baseline measures during the exercise task, but then increases to a

small peak 16-32 seconds later. It is possible this is due to muscle compression on

local capillaries during the stronger contractions needed by the gastrocnemius to

move the heavier load. We also propose that the reason this pattern is not seen

in the 60-flex 40% MWSF condition is because the longer duration and repetitive

muscle contraction of this task have induced venous pumping and thus some blood

flow through the muscle during the exercise [33].

The ’horizontal’ pattern tends to be proximal to baseline, and occasionally at

values decreased from baseline. This indicates that the factors dictating diffusion

measures have not been affected by the preceding exercise condition beyond the range

of noise in calculation. This suggests that the muscles displaying this temporal pattern

have not played an active role in the exercise task.

Very few studies have measured the temporal nature of acute diffusion changes

within skeletal muscle following exercise, and of these, either only a single muscle

was measured [9, 22], or multiple muscles (e.g. soleus and gastrocnemius) were as-

sessed as a single unit [10, 12]. Although this makes direct comparison of temporal

patterns of individual muscles to previous studies difficult, some common patterns

were observed. For example, measurement of the forearm following hand gripping
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displayed an ’elevated-decline’ pattern [9], as did the anterior tibialis following ex-

haustive dorsiflexion [22]. The two studies studying soleus and gastrocnemius as a

collective measure following plantar flexion appeared to display differing post-exercise

patterns, with one experiment displaying an ’elevated-decline’ pattern [10], but a more

recent study displaying a ’sub-to-peak’ pattern [12].

It should also be noted that early work related to the present study describes

the then-novel ’latent peak’ pattern in post-exercise gastrocnemius [11] and peroneus

longus (Section 4.1.4), although the latter shows a greater initial elevation, shorter

and more delayed peak, and faster return to baseline. Furthermore, earlier work re-

lated to this study (Chapter 6) proposed that the differing temporal patterns between

muscles is due to their differing capillarization [34] and metabolic activity based on

fiber content [28, 31, 35].

Effect of previous exercise on present measures

The effect of a single exercise episode on diffusion response to subsequent exer-

cise sessions should not be overlooked. For practical reasons, multiple exercise tasks

were performed within a single scanning session for each subject. These tasks were

performed in the same order for each subject, progressing from the task of least in-

tensity to most intensive, rather than in a randomized order. This was purposefully

done to minimize the possible contamination effect of a high intensity exercise on a

subsequent light intensity exercise, since only a few subjects were planned for this

pilot study. Efforts were taken to provide rest periods of at least 10 minutes between

the end of post-exercise diffusion acquisition for one task and the onset of baseline
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acquisition for the next task, with the exception of the ’10-flex 10% Repeat Analy-

sis’, which were separated by only 5 minutes due to the negligible lasting effects this

exercise condition was thought to incur at time of experiment design. However, as

demonstrated by the results of the ’10-flex 10 Repeat Analysis’, this exercise task is

not negligible, as greater increases in diffusion and S0 were observed for the second

trial (Time 2), and therefore a 10-minute rest period should have been performed

following this task as well.

Baseline measures preceding each exercise task were compared across conditions,

in anticipation that multiple exercises within a single scanning session may incre-

ment the pre-exercise diffusion values. However, we found that all active muscles

displayed relatively stable baseline values preceding each exercise condition, although

the results for SOLlat suggest a slight increase across subsequent exercise tasks. Sur-

prisingly, the ATIB, which displayed minimal response during any of the post-exercise

measurements, demonstrated a notable decrease in ADC and MD values across time,

although this finding is not echoed in the measures of S0.

Despite baseline stability, the identical ordering of these exercise tasks means that

we cannot rule out how muscle priming impacts subsequent exercise tasks, nor how

the time the subject had been continuously lying in the MR scanner may have affected

performance of the task, particularly regarding the later more intensive exercise condi-

tions. That said, the ordering of exercise tasks used in the present study also provide

evidence that the observed results are not strictly cumulative, but perhaps task-based

as well. The most notable example of this are findings within SOLlat, which demon-

strate moderate ’elevated-decline’ ADC and then moderate-to-large ’elevated-decline’
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for the short duration 10-flex conditions, but minimal response from the longer dura-

tion 60flex10% condition that separates them, as well as a similar minimal response

the longer duration 60flex40% condition that follows all three of the previous tasks.

3-dir ADC vs S0

When comparing the temporal changes between ADC and S0, we observed that

post-exercise increases in ADC tended to occur at timepoints where S0 had also shown

increases from baseline, with notable examples being all muscles (aside from ATIB)

within the 10flex10% condition, as well as for MG within the 60flex40% condition.

This would make sense, as calculation of diffusion uses the b=0 s/mm2 volume as a

reference, meaning that the measures of ADC and S0 are not truly independent from

one another. However, the temporal measures of ADC and S0 were found not to be

strictly linked, as some increases in S0 were not accompanied by increases in ADC,

and vice versa. For example, the conspicuous ’elevated-decline’ pattern observed for

SOLlat in 10-flex conditions did not show a similar magnitude of change within the

corresponding ADC measures. Another set of examples are in cases where S0 shows a

decrease from baseline but ADC does not, such as in SOLlat following the 60flex40%

condition, and LG after 60flex10%. In turn, the ’sub-to-peak’ diffusion responses

observed in LG and MG following 10flex40% do not show the same sub-measures

in S0. Finally, the large increase in the later timepoints of PER S0 following the

60flex40% condition are not matched with equivalent increases in ADC.

Previous temporal studies of post-exercise skeletal muscle using diffusion and

multi-echo T2 measurement have observed that while both of these measures increase

following exercise [22], they are found to recede at different rates, with longer times
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observed for the diffusion values to return to baseline [9, 10].

MD Calculation, relationship to ADC and S0

When reviewing the MD results across muscles and exercise conditions, it appeared

as though they bore a strong resemblance to the temporal patterns of S0 rather than

to ADC. A notable example of this was comparison of the post-exercise changes of

3-dir ADC, 15-dir MD, and S0 observed for SOLlat (Fig. 7.14).

Figure 7.14: Comparison of 3-dir ADC, 15-dir MD, and S0 temporal measures for
lateral soleus (SOLlat) following four exercise conditions of differing intensity. 15-
dir MD timepoint values appear more strongly associated with S0 than with ADC
measures. Note that 15-dir DTI data begins on Timepoint 5 (see Figure 7.5).

One possibility for this is the manner in which the diffusion tensor was calculated.

Recall that DTI was calculated using a single b=0 s/mm2 volume as a reference,

while subsequent b=0 s/mm2 volumes found among the diffusion-weighted images

per 15-dir subset were omitted. The purpose of the b=0 s/mm2 reference is to ac-

count for the T2 value of the tissue in calculating diffusion measures, which use signal

decreases within diffusion-weighted volumes to quantify greater diffusion along that

particular direction. However, if the signal intensity of the reference volume is dy-

namically changing in signal intensity, and the diffusion-weighted volume with which

it is compared is separated by a considerable length of time (up to 76 seconds in the

156



Ph.D. Thesis - Conrad Peter Rockel McMaster - Biomedical Engineering

Figure 7.15: Utilization of b=0 volume in DTI calculation. (A) Method originally
used for calculation of N =15 DTI sliding window. Coloured ellipses indicate b=0
s/mm2 volume used for DTI calculation, while corresponding ’X’ colour indicates
volumes omitted during N =15 sliding window aggregation. (B) Proposed method of
b=0 s/mm2 volume incorporation (”AddB0”). Coloured circles correspond with b=0
s/mm2 volumes used for N =15 sliding window aggregation.

present study), the diffusion calculation has the potential to exaggerate the amount

of diffusion observed.

One solution to this confounding element would be to include the intermittent

b=0 s/mm2 reference volumes that were omitted in the original calculation of each

15-dir volume (the ”AddB0” strategy; Fig. 7.15). Ideally, each b=0 s/mm2 volume

would only be used to calculate diffusion for the triplet set that succeeds it, and then

subsequently combined into the 15-dir subunits for tensor calculation. On the other

hand, if all the b=0 s/mm2 volumes are merely averaged together, this may under-

represent the magnitude of temporal diffusion changes, as there would be less relative
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signal loss in the diffusion weighted images.

Although the FSL software was not designed for dynamic assessment of diffusion,

a rudimentary test was nonetheless performed to examine how temporal measures

using the ”AddB0” analysis with FSL would compare to the original DTI calculations.

Baseline and post-exercise MD magnitude change data from a single subject were re-

calculated according to the ”AddB0” method for SOLlat 10flex10%, as well as all

exercise conditions of LG and MG. Upon recalculation, the mean test baseline for

the ”AddB0” method appears to demonstrate similar values to previous ADC and

MD calculations for the selected muscles and exercise conditions in this subject (Fig.

7.16a).

In fact, it appears that the ”AddB0” method is more stable in value across time-

points than the original method. The post-exercise ”AddB0” temporal results for

Figure 7.16: Comparison of b=0 s/mm2 volume utilization methods. Note that
15-dir MD measures begin at Timepoint 5 (see Figure 7.5). (A) Baseline compar-
ison. ADCorig and MDorig are based on an ROI that includes lateral soleus (SOL-
lat), lateral gastrocnemius (LG), and medial gastrocnemius (MG), and were calcu-
lated according to the original timecourse method used in the described experiment.
MD B0add represents the values generated by this ROI following DTI calculated by
inclusion of all b=0 s/mm2 volumes (”addB0”). (B) Post-exercise calculations of
SOLlat ROI for ADC, MD, S0, and the experimental ”AddB0” DTI calculation.

158



Ph.D. Thesis - Conrad Peter Rockel McMaster - Biomedical Engineering

SOLlat 10flex10% display a slight ’elevated-decline’ which is much diminished from

the temporal pattern of the original calculation (Fig. 7.16b). Furthermore, the

”AddB0” result resembles the pattern and trajectory seen in the ADC results, and

now bears slight resemblance to the large changes observed for S0. Measurement of

LG and MG (assessing only the first 15 timepoints) across all exercise conditions

using the ”AddB0” strategy appeared to blunt many of the original findings for this

subject (Fig. 7.17).

The ’elevated-decline’ pattern is still present for the 10flex10% condition, partic-

ularly in LG, and still contrasts with the temporal pattern found for other exercise

Figure 7.17: Comparison of b=0 volume s/mm2 utilization methods in measurement
of the lateral (LG) and medial gastrocnemius (MG) following all four exercise condi-
tions. ”ORIGINAL” indicates the results described in the present study (single b=0
s/mm2 per N =15 DTI), while ”AddB0” indicates the alternative method whereby all
5 b=0 s/mm2 volumes within an N =15 subunit are considered in DTI calculation.
Note that 15-dir MD measures begin at Timepoint 5 (see Figure 7.5).
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conditions, however its initial elevation is much smaller. The 10flex40% condition

no longer produces a notable peak, nor ’sub-to-peak’ pattern, in either LG or MG.

Both LG and MG continue to demonstrate a distinct increase for the 60flex40% con-

dition. However, the initial value at timepoint 5 is increased when analyzed using the

”AddB0” method, and the MG peak is substantially reduced from the initial calcu-

lation.

LIMITATIONS

There are a number of limitations to the present preliminary study which can be

potentially addressed and improved with further experimentation. First, and perhaps

most important, is that dynamic measures of muscle using DTI appear dependent

upon the analysis strategy. This was not predicted in the static phantom work lead-

ing up to the present method, although this is the precise reason that the present

preliminary in vivo experiment was performed. The FSL software package is an ”off-

the-shelf” analysis tool that widely-used in traditional anatomical studies using DTI.

However, this tool may not offer the flexibility in calculation required for the tem-

poral analysis of the present study, and thus further exploration into other means of

DTI calculation (e.g. diPy [36]) is warranted. Despite this issue of DTI calculation,

the gradient table and analysis method used in the present study have demonstrated

their capability in producing useful ADC data regarding muscle diffusion differences

between exercises. This allows fruitful data collection to continue while the issue of

how best to calculate DTI is investigated. Despite the challenges of DTI calculations

encountered in the present study, and the wealth of temporal information regarding

exercise in different skeletal muscles provided by the simple 3-dir ADC method, we
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contend that further investigation into finding an acceptable dynamic DTI analysis

technique is still worthwhile.

Secondly, the heterogeneity between individual subjects regarding performance

of the exercise task would need to be examined in more detail. Although height,

weight, and MWSF were obtained from each subject, as well a verbal agreement not

to perform exercise for 12 hours prior to scanning, little quantitative information as

to their exercise habits was gathered. Furthermore, outside measurements of habit-

ual muscle preference may help explain the variation in diffusion response observed

between subjects in the present study. An anecdotal example was that one subject

demonstrated little change in either LG or MG following plantarflexion in any of

the exercise conditions, while demonstrating increasing changes in PER according to

exercise intensity. Furthermore, these results were duplicated upon a repeat of the

experiment (undertaken because the initial session had produced results contrary to

those expected.) Qualitative observation of this subject indicates a bow-legged stance

and mode of walking appearing to place weight laterally rather than anteriorly upon

the foot, and could be related to the preference for PER vs LG or MG in the diffusion

results. Therefore, future experiments involving temporal diffusion and plantarflex-

ion would benefit from performing gait analysis of each subject in order to provide

quantitative measures of their natural weight distribution and muscle preference.

Third, it is important that future studies using temporal DTI methods consider

external validation in order to substantiate the results. Modalities such as electromyo-

graphy (EMG), ultrasound or near infrared spectroscopy (NIRS) could potentially

provide measures of electrical activity, muscle fiber movement and oxygenation con-

current with the exercise eliciting diffusion change. Of course, incorporation of these
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modalities into the MR environment and targeting each of the desired tissues would

present their own challenges.

Finally, as with any preliminary study, more data needs to be collected in order to

better interpret the results obtained in the experiment. Additional subjects would be

helpful to better assess the ubiquity or variation in post-exercise temporal diffusion

patterns. Repeated scanning of subjects on different days could solidify anecdotal

observations that inter-muscular temporal patterns are consistent within individual

people. Enrolment of more subjects would also allow group analyses to be performed,

such as investigation of differences between genders, age groups, athletes of different

disciplines, or health status. Additional exercise tasks requiring the same muscle

group, such as alternate task ordering, additional workload options or alterations in

limb angulation could be performed in order to study how diffusion patterns would

vary depending on predicted recruitment. Furthermore, this diffusion approach could

be tested in other muscle groups, such the arm, shoulder, or neck, provided that their

motion can be controlled and regulated within the constraints of the MRI environ-

ment.

CONCLUSIONS

Although some methodological issues remain to be solved, the proposed sliding win-

dow multi-scale diffusion approach shows promise in the detection and characteriza-

tion of temporal changes within and between skeletal muscles following exercises of

differing intensity. Future work is needed regarding DTI calculation method, as well

as additional data collection and independent validation in order for better interpre-

tation of these temporal patterns.
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Chapter 8

Conclusions and Future Directions

Diffusion Tensor Imaging (DTI) has gained much attention in recent years, largely

driven by advancements and tool development aimed at the brain and nervous system.

The study of skeletal muscle has benefited greatly by the availability of these DTI

methods and tools. However, the composition and functional behaviour of skeletal

muscle differs from that of the brain, meaning that neuro-derived analytical tools

may need to be adapted from their original purpose in order to quantify muscle

appropriately.

As described in the preceding chapters, multiple studies have investigated the

architecture of resting muscle using DTI techniques, while post-exercise temporal dif-

fusion changes have been observed using diffusion MRI techniques of lower directional

resolution. The work described in this dissertation sought to apply modern DTI ac-

quisition in a temporal context in order to characterize timelines of muscle change

following exercise. Of particular interest was the demonstration of differing post-

exercise temporal diffusion behaviours between individual muscles in the human calf,

and discussing the possible connection to tissue composition and related physiology.
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8.1 Main Findings and Contributions

(1) The secondary eigenvector (ε2) was found to display much less directional sta-

bility than the principal eigenvector (ε1) within resting muscle tissue. Furthermore,

time-expensive methods to improve signal appeared to improve principal eigenvector

stability much more than that of the minor eigenvectors. This study served to accen-

tuate the limits of DTI in skeletal muscle, in that the minor eigenvalues (λ2 and λ3)

should not be regarded as separate entities for investigation, but instead combined

into the mean measure of radial diffusivity (RD). Furthermore, this study employed

novel mapping techniques to visualize and quantify the heterogeneity of eigenvector

variability and SNR across an image and between muscles. These findings served

the overall project in that the expectations of DTI measure reliability from in vivo

human muscle were better understood, as well as providing the scientific community

with empirical evidence that complements previous benchmark simulation studies.

(2) Individual muscles within a muscle group displayed differing temporal patterns of

mean diffusivity (MD) following exercise tasks. Furthermore, the signal intensity (S0)

of the b=0 s/mm2 displayed a notable increase within the extensor digitorum longus

(EDL) following a mild dorsiflexion-eversion task, a result that was distinct from the

other measured muscles. It is possible that inter-muscle post-exercise differences are

related to their differing tissue composition and related physiology. The diffusion and

S0 changes elicited in this study also demonstrate that mild exercise intensity can

be used to induce detectable post-exercise diffusion changes, indicating that intense

exercise tasks are not requisite in the assessment of muscle function. This may be

useful in the investigation of fragile or pathological muscle tissues.
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(3) The feasibility of a gradient table allowing for stable measures of temporal muscle

diffusion at multiple timescales was demonstrated, allowing for diffusion assessments

with 16 second resolution that could be subsequently combined to produce ongoing

DTI indices of structure. In vivo utilization of this technique in the human calf in-

dicated four temporal diffusion patterns that frequently occurred amongst individual

calf muscles following different intensities of a plantarflexion exercise task: an initial

elevation, a delayed peak originating at baseline, a delayed peak originating below

baseline, and a horizontal pattern proximal to baseline. For the patterns with peaks,

the peak magnitude appeared to be related to exercise intensity. The varied exercise

conditions, consisting of four combinations of short and long duration, and light and

moderate weight load, appeared to demonstrate differing muscle recruitment as evi-

denced by post-exercise diffusion and S0 increases. In brief, the soleus and peroneus

longus appeared to be involved in exercise of lighter intensity, while heavier weight

loads elicited more diffusion response from first the lateral gastrocnemius, and then

the medial gastrocnemius with long duration. Furthermore, the activation of soleus

was notable, as this muscle showed unanimous increases in diffusion and S0 following

exercise of short durations, a result that counters the existing literature regarding

subjects performing supine straight-legged plantarflexion.

8.2 Future Work

The results of this preliminary study demonstrate that this novel method of DTI

acquisition and temporal analysis has the sensitivity to detect dynamic differences

in post-exercise recovery between muscles and exercise conditions. There are several
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ways by which to continue the work described in this dissertation, both in terms of

methodological improvements as well as additional experimentation into post-exercise

muscle dynamics.

To begin with, the method by which DTI is calculated could be explored more

thoroughly. As described in Chapter 7, the ’sliding window’ N =15 DTI technique

requires further investigation regarding how best to incorporate the b=0 s/mm2 vol-

ume into ongoing tensor calculations. Additionally, DTI calculation has become more

sophisticated over the duration of this project, with denoising algorithms becoming

more common, and other tensor models (e.g. weighted linear least squares) developed

to handle outliers, possibly allowing for better eigenvector stability. While developed

for the purposes of fiber tracking in the brain, these techniques could be explored

within the realm of skeletal muscle and temporal analysis. Another manipulation of

DTI methodology could be the use of low but >0 b-values rather than b=0, as this is

thought to reduce the infiltration of perfusion on diffusion measures <LeBihan et al.,

1986; Morvan, 1995>. While this methodological change could provide an explana-

tion as to the source of diffusion changes, the impact of such a strategy on temporal

resolution would need to be investigated more thoroughly.

Another methodological improvement would be to develop a more quantitative

way of representing the temporal diffusion data. The preceding work described the

temporal diffusion patterns using qualitative descriptions of relative peak height and

timepoints of pattern landmarks. However, a quantitative standardization of the

diffusion changes induced within muscle by exercise would allow better comparison

between subjects and exercise conditions, as well as interpretation of temporal pat-

terns and potentially long-term therapeutic monitoring within a single subject.
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Despite these technical considerations, the temporal diffusion methods described

in Chapters 6 and 7 were able to produce intriguing data in their current form,

which could launch several directions of further investigation into post-exercise muscle

dynamics.

Repeatability studies would determine the consistency with which temporal diffu-

sion measures are able to characterize the skeletal muscles within individual subjects.

Anecdotal evidence during the course of the described experiments has suggested

that individual subjects differ in terms of muscle recruitment for plantarflexion ex-

ercises, and that these differences can be consistently detected using temporal dMRI

methods. Experimentation based on this anecdotal finding could perhaps be used to

explain variation in post-exercise diffusion measures, as well as lead to techniques for

therapeutic assessment or monitoring.

Recruitment of more subjects would be of benefit in determining the utility of

temporal DTI in the study of muscle activation and recovery. The group size of

the described studies has been small and relatively homogeneous (young adults).

Future studies could include recruitment into subject groupings such as athletes vs

non-athletes, muscle pathology vs healthy, or divisions of gait preference.

Exercises targeting other muscle groups could be explored to test the ubiquity

of temporal DTI analysis and characterization of temporal patterns per muscle. Of

course, the immediacy of the diffusion effects following exercise cessation necessitates

that exercise must be performed within the magnet bore, which may limit exercise

options. Furthermore, the supine nature of MRI acquisition may mean that in-bore
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exercises may not fully represent true full body exercise. However, Chapter 7 demon-

strated that temporal DTI was able to detect changes elicited by mild exercise con-

sisting of little more than repetitive voluntary movement, so it is possible that other

muscle groups can be studied with consideration of bore layout, subject comfort, joint

positioning, and appropriate RF coils. Furthermore, studies of in-bore exercise using

custom MRI-compatible ergonometric equipment would benefit from having subjects

measured using out-of-bore dynamometric equipment to provide standardized context

to the in-bore exercise tasks.

The temporal diffusion patterns described in this dissertation would benefit from

additional measures to provide corroborative information regarding the changes ob-

served within and between the individual muscles and exercise conditions. Ideally,

such techniques would acquire data concurrent with the scanning session, pending

their compatibility and functionality within the MR environment. Examples of such

techniques are electromyography (EMG) to assess muscle electrical activity, cardiac

monitoring and pulse oximeters or to assess pulse and heart rate, or perhaps fiber-

optic temperature monitoring of skin temperature, although each of these modali-

ties provide their own challenges. Corroborative MR sequences would also provide

supportive evidence to the temporal diffusion results, but their application is more

problematic.

Concurrent acquisition of two types of MRI data is difficult without advanced

pulse sequence development, although some groups have developed experimental ap-

proaches to simultaneous acquisition of diffusion and T2 data <Morvan, 1995>. Serial

acquisition of additional MR sequences representing exercise-based muscle and blood
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flow changes risk such confounds as contamination by earlier exercise, exercise per-

formed differently, or, if the scan is performed at an alternate time, differing diet and

energy level. As an additional thought, the present body of work used the signal

intensity of the b=0 volume (S0) to provide additional perspective to the diffusion

measures and suggestive of T2 changes in the underlying tissue. Further work using

S0 to complement diffusion measures would benefit from explicit investigation as to

how post-exercise S0 relates to the quantitative multi-exponential measurements of

T2.

Finally, the work described in Chapters 6 and 7 suggested that muscle composition

and associated physiology played a role in the differential diffusion patterns observed

between individual muscles. As the work within this thesis was dedicated to non-

invasive means of muscle assessment, the interpretations regarding tissue composition

were based on previous scientific studies of cadavers rather than samples from the

subjects themselves. Additionally, these studies acknowledged variability in fiber

content of a single muscle across individual subjects. Biopsies are the most reliable

method of determining fiber content such as Type I and II fibers, yet they require an

invasive tissue sample, a procedure that would be impractical to verify each muscle

within the calf of volunteers. Nonetheless, biopsy data may be needed to further

the hypothesis that fiber composition plays a role in the temporal diffusion changes

within muscle following exercise. Perhaps a compromise in this matter could be

reached, such as collaboration with kinesiological studies which are already collecting

tissue samples from the muscles targeted by temporal DTI analysis.
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8.3 Concluding Statement

Temporal patterns of water diffusivity differ between individual muscles following

exercise, and are affected by the nature of exercise and potentially tissue composition.

The presented approach for measurement of temporal diffusion shows promise in the

investigation and characterization of muscle recovery dynamics following exercise.
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Appendix A

Choice of TR for Temporally

Optimized DTI Acquisition

Following the preliminary study described in Chapter 4, options were explored that

would increase the temporal resolution of the DTI volumes. The easiest means of

doing this were to reduce the number of diffusion directions from N =15 to N =6, and

to reduce the repetition time (TR) between signal acquisitions.

A convention in the field of MRI is to set the acquisition TR to 5 x T1 (the time

needed for 67% recovery of longitudinal magnetization) in order to safely allow for

full magnetic relaxation of the nuclei, which occurs at at negative exponential rate.

By not allowing for full recovery, less net magnetization is available for subsequent

excitation, resulting in reduced signal and signal-to-noise ratio (SNR). Previous stud-

ies have modelled the impact of SNR decreases in 3T DTI measures within skeletal

muscle (e.g. <Damon, 2008; Froeling et al., 2013>), and reported that low SNR can

result in overestimation of FA values, as well as over-estimation of λ1 and underes-

timation of λ3. The MD, however, seems to be somewhat stable, although prone to
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underestimation in extremely low SNR conditions.

The T1 within skeletal muscle at 3T has been found to be approximately 1412-

1420 ms <Stanisz et al., 2005; Gold et al., 2004>, making 5 x T1 equal to 7060-7100

ms. The initial study in this body of work (Chapter 4.1) was performed with a de-

fault value of TR=6000 ms (a TR value preceding the input of your humble author

(CPR)). That said, the purpose of the present experiment was to determine how

much TR could be reduced from 6000ms while maintaining proximal DTI and SNR.

Methods

The right calf of two human male volunteers (exams 162 and 167) was imaged using

6-dir DTI (b=0/400 s/mm2) at TR values varying from 2000-10000 ms in increments

of 1000 ms. Echo time (TE) remained constaint across b-values. The scans were

acquired in randomized order. MRI parameters were otherwise equivalent to those

described in Chapter 6.

DTI measures (MD and FA) for volumes representing each TR value were then

were calculated using FSL. A large muscle ROI was drawn across two slices per

subject, consisting of voxels belonging to LG, MG, and central-medial SOL that

avoided blood vessels, aponeuroses, and chemical shift artifacts (see Figure A.1). A

second large ROI was drawn for background (avoiding ghosting artifact).

These ROIs were applied to every TR condition to produce measures of MD, FA,

and SNR. SNR for the b=0 volume of each TR value was calculated according to the

equation:

SNR =
Signal(Mean)

Background(SD)
(A.1)
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Figure A.1: Regions of interest (ROIs) used for this analysis of repetition time
(TR). Blue ROI represents approximate location and size of muscle ROI, while red
ROI represents that of Background signal.

Results (see Figure A.2)

MD appeared to initially increase with increasing TR, levelling off at TR=4000

and reaching an approximate asymptote at TR=6000. Less variation in measure was

demonstrated for TR=5000 and greater. FA values decreased with increasing TR,

although levelled off somewhat at TR=4000. The FA of TR=4000 was proximal to

that of TR=6000. The FA showed a slight increase at TR=5000, but subsequently

decreased at a slight rate until TR=9000. The SNR increased with increasing TR,

although appeared to reach an asymptote at TR=6000.

Conclusion

Based on these results, it appeared that reducing the TR below 4000 ms would

cause distortion in the measures of MD and FA. Furthermore, TR=4000 produced
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Figure A.2: DTI measures according to repetition time (TR). Blue rectangle de-
picts default TR used in preliminary study (TR=6000ms), orange rectangle depicts
minimal TR needed to approximate default TR values (TR=4000ms). (A) Mean
diffusivity (MD). (B) Fractional anisotropy (FA). (C) Signal-to-noise ratio (SNR).

DTI measures proximal to TR=6000, as was used in the preliminary study. The

FA results were a particular factor in deciding upon TR, as this value indicated the

relationship between the individual eigenvalues. Therefore, a TR of 4000 ms was

utilized for subsequent temporal DTI studies of skeletal muscle in order to increase

the temporal resolution, meaning that acquisition of a 6-direction 16-slice DTI volume

could reduced from 48 to 32 seconds.
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Appendix B

Methodological Development of

Sliding-Window DTI

This appendix provides more detail regarding the generation and construction of

diffusion gradient tables to be used in the multiple-timescale approach to diffusion

acquisition proposed in Chapter 7. All vector distributions were calculated and rep-

resented in three dimensions using custom scripts within Matlab (v7.9; Mathworks,

Natick MA).

B.1 Gradient Table Creation

The main problems in creating the intended gradient table were how best to distribute

the five orthogonal 3-dir sets throughout three-dimensional space, while avoiding

vector collinearity, and arranging the temporal acquisition of triplet sets to provide

continuity using the sliding window approach, as well as to allow for DTI calculation

using potential sub-units of 6 to <15 gradient directions (see Figure B.1).
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Figure B.1: Comparison of DTI acquisition strategies. (A) Conventional method,
consisting of an initial b=0 volume, followed by N =15 DW volumes, the directions of
which are dispersed throughout a sphere. (B) Proposed sliding window method. An
additional b=0 image is acquired prior to every 3-DW-image ”triplet”. The gradient-
encoded diffusion directions within a triplet are orthogonal to one another, but the 5
triplets have different orientations within space. The grouping of the acquisition into
3- and 15-dir sub-units during post-processing is shown, as well as how the ”sliding
window” incorporates progressing groups of triplets for temporal measures of N =15
DTI.

Several strategies were considered regarding how to produce the 15-direction ta-

ble while abiding by the constraints. An early strategy was to force dispersion of

five vectors throughout a sphere using an electrostatic-repulsion algorithm (’Particle-

SampleSphere’ by A. Semechko; Matlab v7.9; Mathworks, Natick MA). Each of these

vectors could represent either (i) one of the vectors within the orthogonal 3-direction

set; or (ii) the mean vector of the 3 orthogonal directions. This idea was soon aban-

doned, as a minimum of 9 directions was needed to operate this algorithm, while the

present study sought to disperse 5 vectors. Furthermore, this route to generating
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the five central dispersed directions would likely have produced additional problems,

such as how best to orient the remaining 2 (or 3) vectors around each of the 5 main

dispersed vectors.

Gradient table creation using triplets of orthogonal vectors

The second strategy was to start with one 3-direction (triplet) set of orthogonal

vectors, aligned with the main X ([1, 0, 0]), Y ([0, 1, 0]), and Z ([0, 0, 1]) axes, and pro-

gressively reorient this triplet by angle theta to four additional positions throughout

the sphere by rotation and tilting. A hypothetical fifth position in these calculations

was intended to be equivalent or collinear to the initial 3-direction vector set, allowing

for cyclical triplet combination for ongoing generation of DTI using a ’sliding win-

dow’. This strategy would also ideally allow equivalent spatial distribution between

triplets to ensure that there would be no bias in positions of 15-direction groupings,

as well as groupings of <15-directions. A variety of theta angles and methods of vec-

tor reorientation were explored to generate the additional positions of the orthogonal

triplet sets, including:

– fractions of 90◦, 180◦ and 360◦ with a denominator of 5

– addition of 1◦ to the ”/5” fractions described above to account for curvature

– iterative theta increase (theta x PositionNumber) rather than iterative rotation of

a single theta

– the lower component of the Golden Ratio for a circle (111.25◦) as well as division

of this value by 2 and 4

– adding a 180◦ flip to each of the rotation iterations for values of theta described

above
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Three-dimensional representations of each vector distribution produced by these

calculations, as well as their cardinal planes (X-Z, Y-Z, X-Y), were then visualized

using Matlab (v7.9; Mathworks, Natick MA). Using the vector depictions of the

default 15-direction gradient table (Jones15) as an example of functional dispersion,

each vector distribution was visually inspected to eliminate distribution strategies

that appeared to under-represent a sphere or contained vectors that appeared too

closely aligned (see Figure B.2).

Figure B.2: Dispersion of gradient table vectors from three-dimensional (3D) and
X-Y perspectives. ”Jones15” represents the vectors for the default N =15 gradient
table of our local MRI scanner (GE 3T 750). Tables ’2’ and ’7’ (”The good”) are
examples of vector arrangements showing dispersion comparable ”Jones15” based on
visual inspection in three dimensions. Tables depicted as ”The bad” displayed vector
arrangements that appeared to underrepresent the sphere. Table ’3*’ was selected for
future testing to investigate how a ”bad” table would perform in temporal diffusion
calculations.

Based on this visual analysis, seven potential gradient tables were identified as

candidates for the next stage of testing (Table B.1).
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Table# Theta(◦) Calculation Details
1 72 4/5 of 90◦

2 73 4/5 of 90◦ + 1 (curvature)
3* 73 4/5 of 90◦ + 1 with iterative 180◦ flip
4 73 4/5 of 90◦ + 1, increment theta
5 54 3/5 of 90◦, increment theta
6 111.25 Golden Ratio, increment theta
7 55.125 Golden Ratio/2, increment theta

Table B.1: Summary of final candidate gradient table dispersion strategies for disper-
sion of orthogonal 3-direction triplets. ”*” indicates a table that performed poorly
in visible inspection, but intentionally selected for further testing to assess validity of
the visual test.

Non-orthogonal gradient table creation

Two additional 15-dir gradient tables were generated for temporal comparison

with the previous orthogonally-based gradient tables, with a particular focus on the

stability of measures generated from N<15 subunits, such as 3-, 6-. or 9-directions.

These two tables were attempted in Exam 4156 and tested more thoroughly in Exam

4483 (described below).

The first of these non-orthogonal tables (test name: ”Jones15SD”) is the default

N =15 table found on the local MRI scanner (GE 3T Discovery MR750, General

Electric Healthcare, Milwaukee, WI). However, the ordering of gradient directions was

reorganized so as to allow consistent angulation between individual vectors. This was

achieved by calculating 100,000 combinations of the vector ordering (from a possible

∼1.31x1012 permutations). Each combination was assessed by calculating the angle

between adjacent vectors, including the angulation between Vector#15 and Vector#1

to account for the ”wrap-around” desired by the ongoing temporal DTI strategy using
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a ’sliding window’. The standard deviation (SD) of these inter-vector angulations was

calculated for each ordering of gradients, with the permutation providing the lowest

SD (now dubbed ”JonesSD”) selected for further investigation.

The second non-orthogonal table (test name: ”multRANDSD”) was generated

with a custom Matlab script that produced 1000 random permutations of an elec-

trostatically repulsed 15-vector distribution throughout a sphere (using ParticleSam-

pleSphere by A. Semechko; Matlab v7.9; Mathworks, Natick MA). For each of these

vector distributions, 100,000 combinations were assessed to determine the ordering

that provided the least SD. These orderings of least SD were then compared between

the 1000 random distributions, with the overall minimum SD to determine the ”best”

table generated by this method. However, the distribution generating the actual min-

imum SD was found to contain collinear vectors, therefore the second-to-minimum SD

distribution was selected for further investigation, and thus dubbed ”multRANDSD”.

B.2 Testing of Prospective Gradient Tables

The following is a chronological summary of experimentation that identified the best-

performing DTI gradient table (”02 s7”) and shaped the methodology used in subse-

quent in vivo studies (see Chapter 7).

All described tests were performed using a GE 3T Discovery MR750 (General Elec-

tric Healthcare, Milwaukee, WI). DTI data was acquired according to each tested

gradient table using a dual echo spin echo EPI sequence (b=0 and 450 s/mm2,

TR/TE=4000/69.6ms, 16 slices 4mm thick, 16cm FOV, 64x64, ASSET = 2). All

post-processing of DTI data utilized tools within FSL <Jenkinson et al., 2012> un-

less otherwise noted.
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B.2.1 Exam 4156 - Initial test of acquisition

This experiment was the first attempt to collect and analyze DTI data using the

seven orthogonally-based gradient tables generated in Appendix B.1 (see Table B.1).

DTI measures of Mean Diffusivity (MD) and Fractional Anisotropy within isotropic

media were compared amongst generated candidate tables, and between candidates

and values produced by the default N =15 and N =6 tables found on the local MRI

scanner. This test was performed to assess whether candidate vector tables produced

DTI values proximal to those of the default table.

Each of the candidate 15-direction gradient tables were prepared by inserting

a b=0 s/mm2 volume after every three diffusion-weighted acquisitions. While this

brought the total number of volumes acquired per table to 19, these tables are referred

to as N =15.

A phantom (consisting of a gel block, bottle of tap water, and semi-thawed ice

pack) was used to acquire DTI data (see Figure B.3). (Unfortunately, temperature

was not monitored during this experiment, as the primary concern was creating a

phantom that filled the space within the RF coil).

Three repeated N =15 scans were initially acquired for each candidate table to

test for consistency of measure, although the repetitions were eventually reduced to

two and then one DTI volume as scanning commenced due the practicality of MRI

scheduling. DTI measures of MD and FA were calculated for each volume, and signal

intensity measures (S0) of the initial and interspersed b=0 volumes were acquired.

Values of MD and FA were calculated with and without eddy-current correction

(EC/noEC; a common step in tensor calculation; calculated with FSL) to determine

the impact of this procedure on temporal stability of DTI measures.
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Figure B.3: Zero-diffusion (b=0) image of phantom composed of various isotropic
media. Four regions-of-interest were used for DTI measurement (red squares).

Each N =15 acquisition was then sub-divided into three sets of N =9 consecutive

diffusion directions to calculate the consistency of <15 subunits across time. The

assumption of this test was that measures of a static medium should produce stable

measures across time, and that erratic measures would indicate less than adequate

vector combinations to represent ongoing in vivo diffusion changes.

Four regions-of-interest (ROIs) were drawn to assess the diffusion in the various

phantom media (see Figure B.3).

Exam 4156 RESULTS and CONCLUSIONS

It became quickly apparent that having the semi-thawed icepack as part of the
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Figure B.4: Graph showing the MD and FA collected for each DTI volume. Repre-
sented are the default N =15 (Jones15) and N =6 (Jones6) gradient tables found on
the local GE MRI, as well as the seven candidate gradient tables (#1-#7).

phantom was an unwise decision, as the changing temperature had a noticeable effect

on the diffusion results (see Figure B.4). Notably, the MD of ROI#2 (water bot-

tle) steadily declined across repeated scans of the phantom, while ROIs#3 and #4

(thawing ice pack) showed a slight increase with consecutive scanning. This made it

difficult to compare the MD produced by the seven candidate tables with that col-

lected by the default gradient table. However, as this pattern of MD differences with
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consecutive scans is somewhat linear, it should be noted that no table produces val-

ues that drastically deviate from these progressions of diffusion increase or decrease,

indicating the likelihood of the candidate tables producing MD values proximal to

default.

The FA values calculated for ROI#1 showed Table#3 produced measures lower

than both default and candidate tables, although the FA from Table#3 was closer

to that of N =15 than that produced by other tables. ROI#2 showed a spike in FA

value for Table#4. ROI#3 shows a notable decrease in FA across acquisitions, while

ROI#4 shows a slight increase, although neither of these has the same linearity across

consecutive acquisitions as that observed in MD. It was interesting to observe that

the FA decline of ROI#3 appeared to level out during the acquisition of Table#5,

perhaps indicating that the icepack had thawed.

Figure B.5: MD and FA results for each of the seven candidate gradient tables using
ROI#1 based on 9-direction subunits and sliding window analysis. Comparisons were
made between raw (noEC) and eddy-corrected (EC) DTI calculations.

Upon division of the DTI data generated by each gradient table into 9-direction

subunits, and review of each of the four ROIs, Table #’s 2, 5, and 7 seemed to have
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the most stable measures across time (Figure B.5), and were selected for further

experimentation. Table#3 (intentionally selected to test the diffusion measures of

a table identified as having poor vector dispersion (Table B.1) demonstrated wide

fluctuations in both MD and FA measures across time.

Furthermore, the temporal stability of the measures did not seem to improve or

even change with the use of eddy-correction.

B.2.2 Exam 4440 - Discovery of ’spinescan’ issue

The intent of this experiment was to test the three top-performing candidate tables

identified in Exam 4156 (Table #’s 2, 5, 7) using a phantom with anisotropic me-

dia (asparagus and celery)and more careful control of temperature. These candidate

tables were to be compared with non-orthogonal gradient tables (”JonesSD” and

”multRANDSD”) regarding the stability of measure across time. Additionally, a cus-

tom scanner-based script (’spinescan’ by L. Ryner) was to be used to automatically

trigger repeated acquisitions of each gradient table to provide temporal consistency.

Exam 4440 RESULTS and CONCLUSIONS

Upon analyzing the data, a curious artifact appeared in the b=0 volumes of DTI

volumes triggered by ’spinescan’. Specifically, this artifact consisted of alternating

high and low signal slices that in turn affected the DTI calculations (see Figure

B.6). This artifact needed to be resolved before in vivo studies of skeletal muscle

could commence. On a more positive note, this experiment observed that asparagus

was a much better model of anisotropic media than celery, which actually appeared

to be quite isotropic (see Figure B.7).
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Figure B.6: Artifact resulting from ’spinescan’-triggered image acquisition. (A)
Sagittal view of b=0 volume displaying inconsistent signal across slices. (B) Sliding
window diffusion calculations from asparagus ROI for all subunits. Peaks in temporal
diffusion measurements indicate the timepoints affected by the signal artifacts in
’spinescan’-triggered b=0 volumes.

Figure B.7: Phantom comprised of gel block, asparagus and celery. The bright
signal on the FA image indicates that the asparagus is anisotropic, while the celery
displays isotropy akin to the gel block. PD: Proton Density-weighted image; MD:
Mean Diffusivity; FA: Fractional Anisotropy.
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B.2.3 Exam 4461 - Investigation into ’spinescan’ issue

This experiment was conducted to determine the cause of the ’spinescan’-related

artifacts observed in Exam 4440. Specifically, we investigated whether this artifact

was a result of using too short of a ”dead time” before the script triggered the next

scan, and also whether the artifact was due to using too short of a repetition time

(TR). As the artifact was not preferential to gradient table (see Exam 4440 ), a single

gradient table was used in this experiment (Gradient Table #5, see Table B.1).

DTI data was collected using the ’spinescan’ trigger with dead times of 2, 3, and

7 seconds for each of TR=4000, 6000, and 8000 ms. Three repetitions of each gradi-

ent table were acquired. Control DTI scans were acquired using the default trigger

method for comparison of MD and FA values. An additional series was run with

the intended parameters (dead time = 2 seconds, TR=4000ms), but with a second

b=0s/mm2 acquired prior to the diffusion-weighted volumes. This second b=0 vol-

ume was collected to determine whether it was affected by the artifact as well.

Exam 4461 RESULTS and CONCLUSIONS

The artifact persisted regardless of dead time and TR value. However, the series

containing two b=0 volumes revealed that the second volume was intact, indicating

that the artifact affected only the first volume acquired, and did not impact all b=0

volumes. Measures of MD and FA calculated using the second b=0 volume were

consistent with those collected with the scans not initiated with ’spinescan’.

Ultimately, the source of this problem could not be determined, despite interviews

with multiple local physicists, technologists, and field engineers. The ’spinescan’

script has been available for many years as a ”legacy” hack of the system, but no
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concrete answers were obtained as to how it functioned, nor the impact of the omitted

prescan in auto-triggered acquisitions.

The results of this experiment, particularly the affirmation of integrity of the

second b=0 volume, allowed for a restructuring of the strategy for acquisition ongoing

DTI volumes for temporal measures.

Looping of the Gradient Table

The solution to this issue was implemented in two steps. First, rather than repeat

the 15-dir gradient table using spinescan, three repetitions of the 15-dir table were

embedded into the N =59 entry of the table to be used by the MR scanner, allowing

for ongoing acquisition of the gradient table for a duration of 4 min 8 sec.

The logic behind ’Step 1’: The default gradient table used on the local GE scanner

(EPIC v.24 circa 2015) has entries for numbers of diffusion gradients ranging from

N =6 to N =75. The ’TST7’ 15-direction gradient table, when considering the inter-

mittent b=0 volumes every 3 diffusion-weighted directions, totals 19 vector directions.

Each set of 19 directions would then need to be preceded by an additional b=0 vol-

ume, meaning that the total of vector directions was now 20. Since one initial b=0

volume is automatically acquired prior to any diffusion acquisition, the maximum

repetitions was 3, with a value of N =59. (Made up by [auto b=0] + [19 dir] + [20

dir] + [20 dir]). A shorter version consisting of two gradient table cycles was inserted

at N =39 ([auto b=0] + [19 dir] + [20 dir]) for the purposes of acquiring pre-exercise

baseline data.

The second step would use ’spinescan’ to trigger a second round of three 15-

dir gradient acquisitions, allowing for 8 min 13 sec of temporal diffusion data to
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be acquired, as well as allowing for further 4 minute increments if needed. This was

deemed necessary, as previous studies of post-exercise diffusion changes have observed

the potential to last at least as long as this timespan (<Morvan, 1995; Nygren and

Kaijser, 2002>; Chapter 6).

In cases where use of ’spinescan’ would be required for extending the duration of

temporal diffusion acquisition, an accommodating gradient table entry at N =60 was

created. The N =60 entry was identical to that of N =59, with the exception of an

additional b=0 s/mm2 volume placed in the initial position. Upon post-processing,

the b=0 volume automatically placed by the scanner (auto-triggered by ’spinescan’)

would be treated as a ’dummy’ and dropped from analysis, at the expense of 4 seconds

(TR=4000 ms). The inserted b=0 volume would then be used for ongoing analysis of

3-dir ADC at that timepoint, or the overlapping DTI measures. Additional triggers

and N =60 tables could be applied if deemed necessary for further time coverage.

B.2.4 Exam 4483 - Final sliding-window strategy test

The purpose of this experiment was to select the gradient table that provided the

best temporal stability in measure from the pool of tables generated during this

study (orthogonally-based Table #’s 2, 5, and 7; non-orthogonal ”Jones15SD” and

”multRANDSD”) (Figure B.8).

The optimal table was that which demonstrated consistent measures of diffusivity

in both isotropic and anisotropic media using the sliding window analysis, as well as

demonstrating consistency in diffusion measures using <15-direction subunits (3-, 6-,

and 9-directions). The measures of anisotropic media were of particular interest, as

it is here that vector underrepresentation by <15-dir subunits would become most
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Figure B.8: Details and nomenclature of gradient tables tested in Exam 4483
(Test#2). Note that the table naming convention has changed from Test#1 (Exam
4156 ).

obvious and generate erratic temporal measures.

Each gradient table was prepared with b=0 volumes inserted every three diffusion-

weighted (DW) volumes, as described previously (see Figure B.1b). Three repeti-

tions of each 19-volume set (the latter two repeats preceded by an additional b=0

volume) were then incorporated into an N =59 table, as described in the ”Looping

Strategy” section within Exam 4461.

A phantom consisting of gel and asparagus, representing isotropic and anisotropic

media, was used for all tests (see Figure B.9). The phantom was placed in the MR

scanner room for two hours prior to scan in order to stabilize the temperature of the

different media to the cooler MR environment.

DTI data was collected for each of the five gradient tables using the N =59 gradient

table entry. Following acquisition, the output data was compiled into 4-dimensional

(4D) volumes which were in turn eddy-corrected, then registered to a space common

to all acquisitions using sinc interpolation, both steps using tools within FSL. (While

the common-space registration was likely unnecessary for a static phantom, it was

anticipated that this step may be required for eventual in vivo subjects.)
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Figure B.9: Gel/asparagus phantom representing isotropic and anisotropic media.
(A) Phantom components: gel block, asparagus aligned with magnetic field, as-
paragus oblique to magnetic field. (B) Completed phantom. (C) Proton Density-
weighted image of the phantom, axial view. (D) Zero-diffusion (b=0) image of phan-
tom displaying ROIs for asparagus (red squares) and gel (blue squares).

Each 4D volume was then parsed into sub-units of 3, 6, 9, and 15 consecutive

DW volumes commencing from each b=0 volume (see Figure B.1b). Apparent

Diffusion Coefficients (ADCs) were calculated for each 3-dir subunit using custom

scripts within Matlab, while diffusion tensors were calculated for subunits of 6-, 9-,

and 15-directions using FSL, producing maps of MD and FA for each subunit length

across time. Temporal alignment of diffusion measures between subunits of different

length was based on the last diffusion-weighted image contributing to the volume or

subunit (see Figure 7.5). The signal intensity (S0) of each b=0 volume was also

measured to give insight into the stability of this value across time.
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Regions-of-interest (ROIs) were drawn on both gel (isotropic media) and aspara-

gus (anisotropic media), and consisted of two 2x2-voxel squares on each of five slices

(see Figure B.9).

Exam 4483 RESULTS

Figure B.10: Measures of 3-direction apparent diffusion coefficient (ADC) and
b=0 signal intensity (S0) for each candidate table for gel (isotropic) and asparagus
(anisotropic) across time. Each timepoint represents 1 b=0 and 3 diffusion-weighted
volumes (16 seconds).

ADC (3-dir): Within the isotropic media, all gradient tables demonstrated similar

ADC values, as well as little variation in measure across time (see Figure B.10).

Within the anisotropic media, the three orthogonally-derived tables (00 s5, 01 s6,
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02 s7) appear relatively stable across time, with minimal range in fluctuation. How-

ever, the two non-orthogonal tables (03 s8, 04 s9) demonstrated a wide range of value

and rapid fluctuation across timepoints.

Signal intensity of b=0 image (S0): Within the gel, the S0 appeared level across time,

whereas the S00 of asparagus appeared to show a slight drift of increasing signal across

timepoints for all collected series (see Figure B.10). All acquisitions appeared to

”reset” to lower signal, but signal value did not appear to be strongly linked to

ordering of acquisition.

DTI: Mean Diffusivity (MD): Within the gel, the mean MD generated by each gradi-

ent table seems to be equivalent to the values found for 3-dir ADC across all subunit

lengths. However, the 6-dir subunits show more variation in measure in comparison

to their 9- and 15-dir counterparts (see Figure B.11).

Figure B.11: Temporal measures of mean diffusivity (MD) for each of the candidate
gradient tables within gel and asparagus using sliding window subunits of 6-, 9-, and
15-directions. Each timepoint represents 1 b=0 and 3 diffusion-weighted volumes (16
seconds).

At the 6-dir subunit length, gradient tables 01 s6 and 04 s9 show more notable
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extremes in range than the other three tables, while at the 15-dir length, table 00 s5

seems to show a repetitive elevation in MD that is not observed in other measures,

aside from table 03 s8 at timepoints 12 and 13. Within the asparagus at 6-dir, all

gradient tables seem to demonstrate variability in measures of asparagus across time,

with table 03 s8 displaying notable rapid changes. The 9-dir and 15-dir measures

of table 01 s6 show notable fluctuation relative to other gradient tables. The 15-dir

measure of 00 s5 shows repetitive peaks that were not predicted based on analysis of

smaller subunits for this table.

DTI: Mean Diffusivity (FA): As it has been demonstrated that MD can remain stable

despite changes between eigenvalues <Damon, 2008; Froeling et al., 2013>, three

gradient tables were selected for further study using fractional anisotropy (FA) to

measure the consistency of diffusion tensor shape at each subunit length across time.

Tables investigated were 02 s7, as it demonstrated the most consistent temporal values

of ADC and MD; 01 s6, as it was a less successful representative of orthogonal gradient

table generation; and 03 s8, as it represented a table of non-orthogonal gradient

dispersion for the following temporal comparisons of subunit length.

For the 6-direction subunits, both orthogonally-based gradient tables (01 s6 and

02 s7) produced FA values >1 across multiple timepoints, indicative of an error, as

the maximum FA value should be 1 (see Figure B.12). In contrast, table 03 s8 (non-

orthogonal) produced measures proximal to zero for the isotropic gel, and measures for

asparagus that demonstrated increased anisotropy. These measures appeared stable

across time relative to the orthogonally-based tables. However, a repeating pattern

of increase was observed in both media at timepoints 2, 7, and 12, corresponding to

the first 6-dir subunit within this 15-dir table.
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Figure B.12: Temporal measures of fractional anisotropy (FA) for 01 s6 and 02 s7
(orthogonally-based) and 03 s8 (non-orthogonal) within gel and asparagus using slid-
ing window subunits of 6-, 9-, and 15-directions. Each timepoint represents 1 b=0
and 3 diffusion-weighted volumes (16 seconds).

For the 9-direction subunits, both of the orthogonally-based tables produced a

repetitive pattern of peaks for both isotropic and anisotropic media (see Figure

B.12). The measured FA would increase by 0.015-0.023 across two timepoints, then

similarly decrease across time points. Peaks occurred for both orthogonally-based

tables at timepoints 6 and 11, corresponding with the fourth 9-dir position of the

gradient table. The 03 s8 table, for the isotropic media, displayed a stable though

noisy level of FA across timepoints. However, in the anisotropic media, this table

produced troughs at the same timepoints (6 and 11) that the orthogonally-based

tables produced peaks.

For the 15-direction subunits, the FA within the isotropic media displays relatively

level values across timepoints, with 03 s8 displaying a slightly lower level than those

of the orthogonally-based tables. The same observations apply to the anisotropic
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media, although more variation is observed across time. The 03 08 table appears to

have the most temporal stability, while the orthogonally-based tables display wave-

like variation, with 02 s7 showing a shorter period with less magnitude range than

01 s6.

Exam 4483 CONCLUSIONS

The results of this experiment indicated two issues to consider in selecting the best

gradient table from the pool of candidates. These tests revealed that orthogonally-

derived tables produced more consistent 3-dir ADC results than those tables created

through electrostatic repulsion. This was not unexpected, since diffusion measure-

ment using only three non-orthogonal vectors have a large potiential for directional

bias within anisotropic media. Of the orthogonally-based tables, 02 s7 demonstrated

the most consistent measure of diffusion across time, and across subunits of different

length.

However, the orthogonally-based tables demonstrated poor temporal FA stability

relative to the multRANDSD (03 s8) table, especially for subunits of 6- and 9-dir.

The repetitive patterns of major change suggest flaws in the ability of a gradient

table subunit to produce reasonable measures of the investigated media. Although

FA is not planned to be a primary measure used in future work, this measure is

indicative of the relationship between the calculated eigenvalues, which are indeed

planned for use in future investigation. After some deliberation, it was decided that

the temporal resolution of the 3-dir ADC was more important than the tenuous

ability of these tables to produce DTI results using <15-dir subunits. Therefore, table

02 s7 (see Appendix B.3) was selected for use in the next stage of this experiment

(in vivo tests of post-exercise human muscle), but analysis of 6- and 9-dir subunits
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would be eliminated, limiting the sliding window analysis to 3-dir ADC and 15-dir

DTI measures. It is possible that further gradient table development could produce

reasonable DTI results with subunits of a 15-direction gradient table.

B.3 Final Gradient Table (”02 s7”)

(NOTE: this table describes 15 diffusion-encoding gradient directions, but contains

19 volumes due to b=0 volumes (”0.000000 0.000000 0.000000”) inserted every 3

diffusion-weighted volumes.)

1.000000 0.000000 0.000000
0.000000 1.000000 0.000000
0.000000 0.000000 1.000000
0.000000 0.000000 0.000000
0.326900 -0.469100 0.820400
0.853900 -0.225200 -0.469100
0.404800 0.853900 0.326900
0.000000 0.000000 0.000000
0.119800 0.324700 0.938200
-0.629400 -0.706000 0.324700
0.767800 -0.629400 0.119800
0.000000 0.000000 0.000000
0.936200 0.244300 0.252500
-0.306000 0.920200 0.244300
-0.172600 -0.306000 0.936200
0.000000 0.000000 0.000000
0.578200 -0.493800 -0.649400
0.173100 0.852100 -0.493800
0.797300 0.173100 0.578200

(NOTE: N =59 was generated by 3 repetitions of this N =19 table, with an entry of
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”0.000000 0.000000 0.000000” between each table repetition for the purposes of ac-

quiring a b=0 volume. In turn, the N =60 gradient table, used in ’spinescan’ repeated

acquisition consisted of an additional ”0.000000 0.000000 0.000000” entry followed by

the N =59 gradient table.)
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Appendix C

Permissions for Use of Copyrighted

Material

Figure 2.2a: This figure was published in Textbook of Medical Physiology, 11th ed.,

AC Guyton and JE Hall, p. 73. Copyright Elsevier Inc., 2006.

Figure 2.2b: This figure was published in Textbook of Medical Physiology, 11th ed.,

AC Guyton and JE Hall, p. 74. Copyright Elsevier Inc., 2006.

Figure 2.3b: This figure was published in Textbook of Medical Physiology, 11th ed.,

AC Guyton and JE Hall, p. 75. Copyright Elsevier Inc., 2006.
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Appendix D

Rappalistic Ode to Dr Who

Out to my crew, from the 212
Anotha two-one that I need to stun
’Coz I I gotta do it better for my letter to the editor
So time to ’GET’ a run
Onto Dr Whoooo!

(Background Singers):
2-1-Twooooo
212 is Dr Who-oooh
An-oth-er late night log on
To 212-oooh

It seems I’m brain a-lacking
Like a cracker whacka-lacking
While my deadlines keep on stacking
It’s back to 212

So I ask a Persian for dispersion
Of confusion ’bout my physics version
And what I get from his assertion
Is a rendezvous with the 212

Resolution, reconstruction,
Signal noise from lead induction
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Just at when you think you’re through
You’re logging into 212

(Background Singers):
2-1-Twooooo
212 is Dr Who-oooh
An-oth-er late night log on
To 212-oooh

Out to my crew, from the 212
Within the IRC, out my grey hairs grew
Oh you think you’re clever ’coz your degree was not forever
But when you think you’re through
You’re back on 212

You get P-files and your spectra
SNR that you’d expect, ya?
But then the harddrive’s wrecked, ya?
You’re back at 212

Upon inspection, no detection
Of all that damn da-ta collection
So I ask a Persian for some diversion
And drain a beer of my selection

And won’t think ’bout
2-1-2!
Yo, don’t think ’bout
2-1-2!

(Background Singers):
2-1-Twooooo
212 is Dr Who-oooh
An-oth-er late night log on
To 212-oooh

Tryin’ta stop procrastination
To leave this situation
But I’ve got no destination
And no means of automation
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Need more initiation
But first I’ll try this station
Watch a doc on Dutch claymation
Or some ancient civilization

So many things to do, time for the 21-2!
Back to Dr Who, I need the 21-2!

(Background Singers):
2-1-Twooooo
212 is Dr Who-oooh
An-oth-er late night log on
To 212-oooh

Out to my crew from the 212
All roads are leading back again to Dr Who
I just might market those implants of poo
Then I’m logging back in to the 2-1-2!

(Repeat as needed to hype crowd)
Just when you think you’re through
You’re back on 2-1-2!
So many things to do
Time for 2-1-2!
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