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Abstract 

Five 48-echo C P M G pulse sequences were examined to determine their 

ef fect iveness in measur ing the T 2 relaxation character ist ics of cerebral t issue 

containing multiple sc leros is (MS) lesions. T o this end , two sets of exper iments 

were conducted in which the first 32 echoes had an echo spac ing of 10 ms while 

the secondary echo spac ing ( S E S ) , the final 16 echoes , was increased from 10 

to 50 ms. In the first study 10 normal volunteers were imaged and the geometr ic 

mean T 2 ( G M T 2 ) , the peak widths and the myelin water fractions of the resultant 

T 2 distributions were measured and compared to the results of a previous study. 

The second study simulated the T 2 relaxation distributions that are expected in 

the brains of M S patients using a ser ies of N iC I 2 water phantoms. The G M T 2 , 

peak widths and myelin water fractions were measured in these phantoms. 

The volunteer study showed that the T 2 distributions in severa l gray matter 

structures conta ined a single main peak (70 - 95 ms) with a low, or zero , myelin 

water fraction. The resolution of both myelin ( 1 0 - 5 0 ms) and intra/extracellular 

(70 - 95 ms) water peaks decreased while the accuracy of the G M T 2 of the main 

peak improved as S E S increased. Sampl ing of the decay curves at longer t imes 

improved the separat ion of the short and intermediate T 2 compar tments. 

In the phantom study it was demonstrated that there w a s a c lear cl inical 

benefit to the use of a longer S E S . W h e n imaging les ions for which the T 2 of the 

intra/extracellular and lesion (200 - 500 ms) water compartments were separated 

by at least a factor of 3, each compartment in the distribution w a s better resolved 

when S E S w a s increased. W h e n the lesion T 2 was 179 ms, the intermediate and 

long T 2 peaks could not be resolved. The fraction that each component 

contributed to the mixtures a lso determined the resolution of their peaks . A s the 

fractional contributions of each component increased s o too did its resolution. 

Increased resolution of one component often resulted in better est imation of the 

other components . This study demonstrated that for speci f ic cl inical situations, it 

is advantageous to use extended secondary echo spac ings for imaging the 

les ions of M S patients, without the risk of losing valuable short T 2 information. 
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Chapter 1 - Introduction 

1.1 The Human Brain 

The human brain is a complex yet highly organized structure responsib le 

for motor control, consc iousness and behaviour. It occup ies a vo lume of 

approximately 1 350 c m 3 and contains nearly 100 billion neurons [1]. Near ly 10 to 

100 trillion points of cel lular contact exist between these 100 billion neurons. The 

brain is principally c o m p o s e d of two broad c l asses of ce l ls : neurons and glia. 

Neurons are the nervous system cel ls that p rocess and exchange information 

and are responsible for behaviour. T h e principle role of glial ce l ls is to provide 

mechanica l and metabol ic support for neurons, but are not known to function in 

information transfer. 

Neurons are structurally d iverse, and vary widely in both s i ze and form. 

They may be as smal l as 0.1 mm in length, such as in the cortex of the central 

nervous sys tem ( C N S ) , or as long as 1 m, such as those that descend into the 

spinal cord. The neuron can be descr ibed by four functionally distinct subunits, 

as shown in figure 1.1. The cell body, or s o m a , contains the nuc leus and is 

responsib le for metabol ic activity. The dendrite's primary role is to receive 

s ignals from other cel ls and transfer the incoming information to the s o m a for 

process ing. The high degree of branching of the dendri tes inc reases the 

receptive a rea of the neuron, al lowing it to receive information from an immense 

number of surrounding neurons. A single C N S neuron may receive input from 

tens of thousands other of neurons [2]. The axon carr ies information away from 

the s o m a to other neurons or, in the peripheral nervous sys tem ( P N S ) , to 

neurons and musc le cel ls. Individual axons can propagate s ignals for up to 1 m 

and their d iameters may vary from 0.2 to 20 u m T h e final subunit is the axon 

terminal, which receives s ignals from the axon and re leases speci f ic 

neurotransmitters to other cel ls. 

T h e point of communicat ion between cel ls is cal led the synapse . 

S y n a p s e s are normally unidirectional so that activity at the axon terminal of the 

neuron that transmits the information (presynaptic cell) will affect the behaviour of 
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Figure 1.1: A typical central nervous system neuron. The soma is the circular 
structure to the left of center. Dendrites are the shod extensions protruding 
radially from the soma. The axon extends horizontally from the soma across the 
image to the right. The axon terminal is at the distal end of the axon. 

the receiving cell (postsynaptic cell). Postsynapt ic membranes are normally 

located on the cel l body or on the dendrites of the postsynapt ic cel l . However , 

synapses between axons are known to occur [1]. 

Whereas neurons receive and transmit information throughout the brain 

and to the body, the role of glial cel ls is principally mechanica l and metabol ic in 

nature. Al though they outnumber neurons by nearly 50:1 , their smal l s ize means 

that they account for only half of the brain's weight. Gl ia l cel ls can be separated 

into three groups. The astrocytes, found only in the C N S , provide neurons with 

structural support and help control their chemica l and ionic extracellular 

environment. Ol igodendrocytes, of the C N S , and S c h w a n n cel ls, of the P N S , 

offer electrical insulation to neurons through the production of myel in. In the 

C N S a single ol igodendrocyte can myelinate up to 40 different axons [1, 3]. 

1.2 Myelin and Signal Propagation 

The myelin sheath is a lipid-protein membrane, deposi ted by 

ol igodendrocytes in the C N S or Schwann cel ls in the P N S , which surrounds 

axons in tightly wound layers. The electron micrograph in figure 1.2 clearly 

demonstrates how tightly bundled the multiple myelin layers are. In the C N S , the 

myelination of an axon occurs when the ol igodendrocyte extends from its tip. 

The tip lies against the axon and as it e longates, it pushes underneath previous 
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Figure 1.2: An electron micrograph of a myelinated axon. The axon is the large 
circular structure in the center of the image. The dark concentric rings 
surrounding it are the layers of myelin deposited by an oligodendrocyte. 

layers. A n axon is normally myelinated by multiple ol igodendrocytes with each 

myelinated region being separated by smal l space absent of myelin. These 

spaces are known as the nodes of Ranvier and they contain the vast majority of 

voltage-gated N a + channels because here the nodes are in direct contact with 

the extracellular fluid. The channels are responsible for amplif ication and 

propagation of action potentials along the axon. 

A n action potential is a brief pulse of current that temporari ly depolar izes 

the neuron's p lasma membrane. The depolar izat ion c a u s e s the voltage-gated 

N a + channels to open. The opening of voltage-gated channe ls permits N a + ions 

to enter the cell a long an electrochemical gradient. The influx of positive charge 

results in further depolar izat ion, al lowing more N a + to enter. This self-amplifying 

depolar izat ion affects neighbouring regions of the membrane, caus ing them to 

depolar ize. The sequence of depolarizat ion and the influx of N a + ions cont inues 

unidirectionally along the length of the axon. In a smal l , unmyel inated nerve 

fiber, s ignals are transmitted much a slower velocity v ia pass ive depolar izat ion of 
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Normal Conduction of Myelinated Nerve Fibers 

Nerve impulse 

Myelin "7T"\ Myelin ~7~^\ Myelin ~~7^ 

—Node of Ranvier 

Figure 1.3: Saltatory conduction in normal myelinated neurons. The action 
potential jumps along the axon, from one node to the next. This method greatly 
speeds up the conduction of action potentials. 

neighbouring regions. Due to the slow conduct ion velocity, the use of 

unmyel inated fibers is generally restricted to short d is tances. 

For long-distance communicat ion however, pass ive depolar izat ion is far too 

slow and inefficient. Instead, active signall ing is employed, which takes 

advantage of the insulative properties of myelin to transmit information without 

attenuation at velocit ies up 100 m/s [3]. T h e s e velocit ies are compared to 

velocit ies of 0.4 m/s found in small-diameter, unmyel inated fibers. The 

ensheathed portions of the axon are so well insulated that a depolar izat ion of one 

node almost immediately spreads passively to the next node where another 

action potential is generated. The rapid depolar izat ion is due to the myelinated 

sect ions, which permit virtually no current leaks ac ross the membrane. The high 

density of vol tage-gated N a + channels at each node results in a rapid 

depolarizat ion of that node when the threshold st imulus is reached. At each 

node action potentials are created anew but can not be generated between 

nodes because the insulation prevents the threshold level of depolar izat ion from 

being ach ieved. Therefore, the action potential travels along an axon from one 

region of depolar izat ion to the next, jumping from node to node in a process 

known as saltatory conduction. Act ion potentials are shown travell ing from node 

to node along a myel inated axon in figure 1.3. 

Saltatory conduct ion is the principle means of communicat ion throughout 

the nervous sys tem because many signals are required to travel from the control 
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centers in the brain out to the extremities. W h e n a disruption in the wiring of the 

brain occurs , motor control or neurological dysfunction is often a result. In the 

next sect ion, one of the most c o m m o n such neurological d isorders, multiple 

sc leros is (MS) , will be d i scussed . 

1.3 Multiple Sclerosis 

Multiple sc leros is (MS) is an unpredictable, at t imes d isabl ing, d i sease of the 

central nervous sys tem. It is a major cause of severe and chronic disability in 

young adults a s it typically begins in early adul thood. A n est imated 50,000 

Canad ians and 300 000 Amer icans currently are afflicted with M S [4]. 

Preva lence rates range from one M S c a s e per 500 people to one in 1,000 across 

the country. A s M S tends to occur more often further away from the equator, 

countr ies such as C a n a d a are regions of high risk for M S . 

T w o primary forms of the d i sease exist. The acute form afflicts 10 % of 

patients and is character ized by rapid and progressive demyel inat ion of C N S 

axons . The chronic form is recognized as a relapsing-remitt ing cyc le where 

patients exper ience short per iods of symptoms. Be tween the onset of symptoms 

patients do not exper ience an increase in cl inical disability. The chronic form 

affects 90 % of M S patients. 

M S is general ly bel ieved to be a cel l -mediated, auto- immune disorder that 

occurs in genetical ly suscept ib le people [5]. Genet ic factors are bel ieved to be 

involved in M S susceptibil i ty based on studies involving monozygot ic and 

dizygotic twins [6, 7]. T h e s e showed increased risks in monozygot ic twins and 

a lso demonstrated a twenty-fold increase in developing M S in the relatives of 

patients, compared with the general populat ion. Unfortunately, the early 

sequence of events caus ing the onset of d i sease is largely unknown and the 

subject of current research. 

Pathological ly, the signature of M S is the demyel inated p laque. T h e s e 

p lagues are wel l -demarcated hypocel lular regions and are principally located 

within the white matter of the brain. T h e s e regions are dist inguished primarily by 

a loss of myelin and accompan ied by astrocytic scars and a relative preservat ion 
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of axons. Pathological studies indicate the initial event in the formation of M S 

lesions is a disruption in the blood-brain barrier (BBB) , which triggers an 

inflammatory response by lymphocytes and monocytes [8, 9]. They are recruited 

across the B B B and attack the myelin sheath surrounding the axons. In new, 

active lesions, the primary characterist ic is inflammation with var ious s tages of 

demyel inat ion [10]. Chron ic lesions display ongoing inflammation and 

advancing demyel inat ion. Chron ic lesions represent a more permanent and 

irreversible stage of t issue damage than do active lesions [11]. Recent studies 

have shown that in addition to demyel inat ion, early s tages of M S indicate axonal 

loss is a contributor to cl inical deficit [12 -14 ] . 

D i seases such as M S demonstrate the neurological effect of 

demyel inat ion of the axons. Symptoms of M S , such as fatigue, ba lance and 

coordination problems, muscle stiffness and weakness , are consequences of 

dec reased motor control because of the disruption signal ing pathways. In figure 

1.4 the disruption in the propagation of an action potential is il lustrated. It is thus 

desirable to have a cl inical tool that al lows a physic ian to monitor the degradat ion 

of the white matter because this will assist in early d iagnosis of d i seases like M S . 

The development of magnet ic resonance imaging (MRI) has permitted in-vivo 

diagnosis of M S and has al lowed patients to be identified earlier in the cl inical 

course of the d isease . 

Demyelination of Nerve Fibers in MS 

Figure 1.4: Saltatory conduction in a demyelinated neuron. The action potential 
encounters a demyelinated region of the axon and is slowed down as it must passively 
move along the axon to the next node. This results in decreased motor control as fewer 
action potentials are conducted. 
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1.4 Previous Studies in MS using Magnetic Resonance Imaging (MRI) 

Convent iona l MRI has become establ ished as the most important 

paracl inical tool for d iagnosing M S , visual iz ing the dynamics of lesion formation 

and monitoring the eff icacy of experimental treatments. B e c a u s e demyel inat ion 

is a hallmark of lesion formation and growth, efforts are being made to develop 

MRI pulse sequences that permit measurement of the amount of myelin present 

within the brain. T h e s e techniques take advantage of known alterations in the T 2 

relaxation character ist ics in regions where lesion formation is occurr ing. 

Previously, Dr. M a c K a y ' s M S / M R I research group at the University of 

British Co lumb ia demonstrated that water in the brain is separab le into three 

principle components [15, 16]. A key aspect of the work w a s the ability to isolate 

a fast relaxing component of the T 2 decay curve that was previously unresolved 

from the main cytoplasmic water component . The three principle water 

environments have now been indentified as : 1) a short T 2 component , between 

10 and 50 ms, due to water compartmental ized in myel in bi layers; 2)an 

intermediate component , between 70 and 95 ms, arising from cytoplasmic water; 

3) a component with at a T 2 greater than 1 s, caused by water of high mobility 

within cerebrospinal fluid ( C S F ) . The short component has a lso been observed 

in other in-vitro [ 1 7 - 2 1 ] and in-vivo [22, 23] studies of C N S t issue. It is bel ieved 

that the amount of water between the myelin bi layers is directly proportional to 

the amount of myelin present. A T 2 distribution showing these three distinct 

regions is illustrated in figure 1.5. 

Identification of a specif ic myelin component to the T 2 distribution has 

a l lowed quantif ication of myelin in the normal population and patients with M S . 

This is accompl ished through calculat ing the myelin water fraction (MWF) . The 

M W F is def ined a s the ratio of the s ignal from the short T 2 component to the 

signal from the entire T 2 distribution. Visual izat ion of demyel inated regions can 

be accompl ished through generat ion of myelin maps , figure 1.6, which can be 

used clinically to identify the location and boundar ies of les ions. The a reas of 
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Figure 1.5: A T2 distribution showing the three principal water compartments in a 
normal subject. The compartmentalized myelin water has a narrow peak 
positioned between 10 and 50 ms. CSF has a long T2 relaxation as shown at 1s. 

Figure 1.6: Conventional spin echo images (a, c) and corresponding myelin maps 
(b, d) of a normal subject and an MS patient. In the normal subject, white matter 
is dark in a) and the corresponding regions of myelin are brightest on the myelin 
map in b). In MS lesions, demyelinated regions of the white matter appear bright 
in c) and dark on the myelin map d) 
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increased signal on the myelin map represent regions of the brain with increased 

myelin and correlate very well to the white matter. 

A 1997 study, led by Dr. Whittall, measured the mean water content, M W F 

and the T 2 distributions six gray and five white matter structures using a non-

negative least squares method of relaxation analys is [16, 24]. They 

demonstrated that there was s izeable difference in all three va lues in different 

brain structures. They also showed that the greatest M W F s were found 

predominantly within the white matter [16]. 

Other studies have shown that the brains of M S patients have addit ional 

T 2 components in their T 2 distributions. T h e s e components occur at relaxation 

t imes that are between 3 and 5 t imes longer than cytop lasmic water 

compartment [25 - 28]. T h e s e studies measured the decay curves to be 

biexponential in nature and could not detect the short T 2 component ar ising from 

compartmental ized myelin water. It has been shown that normal appear ing white 

matter ( N A W M ) in M S patients a lso has an increase in both T i and T 2 relaxation 

t imes [25]. Al though these studies varied in the pulse s e q u e n c e s employed and 

the method of relaxation analys is the conclus ion that there exists a long T 2 

component in M S patients remains. 

1.5 Motivation 

Whi le previous studies have demonstrated the ex is tence of a short T 2 

component due to myelin water, others have shown a long T 2 component due to 

M S lesions. Few studies have had the ability to accurately resolve both peaks in 

the T 2 distribution because of conflicts within the pulse sequences . Ideally, a 

pulse sequence needs to be able to sample many points in a short period of time 

at the beginning in order to accurately measure the fast relaxing component . 

However, it a lso needs to sample many points later in time when the long T 2 

component is relaxing. 

Dr. M a c K a y has modified a 32-echo pulse sequence to al low col lect ion of 

48 echoes for greater sampl ing. A feature of the 48 -echo s e q u e n c e is that it is 

possib le to split the echo train into two sect ions, each with its own echo spac ing . 

The goal of our research was to optimize this 48-echo sequence in terms of the 

9 



second echo spac ing to allow complete sampl ing of the T 2 decay curves. W e 

chose to manipulate the echo spac ings such that at early t imes following the 

excitation pulse, the decay curve was samp led with 10 ms echo spac ing for the 

first 32 echoes . The 10 ms echo spac ing facilitates col lect ing max imum 

information about the myel in and intra/extracellular water components . W e then 

chose and tested different echo spac ings for the final 16 echoes . T h e s e ranged 

from 10 ms up 50 ms. A s previous studies have indicated that M S les ions have a 

long T 2 relaxation time on the order of 500 ms, sampl ing the decay curve later in 

time should result in greater accuracy in identifying T 2 of M S lesions. By 

optimizing these final 16 echoes , it was our hypothesis that we could d iscover a 

pulse sequence that would show the myel in, intra/extracellular and lesion water 

compartments in M S patients. 

1.6 Overview of Thesis 

T w o complementary studies were undertaken in this thesis to evaluate the 

effect of altering a 48-echo C P M G pulse sequence that would al low multiple echo 

spac ings to be used for imaging. The goal of the study w a s to determine the 

optimal pulse sequence for imaging the brains of patients with M S . T o ach ieve 

this goal , two sets of exper iments were performed. First, normal volunteers were 

imaged to ensure the var ious sequences tested did not result in anomalous , 

unexpected results. To mimic the behaviour of M S lesions, a set of water based 

phantoms were studied to find the optimal sequence that could be used in a 

cl inical setting. 

The necessary concepts of nuclear magnet ic resonance and image 

acquisit ion in magnet ic resonance imaging are introduced in chapter 2. The 

materials and methods that were used are provided in chapter 3. T h e s e will 

include a descript ion of the brain structures of interest from the in-vivo study and 

the composi t ion of the phantoms that were used to mimic M S les ions. A n outline 

of the algorithm, non-negative least squares , used to generate the T 2 

distributions based on the measured signal will a lso be presented. The results 

from the in-vivo study on the normal volunteers are presented in chapter 4 , while 
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the phantom results are shown in chapter 5. Finally, in chapter 6 the main 

conc lus ions are given and suggest ions are provided for the optimal pulse 

s e q u e n c e s to be used in different cl inical situations where M S les ions are to be 

studied. A brief d iscuss ion of the future work that s tems from our research is 

a lso addressed . 
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Chapter 2 - NMR Theory and Basics of MRI 

2.1 Historical Overview of Magnetism 

Magnet i sm was d iscovered and descr ibed nearly 3000 years ago a s a 

myster ious attraction or repulsion that was felt between different s tones. A s far 

back as 800 B .C . , Greek literature descr ibes the mineral magneti te ( F e 3 0 4 ) and 

its magnet ic properties, such as its ability to attract p ieces of iron. The Engl ish 

first deve loped lodestone for use in c o m p a s s e s as early as the 1 3 t h century, 

however the cause of the forces that made the c o m p a s s needle point to North 

were not yet understood. In 1269, Pierre de Maricourt mapped out the directions 

taken by a need le when p laced at var ious points on the sur face of the sphere . 

He found that the directions formed l ines that encircle the sphere pass ing 

through two points that were diametrically opposi te to e a c h other and ca l led 

these poles. He showed that for all magnets, regardless of s i ze or shape , there 

existed two poles, and they exerted forces that were similar to those from 

electrical charges [29]. 0 r s t ed publ ished results in 1820 that demonstrated a 

relationship between electricity and magnet ism. W h e n an electr ic current was 

p a s s e d through a wire it caused a nearby c o m p a s s needle to be def lected [30]. 

Later studies by Weber , Arago and AmpS re indicated that conductors through 

which current were passed , cou ld cause e a c h other to move without being in 

physical contact. A field had been establ ished around electr ic currents that 

interacted with the field created by the second conductor. Ampft re deve loped 

quantitative laws of magnet ic force between current-carrying conductors and 

suggested that molecular s ized electric current loops were the c a u s e of all 

magnet ic phenomena , the bas is for the modern theory of magnet ism. Through 

these exper iments it w a s conc luded that magnet ism was similar in effect to other 

phenomena such as electrostatics and gravity that exhibi ted 'action at a 

distance' . 

The relationship between magnet ic and electrostatic forces was 

establ ished early in the 20th century through Einstein 's spec ia l theory of 

relativity. Meanwhi le , the development of quantum mechan ics led to the 
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discovery of an intrinsic property of fermions, spin. In 1925 Goudsmid t and 

Uh lenbeck proposed the spin quantum number for the electron to al low the 

complete descript ion of the hydrogen atom. If an electron is simply represented 

as a ball of spinning charge then in an atom, the charge is moving in a circular 

path around the nucleus and can be descr ibed c lassical ly as an AmpS rean 

current loop [29]. A l l fermions, including protons, neutrons a n d electrons, 

p o s s e s s a spin of Vz. It is the property of spin that leads to the ability of the 

nucleus to act as a miniature bar magnet and undergo nuclear resonance. 

In 1938, Isidor Rab i conducted the first measurements to yield accurate 

results on the nuclear magnet ic moment by studying molecular beams of lithium 

[31, 32]. His work was of such importance to nuclear phys ics that he received 

the Nobel Pr ize in Phys ics in 1944. In 1946, B loch and Purce l l , working 

independently, first ach ieved nuclear magnet ic resonance in condensed matter 

[33 - 35]. Fel ix B loch and Edward Purcel l shared the 1952 Nobe l Pr ize in 

Phys ics for their contributions to N M R . The nuclear magnet ic moment and 

concept of resonance is the foundation of all subsequent N M R exper iments and 

has permitted the development of magnet ic resonance imaging (MRI). 

2.2 NMR Physics 

2.2.1 The Atomic Nucleus 

Magnet ic R e s o n a n c e Imaging (MRI) is a n imaging method b a s e d upon the 

nuclear magnet ic resonance (NMR) phenomenon first d iscovered in the 1930's. 

N M R can be observed in sys tems of nuclei that p o s s e s s a magnet ic moment as 

a result of angular momentum. W h e n these nuclei are exposed to an external 

magnet ic f ield, it is possib le, through perturbation of the nuclei , to elucidate 

information about the chemica l environment of those nucle i . Th is sect ion will 

detail bas ic atomic structure and outline the phys ics that descr ibe nuclear 

magnet ic resonance and introduce the concepts of p recess ion and relaxation. 

The protons and neutrons of an atom are collectively known as nucleons. 

Electrons orbit the atomic nucleus in al lowed shel ls or orbitals, with the number 

of orbitals increasing a s the number of electrons around the nuc leus increases. 

13 



Nuclear orbitals are occup ied by nucleons (protons and neutrons) and are filled 

accord ing to strict quantum mechanica l rules that are ana logous to the filling of 

atomic orbitals by electrons. The Paul i exc lus ion principle dictates that no two 

identical fermions (i.e. two protons or two neutrons) can occupy the s a m e state. 

In nuclei , the lowest energy quantum state can be filled by only one nucleon, the 

next nucleon then occup ies the next lowest energy state and so on . This occurs 

for both protons and neutrons. A consequence of this restriction is that nucleons 

exper ience a pair ing force. In nuclei , the pairing force favours the coupl ing of 

nuc leons so that their orbital angular momentum and spin angular momentum 

each add to zero. A s a result, paired nucleons do not contribute to the net 

magnet ic dipole moment. Th is pairing force al lows the electromagnet ic 

properties to be determined from only a few va lence nuc leons [36]. 

N M R occurs only in sys tems that p o s s e s s a net angular momentum and 

therefore have a magnet ic dipole moment. To understand why, it is necessary to 

explain the structure of the atom in more detail. Every nuc leon can be label led 

with the quantum numbers /, s, and j, corresponding to the orbital, sp in and total 

angular momentum of each nucleon respectively. Nuc leons are coup led together 

in nuclei s o that in a given state the total angular momentum of a nuc leus with n 

nucleons is the vector sum of the angular momenta of the individual nuc leons. 

The total angular momentum of the nucleus is referred to as the nuclear spin, 

and is denoted by I. I has the usual propert ies of quantum mechan ica l angular 

momentum vectors where I2=ft2J.(I + l) and I z = mh {m = -1,-1 + 1 1). The 

nuclear spin and the magnet ic dipole moment are related by 

u=;I (2.1) 

where y is the gyromagnet ic ratio. For a proton y = 2.675 x 1 0 8 s _ 1 T _ 1 however 

this value var ies from nucleus to nucleus as is shown in table 2.1 [37]. The 

nuclei in table 2.1 were chosen to represent s o m e of the most common ly studied 

nuclei in MRI . Equat ion 2.1 shows that if I is zero, then the magnet ic dipole 

moment must a lso be identically zero . A s will be shown shortly, only a nuc leus 

with a nonzero magnet ic dipole moment will exper ience nuclear magnet ic 

resonance. 
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Nuc leus Nuclear Sp in I 7 
(MHz/T) 

Isotopic A b u n d a n c e 
% 

1 H 1/2 42.6 99.98 

13Q 1/2 10.7 1.108 

1 7 0 5 / 2 5.8 0.037 

1 9 F 1/2 40.0 100 

2 3 N a 3 / 2 11.3 100 
31 p 1/2 16.7 100 

Table 2.1: Nuclear spin, gyromagnetic ratio and natural isotopic abundance of 
nuclei commonly studied using MRI. 

The balance between the number of protons and neutrons in an atom 

determines the angular momentum of the nucleus. If a nuc leus contains either 

unpaired protons or unpaired neutrons or both then it will have a net non-zero 

spin and thus a non-zero magnetic moment. In hydrogen ( 1H), an odd-Z nucleus, 

where Z is the number of protons, the nucleus contains one proton whose spin 

angular momentum is s = ±Vz, where + depends on the state the nuc leus is in. 

For a particle of sp in , s , its projection onto the z axis can take on one of severa l 

va lues, label led m s ( m s = - s , -s + 1 +s). In the ground state of 1 H , ms = + 1/2, 

and as it is the sole nuc leon, / = 0, so I = / + s = Vfe. In even-Z , even -N nuclei , 

where N is the number of neutrons, the pair ing force c a u s e s nuc leons to coup le 

into spin-0 pairs, giving a total 1 = 0 . Hel ium ( 4 He) is an example of this. Its 

nucleus is c o m p o s e d of two protons and two neutrons. T h e two protons couple 

in a spin-0 pair s o I P = 0 as do the two neutrons, s o I W = 0. The resultant s u m , 

or nuclear sp in , is I = I P + I N =0 [36]. For each nucleon in the two pairs, the 

exc lus ion principle c a u s e s one nuc leon to a s s u m e ms = +1/2 and the other 

nucleon to a s s u m e m s = -V*. Therefore, 4 H e does not have a magnet ic dipole 

moment and does not exhibit N M R . 

MRI takes advantage of the natural abundance of speci f ic biologically 

relevant nuclei . Hydrogen, 1 H , is of particular interest b e c a u s e 6 0 % of the 

human body is composed of water. Moreover, when fat is cons idered , nearly 

two-thirds of all a toms in the human body are hydrogen [38, 39]. S o m e of the 
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other biologically important nuclei that are commonly studied include 1 3 C , 1 7 0 , 
1 9 F , 2 3 N a a n d 3 1 P . 

2.2.2 Precession in a Magnetic Field 

The Irish physicist J o s e p h Larmor demonstrated in 1897 that if an aligning 

force were appl ied to a spinning object, then the object would undergo 

precess ion . W h e n a spinning, charged particle, such as a proton, is p laced in a 

magnet ic f ield, the effect is similar to the precess ion observed in a chi ld 's top a s 

it s lows down. A s expla ined in the previous sect ion, the nucleus of 1 H has a 

nonzero nuclear spin and magnetic dipole moment. Therefore the hydrogen 

nucleus will p recess in an external magnet ic field analogously to the precess ion 

of a top in a gravitational field as shown below in figure 2 .1 . 

For a n external magnet ic field H , a torque will be produced on the 

magnet ic moment ji according to j ixH. To determine the equat ion of motion of 

the magnet ic moment within the external field, the time rate of change of the 

angular momentum I is equated to the torque. 

— = jixH (2.2) 
dt * 

Now I can be el iminated using equation 2.1 to yield 

^ = nx ( j f l ) (2.3) 
dt 

Equat ion 2.3 holds whether H is static or var ies with time [40]. It a lso shows that 

the changes in u are perpendicular to the directions of the externally appl ied 

magnet ic field and the magnet ic dipole moment. The angle G is def ined as the 

angle between the magnet ic moment and the appl ied magnet ic f ield, and does 

not change with t ime. If H is static then ]i p recesses about H such that it 

sweeps out a cone whose central axis is col l inear with H . In cl inical MRI , the 

appl ied field is static and a s such , the following derivation of the equat ion of 

motion will a s s u m e a static, external magnetic field. The equat ion of motion, 

equation 2.3, has been der ived in the laboratory f rame of reference. B e c a u s e 
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(a) (b) 

mg 
(d) 

Figure 2.1: The motion of fi = M about the applied magnetic field B0 in (b) can 
be compared to that of a compass needle (a). It is analogous to a spinning top 
(d) and a pendulum (c), except the gravitational field in (c) and (d) is replaced by 
a magnetic filed in (a) and (b). (reproduced with permission from S. Xiang) 

the sys tem of interest is rotating around a constant, appl ied magnet ic f ield, it is 

more useful to transform the equat ion of motion to a reference f rame that rotates 

at the s a m e rate as the precess ing nucleus. The axes transform to z —> z (the 

axis of rotation), x -» x" and y - » / . The equat ion of motion for \i can be 

rewritten with the addit ion of an undetermined angular velocity co. 

6t 
(2.4) 

The equat ion of motion is the same as that in the laboratory reference frame 

when an effective field, H e , is introduced such that 

(2.5) 

In a static external magnet ic field appl ied a long the z-ax is , H = H 0 k , if co is 

se lected such that H e = 0, then 

(o0=-yH0k (2.6) 

From Equat ion 2.6 u. rotates at an angular velocity co0 = -yHQk with respect to 

the laboratory frame [40]. The frequency yH0 is known as the resonant (or 
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'natural') or Larmor f requency. The nucleus p recesses at its resonant frequency, 

determined linearly by the strength of the external magnet ic field and the 

gyromagnet ic ratio of the nucleus. Using table 2 .1 , the Larmor f requency of a 1 H 

nucleus in a 1 T field is calculated to be 42.6 M H z . 

2.2.3 Relaxation Times 

The total magnetizat ion, M, of a sample is def ined as the s u m of the 

vectors of the individual magnet ic dipole moments in a unit vo lume of the 

medium or M = N u . This al lows equation 2.3 to be rewritten as 

— = ) M x H (2.7) 

Assuming that the appl ied magnet ic field is a long the posit ive z a x i s , or H = H 0 k , 

then at thermal equil ibrium the three components of the magnet izat ion will be 

Mx = 0 ; My = 0 ; (2.8) 

and 

MZ = MQ=%0H0=C^ (2.9) 

Here C is the Cur ie constant, C = NLi 2 /3k B , xo is the static magnet ic susceptibi l i ty, 

T is the temperature and k B is the Bol tzmann constant. Fo r simplicity, a sys tem 

is cons idered which only contains nuclei of spin Vfe. The number of nuclei in each 

of the two states m s = +Vz and m s = -Vz, are descr ibed by Bo l tzmann statistics. 

The sample 's net magnetizat ion will be equal to the populat ion difference t imes 

the magnet ic dipole moment. The populat ions of the ms = +Vfe and ms = -Vz 

energy levels are represented by N+ and N. respect ively. Therefore 

M z = (N+-N_)\i and the energy difference between levels is 2 L I H 0 . The ratio of 

the two populat ions at thermal equil ibrium is 

N 

KN+J 

= e x p ( ^ ) (2-10) 

The equil ibrium magnetizat ion is given by 

MQ =Nfi\anh{f— )k 
KBT 
^*-)k (2-11) 
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This will be oriented along z. If the system is not in equil ibrium then it is 

a s s u m e d that it will approach equil ibrium at a rate proportional to its difference 

from the equil ibrium magnetizat ion. 

dMz _M0-MZ . 1 9 . 

T i is known as the longitudinal relaxation time or the spin-latt ice relaxation time 

because it is the time it takes for the spins to transfer energy to the lattice. /W 0 is 

the thermal equil ibrium magnetizat ion. In thermal equil ibrium the nuclear levels 

will have the s a m e relative populations as does the lattice [40]. Ti is a 

character ist ic t ime that is assoc ia ted with the approach to thermal equi l ibr ium. 

Initially, an unmagnet ized sample will have a net magnet izat ion of zero 

along any coordinate direction. Th is is because the individual magnet ic dipoles 

point in random directions in the absence of an external magnet ic f ield. 

Just before and immediately after the unmagnet ized samp le exper iences 

the externally appl ied field, the populat ions of N+ and N. will be equa l , as 

appropriate to thermal equil ibrium in the absence of an external f ield. In order to 

establ ish a new equil ibrium in the appl ied field s o m e of the sp ins are reversed. 

The individual nuclei align their magnet ic moments with the appl ied field. They 

will al ign either paral lel (low energy configuration) or anti-paral lel (high energy 

configuration). The thermal equil ibrium value of the magnet izat ion is due to the 

population difference between these two configurations. Bo l tzmann statistics 

predict that slightly more nuclei will al ign parallel to the appl ied field than those 

that al ign anti-parallel to the field. Integrating equation 2.12 yields 

The magnetizat ion will increase from Mz = 0 to Mz = M0, its thermal equil ibrium 

value accord ing to 

Therefore T i is the time constant that character izes the time needed to 

magnet ize an unmagnet ized sample . The magnet izat ion asymptot ical ly 

dt 

(2.13) 

Af(0 = M0(1-expH/T1}) 
(2.14) 
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approaches its max imum value MQ at t ime t » TV At time t = T i the 

magnetizat ion has ach ieved 63 % of its equil ibrium va lue in the external 

magnet ic field. The magnet ic energy - M . H d e c r e a s e s as Mz approaches the 

equil ibrium va lue. By combining equat ion 2.12 with the equat ion for the driving of 

M by the torque, equat ion 2.7, the result is 

^ ^ n l M x H ) , (2.15) 

At thermal equil ibrium in a static magnet ic field appl ied a long z the net 

magnetizat ion M will al ign with H . Therefore any t ransverse components of M 

must van ish in equil ibrium. B e c a u s e the spins align with the appl ied magnet ic 

f ield, the t ransverse components must approach MXY = 0 at t = oo. The evolution 

of the magnet izat ions, Mx and MY, are a lso expressed in the form of differential 

equat ions that are written as 

—/ = - - i + r(MxH) x (2.16) 
at T2 

dMy My ... ._. —̂  = --^ + r(MxH) y (2.17) 
dt T2 

T 2 is known as the t ransverse relaxation time and is distinct from T^ 

because it involves interactions occurr ing between different sp ins . For two 

protons near e a c h other, the local magnet ic field from one proton affects the 

other proton and v ice versa . Th is variation in the magnet ic field c a u s e s individual 

protons to exper ience different magnetic f ields leading to very smal l variat ions in 

the Larmor f requency of each . The average Larmor f requency remains the 

same , however the f requencies of the individual protons vary randomly because 

they can move throughout the sample . The result is that the magnet izat ions of 

the individual sp ins become out of phase , or dephase , which c a u s e s a dec rease 

in the net magnet izat ion. T 2 is the rate at which energy is d iss ipated through 

spin-spin interactions. Equat ions 2 . 1 5 - 2 . 1 7 were first p roposed by Fel ix B loch 

and are hence known as the B loch equat ions [33, 34]. 
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If the samp le exper iences a transient magnet ic f ield, perpendicular to the 

static field appl ied a long z, then a component of the magnet izat ion vector will be 

t ipped into the x-y p lane. W h e n this appl ied field is removed, the t ransverse and 

longitudinal magnet izat ions will return to their equil ibrium va lues . 

For the c a s e where Mx(0) = 0 , MY{0) = M°XY , and Mz(0) = M ° a n d a field 

is appl ied for a time t, the return to equil ibrium is given by 

Mx(t) = M°XY sina)0t- exp{- f / T2} (2.18) 

MY(t) = M°XY cos co01 • exp{-11T2} (2.19) 

Mz(t) = M0+(M°Z-M0)- e x p { - f ( 2 . 2 0 ) 

If H is a long z then the magnetic energy will not change as Mx or MY 

changes . 

2.3 Detection of an NMR Signal 

The previous sect ion outlined the equat ions of motion of a magnet ic dipole 

when it is exposed to a static external magnet ic f ield. It a lso provided an 

explanat ion of the bas is of the fundamental parameters common ly studied in 

magnet ic resonance imaging, the T-i and T2 relaxation t imes. Now that the 

phys ics of relaxation has been descr ibed, it is possib le to explain how an N M R 

signal is acquired when the net magnetizat ion of a samp le in static, external 

magnet ic field is perturbed. 

T o understand how a signal is generated using MRI , the sample is 

a s s u m e d to be in an external magnet ic field H , appl ied a long z . The net 

magnet izat ion, M, at equil ibrium p recesses about z . B y apply ing a short 

duration, strong radiofrequency (RF) pulse perpendicular to the static field H , M 

can be t ipped away from its equil ibrium orientation. In MRI , the pulse is 

specif ical ly se lec ted to occur at the Larmor f requency of the nuclei of interest. 

T h e s e nuclei will resonate and their net magnetizat ion will try to al ign with the 

direction of the appl ied pulse. The angle that the magnet izat ion is t ipped away 

from z is known as the flip angle and is def ined by 
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Here a is the flip angle, is the Larmor f requency in the effective field, and x is 

the duration of the R F pulse. Cl in ical MRI sys tems often employ magnet ic f ields 

with strengths ranging from 0.5 T - 1.5 T. A s a result, the Larmor f requency is in 

the radio f requency range. The pulses are therefore referred to as ' R F pu lses ' or 

'excitation pu lses ' because they are the source of the s ignal that is to be 

detected. 

If the R F pulse is appl ied along the x direction for a time x, then 

immediately following the application of the R F pulse, at t = 0, the magnet izat ion, 

M, is al igned along yz p lane. In the specia l case when x is c h o s e n such that the 

a = 90°, there will be no magnet izat ion a long z because MQ is rotated s o that it 

falls exactly onto the transverse plane, a long the y axis. W h e n a = 180°, the 

magnetizat ion is inverted to point a long - z at t = 0. By defining Mz and M°XY as 

the components of M in the longitudinal and t ransverse p lanes at t = 0, the B loch 

equat ions can be so lved as 

Mz(t) = M0+ (M°z - M0 )e-"T' (2.22) 

MXY(t) = MXYe~tlT* • eio>ot (2.23) 

Equat ion 2.23 indicates that a change in phase occurs in the t ransverse 

component as t ime increases. Figure 2.2 illustrates the change i n M Z , M X , and 

MY as a function of t ime for a pulse appl ied a long x. 

The explanat ion of relaxation above shows that as t -> °° MXY will decay 

with a t ime constant T 2 while Mz will increase exponential ly with a t ime constant 

of T i . Equat ions 2.22 and 2.23 represent t ime varying magnet izat ions. From 

Faraday 's Law, a t ime-varying magnetic field will induce a current in a coil of 

conduct ing wire because the magnet ic flux through the wire will change . To 

detect an N M R signal a coil is p laced along x or y and the current induced in the 

coi l due to the changed magnetizat ion is measured . T h e induced s ignal decays 

because of the loss of magnetizat ion MXY, and the resulting curve is known as a 

free induction decay (FID). Us ing induction was the method first d iscovered by 

22 



(a) (b) 
Figure 2.2: Time evolution of the magnetization vector M (a) Mx, My, and Mz as 
functions of time, (b) The motion ofM vector in 3D. The M vector undergoes a Larmor 
precession with (Oo = fHo (Ho = Bo as well as T] and 7"2 relaxations, and eventually 
reaches its thermal equilibrium state Mo.. (reproduced with permission from S. Xiang) 

Bloch and is the bas is of current cl inical MRI [33, 34]. Purcel l uti l ized a method 

based on the absorpt ion of energy when the f requency of a n appl ied current 

through a coil matched the resonant f requency of the sample [35]. 

Normally the coil that is used to receive the FID is a lso the s a m e coil used 

to transmit the excitation pulse to the sample or patient. If the coi l is a l igned with 

x, and the excitation pulse is a long x, then at t = 0, MXY will be a l igned with y, s o 

no signal will be detected. At a time t i , the precess ing protons will have rotated 

90° and have al igned with x generating a s ignal . After a further 90° rotation, at 

time t = t2, the magnetizat ion will al ign along - y , aga in yielding no s ignal . At t 3 ) 

after another 90°, they will point a long - x , so the signal will be opposi te in s ign 

in the coi l . Therefore the received s ignal var ies s inusoidal ly in t ime. However , 

due to interactions between different nuclei and external field inhomogenet ies, 

the precess ing protons begin to dephase and immediately following the excitation 

pulse at t = 0. A s the protons precess and relax, the magnitude of the signal 

dec reases with time creating the FID. This is shown in figure 2.2. 
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T h e FID is descr ibed by an exponential ly decay ing s inusoid whose t ime 

constant is T 2*. T 2 * is dependent on the spin-spin interactions that lead to T 2 

relaxation but is a lso caused by inhomogenet ies in the static magnet ic f ield. 

T h e s e inhomogenet ies contribute to the different local magnet ic environments 

exper ienced by individual nuclei and therefore a lso lead to variation in the 

resonant f requencies. Therefore, T 2 * < T 2 and is equivalent to T 2 only when the 

external field is uniform and homogeneous . L o s s e s in the detected signal due to 

T 2 * effects can be corrected, as will be expla ined next. 

2.4 Spin Echoes 

T 2 * relaxation creates a t remendous difficulty in determining the actual T 2 

of the sample because T 2 * relaxation occurs faster than T 2 relaxation. 

Fortunately, it is poss ib le to correct for the field inhomogenei t ies that contribute to 

T 2*. In 1950, Hahn d iscovered that an R F pulse appl ied to a group of sp ins 

following a FID would result in a second FID [41]. His d iscovery w a s a 

cornerstone in the development of the pu lsed methods in N M R . It led to a better 

understanding into the resonance phenomenon and is the bas is of many 

convent ional MRI methods used today. 

Hahn 's original experiment employed a second 90° pulse appl ied a time x 

after the initial 90° pulse, which led to generat ion of a second FID. The origin of 

the spin echo is eas ier to v isual ize however when 180° pu lses are used after the 

excitation pulse. 180° refocusing pu lses were first used to generate echoes in 

1954 by Car r and Purcel l [42]. The 180° refocussing pu lses are effective at 

correcting for l osses in MXY due to external field inhomogenei t ies, or T 2 *, but do 

not correct losses arising from spin-spin interactions, T 2 . 

The rotating frame of reference is again used to descr ibe the spin echo. 

Aga in the a x e s X and / appear stationary. The net magnet izat ion, MXY, does 

not p recess about z in this frame, but points in the s a m e direction that it was 

tipped onto by the excitation pulse. Assum ing that an initial 90° pulse is appl ied 

a long V , and the static field is pointed a long z , then M 0 i s t ipped from its 
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equil ibrium posit ion onto y'. In other words, at t = 0, MXY = M0= MY. The spins 

in the x-y p lane will immediately begin to dephase after cessa t ion of the 

excitation pulse due to magnet ic field inhomogeneit ies and spin-spin interactions. 

The net magnetizat ion vector dec reases in magnitude due to dephas ing but its 

direction remains a long / . Whi le most of the sp ins p recess at OJ0 , s o m e will 

p recess slightly faster or s lower than the Larmor f requency. After a t ime x, MXY= 

MY(?) and is less than its initial value by an amount given by equat ion 2.23. If a 

180° pu lse is appl ied at t ime x a long / , the phase of e a c h sp in will invert 180° 

about / but al lows dephas ing to continue. After inversion, further dephas ing 

c a u s e s the sp ins to realign after a second period of t ime x a long x". A s the sp ins 

come back into phase , the net magnetizat ion increases until all sp ins are in 

phase. At t = 2x the amplitude of MXY\s a max imum. Another FID occurs 

because of the difference in Larmor f requencies. Therefore the sp ins dephase 

again. Th is second signal is known as the spin echo. The sequence of R F 

pu lses used to generate the echo at t ime 2x is denoted by 

9 0 y - r - 1 8 0 ° . - r - e c h o . This sequence of pu lses is known as the C P M G 

sequence (Carr-Purcel l -Meiboom-Gi l l ) and is il lustrated in figure 2.3 [43]. 

The original sequence proposed by Car r and Purcel l (CP) differs from the 

C P M G by the axis about which the 180° pulse is appl ied, figure 2.4 shows the 

variation between the sequences . Appl icat ion of the 180° pulse about / corrects 

for smal l errors in the R F pulse that would normally accumulate if the pulse was 

appl ied about the x ' a x i s . In figure 2.4A, the C P sequence , e a c h rotation of the 

dephased spins about the x' axis results in a smal l loss of s ignal at each echo 

because the R F pu lse is not exact ly 180°. S o m e sp ins do not undergo a 

complete 180° rotation and end up outside of the x-y p lane. Rotat ions of 180° 

around the / ax is , such as those shown in figure 2 .4B, correct for l osses that are 
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90° 180° 
RF I N—T —W H T — • t 

Signal tp, vAA/VVW-— t 

FID Echo 

Figure 2.3: A 90-T-180-r-echo sequence showing the timing of the 90° and 180° 
pulses. Following the 90° pulse, the signal forms a free induction decay due to 
T2' effects. After a time T, a 180° pulse is applied, causing an echo at time 2r. 
Repeated 180°pulses forms an echo train, that decays with time constant T2. 

t=3x- t=3x+ t=4x 

t=3x- t=3x+ t=4x 

Figure 2.4: RF error accumulation in A) a CP sequence and error correction in B) 
a CPMG sequence. The 180° rotation about y' corrects errors due to impeded 
RF pulses at every other echo, (reproduced with permission from S. Xiang) 
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caused by imperfect 180° pulse on every other pulse. At time t = 2x, the initial 

180° pulse is imperfect and c a u s e s some spins to end up in y-z p lane. However, 

this error cance ls out the error at the next echo , at t = 4x, which leads to 

complete rephasing at the second echo. 

In a convent ional spin echo ( C S E ) experiment a ser ies of 180° pu lses are 

used with each pulse separated by 2x and each generates an echo at t ime x after 

the refocussing pulse. This results in a train of echoes , e a c h with success ive ly 

smal ler ampl i tudes. The dec rease in amplitude of each echo is due to T 2 

relaxation. Thus the envelope formed from the peak ampli tude of each echo will 

dec rease with a time constant T 2 ) while the s ignal fol lowing e a c h e c h o dec reases 

in ampli tude according to T 2*. The relationship between T 2 * and the FID is 

illustrated in figure 2.5. 

Time • 

Figure 2.5: A single free induction decay showing the exponentially decaying 
sinusoid and its envelope. The envelope decays with a time constant of T2. 

2.5 Pulse Sequences 

To understand the bas is of MRI images an understanding of how pulse 

sequences use the field gradients and R F pu lses to spatial ly e n c o d e information 

is necessary . Th is sect ion will introduce MRI pulse s e q u e n c e s and bas ic 

parameters such as repetition time, T R , and echo spac ing , T E . 

MRI is an imaging modality where spatial information from a patient can 

be mapped with t remendous resolution. MRI scanners use a main magnet to 
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generate a large magnet ic field, H 0 , of 0.5 - 1.5 T a long z. This main field is 

des igned to be of homogeneous intensity within the region to be imaged. T o 

create a map of the N M R signal arising from protons within a speci f ic a rea of the 

body it is necessary to spatially encode the received s ignal . Spat ia l encod ing 

can be accompl ished in several ways but the simplest and most common ly used 

method is by applying three distinct local ization methods. 

Spat ia l encoding is accompl ished through introducing smal l magnet ic field 

gradients super imposed on the main field. The gradients are oriented a long x, y, 

and z, however the magnet ic f ields assoc ia ted with them remain directed along 

the main magnet ic field's direction. T h e s e gradients are smal l in compar ison with 

the main field, with a max imum strength of approximately 10 mT m" 1. The 

gradients typically vary linearly with distance. The result is a spatial variation in 

the field exper ienced by the sample to be mapped, and therefore a spatial 

variation in the Larmor frequency of individual nuclei. 

In the s implest c a s e , the gradients are used in three s teps of local izat ion. 

The first gradient, G z , is cal led the sl ice-select gradient. In z local izat ion, a 

constant gradient is appl ied a long z caus ing a shift in the Larmor f requency as 

the sl ice of interest is moved along z. The R F pulse can be se lec ted to match a 

range of Larmor f requencies, known a s the bandwidth, which will only c a u s e 

those protons within a specif ic location along z to resonate. T h e R F pulse is 

appl ied at the s a m e time that the G z gradient is turned on . For a 90° R F pulse, 

the net magnetizat ion in this s l ice will tip onto the t ransverse p lane whi le protons 

outside the sl ice will not resonate because their Larmor f requencies differ from 

the R F pulse. A s only a thin sl ice of the body is exci ted this is known as sl ice 

select ion. 

O n c e G z and the R F pulse select a t ransverse plane to spatial ly encode, 

the final two gradients G x and G Y can be act ivated. G x and G Y are a lso known as 

f requency encod ing and phase encoding gradients respectively. Th is distinction 

is merely a convent ion and can be reversed. The spatial information is 

e lucidated through the use of the Fourier Transform (FT). T h e F T of a s ignal with 

multiple f requency components provides information on how much each 

28 



component has contributed to the total s ignal as well as the phase relation 

between components . In MRI , the selected sl ice is again subjected to gradients 

a long x a n d y, resulting in spatially varying Larmor f requencies in these addit ional 

directions. The frequency encoding results in different Larmor f requencies 

depending on the location of the sp ins a long x. 

P h a s e encoding is accompl ished through the third gradient, G Y . W h e n G Y 

is appl ied the sp ins accumulate a phase rotation dependent upon their y location. 

If G Y is appl ied to cause a phase difference in the spins, fol lowed by appl icat ion 

of Gx for x local izat ion, then the projection of spins within the s l ice onto the x-axis 

is affected. B y repeating this p rocess for different G Y strengths, a set of x 

projections can be acquired. Differences in spatial posit ion up and down are 

reflected in phase va lues, while dif ferences in spatial location left to right is given 

by the f requency value. The use of the Gx and G Y gradients therefore permit the 

spatial distribution of a sl ice to be mapped accord ing to smal l variat ions in the 

f requency and phase of different spins. Apply ing a 2-d imensional F T (2DFT) to 

this set of projections then yields the two-dimensional M R image. 

The M R image that is acquired is a three-dimensional data set b e c a u s e of 

the finite th ickness of the sl ice that is se lected with Gz- Typica l s l ice th ickness is 

on the order of 1 - 10 mm. Local izat ion in three directions results in a dataset of 

smal l vo lume e lements, or voxels . In 2-dimensional images, only information in x 

and y is relevant and the corresponding picture e lements are ca l led pixels. For 

the remainder of this thesis, pixels and voxe ls are used interchangeably but it 

should be noted that all images acquired through MRI are 3-dimensional 

datasets. E a c h pixel on the 2 D F T is a vector f ield, and c a n be represented a s a 

complex number, with real and imaginary components . Therefore, it is possib le 

to construct two separate images, one real and one imaginary, from a 2 D F T 

dataset. Within each pixel, the intensity is mapped onto a grey sca le , where the 

lightest shade cor responds to the greatest s ignal received. 

The sequence of s teps involved in select ing a s l ice a n d encod ing spatial 

information and receiving the signal generated is referred to a s the pulse 

sequence . Pu lse sequences are represented using timing d iagrams illustrating 
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when the R F and gradient pu lses are appl ied relative to e a c h other. The 

sequence is shown as a ser ies of l ines, indicating the R F pulse, the three 

gradient pu lses, G x , G Y , and G 2 , and the received s ignal . The R F pulse is 

indicated by either a G a u s s i a n or sine l ineshape or by a boxcar. In the c a s e of a 

boxcar, a 90° and 180° pulse are given different widths. In both c a s e s , the axis 

90° x 180°Y " 180°Y 90>x 

Figure 2.6: Conventional spin echo (CSE) timing diagram illustrating the 3 field 
gradients, Gz, GY, and Gx. The 180° pulses are separated by the echo time, TE, 
and the time between successive 90° excitation pulses is the repetition time, TR. 

along which the excitation pulse is appl ied is subscr ipted next to the tip angle. 

The gradient pu lses are denoted by a boxcar shape b e c a u s e ideally the 

gradients are turned on and off very quickly and have a constant ampli tude while 

they are act ivated. A typical s lew rate of a 1.5 T commerc ia l scanner is on the 

order of 120 mT/m/ms. A C S E timing d iagram is shown in figure 2.6. 

A s stated earlier, the phase encod ing step is often repeated to gather 

different phase encoded x projections. For example , if only one phase encoding 

is performed for each excitation pulse del ivered to a sl ice, and 128 phase 

encoding steps represents a complete x projections, then the excitation pulse 

must be repeated 128 t imes. E a c h time the excitation pulse is appl ied the 

gradient Gy is changed slightly. The time between the success i ve excitation 

pu lses is ca l led the repetition time, T R . 
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In a C P M G C S E sequence , the T 2 character ist ics of the sample can be 

found by measur ing the decay of the signal acquired from multiple spin echoes . 

After the excitation pulse, a refocussing pulse (180°) is appl ied a t ime x later. 

This produces an echo at time 2x. A second 180° pulse is appl ied at 3x, 

generat ing a second echo at 4x. This is repeated for n echoes , where the 180° 

pulse is appl ied at (2n + 1)x with success ive echoes received at (2n + 2)x. 

Be tween each refocussing pulse and the echo it generates, G Y is act ivated to 

select a speci f ic phase encoding by changing the ampli tude of the Gy pulse. Gx 

is turned on before the echo such that it reaches the max imum ampli tude in the 

middle of the G x gradient. Gx is a lso known a s the read-out gradient because 

the N M R signal is acquired while G x is active. The time between success i ve 

echoes is ca l led the echo spac ing, T E . T E is related to x by TE = 2t and is 

typically much shorter than T R . 

B e c a u s e data col lect ion occurs when the magnet izat ion is t ipped into the 

t ransverse plane, the excitation pulses must be s p a c e d far enough apart to allow 

a significant amount of T i relaxation to occur, s o T R » T i . If this d o e s not occur, 

the second excitation pulse will only tip a smal l proportion of A/ / 0 back onto the 

t ransverse plane. New pulse sequence methods utilize the dead time between 

the acquisi t ion of the final echo and the next excitation pu lse to col lect other 

s l ices, or col lect multiple l ines in the phase encoding direction with a single 

excitation pulse. 

2.6 k-space 

In a typical MRI sequence , the amount of phase encod ing var ies over a 

specif ic number of s teps. For each step the phase encod ing gradient is 

increased or dec reased slightly, after which the f requency encod ing gradient is 

appl ied. It is necessary to do many phase encoding steps in order to complete a 

data acquisi t ion, and the complete set is referred to as the da ta s p a c e or data 

matrix, and has d imens ions of x by y. A 256 x 128 data or acquisi t ion matrix 

cor responds to 256 frequency encoding steps, or the number of t imes the data is 

sampled during read-out, and 128 phase encoding steps. E a c h of the 256 points 

31 



in one of the 128 lines of the data matrix is a sample of the echo. The data 

matrix is related to the M R image through application of a 2 D F T . /c-space is 

derived from the data matrix and like an M R image is complex. It therefore 

contains both real and imaginary components and each of these components 

can be separated and shown as two separate images. The real and imaginary 

matrices are the raw data matrices, /c-space is descr ibed by two coordinate 

(a) (b) 

Figure 2.7: The raw data matrix and the image constitute a 2D Fourier transform pair. 
Only magnitude data are presented although both data sets are complex, (a) The phase 
encoded induction signals written as a raw data matrix, (b) The image reconstructed by 
a 2DFT of the raw data matrix, (reproduced with permission from S. Xiang) 

directions, kxanti kY. Figure 2.7 shows a raw data matrix and the resulting M R 

image after application of a 2 D F T . 

In a C S E image, each line of phase encoding is col lected individually, so 

ky cor responds to a specif ic phase encoding signal , /c-space is col lected starting 

in the center of the data matrix. For a matrix with 128 phase encoding steps, the 

zero-step (no phase-encoding) is in the middle of /c-space and it is incremented 

outwards, alternately posit ive and negative from - 6 3 and kY = +64. This is the 

same in the f requency encoding direction, kx. For 256 f requency encoding steps, 

the center of k-space is 0 and the outside goes from - 1 2 7 to +128. This is 
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because the max imum signal occurs when there is no phase encod ing or 

f requency encoding gradients appl ied. 

B y denoting the sp ins at a particular location, r, a s the spin density, p(r), 

then the 2 D Fourier relationship between the s ignal , S(k), and spin density is 

given by 

p(r) = JJ|S(k)exp{-/kr}dk (2.24) 

For the 2 D F T used in image construction of 2D M R images, equat ion 2.24 

reduces to a double integral that is integrated over kx and /cy. Equat ion 2.24 is 

known as the fundamental imaging equat ion. The relationship between the field 

gradients, Gx and Gy, and the axes of k-space, kx and kY is g iven by 

kx=yGxt (2.25) 

kY = yGY&t (2.26) 

Equat ion 2.26 shows that when Gy is appl ied for a short t ime At, there is a shift in 

the posit ion a long /cy. In a C S E this is fol lowed by appl icat ion of Gx for a time t, 

which samp les the data across kx on the line of /c-space speci f ied by G Y - The 

movement in / f -space is known a s the trajectory of the data acquisi t ion. The 

speed with which each of these movements in /c-space occurs is dependent upon 

the s ize of the individual gradients. Early M R imaging techniques acqui red data 

in /c-space at a single row for each T R , where kY was incremented success ive ly . 

New techniques al low for multiple l ines of /c-space to be acqui red per T R and can 

a lso al low for alternative trajectories to be acqui red, such as spiral imaging. 

Examin ing the timing diagram of a C S E sequence , as in figure 2.5, s l ice 

select ion is initially performed to excite a speci f ic portion of the body. B e c a u s e 

no gradients have been appl ied yet, the matrix is posi t ioned at the center of k-

space (kx= ky= 0). The phase encoding gradient is then appl ied to select a line, 

/cy in k-space that is to be fil led. The readout or f requency encod ing gradient is 

appl ied for a time t, which samples the echo received, filling the speci f ied line kY. 

Normally, the readout gradient is preceded by a negat ive pu lse with respect to 

the main readout pulse and appl ied for half the time of the posit ive readout 

gradient. Th is c a u s e s the position in /c-space to shift to the far left. W h e n 
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acquisit ion begins with the positive readout pulse, the max imum signal received 

will occur halfway ac ross at / f -space at kx = 0. In the next T R , s l ice select ion 

occurs again, and this time a new phase encoding level is appl ied, so that a new 

line in /c-space is acqui red. 

O n c e the data has been acquired into the data matrix, appl icat ion of the 

2 D F T turns the information into a useable M R image. The resolution of this 

image is dependent upon the number of phase-encod ing and frequency-

encoding steps performed during the pulse sequence . B e c a u s e of the 

importance of minimizing patient time within the M R scanner , a compromise must 

be made between acquir ing data of sufficient resolution in a minimal amount of 

time. A second tradeoff must be made because increased resolution c o m e s at 

the expense of a decrease in the signal-to-noise ratio ( S N R ) . Th is is due to 

higher resolution images corresponding to smal ler voxels in the acquisit ion 

matrix. Increasing the number of voxels ( increase in resolution) often leads to 

performing more phase encoding steps, thereby increasing acquisi t ion time. 

Furthermore, if the signal is acquired from a smal ler region, the number of 

protons avai lable to contribute to the signal within that region is dec reased . 

Methods exist to increase S N R such as signal averaging. In s ignal averaging, 

the s a m e line of k-space is acquired n t imes. No ise f luctuates in ampli tude 

randomly but the signal does not. A s a result, by adding together multiple s ignals 

from the s a m e location and averaging the s ignal , the noise will be d imin ished. 

O n c e a suitable compromise in terms of S N R , resolution and acquisi t ion 

time has been ach ieved , the M R pulse sequence is appl ied to the patient. The 

data can then be ana lyzed to extract useful information about the relaxation 

propert ies of the t issue of interest and any biological or chemica l di f ferences that 

may exist. 
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Chapter 3: Materials and Methods 

3.1 Introduction 

To study the effect of a variable echo spac ing , two sets of exper iments were 

conducted. In the first set a group of healthy volunteers were imaged using a 

ser ies of different pulse sequences that util ized different combinat ions of echo 

spac ings . The second set of exper iments emp loyed a set of water -based 

agarose phantoms des igned to mimic the T 2 relaxation character ist ics expected 

from cerebral t issue containing M S lesions. Th is chapter will provide an overview 

of the samp les studied and the MRI pulse sequences and parameters used . It 

will a lso detail the relaxation analys is method, non-negat ive least squares , which 

w a s used to generate the T 2 distributions presented in chapters 4 and 5. 

3.2 Human Brain 

3.2.1 Patient Information 

T e n normal volunteers were imaged, three men and seven women , mean 

a g e 27.4 years , ranging from 2 3 to 52 years . The volunteers were healthy and 

had no previous history of neurological dysfunct ion. Al l volunteers provided 

informed consent prior to participation in the study. 

3.2.2 Regions of Interest 

Al l volunteers were scanned in a t ransverse (or axial) p lane through the 

genu and splenium of the corpus ca l losum. In this p lane, a total of eight 

structures, four white matter and four gray matter, were se lec ted for ana lys is . 

The four white matter structures chosen were the minor forceps, the posterior 

internal capsu les , and the genu and the splenium of the corpus ca l losum. The 

structures se lec ted for analys is in the gray matter were the head of the caudate 

nucleus, the cingulate gyrus, the putamen and the tha lamus. T h e s e structures 

were chosen b a s e d upon previous results that indicated variat ions between them 

in geometr ic mean T 2 , individual peak and distribution widths, and myelin water 

fraction [16]. A n axial image illustrating the 8 regions of interest (ROI) is shown 
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Figure 3.1: The 8 structures that were examined in the brains of human 
volunteers. Note that this image shows only those occurring on the right side of 
the brain, however the complete analysis was conducted on both sides of the 
brain for each structure. The structures are A) Minor forceps; B)Cingulate gyrus; 
C) Genu of corpus callosum; D) Head of caudate nucleus; E) Putamen; F) 
Posterior internal capsules; G) Thalamus; H) Splenium of corpus callosum. 

in figure 3.1 for the right s ide of the brain from a normal volunteer. Due to 

symmetry in the brain, ROIs around each structure were drawn and ana lyzed 

from both the left and right s ides of the brain. Therefore, a total of 16 ROIs were 

drawn on each transverse sl ice from each volunteer. 

3.2.3 MRI Pulse Sequence and Imaging Parameters 

The pulse sequence used for this study was unique because it permitted 

two different echo spac ings to be used within the s a m e T R . Th is is a significant 

difference from other sequences with a constant T E because it a l lows both short 

and long echo spac ings to be combined. Th is combinat ion of different echo 
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spac ings leads to better sampl ing of the decay curves resulting from short 

relaxing and long relaxing water environments within the brain. Sect ion ing the 

pulse sequence al lows the last echo to be acqui red at long t imes without 

sacrif icing relaxation information immediately following the 90° excitation pulse. 

Al l volunteers were scanned using a standard quadrature b i rdcage head 

coi l on a 1.5 T Genera l Electr ic Hor izon S i g n a scanner with E c h o S p e e d 

gradients. A 48-echo C P M G spin-echo pulse sequence with two echo spac ings 

per T R was used . Al l other imaging parameters except the echo spac ing of the 

final 16 echoes of the 48-echo sequence were unchanged throughout this study. 

T h e s e parameters are shown in table 3.1. A pulse sequence timing d iagram of a 

32-echo pulse sequence similar to that used in this study is shown in figure 3.2. 

Parameter Setting Parameter Setting 
Repetition Time (TR) 3 800 ms T E (echoes 1 - 32) 10 ms 
Field-of-view (FOV) 24 x 24 cm Slice Thickness 5 mm 
Acquisition Matrix 2 5 6 x 1 2 8 Number of Excitations (NEX) 2 
Acquisition Time 16:21 Bandwidth (BW) 31.2 kHz 

Table 3.1: Imaging parameters used for scanning of human volunteers. 

Gx J J L J L J U U L I L J L J L J I - I U U I J U L L J U L I J L J U L L J L J I J L J U I J L I L 

Gy 

Gz 

R F 

Poon-Henkelman Crusher 
,, .„ „ Sequence 

LliillliliillilliJLlli 
Composite 180° 

| \ pulses 

Figure 3.2: A 32-echo CPMG pulse sequence similar to the 48-echo sequence 
used in this thesis. The Poon-Henkelman crusher sequence is composed of 2 
crushers surrounding each 180° refocussing pulse. The amplitude of the 
crushers are altered to eliminate propagation of unwanted signal from stimulated 
echoes. The 180° pulses were composite (90X-180Y-90X) in order to provide a 
more uniform 180° rotation across the slices. 
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Figure 3.2 illustrates an abbreviated vers ion of the pulse sequence used . 

The sequence of figure 3.2 contains only 32 refocussing pu lses instead of the 48 

employed in this study, however the underlying character ist ics were the same . 

The R F pu lses used for refocussing were composi te pu lses that used a 

sequence of 9 0 ° x - 1 8 0 ; , - 9 0 ° x rather than 180;. The 180° pu lses were appl ied 

between two 90° pulses to eliminate imperfections caused by a non-uniform R F 

field ac ross the se lected sl ice. Before and after the 180° pulse w a s appl ied, the 

sl ice select gradient was turned on and used the Poon -Henke lman crusher 

sequence . The crushers eliminate any signal originating from outside the sl ice of 

interest as well as prevent unwanted signal due to st imulated echoes . 

Th is study examined 5 variants of a 48-echo pulse sequence . T h e s e 

sequences differed from one another by employing different echo spac ings later 

in the pu lse sequence . T o preserve information about the shor t -T 2 and 

intermediate-T 2 components , due to myelin water and intracellular/extracellular 

water respectively, the first 32 180° refocussing pu lses had a n e c h o spac ing of 

10 ms in each of the 5 combinat ions. This echo spac ing will be referred to as the 

primary echo spacing. The primary echo spac ing was held at 10 ms because 

previous studies showed the myelin and intra/extracellular water compartments 

to have T 2 relaxation t imes of 0 - 50 ms and 70 - 90 ms respect ively. Therefore 

to properly sample the early sect ions of the decay curves, the minimum echo 

spac ing was preferred. A smal l echo spac ing permits c losely s p a c e d data to be 

acquired in this early time regime. The final 16 180° refocussing pu lses, the 

secondary echo spacing, var ied in each of the 5 s e q u e n c e s tested. The 5 

secondary echo spac ings used were 10, 20, 30, 40 , and 50 ms and resulted in 

the last echo being of each sequence acquired at 480, 640, 800, 960 or 1120 ms 

respectively. T h e first sequence used a secondary echo spac ing of 10 ms, which 

made it equivalent to a 48-echo sequence with a single T E . The volunteers were 

scanned 5 t imes e a c h through the s a m e t ransverse p lane and a different 

secondary echo spac ing was selected for each s c a n . 

Fol lowing data acquisi t ion on the M R scanner , the 48 -echo data sets were 

converted into a format suitable for v iewing. For each volunteer, regions of 
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interest (ROI) were drawn on the axial sl ice acquired for each of the 5 different 

echo spac ings tested. ROIs around e a c h of the eight brain structures of figure 

3.1 were drawn, on both the left and right s ide of the brain, for a total of 16 ROIs 

per secondary echo spac ing per volunteer. A total of 800 R O I s were examined 

for the set of 10 volunteers. 

The R O I s from each volunteer each volunteer were p rocessed in order to 

generate the T 2 decay curves for each structure, on both s ides of the brain. 

T h e s e decay curves were input into a least-squares fitting algori thm, (section 3.3) 

and solutions were found to descr ibe their relaxation propert ies. 

3.3 Phantoms 

The goal of this thesis was to optimize a 48-echo pulse sequence to allow 

better in-vivo determination of the various T 2 components from patients afflicted 

with M S . In the absence of patients with M S avai lable for study, it w a s necessary 

to simulate the effect of the different pulse sequences on phantoms whose T 2 

relaxation character ist ics were similar to those of the cerebral t issue of M S 

patients. To this end a set of nickel chloride (NiCI 2) doped agarose phantoms 

that had T i and T 2 relaxation t imes similar to cerebral t issue were imaged. 

3.3.1 Phantom Composition 

A total of 8 water phantoms were studied, e a c h of which had been 

previously created according to the recipe of Mitchell et al [44]. N iC I 2 was used 

a s the doping agent because its T 2 relaxation has been shown to have a relative 

independence to both temperature and field strength [45, 46]. The phantoms 

were conta ined within vacuum-sea led g lass tubes, which min imized water 

evaporat ion during storage. The g lass tubes had a diameter of 1 c m and a 

length of 16 c m . F rom shortest to longest, the T 2 relaxation t imes of the 8 

phantoms scanned were: 24, 29, 80, 9 7 , 1 1 0 , 178, 286, and 444 ms. 
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3.3.2 MRI Pulse Sequence and Imaging Parameters 

The N i C b phantoms were imaged using the s a m e pulse sequence as that 

used for the normal volunteers, descr ibed above in sect ion 3.1.2. A 48-echo 

C P M G pulse sequence with two different echo spac ings , a primary echo spac ing 

of 10 ms and a secondary echo spac ing that ranged from 10 ms to 50 ms, in 10 

ms intervals, was employed. The other imaging parameters were the s a m e as 

those in table 3.1 except the F O V was reduced to 24 x 12 c m . The ha l f -FOV 

reduced the acquisit ion time by a factor of 2 to 8:06 but did not affect the s ize of 

the acquisit ion matrix. To accurately determine the T 2 character ist ics of the 

phantoms, an addit ional 2 pulse sequences were included in the protocol. Both 

were 48-echo C P M G sequences but these sequences used constant echo 

spac ings throughout each T R . These echo spac ings were c h o s e n to be 20 ms 

and 30 ms with the final echoes from each sequence acqui red at 960 ms and 

1440 ms respectively. 

E a c h phantom w a s scanned individually while p laced at the center of a 

head phantom loader shel l (#46-28790063, Genera l Electric) that contained 

distil led water. The loader shel l had a n inner diameter of 20.6 c m , an outer 

diameter of 23.3 cm , and a length of 18 cm . The phantoms were t ipped at a 

smal l ang le of approximately 5° to prevent bubbles from accumulat ing a long the 

upper edge of the tube during imaging. O n e t ransverse s l ice w a s acquired 

through the center of e a c h phantom. 

3.3.3 Phantom Simulation of Multiple Sclerosis Lesions 

To mimic the relaxation characterist ics of M S les ions, the 8 individual 

phantoms were combined in different proportions. The phantoms were known to 

e a c h have a monoexponent ia l decay curve, a fact that w a s conf i rmed following 

imaging of the individual tubes. To create a mixture that conta ined T 2 relaxation 

character ist ics similar to that of M S lesions, these individual decay curves were 

combined in specif ic proportions. M S lesions are assoc ia ted with regions of 

demyel inated axons . W e assume that in regions where lesions are present there 

water will exist in a state that permits greater mobility than intra/extracellular 
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water. B e c a u s e the water assoc ia ted with lesions does not have as great a 

mobility as free water or water within C S F , the T 2 time of lesion water 

compartment is expected to occur between the 70 - 90 ms and 1 s T 2 relaxation 

t imes of compartmental ized intra/extracellular water and C S F respectively. W e 

hypothesize that the water compartment assoc ia ted with M S les ions p o s s e s s a 

T 2 relaxation time in the range of 200 - 500 ms. 

Fol lowing imaging, the 8 phantoms, specif ical ly their decay curves, were 

divided into 3 groups representing the three principle water compartments 

(excluding C S F ) present in the brain of M S patients. The first group, the myelin 

water compartment, used the phantoms with T 2 relaxation t imes of 24 and 29 ms. 

The second group, representing intra/extracellular water, conta ined the 

phantoms w h o s e T 2 t ime constants were 80 ms, 97 ms and 110 ms. The third 

group contained the 178 ms, 286 ms, and 444 ms phantoms, and represents the 

peak unique to M S lesions. 

Before combining the monoexponent ia l decay curves, they were 

normal ized to the t = 0 amplitude. Normalizat ion was performed because each 

tube had been imaged separately and thus the peak ampl i tudes var ied. A 

normal ized decay curve from each of the three groups was combined with a 

decay curve from e a c h of the other two groups. S u c h combinat ions produced 

normal ized triexponential decay curves. The fractional contribution of each 

monoexponent ia l decay curve to the triexponential curve was based upon 

previously measured va lues of each within the brain [16]. Three different 

fractional contributions for each component were used in this study. The 

percentage contributions used were 10:80:10, 15:70:15 and 15:75:10. In these 

ratios, the first percentage is that contributed by myelin water, the second by 

intra/extracellular water and the third by the water assoc ia ted with a les ion. Al l 

possib le combinat ions of the members of the three groups of phantoms were 

completed for a total of 18 triexponential data sets. 
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3.4 Non-Negative Least Squares Relaxation Analysis 

The analys is of N M R relaxation of inhomogeneous sys tems often requires 

that the decay curves be approximated as the sum of multiple exponent ial 

components . If a sys tem has only a single component and it decays with a 

monoexponent ia l character, or if the sys tem has two components with very 

different t ime constants, then a very accurate est imate of T 2 is poss ib le . In 

sys tems, such as the human brain, which demonstrate mult iexponential 

relaxation it is necessary to employ a non-trivial est imation method for the 

determination of T 2 . For the 48-echo decay curves acqui red from the both 

volunteers and N iC I 2 agarose phantoms, a least squares fitting algorithm was 

appl ied to determine the T 2 relaxation components . Speci f ical ly , the two data 

sets were ana lyzed using a non-negative least squares ( N N L S ) fitting routine 

[24]. The N N L S algorithm al lowed the determination of the T 2 distribution of both 

the individual cerebral structures and the water based phantoms. B a s e d upon 

these results, calculat ions were made of the geometr ic mean T 2 , which is the 

mean of the distribution on a logarithmic sca le , the width of individual peaks in 

the distribution, and the myelin water fractions in different structures. A s this 

algorithm w a s the foundation of the results to be presented in the next two 

chapters, a brief overview of relaxation analys is and the N N L S algorithm will now 

be introduced. 

The N N L S algorithm decomposes decay curves into an arbitrary number of 

exponential terms, however it is not a requirement of the sys tem to have 

mult iexponential character. Appl icat ion of N N L S to a monoexponent ia l sys tem 

will p roduce a solution with a single T 2 relaxation t ime. In general 

mult iexponential sys tems can be descr ibed by the fol lowing integral equat ion 

T 
' max 

y(ti) = yi = \s{T)cxV{-tiIT}dT i = 1 , 2 , . . . , N (3.1) 
T 
' min 

In equation 3.1 the N data y, are measured at t imes f ,and s(T) is the unknown 

ampli tude of the component whose relaxation time is 7 [24]. Equat ion 3.1 

represents a cont inuous distribution of relaxation t imes. If it is a s s u m e d that the 
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true T 2 distribution is a sum of M delta functions and each has an area of s ythen 

equation 3.1 can be rewritten as a discrete sum of exponential terms or 

M 
y,=5>yexpK/Ty} 1 = 1,2,..., N (3.2) 

H 

Equation 3.2 assumes that the spectrum is a sum of M delta functions, the 

number of which is set to be great enough such that the solution is not biased 

towards a small number of exponentials. M is normally on the order of 100 or 

200 terms. In the analysis of the decay curves from the 48-echo pulse sequence 

presented in the following chapters, the data was decomposed into a set of 120 

exponential terms spaced logarithmically from 15 ms to 2 s. 

In magnetic resonance imaging, the measured data are contaminated by 

noise and therefore equation 3.2 should not be solved exactly. Instead the data 

must be misfit by an amount that is consistent with the uncertainty present in the 

measured data. The degree of misfit in between the measured data, y,, and the 
predicted data, yf is given by %2 , defined by 

* 2 = £ ( y ? - y , ) 2 / c T , 2 (3.3) 

In equation 3.3, cr, is the standard deviation of the ith datum. In the 48-echo 

pulse sequence used in this thesis, the decay curve is sampled at 48 points in 

time, thus N = 48. The preferred solution should fit these data such that x2 = N 

so that each datum is fit to within one standard deviation. If x 2 « N then the 

data are fit too accurately and extra components in the distribution may be 

present as a result of noise in the measured data. Conversely, if x2 » N the 

data are not fit well enough and information about the system may be lost. 

Two methods of least-squares analysis were used to determine the T 2 

distributions of the measured data, regularized and non-regularized NNLS. With 

non-regularized NNLS the least-squares fitting was performed simply through 

minimization of x2 For a multiexponential system, non-regularized NNLS yields 

a solution composed of delta functions at a few isolated relaxation times. 

Unfortunately, this solution is sensitive to noisy data and can cause delta 
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functions that are not true time constants of the sys tem to appear in the T 2 

distribution. The regular ized N N L S routine minimizes x2 but it a lso minimizes the 

roughness of the solution. Regular ized N N L S contains an addit ional term, known 

as a regularizer, which ba lances minimization of the misfit with smoothness in the 

resulting T 2 distribution. Minimization of both %2 and solution roughness leads to 

a smooth distribution with a smal l number of exponent ial terms. Figure 3.3A 

shows a typical non-regular ized T 2 distribution while in figure 3.3B both the %2 

misfit and the solution roughness have been minimized to produce a much 

smoother spectrum. The true T 2 distribution in brain is likely c o m p o s e d of a 

cont inuous distribution of relaxation t imes and as such the distribution shown in 

figure 3.3b may be better for analyz ing relaxation in cerebral t issue. Regu lar ized 
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Figure 3.3: T2 distributions Generated using A) non-regularized 
NNLS where the misfit, / , is minimized and B) regularized 
NNLS where both / and the solution roughness are minimized. 
The sum ofthe amplitudes of each distribution are equivalent. 
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N N L S is more robust in the presence of noise and is thus not as suscept ib le to 

generat ing spur ious sp ikes that are not representative of the relaxation properties 

of the sys tem. 

Both the non-regular ized and the regular ized N N L S algorithms were 

performed using 120 relaxation t imes separated logarithmically over the range of 

15 ms to 2 s. The algorithm terminated when %2 fell between 1.02 and 1.025 

t imes the minimum %2 from non-regular ized method. Therefore the %2 was 

a l lowed to increase to between 2 % and 2.5 % of its minimum value. 

The N N L S solutions were subsequent ly used by a previously written 

statistics package to calculate the geometr ic mean T 2 ( G M T 2 ) , the myel in water 

fraction (MWF) , and the width of the individual peaks of the distributions. For the 

in-vivo study, G M T 2 was calculated for the myel in water and the 

intra/extracellular water compartments. The range of T 2 c h o s e n for calculat ion of 

myel in 's G M T 2 was 0 - 5 0 ms. The intra/extracellular water G M T 2 calculat ion 

used a range of 50 - 400 ms. T h e s e two ranges cor respond to the principle non-

C S F compar tments determined from the literature [16]. The range se lec ted for 

the determination of G M T 2 for the phantom study w a s based upon the location 

of the peaks in the distribution. The myel in water fract ions, M W F , were 

calculated by dividing the signal intensity from 0 - 50 ms in the T 2 distribution by 

the s ignal intensity between 0 - 700 ms (excluding C S F ) in-vivo, and by the 

signal from the entire distribution in the phantom study. The ranges differed 

because the ROIs drawn on the in-vivo images may have conta ined smal l 

amounts of C S F and this component had to be el iminated when calculat ing the 

M W F . However , this was not a problem when phantoms were imaged because 

the components of the decay curves were known prior to the ana lys is . To 

descr ibe the dependency that the width of individual peaks had on the secondary 

echo spac ing , the width for specif ic regions was a lso ca lcu la ted. 
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Chapter 4: In-vivo Results 

4.11ntroduction 

A 48 -echo C P M G pulse sequence was used for imaging a ser ies of 10 

healthy volunteers. The pulse sequence al lowed two echo spac ings to be used . 

T h e primary echo spac ing ( P E S ) contained the first 32 e c h o e s and secondary 

echo spac ing ( S E S ) contained the final 16 echoes . The P E S was 10 ms for all 

exper iments, while the S E S was cyc led through 5 different va lues , which were 

10, 20 , 30, 40 and 50 ms. The 48-echo sequence where the P E S and S E S 

were 10 ms was equivalent to a constant echo spac ing sequence . 

T h e normal volunteers were se lec ted to test whether pu lse s e q u e n c e s 

with extended S E S s (greater than 10 ms) were more effective in extracting 

valuable T 2 relaxation information about the var ious water compartments within 

the brain. B a s e d on T 2 distributions generated by N N L S , other parameters such 

as the geometr ic mean T 2 for a given region of the distribution, the myelin water 

fraction, and the width of individual peaks were calculated. 

The goal of the in-vivo imaging exper iments was two-fold. First, we a imed 

to determine how the multiple echo spac ing sequences performed compared to 

the constant T E sequence . S e c o n d , it was a lso desi rable to find which of the 5 

pulse sequences was optimal in extracting the T 2 information from the decay 

curves. Th is chapter will show the results of this study. S a m p l e T 2 distributions 

are first presented from each of the 8 regions of interest in the brain. For each of 

the sequences , calculat ions of the geometr ic mean T 2 ) the width of the main 

water peak and the myelin water fractions in the white matter structures are 

presented. Final ly, the main findings of the in-vivo study are d i s c u s s e d . 

4.2 Results 

4.2.1 T2 Distributions 

The regions of interest in the images from the 10 volunteers imaged were 

outl ined and p rocessed to yield decay curves of the measured signal at each 

echo. Figure 4.1 shows two such decay curves from one gray matter structure, 
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the head of the caudate nucleus, and one white matter structure, the posterior 

internal capsu les . The curves of 4 .1a and 4.1b are from a sequence with a S E S 

of 50 ms. The sol id l ines on each curve are the regular ized N N L S solut ions to 

their respect ive data sets. 

The decay curves from each ROI were input into the N N L S algorithm to 

generate T 2 distributions. Figures 4 .1a and 4.1b show the regular ized N N L S 

solution super imposed upon the measured data. For each of the 5 pulse 

sequences , 16 ROIs (8 structures per side of the brain) were drawn for each 

volunteer. B e c a u s e the human brain likely contains a cont inuum of T 2 t imes the 

regular ized N N L S solut ions were chosen for analys is of the in-vivo data and are 

presented in this chapter. T h e s e are used because the regular ized solut ions are 

calculated through minimization of the misfit, %2, and solution roughness whereas 

the non-regular ized solution minimized only the x2 statistic. 

B Measured Data 

-NNLS solution 

06 
Time (s) 

Figure 4.1: Decay curves showing measured data (•) and the standard error from A) 
head of the caudate nucleus and B) the posterior internal capsules. The solid line is the 
regularized NNLS solution to the data. 

The T 2 distributions that were calculated using regular ized N N L S for the 4 

gray matter structures examined are shown in f igures 4.2, 4 .3 , 4.4 and 4 .5 . E a c h 

figure contains 4 out of the 20 T 2 distributions that were produced from each 

structure from the 10 volunteers. The 4 gray matter structures were the head of 

the caudate nucleus, the cingulate gyrus, the putamen and the thalamus. 
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For the 5 S E S s tested, the T 2 distributions consistent ly y ie lded a single, 

strong main peak whose T 2 location varied from a low T 2 of 74 ms (putamen) to a 

high of 94 ms (cingulate gyrus). This variation in the geometr ic mean T 2 is 

consistent with previous studies [16]. The results within the gray matter do not 

indicate which pulse sequence of the 5 tested is optimal as each yie lded its main 

water peak at T 2 t imes that were within experimental error of each other. 

The T 2 distributions for the four structures of the gray matter indicated that 

a single, relaxing component was dominant. The single component implied that 

the lifetime of water in the different gray matter regions was similar and that only 

a minimal barrier to the motion of water molecules was present. The single peak 

on the distribution in the different structures a lso demonstrated that the water 

environments were homogeneous within different structures. A l so , the width of 

the main peak in gray matter regions are relative and not absolute and are 

consequence of regularized N N L S minimizing solution roughness. 
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Figure 4.2: Cingulate gyrus (CG) regularized NNLS T2 distribution from 4 
volunteers. The mean per pixel SNR from the CG was 87.2 ± 26.8. The TE 
times listed in the legend are the secondary echo spacings for each pulse 
sequence evaluated. For all sequences the primary echo spacing was 10 ms. 
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Figure 4.3: Head of the caudate nucleus (CH) regularized NNLS T2 distributions 
from 4 volunteers. The mean per pixel SNR from the CH was 40.5 ± 19.3. 
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Figure 4.4: Putamen (P) regularized NNLS T2 distributions from 4 volunteers for 
the 5 pulse sequences that were evaluated. The mean per pixel SNR was 38.3 ± 
18.8 in the putamen. 
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Figure 4.5: Thalamus (T) regularized NNLS T2 distributions from 4 volunteers for 
the 5 pulse sequences that were evaluated. The mean per pixel SNR in the 
thalamus was 40.3 +17.4. 

Four white matter regions were a lso chosen to test the 5 pulse sequences 

and T 2 distributions were subsequent ly generated. T h e s e 4 structures were the 

genu of the corpus ca l losum, the minor forceps, the posterior internal capsu les 

and the splenium of the corpus ca l losum. A sample of 4 distributions from the 20 

produced are shown below in figures 4.6 - 4.9. 

The T 2 distributions in the white matter demonstrate that the modif ied 48-

echo pulse sequence with an extended SES (40 and 50 ms) leads to an increase 

in resolution of both the myelin water peak and the main intra/extracellular water 

peak. In many of the T 2 distributions from white matter, for the sequences that 

used a short SES of 10 and 20 ms, dist inguishing the short T 2 component was 

difficult. 
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Figure 4.6: Genu of corpus callosum (GCC) regularized NNLS T2 distributions 
from 4 volunteers for the 5 pulse sequences evaluated. The mean per pixel SNR 
in the GCC was 88.7 + 28.9. 
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Figure 4.7: Minor forceps (MF) regularized NNLS T2 distributions from 4 
volunteers. The mean per pixel SNR in the MF was 75.0 ± 19.2. 
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Figure 4.8: Posterior internal capsules (PIC) regularized NNLS T2 distributions 
from 4 volunteers. The mean per pixel SNR in the PIC was 64.1 ±17.6. 

SNR: 38 - T E - 10 ms 
- T E = 20 ms 
-7E= 30 :r6 

-J£ = 40 ms 
— TE = 50 ms 

0.1 1 
Tj (ms) 

B 

1 
10 001 

SNR: 59 

0 1 1 
Tj (ms) 

-TE=10ms 
-TE=20ms 
- T E = 30 ms 

TE=40ms 
- T E - 5 E ms 

JOO 6 
SNR: 45 — TE = 10 ms 

- T E = 20 ms 
• TE = 30 ms 

- TE = 40 ms 
- TE = 50 ms 

D 

mux 

SNR: 57 

10 0 01 

- TE = 10 ms 
— TE = 20 ms 
—TE* 30 ms 
— T E 3 40 ms 
—TE = SO ms 

Ta (ms) T2 (ms) 

Figure 4.9: Splenium of corpus callosum (SCC) regularized NNLS T2 distributions 
from 4 volunteers. The mean per pixel SNR in the SCC was 51.5 ±20.5. 
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4.2.2 Signal-to-Noise Considerations 

The signal- to-noise ratio (SNR) for each distribution and the mean S N R 

for each structure over 20 volunteers is given in f igures 4.2 - 4.9. The S N R was 

fluctuated between different structures, particularly between the white and gray 

matter regions. Furthermore, while the S N R from structure to structure var ied, 

between different volunteers only minor fluctuations occurred. The highest S N R 

occurred in the cingulate gyrus while the lowest was s e e n in the putamen 

although the caudate nucleus and the thalamus were very similar to the 

putamen. Th is indicated that the S N R of the cingulate gyrus may have been 

increased artificially by surrounding regions, specif ical ly cerebrospina l fluid 

( C S F ) . 

The cingulate gyrus is a convoluted, frontal lobe structure whose edges 

border the midline of the brain and is adjacent to regions that contain C S F . Due 

to the difficulty encountered in drawing ROIs around the cingulate gyrus, it is 

possib le that the ROIs included a number of pixels outside its boundary that 

conta ined the slowly relaxing C S F . If C S F w a s present in the ROI then there 

would have been more signal present during late echoes . The S N R was 

calculated by dividing the t = 0 ampli tude by the s tandard deviat ion of the 

residuals of the fit. If greater signal was present at the latter e c h o e s then the 

N N L S solution would have fit the data better b e c a u s e it would be less 

contaminated by noise. In this situation the residuals would be smal ler as would 

their s tandard deviat ion. 

In white matter structures it was found that the S N R w a s consistent ly 

higher than the S N R within the gray matter regions (except in the cingulate 

gyrus). T h e white matter region with the greatest S N R w a s the genu of the 

corpus ca l losum and the a rea with the lowest S N R was found to be the splenium 

of the corpus ca l losum. 

The S N R also decreased as a function of the S E S . A n example of this is 

shown in figure 4.10 in both white and gray matter. T o determine the per pixel 

S N R shown in figure 4.10 the S N R of the entire ROI w a s first ca lcu la ted. Over 

the entire ROI the S N R is found by dividing the t = 0 ampl i tude of the decay 
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curve by the residuals from the N N L S fit. The per pixel S N R is then found by 

dividing the S N R of the ROI by the square root of the number of pixels within the 

ROI . The dec rease in S N R shown in both gray and white w a s expected because 

of the N N L S algorithm. A s S E S was increased, the decay curve w a s sampled 

10 20 30 40 

T E (echoes 33 - 48) (ms) 

50 60 10 20 30 40 

TE (echoes 33 - 48) (ms) 

Figure 4.10: The mean SNR per pixel decreased as the secondary echo spacing 
increased for gray and white matter structures. The per pixel SNR for the A) head 
of the caudate nucleus and B) the posterior internal capsules is shown. 

at progressively longer t imes and at these t imes the signal b e c a m e c loser to the 

noise, which is equivalent to a basel ine offset. The N N L S algorithm calculated 

the T2 distributions by fitting the entire decay curve, and as a result the fit is 

poorer in the later time because the measured data are more affected by noise 

than those points at early t imes. 

4.2.3 Geometric Mean T2 

Fol lowing application of N N L S to yield T 2 distributions for e a c h structure, 

severa l parameters were calculated to quantify peak locat ions and their 

propert ies in each T 2 spectrum. The first parameter used to descr ibe the location 

of the individual peaks is the geometr ic mean T 2 ( G M T 2 ) , which is the mean of 

the distribution, or portion of the distribution, measured using a logarithmic sca le . 

In tables 4.1 and 4.2 the mean (N = 20) G M T 2 va lues of the main 

intra/extracellular water peak are shown for the 4 gray matter and the 4 white 

matter structures respectively. For each structure the corresponding G M T 2 is 

54 



S t r u c t u r e T E ( m s ) M e a n G M T , ( m s ) G M T , ( m s ) [16] 

Head of caudate 
nucleus 

10 81.6(1.0) 

79.5(1.0) Head of caudate 
nucleus 

20 80.7 (0.6) 
79.5(1.0) Head of caudate 

nucleus 
30 81.3 (0.7) 79.5(1.0) Head of caudate 

nucleus 40 80.4 (0.7) 
79.5(1.0) Head of caudate 

nucleus 
50 79.9 (0.8) 

79.5(1.0) 

Cingulate Gyrus 

10 94.0 (0.8) 

85.5 (1.3) Cingulate Gyrus 
30 94.0 (0.9) 

85.5 (1.3) Cingulate Gyrus 30 94.0 (0.8) 85.5 (1.3) Cingulate Gyrus 
40 93.0 (0.9) 

85.5 (1.3) Cingulate Gyrus 

50 92.7 (1.0) 

85.5 (1.3) 

Putamen 

10 74.2 (0.8) 

73.9 (0.7) Putamen 
30 73.4 (0.5) 

73.9 (0.7) Putamen 30 73.5 (0.6) 73.9 (0.7) Putamen 
40 74.0 (0.5) 

73.9 (0.7) Putamen 

50 73.1 (0.6) 

73.9 (0.7) 

Thalamus 

10 81.5 (0.9) 

76.3 (0.7) Thalamus 
30 80.4 (1.0) 

76.3 (0.7) Thalamus 30 80.2 (0.7) 76.3 (0.7) Thalamus 
40 79.3 (0.7) 

76.3 (0.7) Thalamus 

50 79.4 (0.7) 

76.3 (0.7) 

Table 4.1: Mean GM T2 (standard error) of the main water peak in 4 gray matter 
structures for 5 pulse sequences. The data are compared to previous results [16]. 

S t r u c t u r e T E ( m s ) M e a n G M T , ( m s ) G M T , ( m s ) M6] 

Genu of 
Corpus 

Callosum 

10 72.9 (0.8) 

71.1 (0.9) 
Genu of 
Corpus 

Callosum 

20 72.9 (0.5) 
71.1 (0.9) 

Genu of 
Corpus 

Callosum 
30 73.2 (0.6) 71.1 (0.9) 

Genu of 
Corpus 

Callosum 40 73.7 (0.6) 

71.1 (0.9) 
Genu of 
Corpus 

Callosum 
50 73.0 (0.7) 

71.1 (0.9) 

Minor Forceps 

10 75.8 (0.6) 

70.3 (1.2) Minor Forceps 
30 76.0 (0.6) 

70.3 (1.2) Minor Forceps 30 76.5 (0.6) 70.3 (1.2) Minor Forceps 
40 76.4 (0.8) 

70.3 (1.2) Minor Forceps 

50 76.0 (0.7) 

70.3 (1.2) 

Posterior 
Internal 

Capsules 

10 94.3 (1.3) 

82.5 (1.2) 
Posterior 
Internal 

Capsules 

30 96.4 (1.4) 
82.5 (1.2) 

Posterior 
Internal 

Capsules 
30 95.8 (1.4) 82.5 (1.2) 

Posterior 
Internal 

Capsules 40 97.6 (2.0) 

82.5 (1.2) 
Posterior 
Internal 

Capsules 
50 95.5(1.4) 

82.5 (1.2) 

Splenium of 
Corpus 

Callosum 

10 88.4 (1.4) 

82.0(1.1) 
Splenium of 

Corpus 
Callosum 

30 91.0(1.7) 
82.0(1.1) 

Splenium of 
Corpus 

Callosum 
30 89.2 (1.6) 82.0(1.1) 

Splenium of 
Corpus 

Callosum 40 89.6 (1.4) 
82.0(1.1) 

Splenium of 
Corpus 

Callosum 
50 89.4 (1.6) 

82.0(1.1) 

Table 4.2: Mean GM T2 (standard error) of the main water peak in 4 white matter 
structures for 5 pulse sequences. The data are compared to previous results [16]. 
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presented from a previous study [16]. The range used to find the G M T 2 for the 

mainpeak was 50 - 400 ms for all structures. A s can be seen from the table 4.1 

and 4.2, the calculated G M T 2 was very accurate in the gray matter when 

compared to the previous results, except in the c a s e of the cingulate gyrus. The 

reason for the higher G M T 2 in the cingulate gyrus was the difficulty in drawing 

the ROI around the edges of the structure without including regions containing 

C S F . C S F within the ROI may have caused a longer est imate of the T 2 time for 

the cingulate gyrus. In white matter the calculated va lues did not agree as well 

with the study of Whittall et al. A cause of this is that Whittall et al. used a 32-

echo pulse sequence (TE = 10 ms; T R = 3 s) and a range of 5 0 - 1 5 0 ms to span 

the main peak in their distributions. The range in this study w a s extended to 400 

ms to completely span the main peaks because in s o m e of T 2 distributions the 

width of the main peak was greater than 150 ms. Therefore, any T 2 components 

that were part of the main peak above 150 ms were included in the G M T 2 

calculat ion. A l so , sampl ing of the main peak in the s e q u e n c e s used here was 

more complete than that of Whittall et al. where the final echo was acquired at 

3 2 0 ms. In this study, the shortest t ime that the final echo w a s samp led w a s 480 

ms for a S E S of 10 ms and the longest was 1120 ms when S E S w a s 50 ms. 

Thus , the N N L S algorithm could more accurately find the true T 2 components in 

the distribution, especia l ly those around the main intra/extracellular water peak. 

The G M T 2 for the myelin water peak was difficult to determine but it was 

possib le to measure the myelin peak areas (MWF) to dist inguish dif ferences 

between the structures of the white matter. The difficulty in measur ing these 

short T 2 t imes is a result of the fast relaxation of myelin water comb ined with the 

relatively long echo spac ing (10 ms) early in the pulse sequence . Th is h indrance 

was a lso encountered by Whittall et al. where the M W F was determined but the 

G M T 2 could not be [16]. The white matter T 2 distributions of f igures 4.6 - 4.9 

demonstrate that using a longer S E S is advantageous. A s S E S w a s increased 

through 30, 40 and 50 ms, the N N L S solution an increasingly better def ined 

myelin water peak than with the shorter S E S va lues. Th is result is again due to 

better sampl ing of the decay curve at long t imes. The increased accuracy in the 
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fit of the main water peak permits greater information about the short myelin peak 

to be avai lable for the fitting algorithm. A s a result, using longer echo spac ings 

permits both peaks to be better resolved in the resultant T 2 distribution. 

4.2.4 Myelin Water Fraction 

A second parameter used to descr ibe the short T 2 component in the T 2 

distribution is the myelin water fraction (MWF) . It was determined based upon 

the proportion of the total s ignal that occurred within the region of the distribution 

attributed to myel in water. F rom previous work, this window w a s def ined to be 

between 0 and 50 ms [15, 16]. 

S t r u c t u r e T E ( m s ) M e a n M W F (%) M W F (%) [16] 

Genu of Corpus 
Callosum 

10 7.91 (0.88) 

9.86 (0.96) Genu of Corpus 
Callosum 

20 7.49 (0.75) 
9.86 (0.96) Genu of Corpus 

Callosum 
30 7.66(1.01) 9.86 (0.96) Genu of Corpus 

Callosum 40 8.19(0.76) 
9.86 (0.96) Genu of Corpus 

Callosum 
50 7.63 (1.07) 

9.86 (0.96) 

Minor Forceps 

10 6.11 (0.97) 

8.40 (0.89) Minor Forceps 
30 7.14(0.85) 

8.40 (0.89) Minor Forceps 30 7.50 (1.00) 8.40 (0.89) Minor Forceps 
40 6.99 (1.09) 

8.40 (0.89) Minor Forceps 

50 7.35 (1.01) 

8.40 (0.89) 

Posterior 
Internal 

Capsules 

10 15.65 (0.94) 

15.00 (0.95) 
Posterior 
Internal 

Capsules 

30 17.64 (1.00) 
15.00 (0.95) 

Posterior 
Internal 

Capsules 
30 19.50(1.38) 15.00 (0.95) 

Posterior 
Internal 

Capsules 40 21.88 (1.62) 

15.00 (0.95) 
Posterior 
Internal 

Capsules 
50 19.52 (1.20) 

15.00 (0.95) 

Splenium of 
Corpus 

Callosum 

10 12.22 (1.23) 

13.05 (0.96) 
Splenium of 

Corpus 
Callosum 

30 15.46 (1.20) 
13.05 (0.96) 

Splenium of 
Corpus 

Callosum 
30 13.49 (1.27) 13.05 (0.96) 

Splenium of 
Corpus 

Callosum 40 13.57 (0.52) 
13.05 (0.96) 

Splenium of 
Corpus 

Callosum 
50 13.80 (0.92) 

13.05 (0.96) 

Table 4.3: The mean myelin water fraction (MWF) (standard error) in 4 white 
matter structures for the 5 pulse sequences. The data are compared to previous 
results [16]. 

T h e M W F was calculated by dividing the ratio of the s ignal intensity 

between 0 and 50 ms by the s ignal intensity measured between 0 and 700 ms on 

the T 2 distribution. The upper bound was se lected b e c a u s e it w a s sufficiently 

high to include T 2 components that may have resulted from the intermediate T 2 

component yet significantly lower than the T 2 of C S F . T h e M W F calcu lated for 
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the white matter structures are shown in table 4.3 below. T h e s e results were 

again consistent with the work of Whittall et al. Th is led to the conc lus ion that 

splitting the pulse sequence into two sect ions did not adverse ly affect 

measurements of the myel in water component . Converse ly , extending the pu lse 

sequence may be beneficial because it permits eas ier differentiation of the 

multiexponential nature of the decay ing s ignal . 

4.2.5 Peak Width 

To quantify the resolution of the main water peak in the T 2 distributions of 

figures 4.6 - 4.9, the peak widths were calculated. The peak width, ana logous to 

the var iance on a logarithmic sca le , w a s calculated accord ing to Whittall et al 

[16]. The widths was a lso calculated for the main water peak in the gray matter 

structures but were found to show minimal variation between the different pulse 

sequences , obvious figures 4.2 - 4.5. In white matter, where resolving the short 

T 2 myel in component w a s important in generating the N N L S solut ion, the width of 

the main peak in the distributions dec reased as a function of the S E S . The 

curves corresponding to where the S E S was longest a lso showed a distinct 

myel in peak that couldn't be detected at shorter e c h o spac ings . T h e change in 

width of the main water peak as a function of S E S is illustrated in figure 4.11 for 

the posterior internal capsu les and the minor forceps. Tab le 4.4 shows the mean 

width of the main peak in each white matter structure. A s the peak width 

TE (echoes 33 - 4B) (ms) TE (echoes 33 - AB) (ms) 

Figure 4.11: Mean width (+) (standard errors) of the main water peak as a 
function of the secondary echo spacing in the A) minor Forceps and B) posterior 
internal capsules. Width decreased as the secondary echo spacing increased 
due to better sampling of the multiexponential decay curve at longer times. 
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decreased , the resolution increased, which a l lowed the T 2 character ist ics of both 

the myel in and intra/extracellular water peaks to be better understood. 

The dec reased width ( increased resolution) seen in the white matter main 

water peaks with longer secondary echo spac ings w a s due to better sampl ing of 

the mult iexponential decay curve. For an S E S of 50 ms, the final echo was 

acquired at 1120 ms rather than at 480 ms when S E S w a s only 10 ms. The 

longer acquisit ion time permitted the relaxation of the intra/extracellular 

component to be sampled more than twice as long. A s a result, the N N L S fitting 

of the decay curve al lowed more complete sampl ing and therefore the short T 2 

component and the intermediate T 2 component were better resolved. A similar 

effect occurred for other increased S E S times (ie. 20, 30, or 40 ms). The 

increased resolution of the main peak and the ability to better d iscern the location 

of the myelin peak without compromis ing important information is a c lear benefit 

of employing longer echo spac ings at the end of a pulse sequence . T h e s e 

longer secondary echo spac ings lead to superior sampl ing of the decay curve, a 

necessi ty in accurately fitting the measured data. 

S t r u c t u r e T E ( m s ) M e a n D i s t r i b u t i o n W i d t h D i s t r i b u t i o n W i d t h [16] 

Genu of Corpus 
Callosum 

10 0.0102 (0.0027) 

0.014 (0.0045) Genu of Corpus 
Callosum 

20 0.0123 (0.0031) 
0.014 (0.0045) Genu of Corpus 

Callosum 
30 0.0053 (0.0013) 0.014 (0.0045) Genu of Corpus 

Callosum 40 0.0048 (0.0013) 

0.014 (0.0045) Genu of Corpus 
Callosum 

50 0.0066 (0.0016) 

0.014 (0.0045) 

Minor Forceps 

10 0.0210(0.0034) 

0.0091 (0.0035) Minor Forceps 
30 0.0078 (0.0023) 

0.0091 (0.0035) Minor Forceps 30 0.0067 (0.0023) 0.0091 (0.0035) Minor Forceps 
40 0.0040 (0.0011) 

0.0091 (0.0035) Minor Forceps 

50 0.0053 (0.0017) 

0.0091 (0.0035) 

Posterior 
Internal 

Capsules 

10 0.0738 (0.0127) 

0.0709 (0.0069) 
Posterior 
Internal 

Capsules 

30 0.0611 (0.0152) 
0.0709 (0.0069) 

Posterior 
Internal 

Capsules 
30 0.0429 (0.0129) 0.0709 (0.0069) 

Posterior 
Internal 

Capsules 40 0.0410(0.0111) 

0.0709 (0.0069) 
Posterior 
Internal 

Capsules 
50 0.0293 (0.0091) 

0.0709 (0.0069) 

Splenium of 
Corpus 

Callosum 

10 0.0222 (0.0047) 

0.0466 (0.0075) 
Splenium of 

Corpus 
Callosum 

30 0.0122 (0.0037) 
0.0466 (0.0075) 

Splenium of 
Corpus 

Callosum 
30 0.0185 (0.0065) 0.0466 (0.0075) 

Splenium of 
Corpus 

Callosum 40 0.0158 (0.0063) 
0.0466 (0.0075) 

Splenium of 
Corpus 

Callosum 
50 0.0122 (0.0035) 

0.0466 (0.0075) 

Table 4.4: The mean widt b (standard error) of the main water peak in 4 white 
matter structures for the 5 pulse sequences. The data are compared to previous 
results [16]. 
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4.3 Conclusions 

Normal volunteers were recruited to determine the ef fect iveness of 

alternative, variable echo pulse sequences on measur ing T 2 relaxation properties 

in white and gray matter. F rom these in-vivo results severa l conc lus ions are 

drawn regarding the eff icacy of using different echo spac ings within a pulse 

sequence . By separat ing the pulse sequence into multiple sect ions, in this c a s e 

two, greater information w a s extracted from a decay curve than if only a s ingle, 

constant echo spac ing was employed. Many current pulse s e q u e n c e s use a 

constant echo spac ing throughout which forces the investigator to dec ide 

whether to use a short T E to maximize information about fast relaxing 

components or a longer T E to study components that undergo s lower T 2 

relaxation. Whi le the longer S E S s at the end of the pulse sequence did not 

dramatical ly improve the resolution of the main water peak in gray matter it was 

advantageous when examining var ious white matter regions. Our results 

demonstrated that an increased S E S for the final 16 e c h o e s of a 48 -echo pulse 

s e q u e n c e resulted in a n increased resolution of both the short and long T 2 

components in white matter. 

Measurements of the geometr ic mean T 2 showed that e a c h of the pulse 

sequences tested did well in reproducing the results of Whittall et al. [16]. A key 

difference between these two studies was that the Whittall study w a s limited to 

only 32 echoes with a constant echo spac ing of 10 ms. Therefore, their study 

samp led the last echo at 320 ms. In our study the minimum time that the last 

echo was acqui red w a s 480 ms but for a S E S of 50 ms, this t ime w a s extended 

out to 1120 ms. Prev ious work has suggested that to accurately measure T 2 , the 

decay curve shou ld be samp led for at least 3 - 4 t imes longer than its longest 

relaxation time [47]. Clear ly , extending the time at which the final echo was 

samp led a ided in the analys is because it provided the N N L S algorithm with 

greater information about the behaviour of the intra/extracellular water 

compartment. O n c e the behaviour of this component w a s better understood, the 

myel in water compartment 's contribution to the decay curve was more accurately 

determined. The reduced myelin water signal from gray matter resulted in little 
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improvement in resolution of the main water peak even when longer echo 

spac ings were employed. 

The resolution of the main water peak a lso improved substantial ly, as 

shown in figure 4.11 where the mean var iance is plotted. A s in the c a s e of the 

geometr ic mean T 2 , sampl ing the decay curve at longer t imes improved the 

accuracy of the N N L S solution. A s the S E S increased, a dec rease in the width of 

the main peak was observed. Th is is a further benefit to the use of extended 

secondary echo spac ings because the location of the intermediate T 2 , 

intra/extracellular water component can be more accurately ca lcu la ted. 

The myelin water fractions were comparable for e a c h of the white matter 

structures to the results of Whittall et al. However, the longer S E S sequences 

y ie lded myelin peaks that were better resolved. It is hypothes ized that the 

est imates of the M W F in the 4 white matter structures examined in this thesis are 

an improvement over the previous M W F measurements s ince sampl ing of the 

decay curve was increased at longer t imes. 
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Chapter 5 - Phantom Results 

5.1 Introduction 

It w a s shown in chapter 4 that when a 48 -echo pu lse s e q u e n c e w a s altered 

to provide an extended secondary echo spac ing ( S E S ) , it w a s poss ib le to gain 

more information about the myelin and intra/extracellular water compar tments of 

the brain. The study conducted in chapter 4 was performed on normal 

volunteers and it was expected that the T 2 distributions would yield only these 

two water compartments, when cerebrospinal fluid ( C S F ) w a s exc luded. 

However, for patients afflicted with multiple sc leros is (MS) , alterations in 

microscopic structure in lesions due to inflammation or e d e m a might result in 

isolated water reservoirs. W e anticipated that such pathological changes might 

cause an addit ional water compartment to appear in the T 2 distribution. The 

increase in mobility of the water in this lesion would lead to T 2 relaxation t imes 

that are greater than both myelin or intra/extracellular water but less than C S F . 

N iC I 2 water phantoms were used to mimic the effect of addit ional water 

reservoirs on the T 2 decay curve of M S lesions in the a b s e n c e of avai lable 

volunteers afflicted with M S . A s in chapter 4, 5 48-echo C P M G pulse sequences 

with two echo spac ings were used for to image the phantoms. The primary echo 

spac ing ( P E S ) , spac ing of echoes 1 - 32 , was 10 ms throughout, but the 

secondary echo spac ing ( S E S ) , for echoes 33 - 48, was changed to 10, 20 , 30, 

40 and 50 ms over the 5 success ive scans . 

Eight N iC I 2 water phantoms exhibiting monoexponent ia l T 2 relaxation were 

used in this study. The T 2 relaxation t imes of these phantoms ranged from 24 -

444 ms, with the phantoms being separated into 3 groups that represented the 

myel in, intra/extracellular and lesion water compartments. E ighteen different 

combinat ions of 3 water phantoms, one from each group, were created to 

generate tr iexponential decay curves. Furthermore, for e a c h combinat ion of 3 

phantoms, the proportion that each phantom contributed to the triexponential 

decay was var ied. Therefore a total of 54 unique T 2 distributions were created. 

In this chapter, the results of the phantom study are presented. First, the 

decay curves from the individual phantoms and from the different combinat ions 

62 



are shown. The T 2 distributions generated from these decay curves are 

d i scussed fol lowed by specif ic calculat ions that were made based upon them. 

T h e s e calculat ions include the geometr ic mean T 2 ( G M T 2 ) , the peak widths of 

the intra/extracellular and lesion water components and the myelin water fraction 

(MWF) . Finally, the key results and conc lus ions will be d i scussed . 

5.2 Results 

5.2.1 T2 distributions of Monoexponential Phantoms 

Decay curves for each monoexponent ia l phantom were calculated using 

regular ized N N L S . For a S E S of 50 ms, 2 decay curves are shown in f igures 

5.1 A and 5.1 B for T 2 t imes of 80 and 286 ms respectively. The curves in figure 

5.1 are the best-fit solut ions found by regular ized N N L S . The 80 ms phantom 

decayed into the background noise all 48 echoes were samp led . T o ensure that 

solving the data in the presence of background noise did not adverse ly affect the 

fit, the decay curves were truncated at 300 ms, well above the noise, and re

evaluated. The measured T 2 t imes for the truncated data set var ied by less than 

2 % from those calculated based on the N N L S solut ions found using all 48 

echoes . In figure 5 .1B, the long relaxation time of the phantom meant that the 

last echo was acquired with a signal greater than the background noise and thus 

the fit to the data by N N L S was improved. 

10000 

0.4 0.6 0.8 
Time (s) 

10000 

1000 

100 

10 

B 

0.2 

• Measured Data 

— NNLS solution 

0.4 0.6 0.8 
Time (s) 

1.2 

Figure 5.1: Measured decay curves (*) and the NNLS solution of 2 NiCI2 water 
phantoms with monoexponential relaxation. The T2 times are A) 80 ms and B) 
286 ms. 
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For confirmation of the T 2 for the phantoms, each w a s scanned using two 

addit ional 48 -echo s e q u e n c e s with a constant T E . The first used a T E of 20 ms 

where the final echo was acquired at 960 ms and the second had T E set to 30 

ms for that resulted in the decay curve being sampled to 1440 ms. The first of the 

5 pulse sequences tested employed a P E S and a S E S of 10 ms which is 

equivalent to a constant T E of 10 ms. A s a result, the T 2 for each phantom was 

measured by 3 constant T E sequences . The measured T 2 t imes from these 3 

sequences and the average T 2 are shown in table 5.1. Only a smal l variation 

between the 3 sequences was observed. It was observed that the G M T 2 of the 

80, 97 and 110 ms phantoms decreased as T E increased while the longest 

phantoms, 286 and 444 ms, steadily increased as T E increased. Currently, the 

mechan ism that caused this effect is not well understood. The 24 and 29 ms 

phantoms were not scanned with constant echo spac ings of 20 and 30 ms 

because their fast relaxing nature required c losely s p a c e d sampl ing of their 

decay curves. 

For each of the 8 phantoms imaged, the N N L S algorithm was used to 

determine the T 2 distribution. F igures 5.2 show these 8 T 2 distributions of the 

monoexponent ia l phantoms solved with regular ized N N L S . The S N R per pixel of 

the measured data is a lso d isp layed and were comparab le to those found for the 

gray matter structures d iscussed in chapter 4. 

Geometric Mean T, (ms) 
TE = 10 ms TE = 20 ms TE = 30 ms Mean GM T2 

Phantom # 1 24.4 24.4 
Phantom # 2 28.7 28.7 
Phantom # 3 83.5 79.0 77.8 80.1 (2.1) 
Phantom # 4 100.8 95.7 94.1 96.8 (2.5) 
Phantom # 5 115.3 109.4 106.4 110.3(3.2) 
Phantom # 6 179.3 181.0 177.0 179.1 (1.4) 
Phantom # 7 278.5 288.7 292.1 286.4 (5.0) 
Phantom # 8 440.2 442.7 450.3 444.4(3.7) 

Table 5.1: Geometric mean T2 of each of the 8 monoexponential phantoms prior 
to combining. Phantoms 1 and 2 were sufficiently short that their decay curves 
were sampled adequately by the single 48-echo sequence with TE= 10 ms. 

64 



1500 

1200 

•§ 900 

a 

| 600 

300 

S N R = 3 4 — T F = 10 ms 

— T E = 20 ms 

- T E = 30 ms 

— T E = 40 ms 

- T E = 50 ms 

A 

0 01 

1000 

TT1 1 1—r-t 

0 1 1 
T 2 ( m s ) 

600 

400 

0 -

0.01 

1000-

S N R = 3 0 - T E = 10 ms 

- T E = 20 ms 

- T E = 3 0 m s 

- T E =40 ms 

T C = 50 ms 

I I I I I 1111 

0 1 T 2 ( m s ) 1 

800 A 

& 600 

400 

200 

S N R = 4 0 
- T r = 10 ms 

-TE = 2 0 m s 

- TE = 3 0 m s 

-TE = 4 0 m s 

FE = 50 ms 

0 01 01 T,(ms) 1 

BOO 

"5 
mm 

200 A 

G 

S N R = 3 3 

10 

10 

10 

- T E = 10 ms 

— TE = 20 ms 

- T E = 30 ms 

- T E = 40 ms 

- T E = 50 ms 

1500 

1200 

• 900-1 
3 

< 600 

3CC 

S N R = 4 6 
- T E = 10 ms 
— TE = 20 ms 
— TE = 30 ms 
- TE = 40 ms 
— TE = 50 ms 

B 

0 31 

1000 

800 

•g 600 
Q. 

f 400 

200 

0.1 
T 2 (ms) 

D S N R = 3 0 — TE = 10 ms 

—TE = 20 ms 

— TE = 30 ms 

— TE = 40 ms 

— TE = 50 ms 

0.01 'J - 110 
8C0 

600 4 

S4O0 

200 

F 

S N R = 38 

o-

0.01 

4 0 0 -

- T E 10ms 

- TE = 20 ms 

• TE = 30rre 

— T E = 40 ms 

— TE = 50 ms 

01 T , ( r rs) 1 10 

300 A 

S200H 

100 

H 

S N R : 2 6 

— TE = 10 ms 

— TE = 20 ms 

— TE = 30 ms 

- r t = 40 ms 

— TE = 50 ms 

T; (ms) 001 (J 1 Tj (ms) 10 

Figure 5.2: NNLS T2 distributions for the 8 NiCI2 phantoms for the 5 secondary 
echo spacings. A) 24 ms; B) 29 ms; C) 80 ms; D) 97 ms; E) 110 ms; F) 179 ms; 
G) 286 ms; H) 444 ms. The mean per pixel SNR for the 5 SESs are also shown. 
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5.2.2 T2 Distributions of Multiexponential Combinations 

To mimic the T 2 characterist ics of cerebral t issue containing M S les ions 

assoc ia ted with demyel inat ion, the 8 monoexponent ia l phantoms were combined 

in different combinat ions. They were separated into 3 groups represent ing the 3 

principle water compartments (excluding C S F ) detectable in M S patients. The 

first group contained the 24 and 29 ms phantoms, the 80, 97, and 110 ms 

phantoms in the second group, and the 179, 286 and 444 ms phantoms to 

simulate water assoc ia ted with lesions. To combine these phantoms the 

normal ized decay curves from a member of each group were added together. 

This produced a total of 18 triexponential combinat ions. The 18 combinat ions 

were split into 3 groups that represented the fraction of each phantom contained 

in the mixture. The 3 percentage contributions were 10:80:10, 15:70:15, and 

15:75:10. A total of 54 triexponential decay curves were created and ana lyzed 

using N N L S . 

For the fraction 10:80:10, the normal ized decay curve from 2 of the 18 

combinat ions and their calculated N N L S solutions are shown in figure 5.3. The 

error bars on the measured data are asymmetr ic due to the use of a logarithmic 

sca le . A s the S N R of the each monoexponent ia l phantom var ied, so did the S N R 

of the resultant combinat ions. O n average, the per pixel S N R of the 54 

combinat ions was approximately 100:1, only slightly greater than that of cerebral 
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Figure 5.3: Decay curves (+) for two different combinations of phantoms, in the 
ratio 10:80:10, collected with a secondary echo spacing of 50 ms. A) Mixture of 
24, 110, and 444 ms T2 relaxation times. B) Mixture of 28, 97, and 286 ms T2 

relaxation times. 
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white matter. Th is is important because the large majority of M S lesions are 

detected in the white matter of patients [48]. 

The T 2 distributions from the 54 decay curves were so lved with the N N L S 

algorithm. The regular ized N N L S solutions were preferred to the non-regular ized 

method. The smoothed solution of regularized N N L S was preferred because the 

actual distribution in the brain is likely to not contain three distinct T 2 va lues, 

rather it would contain three distinct regions in the T 2 domain . The regularized 

and non-regular ized N N L S solutions from two different combinat ions of 

monoexponent ia l phantoms, in the proportions 10:80:10 and 15:70:15, are 

shown in figure 5.4. The regularized distributions of f igures 5.5A and 5.5B are 

more appl icable to a cl inical situation where the 3 water compartments are 

shown as 3 narrow ranges of T 2 t imes. The non-regular ized N N L S solutions are 

more sensit ive to noise in the measured data that can lead to spurious sp ikes in 

the distribution, often t imes not reflecting the true T 2 character ist ics. 
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Figure 5.4: Regularized (A and B) and non-regularized (C and D) NNLS solutions 
of multiexponential phantoms. (A and C) 24, 110 and 444 ms phantom 
combination. (B and D) 28, 97 and 286 ms phantom combination. 
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For the duration of this chapter the results from 8 of the 54 T 2 distributions, 

4 combinat ions in two different fractions, will be presented. T h e s e 8 distributions 

are representative of the effect of different proport ions a n d combinat ions of 

phantoms on the ability of an extended S E S to measure var ious parameters. 

Figures 5.5 - 5.6 illustrate the changes that occurred in the T 2 distributions, 

particularly in the intermediate and long T 2 components , when the combinat ions 

and fractions were altered. 

In f igures 5.5A and 5 .5C, the distributions from the 24, 110 and 444 ms 

mixture, in the proportions 10:80:10 and 15:70:15 respectively, are shown. It is 

observed that a s the fractional contribution of the short and long T 2 components 

were increased from 1 0 % to 1 5 % the location of the long T 2 peak shifted towards 

a lower T 2 va lue. A s the S E S increased, the resolution of this component a lso 

increased, demonstrated by the dec reased width of the long T 2 peak. The 

increased resolution a lso was evident for both the intermediate T 2 (analogous to 

intra/extracellular water in-vivo) component and the short T 2 ana logous to myelin 

water in-vivo) component . A similar dec rease in T 2 and in the width of the 

intermediate and long T 2 peak is seen in f igures 5 .5B and 5.5D. 

W h e n the long T 2 component 's contribution to the decay curve was 

changed from 10 % to 15 % there was a 50 % increase in the signal that 

originated from the late part of the distribution. This increase provided the N N L S 

algorithm with much more data from which it could determine T 2 . T h e effect of 

increased s ignal is demonstrated in f igures 5.5A and 5 . 5 C and in f igures 5 .5B 

and 5.5D. A s the proportion increases further, to the limit of a 100 % long T 2 

component as in figure 5 .2H, the estimation of T 2 improves. 

A s was shown in-vivo, the increased S E S permitted sampl ing of the decay 

curve to longer t imes, which resulted in increased, al though still overest imated, 

accuracy in the calculat ion of T 2 t imes for the long component . Better knowledge 

of this component lead to a more accurate determination of the short and 

intermediate T 2 components . 
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Figure 5.5: Regularized NNLS T2 distributions for 2 mixtures of phantoms in 2 
different fractions for the 5 pulse sequences. A) and C) are 24, 110 and 444 ms 
mixtures combined in 10:80:10 (A) and 15:70:15 (C). B) and D) are 29, 97 and 
286 ms mixtures combined in 10:80:10 (A) and 15:70:15 (C). 

Figures 5.6A and 5 .6C show the results from another mixture that used 

the 444 ms phantom. A s with figures 5.5A and 5 .5C, the increased S E S and the 

increased fraction of this component gave an estimate nearer the true T 2 for the 

long component than the sequences with a short S E S . The result was consistent 

for all 18 distributions that used the 444 ms phantom for the long T 2 component. 

Furthermore, the increased accuracy of the long component through an extended 

S E S increased the resolution of the myelin and main water peaks . 

Figures 5.6B and 5.6D are representative of the 179 ms mixtures and 

illustrate an important finding of this study. A peak at 179 ms could not be 

resolved in any of the 18 mixtures for which this phantom was used regardless of 

the pulse sequences used. The G M T 2 of the main peak was however calculated 

to lie slightly higher than the true T 2 . This result was caused by the c losely 

spaced T 2 relaxation t imes of the two peaks that made it very difficult to d iscern 
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Figure 5.6: Regularized NNLS T2 distributions for 2 mixtures of phantoms in 2 
different fractions for the 5 pulse sequences. A) and C) are 24, 80 and 444 ms 
mixtures combined in 10:80:10 (A) and 15:70:15 (C). B) and D) are 24, 110 and 
179 ms mixtures combined in 10:80:10 (A) and 15:70:15 (C). 

two distinct time constants in this range. W h e n the non-regular ized N N L S 

routine was appl ied it a lso could not separate the two components . This is a 

significant result because it imposes a lower limit on the T 2 of a lesion that one 

should attempt to observe in-vivo. Specif ical ly, adjacent components of a 

distribution should be separated by at least a factor of 2 or 3 if they are expected 

to be resolved from one another. If further study of M S lesions show that their 

true T 2 relaxation time is nearer to 200 ms then resolution of the main water and 

lesion water peaks would not be expected simply by extending the S E S . 

5.2.3 Geometric Mean T2 

T h e range over which the G M T 2 was calculated varied between the 

different mixtures because several distributions had large spac ings (in T 2 space) 

between components while others did not. In all 54 mixtures, the upper bound 

on the myelin window was set to 50 ms, between two of the 120 T 2 partitions. 
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The lower bound on the main peak was a lso chosen as 50 ms, to prevent a 

component from being included in both windows. In 69 % of mixtures (37/54), 

the myelin and main peaks did not overlap this window and had va lues of zero on 

either s ide of the 50 ms limit. Fifteen of the remaining 17 combinat ions showed 

an overlap of this window for only one (typically S E S of 10 ms or 20 ms) of the 

pulse sequences . The upper bound on the main peak f luctuated depending on 

which of the 3 phantoms was chosen for the long T 2 component , but w a s set at a 

constant 150 ms when the 179 ms phantom was chosen for the long T 2 

component . 

For the mixtures shown in figures 5.5 and 5.6, the G M T 2 of the 

intermediate and long T 2 components are given in table 5.2 for the 5 echo 

spac ings studied. W h e n the mixtures contained the 444 ms phantom, the long 

T 2 component was best est imated by the pulse sequences with the longest S E S 

Combination 
of T 2 (ms) 

T E 
(ms) 

Geometric Mean T, (ms) 
Combination 

of T 2 (ms) 
T E 

(ms) 
Intermediate T, Component Long T, Component Combination 

of T 2 (ms) 
T E 

(ms) Fraction 1 Fraction 2 Fraction 1 Fraction 2 

24, 110 and 
440 ms 

10 120.6 124.8 913.9 781.0 

24, 110 and 
440 ms 

20 122.3 129.1 0 0 
24, 110 and 

440 ms 
30 120.9 124.7 1385.6 852.2 24, 110 and 

440 ms 40 120.8 123.1 829.2 648.4 
24, 110 and 

440 ms 
50 119.9 121.9 735.3 616.3 

28, 97 and 
286 ms 

10 107.0 110.8 572.7 458.5 

28, 97 and 
286 ms 

20 106.7 111.7 0 722.7 
28, 97 and 

286 ms 
30 107.6 112.8 0 687.9 28, 97 and 

286 ms 40 106.5 109.4 646.2 480.9 
28, 97 and 

286 ms 
50 103.8 110.3 664.7 542.6 

24, 80 and 
444 ms 

10 88.7 88.4 0 964.3 

24, 80 and 
444 ms 

20 89.2 91.6 795.11 635.0 
24, 80 and 

444 ms 
30 87.4 89.2 651.7 574.3 24, 80 and 

444 ms 40 85.9 87.9 595.6 545.4 
24, 80 and 

444 ms 
50 85.0 86.8 594.6 543.5 

24,110 and 
179 ms 

10 117.1 118.9 158.4 161.4 

24,110 and 
179 ms 

20 120.0 124.2 0 0 
24,110 and 

179 ms 
30 119.2 123.8 0 0 24,110 and 

179 ms 40 118.1 122.8 0 0 
24,110 and 

179 ms 
50 117.4 122.2 0 0 

Table 5.2: The GM T2 of both the intermediate and long T2 component from the 
T2 distributions for 4 mixtures of phantoms in 2 different fractions. The two 
fractions used were 10:80:10 and 15:75:10. The GM T2 of the long component 
was better approximated as TE increased. 
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(40 and 50 ms) for all fractions. A s the proportion of the 444 ms phantom in the 

mixture increased, so did the accuracy of the G M T 2 est imate. Note that in all 

mixtures the G M T 2 calculated for the long component was higher than the true 

T 2 . In the mixture that used the 286 ms phantom for the long component , two of 

the sequences (20 and 30 ms) did not detect a peak in the latter region of the 

distribution. A similar result was observed in the mixtures that used the 179 ms 

phantom. The only non-zero estimate for G M T 2 of the long component was 

made by the shortest S E S (10 ms) however in this c a s e part of the main peak 

ex tended ac ross the 150 ms boundary into the third region of the distribution. In 

the 179 ms mixtures, the main peak was consistently overest imated due to poor 

resolution of the last two peaks in the distribution. 

5.2.4 Myelin Water Fraction 

To measure the ability of the different pulse sequences to detect the smal l , 

rapidly relaxing T 2 component due to myelin water, the myelin water fraction was 

calculated for each phantom combinat ion. The myelin water fraction (MWF) was 

calculated as the proportion of signal that occurred within the window 0 - 5 0 ms, 

compared to the signal measured across the entire distribution. The measured 

M W F s for the 4 mixtures, for 2 fractions are shown in table 5.3. Fract ion 1 and 

fraction 2 of table 5.3 represent the ratios 10:80:10 and 15:70:15 respect ively so 

the calculated M W F s were expected to be 10 % and 15 % respect ively. 

Mixture 
Of T, (ms) 

T E 2 

(ms) 
MWF (%) Mixture 

Of T, (ms) 
T E 2 

(ms) 
MWF ( % ) Mixture 

Of T, (ms) 
T E 2 

(ms) F r a c t i o n 1 F r a c t i o n 2 
Mixture 

Of T, (ms) 
T E 2 

(ms) F r a c t i o n 1 F r a c t i o n 2 

24, 110 
and 444 

ms 

10 7.9 13.7 

24, 80 and 
444 ms 

10 8.6 75.3 

24, 110 
and 444 

ms 

20 7.5 12.5 
24, 80 and 

444 ms 

20 10.9 17.1 
24, 110 
and 444 

ms 

30 6.8 12.8 24, 80 and 
444 ms 

30 10.6 16.2 24, 110 
and 444 

ms 
40 9.0 14.7 

24, 80 and 
444 ms 40 9.8 16.0 

24, 110 
and 444 

ms 50 9.6 14.8 

24, 80 and 
444 ms 

50 9.1 15.3 

29, 97 and 
286 ms 

10 8.2 14.2 

24, 110 
and 179 

ms 

10 7.2 12.6 

29, 97 and 
286 ms 

20 6.1 12.5 
24, 110 
and 179 

ms 

20 8.6 14.2 

29, 97 and 
286 ms 

30 7.5 13.9 24, 110 
and 179 

ms 

30 8.5 14.3 29, 97 and 
286 ms 40 8.7 14.2 

24, 110 
and 179 

ms 
40 7.9 13.7 

29, 97 and 
286 ms 

50 8.8 13.6 

24, 110 
and 179 

ms 50 8.2 13.8 
Table 5.3: MWF from the short T2 component in 4 mixtures of phantoms for 2 
different fractions in the range 0-50 ms. Fractions 1 and 2 have % contributions 
of 10:80:10 and 15:70:15 respectively. 

72 



In the first mixture (24, 110, and 444 ms) of table 5.3, the accuracy with 

which the M W F was measured increased as the S E S increased for both fractions 

shown. The s a m e result was observed in the third fraction, 15:75:10. The 

accuracy for all 5 pulse sequences was better in the other 444 ms combinat ion 

(24, 80 and 444 ms) phantoms where even the shortest S E S a l lowed a M W F of 

8.6 and 15.3 % to be calculated for fractions 1 and 2 respectively. For this 

combinat ion of phantoms, the sequence with a 10 ms S E S measured the M W F 

as accurately as a sequence where S E S was 50 ms. For all the 444 ms 

combinat ions there was consistent increase in the M W F as longer S E S s were 

employed. 

W h e n the M W F was calculated for second combinat ion of phantoms (29, 

97 and 286 ms) in table 5.3, the results were not as c lear as for the 444 ms 

mixtures. From the table it is seen that there was not a S E S that could 

consistent ly determine the M W F closest to its actual value. W h e n the entire set 

of 286 ms phantoms were ana lyzed , the s a m e result was s e e n . It did appear 

that the longer echo spac ings were advantageous for determining the M W F , 

however it would be difficult to select one of the 40 and 50 ms spac ings as best. 

The fourth mixture (24, 110 and 179 ms) in table 5.3 measu red M W F s that 

were comparab le in accuracy to the 286 ms combinat ions even though the long 

T 2 peak cou ld not be resolved from the main peak. Simi lar observat ions were 

made on the remaining 179 ms mixtures. This result impl ies that al though the 

two latter peaks appeared to be due to a single relaxation event, the lack of 

resolution of these two peaks did not inhibit the detection of the signal emanat ing 

from the short myelin component . 

A s with the G M T 2 results above and for the peak width measurements to 

be presented in the next sect ion, the accuracy of M W F calculat ions was 

dependent upon the separat ion of components in the T 2 distribution and on the 

S E S when the components were spaced by severa l T 2 t imes. It would be 

beneficial for cl inical use to more accurately measure the T 2 relaxation of M S 

lesions because the performance of different echo spac ings depended upon the 

spac ing of the T 2 components . The most accurate M W F measurements were 
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made when the T 2 t imes of each region were separated by at least a factor 3. 

For all 6 combinat ions that used the 444 ms phantom, and for the different 

fractions for these combinat ions, the measured M W F improved for a S E S of 40 

or 50 ms. 

5.2.5 Peak Width 

The widths of the peaks of both the intermediate and long components of 

the T 2 distributions were calculated to provide a measure of the resolution of the 

different secondary echo spac ings. The 4 combinat ions of phantoms examined 

in sect ions 5.2.2 and 5.2.3 are presented in this sect ion and were representat ive 

of the variations observed in the other phantom mixtures. The calculated peak 

widths for main water and lesion water regions for 2 of the 3 fractions used, 

10:80:10 and 15:75:10, are shown below in table 5.4. 

Combination 
of T 2 (ms) 

T E 
(ms) 

Peak Width (ms) Combination 
of T 2 (ms) 

T E 
(ms) Intermediate T, Component Long T , Component 

Combination 
of T 2 (ms) 

T E 
(ms) 

F r a c t i o n 1 F r a c t i o n 2 F r a c t i o n 1 F r a c t i o n 2 

24, 110, and 
444 ms 

10 0.0337 0.0345 0.0207 0.0273 

24, 110, and 
444 ms 

20 0.0634 0.112 NP NP 
24, 110, and 

444 ms 
30 0.0755 0.0752 0.0044 0.0352 24, 110, and 

444 ms 40 0.0152 0.0100 0.0031 0.0031 
24, 110, and 

444 ms 
50 0.0031 0.0031 0.0005 0.0007 

29, 97, and 
286 ms 

10 0.0246 0.0278 0.0057 0.0086 

29, 97, and 
286 ms 

20 0.0635 0.0716 0.0000 0.0163 

29, 97, and 
286 ms 

30 0.0547 0.0626 0.0000 0.0185 29, 97, and 
286 ms 40 0.0233 0.0297 0.0017 0.0037 

29, 97, and 
286 ms 

50 0.0142 0.0541 0.0021 0.0120 

24, 80, and 
444 ms 

10 0.0822 0.0887 0.0000 0.0011 

24, 80, and 
444 ms 

20 0.0301 0.0285 0.0089 0.0114 
24, 80, and 

444 ms 
30 0.0095 0.0102 0.0015 0.0022 24, 80, and 

444 ms 40 0.0028 0.0026 0.0004 0.0005 
24, 80, and 

444 ms 
50 0.0042 0.0046 0.0004 0.0013 

24,110, and 
179 ms 

10 0.0204 0.0202 0.0004 0.0012 

24,110, and 
179 ms 

20 0.0025 0.0032 NP NP 

24,110, and 
179 ms 

30 0.0019 0.0022 NP NP 24,110, and 
179 ms 40 0.0012 0.0012 NP NP 

24,110, and 
179 ms 

50 0.0008 0.0008 NP NP 

Table 5.4: Width of the intermediate and long T2 components in 4 combinations 
of phantoms for 2 fractions tested. Fractions 1 and 2 have % contributions of 
10:80:10 and 15:70:15 respectively. NP corresponds to distributions in which no 
peak was observed for a specific component. 
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For the first mixture (24, 110 and 444 ms) in table 5.4, the widths of both 

peaks dec reased as the S E S increased from 10 to 50 ms. Al though the G M T 2 of 

the long T 2 component in this mixture was better approximated when its fraction 

was increased to 15 %, the peak width showed no dec rease as the fraction was 

raised. For the other 444 ms mixture (24, 80 and 444 ms), the S E S s of 40 and 

50 ms resulted in large improvements in the peak width but aga in the width did 

not depend upon the fraction. For the remaining 444 ms mixtures, a similar 

result was observed where the resolution increased a s S E S increased but 

showed only minor variations in width as the fraction of its contribution to the 

mixture increased. For all the 444 ms mixtures, as the resolution of the latter 

peak improved s o did the resolution of the main water peak. Th is observat ion 

cor responds to better separat ion of the intermediate and long T 2 components 

from the measured data due to longer sampl ing of the decay curve. 

For the second mixture (29, 97 and 286 ms) in table 5.4 the width 

improved at longer va lues of the S E S , however the increased fraction of the long 

component did not appear to contribute to the dec reased width. A l so , the width 

of the main peak showed large variations between different S E S . Ana lys i s of the 

set of 286 ms combinat ions could not identify a S E S that consistent ly y ie lded a 

low peak width for the main water compartment. 

In the set of 179 ms mixtures, and the last mixture (24, 110 and 179 ms) 

of table 5.4, the long T 2 component cou ld not be resolved from the main water 

peak. Therefore in these combinat ions the widths were measured to be zero in 

within the third region of the T 2 distribution (T 2 > 150 m s ) . T h e width of the main 

peak in these phantoms was very low compared with the other mixtures. The 

dec reased width was a due to the inability to resolve the two components due to 

their c losely s p a c e d T 2 relaxation t imes. Therefore the portion of the distribution 

between 80 and 180 ms was solved for using a single exponent ia l term. 

5.3 Conclusions 

A 48-echo pulse sequence employing 5 different secondary echo 

spac ings , from 1 0 - 5 0 ms, was used to image a ser ies of N iC I 2 water phantoms 
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whose T 2 relaxation t imes ranged from 24 - 444 ms. The phantoms were 

scanned individually to generate a ser ies of monoexponent ia l decay curves 

which were then normal ized and combined into a ser ies of mixtures. T h e s e 

mixtures were created such that their relaxation character ist ics s imulated those 

expected from cerebral t issue containing multiple sc leros is les ions. 

W e found that the performance of the pulse sequences w a s dependent 

upon more than one factor. T h e s e included the proportion of e a c h component in 

the T 2 distribution and the separat ion of the T 2 components in the T 2 distribution. 

For the mixtures that conta ined a long T 2 component of 444 ms, the 

measurement of the G M T 2 , the peak width and the M W F all improved as the 

S E S increased. If it is a s s u m e d that the true T 2 of M S les ions are on the order 

400 - 500 ms, there would be a definite cl inical benefit in using an extended 

S E S . Th is study showed that such a pulse sequence improves the resolution of 

the both intermediate and long T 2 peaks through a dec rease in the peak widths. 

At the s a m e time the longer sequences better est imate the proportion of the 

signal contributed by the short T 2 component . Ex tended decay curve sampl ing 

provides more information about the decay character ist ics, leading to a better fit 

to the data. 

Converse ly , in the set of 6 mixtures where the longest T 2 w a s 179 ms, the 

main peak and lesion water peak were too c losely spaced to permit separat ion of 

their components from the decay curve. A s a result the T 2 distribution yielded a 

very narrow intermediate peak whose T 2 was shifted to a slightly higher value 

than the true intermediate T 2 . In these mixtures, the lack of resolution of the two 

longest water compartments did not adversely affect the measurement of the 

signal emanat ing from the fast relaxing myelin water component . 

In the remaining 6 mixtures, where the longest T 2 was 286 ms, increasing 

the S E S did not greatly improve the measured M W F . The width of the main peak 

a lso did not show a substantial dec rease as the S E S increased. However , the 

G M T 2 did exhibit a smal l improvement in estimating the s low relaxing component 

when shorter S E S s were used . 
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A s a cl inical tool, the longer pulse sequences (40 and 50 ms) are of 

benefit if the a rea under interest has multiple relaxing components and if the 

relaxation t imes of these components differ from one another by a factor of three 

or more. In this situation, the decay curves are samp led to longer t imes and the 

different decay curves contributing to the measured s ignal can be best resolved. 

A l so , imaging regions where the longer T 2 components are a large proportion of 

the measured signal will increase the accuracy of the T 2 est imates, because the 

longer echo spac ings permit better sampl ing of the decay character ist ics of the 

curve. A n increased proportion simply c a u s e s the long component to contribute 

more to the decay curve. This effect was particularly not iceable in the 6 mixtures 

where the 444 ms phantom was used for the long T 2 component . 
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Chapter 6 - Conclusions 

6.1 In-vivo Study 

T e n normal volunteers were imaged using a 48-echo pulse sequence with 5 

different secondary echo spac ings , 10, 20, 30, 40 , and 50 ms. The goal of this 

in-vivo study was to determine whether an extended echo spac ing could be 

employed without compromis ing valuable information about the short T 2 

component is assoc ia ted with water compartmental ized within myel in. By 

separat ing a pulse sequence into 2 sect ions, greater information was extracted 

from the decay curves than when only a single constant echo spac ing was 

util ized. The extended secondary echo spac ing showed that in white matter, the 

resolution of the main water peak assoc ia ted with intra/extracellular water was 

improved and that multiple water reservoirs were present. The p resence of only 

a single main water peak in gray matter indicated that the distribution of water is 

homogeneous within gray matter structures and the water molecu les are not 

restricted to speci f ic compartments. 

W h e n the geometr ic mean T 2 w a s measured , each of the 5 pulse 

sequences were able to ach ieve G M T 2 va lues that were consistent , but lower, 

than those found previously for the main water peak [16]. In previous work, a 32-

echo C P M G sequence with a constant T E of 10 ms w a s used to find the 

geometr ic mean T 2 , peak widths and myelin water fractions. Our study used a 

48-echo sequence with an extended secondary echo spac ing that could sample 

the decay curves at much longer t imes, up to 1120 ms, and therefore more 

information was extracted about the decay curve. W e demonstrated that the 

increased sampl ing of the decay curves was beneficial because it a l lowed both 

the myelin and main water contributions to be more accurately determined. In 

gray matter, the low signal from myelin water resulted in little improvement in 

resolution of the main water peak even when longer echo spac ings were 

employed. 

W h e n the calculated myelin water fractions were compared to those 

measured previously, we found good agreement in e a c h of the white matter 
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structures [16]. A s with the measurements of G M T 2 , we bel ieve that these 

measurements are more accurate than those of Whittall et al. due to better 

sampl ing of the decay curve. The longer S E S s e q u e n c e s provided myel in peaks 

that were better resolved, however at this time it is not poss ib le to comment on 

the G M T 2 of the myelin peaks. The very short T 2 of myelin water coupled with 

the relatively long primary echo spac ing of 10 ms c a u s e s difficulty in estimating 

the T 2 of this component . 

W e have demonstrated that in white matter there was a benefit to the use 

of longer echo spac ings at the end of the pulse sequence . Longer secondary 

echo spac ings yield greater information about the nature of the decay curve and 

thus the T 2 distribution of the region being samp led . Longer s e q u e n c e s a lso can 

be performed without sacrif icing any of the valuable information conta ined at 

short t imes because the early part of the pulse sequence can still be set to 

employ a short echo spac ing . 

6.2 Phantom Study 

A s in the human volunteer experiments, five 48-echo pulse s e q u e n c e s were 

tested on a ser ies of N iC I 2 water phantoms using the s a m e secondary echo 

spac ings . Monoexponent ia l decay curves were normal ized and combined into a 

ser ies of tr iexponential mixtures. The mixtures were created s u c h that their 

relaxation character ist ics s imulated those expected from cerebra l t issue 

containing multiple sc leros is lesions. 

The ability of the different pulse sequences to accurately determine the T 2 

of the components in the mixtures was dependent upon multiple factors. In the 

mixtures that conta ined a long T 2 component of 444 ms, the measurement of the 

G M T 2 , the peak width and the M W F all improved a s the S E S inc reased . If it is 

a s s u m e d that the true T 2 of M S lesions are on the order 400 - 500 ms, then 

these results would indicate that there is a definite cl inical benefit to using an 

extended S E S . W e showed that extended pu lse s e q u e n c e s improved the 

resolution of the both intermediate and long T 2 peaks through a dec rease in the 

peak widths. The longer sequences a lso est imated the proportion of the s ignal 
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originating from the short T 2 component more accurately. W h e n the long 

component was separated by the intermediate component by at least a factor of 

3 in the T 2 t imes, the extended decay curve sampl ing provided more information 

about the decay characterist ics, leading to a better fit to the data. 

Converse ly , in the set of 6 mixtures where the longest T 2 w a s 179 ms, the 

main peak and lesion water peak were too c losely spaced to permit separat ion of 

their components from the decay curve. This led to a n interesting finding in that 

the T 2 distribution y ie lded a very narrow intermediate peak whose T 2 w a s shifted 

to a slightly higher value than the true intermediate T 2 . The cl inical implication of 

the results for the 179 ms phantoms was that the lesion water compartment must 

be separated by a larger amount in the T 2 domain if it is expected to be resolved 

from the strong main water peak. However , the poor resolution of the main and 

lesion water compartments did not adversely affect the measurement of the fast 

relaxing myelin component a s the myelin water fractions were simi lar to those 

calculated with the 444 ms phantoms. 

For the other 6 mixtures, where the longest T 2 was 286 ms, an increased 

S E S did not greatly improve the measured M W F nor did it improve the resolution 

of the main water peak. The G M T 2 did exhibit a smal l improvement in estimating 

the s low relaxing component when shorter secondary echo spac ings were used . 

The phantom study and the in-vivo study demonstrated that an extended 

secondary echo spac ing is a clinically useful tool when examin ing regions that 

are character ized by multiple relaxing components . Furthermore, the longer 

pulse sequences tested, particularly 40 and 50 ms, increased the measurements 

of the myel in water fraction, the peak width and the geometr ic mean T 2 when the 

different T 2 components differed by a factor of three or more. W h e n this 

condit ion w a s sat isf ied, the samp led decay curves were separab le into their 

different components . It was a lso shown that whenever poss ib le imaging regions 

where the longer T 2 components are a greater proportion of the measured signal 

increases the accuracy of the T 2 est imates. The increased proportion of the long 

component c a u s e s it to contribute more to the decay curve. Th is effect was 
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particularly not iceable in the 6 mixtures where the 444 ms phantom was used for 

the long T 2 component . 

6.3 Future Work 

To better understand the efficacy of longer secondary echo spac ings severa l 

more exper iments need to be performed. The most important and clinically 

relevant of these would be to employ the s a m e pulse s e q u e n c e s that were 

evaluated as part of this thesis on actual multiple sc leros is patients. A smal l 

study on M S patients would al low a direct compar ison to be made with the 

findings of this study and a lso would provide much needed data regarding the T 2 

relaxation t ime of the lesion water compartment. M u c h of the current knowledge 

of T 2 in les ions is based upon the hypothesis that lesion formation results in the 

creat ion of addit ional water reservoirs. T h e s e reservoirs are expec ted to contain 

water in a state of higher mobility than when it is conf ined to myelin or the 

intra/extracellular regions. It is important to know to greater accu racy the true 

range of T 2 for the lesion water compartment. By doing so , it would be possib le 

to further opt imize pu lse sequences to target the T 2 of the les ion. 

A second experiment that needs to be examined in the near future would 

be determine whether or not the myelin peak that was shown in chapter-4 for the 

longer secondary echo spac ings is real. If it is, then longer secondary echo 

spac ings would be even more advantageous because they were shown here to 

be able to extract the fast relaxing component from the decay curve better. 

Currently, there is great difficulty in determining the T 2 of the myel in component 

accurately because of practical limitations of the scanner . The echo spac ing of 

cl inical scanners often can not be set below 6 or 7 ms however the relaxation 

time of the myelin component is on the order of 20 to 30 ms and could be as low 

as 15 to 20 ms. The component relaxes very fast compared to the echo spac ing 

used which means that only a handful of points on the decay curve can be 

samp led before the signal decays into the background noise or is overcome by 

the s lower relaxing main water component . 
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